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Michał Jakubowicz, Bartosz Gapiński, Lidia Marciniak-Podsadna, Michał Mendak,
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Special Issue on Dental Materials: Latest Advances and
Prospects—Volume II

Vittorio Checchi

Department of Surgery, Medicine, Dentistry and Morphological Sciences, University of Modena & Reggio Emilia,
41125 Modena, Italy; vittorio.checchi@unimore.it; Tel.: +39-0594224763

Many fields of dentistry are firmly connected to innovative materials, and the highest
clinical improvements frequently come with the development and creation of original and
high-performing equipment, instruments, and biomaterials. Nowadays, the application
of these dental materials leads to effective clinical dentistry, with many remarkable ad-
vancements. In recent times, many fields of dentistry have used these newly developed
materials: implantology, prosthesis, restorative dentistry, orthodontics, and endodontics.
However, this production often presents a lack of reliable scientific research, and, unfor-
tunately, clinicians tend to make use of materials that are not necessarily better than the
previous ones.

The aim of this Special Issue is to publish high-quality research articles, clinical studies,
and review articles centered on the latest advances regarding dental materials.

A total of 15 papers (9 research papers and 6 review papers) are presented in Volume
II of this successful Special Issue.

Hadzik et al. evaluated the long-term effectiveness of using the guided-bone-regeneration
(GBR) procedure to correct small peri-implant bone dehiscence, using a xenogeneic depro-
teinized bovine bone mineral material and a xenogeneic native bilayer collagen membrane.
The authors concluded that using xenogeneic bone and a xenogeneic collagen membrane
in a GBR procedure could be used to correct small peri-implant bone dehiscence [1].

Fernandez Castellano et al. focused on maxillary sinus lift procedures performed on
animal models, using a balloon elevation control system technique. The maxillary sinus lifts
performed via this innovative device associated with the balloon technique are minimally
invasive procedures. The elevations achieved sufficiently allowed the future placement of
implants of varying lengths and diameters without any risk of perforating the membranes,
even in the presence of extremally resorbed bone crests [2].

An Italian study group evaluated the influence of manual expertise on static computer-
aided implantology (s-CAI) in terms of accuracy and operative timings. After the cone-
beam CT scanning of eleven mandibular models, a full-arch rehabilitation was planned,
and two different operators performed s-CAI. Finally, the distances between the virtual
and actual implant positions were calculated. The mean value of the operative timings
was statistically inferior to that of the expert operator, with an improved accuracy over
time for both operators. The support from digital surgical guides did not eliminate the
importance of manual expertise for the reliability and shortening of the surgical procedure,
and it required a learning pathway over time [3].

Felice et al. hypothesized that virtual planned guided bone regeneration (GBR), with
the aid of customized meshes, could optimize the treatment of extended alveolar defects
by reducing the risk of dehiscence. The authors concluded that a careful evaluation of the
soft tissues and knowledge of their final relationship with the implant and prosthesis can
improve digital mesh/membrane manufacturing, with a suitable healing process occurring
up to implant placement and loading, as well as favoring peri-implant tissue stability over
time [4].

Appl. Sci. 2023, 13, 10787. https://doi.org/10.3390/app131910787 https://www.mdpi.com/journal/applsci1



Appl. Sci. 2023, 13, 10787

A systematic review by Desnica et al. evaluated current in vivo research on regenerat-
ing critical-sized mandibular defects and discussed methodologies for mandibular bone
tissue engineering. Out of the 3650 articles initially retrieved, 88 studies were included in
the review. Using scaffolds with bioactive molecules and/or progenitor cells enhanced
success in mandibular bone engineering. Therefore, scaffold-based mandibular bone tissue
engineering could be introduced into clinical practice due to its proven safety, convenience,
and cost-effectiveness [5].

A narrative review by Selahi et al. aimed to review the literature on using autologous
blood preparations, which can aid regenerative processes when applied to extraction
sockets. The authors stated that, unfortunately, there is a lack of studies in the current
literature comparing the amount of pro-inflammatory cytokines in a patient’s peripheral
blood to their levels after centrifugation in blood concentrates. Therefore, more studies are
needed to clarify the correlation between pro-inflammatory cytokine levels and alveolar
healing after extraction and assess the risk of treatment with blood concentrates in patients
with systemic diseases causing chronic inflammation [6].

A retrospective study by Mummolo et al. aimed to evaluate a possible correlation
between the characteristics of the mandibular ramus and lower third molar impaction by
comparing a first group of subjects to an impacted lower third molar and a second group
to normal eruption for an early prediction of this pathology. This comparison was made
using linear and angular measurement, taken via digital panoramic radiographs. This
manuscript showed that the angle of a lower third molar, in relation to mandibular pain,
can be an index to predict tooth inclusion [7].

A narrative review performed by a Mexican study group summarized the characteris-
tics of dental stem cell (DT-MSCs)-derived biomaterials and their classification according to
their source, bioactivity, and different biological effects on the expansion and differentiation
of DT-MSCs. Also, the advances in research into the interactions between these biomateri-
als and the molecular components involved (mechanosensors and mechanotransduction)
in DT-MSCs during their proliferation and differentiation were analyzed. The authors
concluded that these kinds of biomaterials can contribute to research into regenerative
medicine and the development of autologous stem cell therapies [8].

Recently, digital dentistry began to play a crucial role in many dental disciplines,
especially the orthodontic field.

Regarding digital dentistry, Shopova et al. aimed to demonstrate and compare the
capabilities of two different digital approaches (intraoral scanning and digital examination
of occlusion) in the final analysis of occlusion after orthodontic treatment. The authors
found that there is a good collaboration between intraoral scanning and digital occlusion
determination, since the digital occlusion imaging system provides comprehensive results
and allows the analysis and treatment of occlusal dysfunctions. It can provide information
on the first contact, strength of the contacts, contact distribution on each tooth, sequence
of contacts, maximum bite force and maximum intercuspation, path of the lower jaw
movement, and occlusion and disocclusion times, as well as record videos with the active
sequences and distributions of the contacts [9].

Bucur et al. published a manuscript with the aim of determining the intensity of pain
perception in patients undergoing fixed orthodontic treatment, analyzing the severity of
pain during four routine procedures (placement of separating elastics, ring cementations,
arch activations, and elastic tractions). Patients suffered differently from the intensity of
perceived pain as they grow older; most of them showed moderate pain after following
the studied orthodontic interventions and required analgesic medication. The least painful
procedure was the elastic traction procedure, while the most painful period was the first
3–4 days after procedures [10].

The original article by Cameriere et al., conducted on a sample of 538 cephalograms
derived from healthy-living children aged between 5 and 15 years old, proposed a statistical
model to assess pubertal growth spurt using the ratio of the anterior height projection
to the posterior (Vba) of the fourth cervical vertebra body (C4), as well as calculate the
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residual proportion of skeletal maturation and the time for the pubertal growth spurt to
end for a given Vba. The validation process results showed that the proposed model did
not produce any incorrect forecasts. Therefore, this proposed method could estimate the
beginning and end of the pubertal growth spurt, together with the residual proportion of
skeletal maturation for a given Vba [11].

An in vitro case study, Jakubowicz et al. discussed the multiscale analysis of the
reproduction accuracy of jaw geometry obtained using selected orthodontic materials. An
accuracy assessment of the model geometry mapping was performed using noncontact
systems, including a fringe projection optical 3D scanner, computed tomography, and a
focus-variation microscope. Measurements were taken in three modes for comparison, as
were the silicone and polyether impression materials. Data analysis showed that deviations
were the smallest in the case of silicone and the best fit occurred between the silicone
impression and the plaster model. The conducted research confirmed the validity of the
assumptions considering the use of multiscale analysis for geometric analysis [12].

To achieve proper esthetics is one of the main challenges associated with using modern
dental materials, both in prosthesis and restorative dentistry.

Porojan et al. analyzed the finishing and thermocycling of five resin matrix CAD/CAM
ceramic surfaces (a polymer-infiltrated ceramic and four types of nanoparticle-filled resins)
to assess their consequences for optical properties. Surface microroughness and optical
and hardness evaluations were achieved before and after artificial aging. The authors
demonstrated that the optical characteristics of resin matrix ceramics were not significantly
modified by thermocycling and thermocycling significantly decreased the microhardness,
especially for glazed samples [13].

Unosson et al. described a material made of novel amorphous calcium magnesium
fluoride phosphate (ACMFP) core-shell microparticles that may be applied in preventive
dentistry for the prevention of caries and the treatment of dentin hypersensitivity. The rem-
ineralization and dentin tubule occlusion potential of these particles were evaluated in vitro
using acid-etched dentin specimens, and treatment with the ACMFP particles resulted in
complete tubule occlusion and dense mineralization layer formation. A cross-sectional
evaluation of dentin specimens after treatment formed high aspect ratio fluorapatite crys-
tals and poorly crystalline hydroxyapatite. Therefore, these studied particles provided a
single source of readily available calcium, phosphate, and fluoride ions for the potential
remineralization of carious lesions, as well as exposing dentin tubules to enable a reduction
in hypersensitivity [14].

Finally, this Special Issue also involved research dealing with endodontic materials.
A systematic review by Ferreira et al. aimed to assess the effects of non-thermal plasma

treatments on root canal sealers’ adhesion to dentin. While there was no consensus about
the effect of non-thermal plasma (NTP) on the AH Plus sealer’s adhesion to radicular dentin,
NTP seemed to positively influence the adhesion ability of BioRoot RCS and Endosequence
BC. However, the authors recommended cautiously interpreting these findings due to the
scarcity of studies on the topic [15].

Although submissions for this Special Issue have been closed, more in-depth research
in the field is being collected for inclusion in a new Special Issue: Dental Materials: Latest
Advances and Prospects—Volume III.
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Effect of the Lateral Bone Augmentation Procedure in
Correcting Peri-Implant Bone Dehiscence Defects: A 7-Years
Retrospective Study

Jakub Hadzik 1,*, Artur Błaszczyszyn 1, Tomasz Gedrange 2 and Marzena Dominiak 1

1 Department of Dental Surgery, Faculty of Medicine and Dentistry, Medical University of Wrocław,
50-425 Wrocław, Poland

2 Department of Orthodontics, TU Dresden, 01069 Dresden, Germany
* Correspondence: jakub.hadzik@umw.edu.pl

Abstract: Guided bone regeneration (GBR) is a well-documented and widely-used dental surgical
procedure for the treatment of various types of alveolar bone defects. The aim of the study was to
evaluate the long-term effectiveness of the GBR procedure in correcting small peri-implant bone
dehiscence using the xenogeneic deproteinized bovine bone mineral material and a xenogeneic native
bilayer collagen membrane. The present study was designed as a retrospective study. Seventy-five
bone-level tapered two-piece dental implants Conelog®, Camlog (Biotechnologies AG, Switzerland)
were divided into two groups G1—no bone augmentation (no GBR)—44 implants and G2—bone
augmentation (GBR)—31 implants. For both groups, the closed healing protocol with a primary
wound closure was used. The incidence of peri-implantits was evaluated, the quantitative assessment
of soft tissue thickness was performed using the ultrasound (USG) device, quantitative assessment of
marginal bone loss (MBL) was done. The prevalence of peri-implantitis was 5.3%, with a three-fold
increase in peri-implantitis comparing the groups without and with bone augmentation (G1 = 2.27%,
G2 = 9.7%). The average keratinized gingiva thickness was 1.87 mm and did not differ significantly
between groups. No statistically significant differences in MBL between G1 and G2 were found. When
dividing patients by gender, no statistically significant differences were observed. When dividing
patients by age groups, statistically significant differences were observed between the youngest and
oldest groups of patients. Within the limitations of this study, it can be concluded that the use of
xenogeneic bone and a xenogeneic collagen membrane in a GBR procedure can be recommended to
correct small peri-implant bone dehiscence.

Keywords: guided bone regeneration; GBR; implant; soft tissue; marginal bone loss; bone graft

1. Introduction

Dental implants are nowadays considered a highly predictable treatment option to
replace missing teeth with a reported long-term (10–20 years) survival rate of 89.5% and
92.7% [1,2]. However, when bone dehiscence is present at the time of implant placement
to place a dental implant, different bone regenerative techniques, such as guided bone
regeneration (GBR), need to be used. GBR is a successful, well-documented and widely
used dental surgical procedure used to treat various alveolar bone defects [3,4]. GBR
requires the application of a resorbable or non-resorbable membrane to exclude non-
osteogenic tissues from interfering with bone regeneration and can be used as a surgical
procedure preceding implant treatment [5,6].

Currently, a broad spectrum of grafting materials of different origins, such as allografts,
xenografts, and alloplastic materials, is available [7,8]. Similarly, materials of different
origins are available in various forms ranging from blocks to bone chips, and this provides
the dental surgeon and patient with many treatment options. The situation with membranes
is no different; the choice between non-resorbable (including Polytetrafluoroethylene

Appl. Sci. 2023, 13, 2324. https://doi.org/10.3390/app13042324 https://www.mdpi.com/journal/applsci5
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PTFE; expanded polytetrafluoroethylene e-PTFE, high-density polytetrafluoroethylene
d-PTFE; Titanium-Reintforced PTFE Membranes, Titanium Mesh and Cage membranes)
and resorbable membranes of different types and origins is wide [9]. Depending on their
origin, resorbable membranes used in GBR can be divided into natural polymers (collagen
membranes) and synthetic polymers (aliphatic polyesters (e.g., poly (lactic acid) (PLA),
poly (polyglycolic acid) (PGA), poly (ε-caprolactone) (PCL) [10,11].

Undoubtedly, the treatment options are wide, but most importantly, they require
adaptation to a specific clinical situation. Since the beginning of dental implantology,
implant placement in the aesthetic zone in such a way that implants imitate nature and, at
the same time, maintain healthy tissues has been challenging. The perfect three-dimensional
position of the implant is critical for proper prosthetic restoration, especially in the aesthetic
area. When a proper prosthetic-driven implant positioning of the implant requires covering
small fenestration or dehiscence caused by an exposed implant surface on its facial aspect,
the GBR technique, in combination with xenogeneic bone and resorbable membranes,
can be used [12]. In these situations, the GBR can be used simultaneously with implant
placement since, according to Chiapasco and Zaniboni [13], guided bone regeneration
procedures are a reliable means for treating dehiscences and fenestrations created during
implant placement.

The first objective of the study was to evaluate the long-term effectiveness of the applied
GBR procedure in correcting small peri-implant bone dehiscence using the xenogeneic depro-
teinized bovine bone mineral material and a xenogeneic native bilayer collagen membrane. A
secondary objective was to evaluate factors that may influence marginal bone loss.

Hypotheses of this study were:

1. When the GBR procedure is used for implant dehiscence treatment, it does not influ-
ence the marginal bone loss around the implant in 7 years of observation;

2. There are no gender-related differences in marginal bone loss around implants;
3. There is no difference in marginal bone loss around implants between age groups.

2. Materials and Methods

2.1. Study Design

The present study was a retrospective study aimed at evaluating the long-term effec-
tiveness of the applied GBR procedure in correcting small peri-implant bone dehiscence.
The study was performed in Wroclaw Medical University Dental Clinical and Teaching
facility. Among the group of patients who received Conelog®, Camlog (Biotechnologies AG,
Switzerland) implants as part of a clinical trial conducted in 2012–2014, a group of patients
was selected who received implants with lateral bone contour regeneration and placed with
no bone regeneration. Medical records of a 7-year follow-up were analyzed. A bioethics
approval for this follow-up study was granted by a local bioethics committee of Wrocław
Medical University (registration number 861/2021). The study has been conducted in full
compliance with the Declaration of Helsinki. All patients gave two written consents: the
first was general consent to have dental implants placed, and the other consent involved
participation in the clinical study. The original clinical study analyzed changes in soft tissue
thickness; detailed data from the clinical study and 12 months of follow-up can be found
in our study [14]. In a 5 years follow-up period, the soft tissue augmentation with CTG
(connective tissue graft) 3 months prior to implant placement was found to be the most
effective method in terms of the soft tissue thickness gain—1.035 mm (SD = 0.73 mm) over
the entire follow-up period (5 years) [15].

The purpose of the present study was to evaluate previously unanalyzed medical data
in terms of the influence on MBL. The influence of lateral GBR procedure, gender structure,
and age structure was analyzed. The prevalence of peri-implantitis was also assessed.

2.2. Clinical Data, Groups of Patients, Surgery, Implant Loading

The medical records of 67 patients (27 male, 47 female) who had 75 bone-level ta-
pered two-piece dental implants Conelog®, Camlog (Biotechnologies AG, Switzerland).
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The 3.8 mm and 4.3 mm diameter implants of different lengths were used in the study.
Implants were placed in the healed bone in the aesthetic area of both jaws were selected
(no prior GBR allowed). Specific exclusion criteria for this group of patients were presented
previously [16]; briefly: generally healthy adult patients were included, and patients with
periodontal disease, noncontrolled metabolic diseases, and heavy smokers were excluded.

The implants were divided into 2 groups: G1—no bone augmentation (no GBR)—44 im-
plants, and G2—bone augmentation (GBR)—31 implants, Figure 1. All of the patient records
analyzed and included in the study contained full details of the procedure, including the
depth of the implant placement and the GBR procedure used in case of dehiscence presence.
Forty-four implants were inserted and completely embedded in the native bone, placed
equicrestally. In 31 implants where the dehiscence (to the implant first thread) was present,
the external lamina of the alveolar process was augmented during implantation with the
deproteinized bovine bone mineral material (Bio-Oss®, Geistlich Pharma AG, Switzerland)
and a native bilayer collagen membrane (Bio-Gide®, Geistlich Pharma AG, Switzerland) to
cover the exposed implant surface on the facial aspect. For both groups, the closed healing
protocol with a primary wound closure was used (Figure 1).

Figure 1. Allocation of patients, size of the groups. Guided bone regeneration (GBR) G1—no bone
augmentation (no GBR)—44 implants, G2—guided bone augmentation (GBR)—31 implants.

Implant loading took place after 6 months. Conventional impressions were taken
using the polyether (PE) impression compound Impregum Penta (3M, Maplewood, MN,
USA). All implants were restored on a standard abutment provided by the implant manu-
facturer’s Camlog (Biotechnologies AG, Switzerland) with metal-ceramic cemented single
crowns with semipermanent cement (Implantlink®, Detax, Germany). A follow-up clinical
appointment for all the patients included was conducted by the same investigator (AB).

2.3. Clinical Outcomes

Patient clinical evaluation included bleeding on gentle probing and biological compli-
cation such as peri-implantitis. Peri-implantitis, according to the 2017 World Workshop
on the Classification of Periodontal and Peri-Implant Diseases and Conditions, involves
bone levels ≥3 mm apical of the most coronal portion of the intra-osseous part of the
implant together with bleeding on probing [17]. During the clinical examination, the thick-
ness of keratinized tissue (TKT) in the surrounding implant site was examined using the
Ultrasound (USG) device Pirop® (Echoson, Poland) as described previously in our study.

2.4. Marginal Bone Loss

Since all the implants in G1 were placed equicrestally, and in G2, the bone augmenta-
tion was performed to cover the first implant thread, the level of 0 was taken as the initial
value for further measurements. The MBL was reported in mm and referred to millimeters
of bone loss compared to the initial value.

The intraoral radiographs were done using a holder (Visualize HD®, Gendex®, USA).
The radiological evaluation and X-ray measurements were done using the Gendex software
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(Gendex®, USA). X-ray image was calibrated using build-in calibration Gendex VixWin
Platinum (Gendex®, USA). The known diameter of the dental implants was used for the
calibration. The same device and software were used in all cases.

2.5. Statistical Analysis

The statistical analysis was performed using the GraphPad Prism 9 software [Graph-
Pad Software, Inc., USA]. The data obtained in the study were tested to check the normal
distribution (Shapiro–Wilk and Kolmogorov–Smirnov tests). Depending on the criteria met
(normal distribution), an appropriate test was selected for further analysis. A parametric
and nonparametric statistical approach was applied depending on the data. An unpaired
t-test was used for parametric, and a Mann–Whitney U test for non-parametric data. All
data are means ± standard deviation (SD). p < 0.05 was considered statistically significant.

3. Results

3.1. Implant Survival Rate

All of the 75 placed implants remained integrated after 7 years. This resulted in a 100%
implant survival rate.

3.2. Peri-Implantitis

A total number of 4 implants met the criteria for periimplantitis [17] (bone lev-
els ≥ 3 mm apical of the most coronal portion of the intra-osseous part of the implant
together with bleeding on probing). This corresponds to 5.3% of the total implants placed
in the study.

Among the G1 group with no GBR, based on clinical and radiological examination,
one patient (2.27%) was diagnosed with peri-implant disease. However, in the G2 group,
where the xenogeneic bone substitute was used in the GBR procedure, three patients (9.7%)
were diagnosed with peri-implantitis. This indicates a three-fold increase in peri-implantitis
comparing the groups without and with bone augmentation.

When dividing patients into groups by gender, 11% of male patients were diagnosed
with periimplantitis and only 2.1% of female patients.

When patients were analyzed by age groups, in the youngest group (25–40 years old),
a 4.35% rate of peri-implantitis was found; in the middle group (41–60 years old), this rate
was 2.94%, and in the oldest group (61–72 years old) 10.5% of patients were diagnosed with
peri-implantitis.

It was decided to include the entire group of patients in further analysis; however,
due to the severe peri-implantitis cases found that might affect the results, especially in
some groups, the results are given separately (see results all figures) for the whole group
(75 implants) and for the group excluding the peri-implantitis cases (71 implants).

3.3. Marginal Bone Loss

For G1 with no bone augmentation, a mean MBL = 0.63 was nominally lower than
in G2, where a bone augmentation was performed, and the MBL was 0.98. However, no
statistically significant differences were observed between these groups (Figure 2A, Table 1).
In this case, all patients were included, including those diagnosed with peri-implantitis,
and importantly, even after excluding cases of peri-implantitis, no significant differences
were observed between the groups (Figure 2B).

Table 1. Marginal bone loss (MBL) for Group G1 and Group G2.

G1 G2
G1, Excluded

Peri-Implantitis
G2, Excluded

Peri-Implantitis

mean MBL (in mm) 0.63 0.98 0.60 0.72
SD 0.6 1.0 0.57 0.65

minimum 0 0 0 0
maximum 2.12 3.97 2.17 2.60
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Figure 2. Marginal bone loss (MBL) in G1 (no bone augmentation) and G2 (bone augmentation) (A) all
patients included in the study; (B) patients with peri-implantitis excluded. Error bars shown in this
figure are means ± SD. The abbreviation non-significant (ns) is used for statistically nonsignificant,
satistically significant at p ≤ 0.05.

When dividing patients by gender, no statistically significant differences were ob-
served between men and females (MBL = 0.85mm and MBL = 0.73mm, respectively).
Similarly—after excluding patients with peri-implantitis, no statistically significant differ-
ences were noted (Figure 3, Table 2).

Figure 3. Marginal bone loss (MBL) for both gender groups. (A) all patients included in the study;
(B) patients with peri-implantitis excluded. Error bars shown in this figure are means ± SD. The
abbreviation ns is used for statistically nonsignificant, statistically significant at p ≤ 0.05.

Table 2. Marginal bone loss (MBL) for both gender groups. Data are means ±SD.

Male Female
Male Peri-Implantitis

Excluded
Female Peri-Implantitis

Excluded

mean MBL (in mm) 0.85 0.73 0.60 0.67
SD 0.93 0.75 0.56 0.64

minimum 0 0 0 0
maximum 3.97 3.5 1.95 2.58

When dividing patients by age groups (age ranges: 25–40; 41–60; 60–72), statistically
significant differences were observed between the youngest (25–40 years old) and oldest
group (60–72 years old) of patients (MBL = 0.85mm and MBL = 0.73mm, respectively)
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Figure 4, Table 3. The patient’s age given in the results is the age at the time of the 7-year
follow-up; patients were younger at the time of surgery.

Figure 4. Marginal bone loss (MBL) in age groups. (A) all patients included in the study; (B) patients
with peri-implantitis excluded. Error bars shown in this figure are means ± SD. The abbreviation ns
is used for statistically nonsignificant, * statistically significant at p ≤ 0.05.

Table 3. Marginal bone loss (MBL) in age groups. Data are means ± SD.

All Implants 25–40 Years Old 41–60 Years Old 60–72 Years Old

mean MBL (in mm) 0.60 0.67 1.13
SD 0.68 0.80 0.88

minimum 0 0 0
maximum 2.60 3.97 3.50

Excluded peri-implantitis 25–40 years old 41–60 years old 60–72 years old

mean MBL (in mm) 0.51 0.57 0.95
SD 0.54 0.57 0.67

minimum 0 0 0
maximum 1.95 2.17 2.58

3.4. Soft Tissue

The mean value of the thickness of keratinized tissue (TKT) analyzed together for both
G1 and G2 was 1.87 mm. The mean values of TKT in the implant area were similar in both
groups. No statistically significant differences were observed between these groups, G1 (no
bone augmentation) and G2 (bone augmentation), in terms of the TKT (Figure 5, Table 4).
In this case, all patients were included, including those diagnosed with peri-implantitis,
and importantly, even after excluding cases of peri-implantitis, no significant differences
were observed between the groups (Figure 5B).

Figure 5. The thickness of keratinized tissue (TKT) in G1 (no bone augmentation) and G2 (bone aug-
mentation). (A) all patients included in the study; (B) patients with peri-implantitis excluded. Error
bars shown in this figure are means ± SD. The abbreviation ns is used for statistically nonsignificant,
statistically significant at p ≤ 0.05.
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Table 4. Thickness of keratinized tissue (TKT) in studied groups of patients. Data are means ± SD.

G1 G2
G1, Excluded

Peri-Implantitis
G2, Excluded

Peri-Implantitis

mean TKT (in mm) 1.95 1.74 1.95 1.73
SD 0.72 0.65 0.72 0.67

minimum 0.72 0.45 0.72 0.45
maximum 3.45 2.9 3.45 2.90

Regarding the research hypotheses:

1. The first research hypothesis was accepted. No statistically significant (p < 0.05)
differences in terms of marginal bone loss were found between the groups with and
without guided bone regeneration;

2. The second research hypothesis was accepted. No gender-related differences were
found in marginal bone loss;

3. The third hypothesis was rejected. A statistically significant difference in marginal
bone loss around the implant neck was found between the age group 25–40 and 60–72.

4. Discussion

Our aim was to evaluate the long-term effectiveness of the applied GBR procedure in
correcting small peri-implant bone dehiscence using the xenogeneic deproteinized bovine
bone mineral material and a xenogeneic native bilayer collagen membrane. To assess
the effectiveness of treatment with the GBR method, several factors affecting long-term
treatment were evaluated. Among them are the implant survival rate in augmented and
nonaugmented sites, the incidence of complications (particularly peri-implantitis), and the
marginal bone loss in the peri-implant area.

The implant survival rate was 100% in the 7 years of observation. However, the
survival rate itself applies only to implants that have been integrated or lost and is not
sufficient for a positive assessment of the treatment method.

The stability of hard and soft tissues around dental implants is believed to be a key
factor for long-term implant treatment. In our study, it was found that when the guided
bone regeneration with a xenogeneic bone is used for implant dehiscence treatment, it does
not influence the marginal bone loss around the implant in 7 years of observation.

Taking into account the frequency of the need to perform GBR procedures presented
by Cha et al. [18] who, during a retrospective evaluation of the 1512 implants, placed found
that bone graft was performed in estimated that up to 50% of all dental implant procedures,
among the bone grafted sites, sinus lifting with lateral approach (22.1%) and guided bone
regeneration (22.7%).

An important aspect is the type of material used in the GBR procedure. Despite
the widespread use of bone grafts and their substitutes, there are still limitations that
remain associated with these commonly used dental surgical biomaterials. Starting with
golden standard autogenous bone that needs to be obtained from intraoral and extraoral
sites from the same individual. The disadvantages of autogenous bone are the lack of
availability of graft tissue, associated pain, and morbidity at the site donor. Autogenous
odontogenic materials are biocompatible and have the inorganic component of autogenous
teeth; however, it is necessary to have and process patient teeth [19]. Then allogeneic bone
provides many options for its use, ranging from guided bone regeneration of small defects
to extensive reconstructions using 3D allogenic graft blocks for mandibular sagittal bone
defect reconstruction, as described by Dominiak et al. [20]. Allogenic materials can be
prepared in three primary forms—fresh, frozen, or freeze-dried. Fresh and frozen allograft
materials possess superior osteoinductive properties, but at the same time, they carry
the greatest risks risk of a host immunogenic response [21]. The further processing of
allogenic material through freeze-drying can decrease the immunogenicity at the cost of
decreased osteoinductive potential [21]. Animal materials are also widely used, including
the deproteinized bovine bone, which is commercially available as BioOss (Bio-Oss®,
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Geistlich Pharma AG, Switzerland) and was used in our study. The porous structure
of deproteinized bovine bone resembles the human bone and can provide mechanical
support and stimulate bone healing through osteoconduction [22–24]. The application of
the bovine bone is very wide and covers most GBR indications. However, it is important
to keep in mind the biggest limitation of this material, which is exclusively osteogenic
potential. Referring to the systematic review and meta-analysis from the Canellas et al.
group [25], it seems that xenograft materials should be considered among the best available
graft materials for preserving the alveolar process after tooth extraction. A 5-year study
conducted by Ozkan et al. [26] found that sufficient quality and volume of bone allows
for the predictable placement of implants in the maxillary sinus augmented with bovine
bone grafts. Various combinations of biomaterial combinations have been described in the
literature to maximize the advantage and minimize the disadvantage of the biomaterials
described above. As an example, allogenic bone can successfully be used in combination
with xenografts for guided bone regeneration (GBR) in bone augmentation procedures as
described by the Urban group for the technique known by the common name “the sausage
technique” where a particulated autogenous bone with an organic bovine bone-derived
mineral is used [27,28]. The literature also describes the possible use of bovine xenogeneic
bone in GBR combined with blood derivates such as platelet-rich plasma (PRP), platelet-
rich fibrin (PRF), and concentrated growth factors CGF are used in various days of dentistry
to promote healing and their combination with bone graft particles is known colloquially
as a sticky bone [23,29,30].

The use of xenogeneic bone to graft increases the width of the alveolar process when
used in lateral augmentation [31]. Sanz-Sanches et al. found that lateral ridge augmenta-
tion procedures with implant placement can maintain peri-implant health over time [32].
Zitzmann et al. [33], in a 5-year follow-up, demonstrated that dehisced implants, if treated
with GBR (membrane + grafting material), may lead to a survival rate of implants similar
to that obtained in implants completely embedded in native bone. Severi et al. [34], in
the latest systematic review and meta-analysis, have found that reconstructive surgical
correction of peri-implant dehiscences and fenestrations with GBR is associated with a
lower probability of implant dehiscences and fenestrations persistence when compared to
a repositioning of a full-thickness flap without use of reconstructive techniques. The appli-
cation of the xenogeneic bone material and a xenogeneic collagen membrane is considered
to be a recommended, well-documented and widely used dental surgical procedure [35,36].
We have found no statistically significant differences in MBL between no GBR G1 and GBR
G2; moreover, even after excluding cases of peri-implantitis, still no significant differences
were observed between the groups, and the nominal differences between the groups were
even smaller.

Taking into account the characteristics of the material, it seems reasonable to recom-
mend xenogeneic bone in the case of the treatment of small peri-implant bone defects such
as dehiscence.

In our material, the incidence of peri-implantitis complications was assessed, and
a total of 5.3% of patients were diagnosed with peri-implantitis. Peri-implantitis is an
inflammatory process that affects both the hard and soft tissues that surround dental
implants. This condition is caused by a polymicrobial aggressive biofilm that colonizes
the implant and abutment surface at the peri-implant crevice level [37]. According to
Diaz et al. [38], as stated in a systematic review and meta-analysis, the mean prevalence of
peri-implantitis is 19.53% at the patient level. Derks et al., in a 9-year observational study
of randomly selected 588 patients of the Swedish population, observed 45% of all patients
with peri-implantitis (bleeding on probing/suppuration and bone loss > 0.5 mm) and a
moderate/severe peri-implantitis (bleeding on probing/suppuration and bone loss > 2 mm)
was diagnosed in 14.5% of patients and bone loss > 2 mm) [39]. However, the reports of
the prevalence of peri-implant mucositis and peri-implantitis range are relatively wide
and can be dependent on the study population, as Wada et al. found in their review the
population that attends dental office for regular maintenance have a lower incidence of
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peri-implant disease [40]. Our result of 5.3% of patients diagnosed with peri-implantitis
is significantly less than the recent available literature describes. However, it should be
noted that in our study, the included patients were generally healthy, heavy smokers, and
patients with uncontrolled metabolic diseases were excluded. In addition, the group of
patients analyzed in our study was under regular medical care from the time the implants
were inserted, which, as Wada et al. [40] point out, is not insignificant for the occurrence of
peri-implant inflammation. Although peri-implantitis is thought to be caused mainly by
dental plaque accumulation on the implant or abutment surface, many other risk factors
have been reported, including cigarette smoking, noncontrolled diabetes, osteoporosis,
history of periodontitis, presence of keratinized mucosa, occlusal overload, the surface of
trans gingival abutment element, and the position of implant-abutment junction [40–43].
Our results have shown a three-fold increase in peri-implantitis incidence, comparing
the groups without and with bone augmentation (no GBR G1 = 2.27%, GBR G2 = 9.7%).
However, the literature does not mention GBR as a risk factor for peri-implantitis [38,44].
Similarly age structure of the patient with a diagnosed peri-implant disease, in our study,
there were differences found between the age groups of patients, but there are still isolated
cases of peri-implantitis that are, therefore, difficult to interpret.

Proper width and thickness of the gingival connective tissue have been proven to be
one of the success criteria in dental reconstructive surgery. The mean value of the thickness
of keratinized tissue (TKT) analyzed together for both G1 and G2 was 1.87 mm.

According to the literature, the influence of soft tissue remains not insignificant in
terms of preserving the bone around the implant. Linkevicius [45] found that the gingival
tissue thickness at the alveolar crest can significantly affect marginal bone loss (MBL)
around implants. A value of 2 mm has been described in the literature as necessary to
maintain the proper level of bone in the area of the implant [14,45–47]. Gianfilippo et al. [48],
in a recent systematic review, have found that the soft tissue thickness is correlated with
MBL except in cases of platform-switching implants when implants with thin tissues and
screw-retained prostheses are used. In the case of our study, platform-switching implants
were used, and soft tissue thickness was similar in both groups with no GBR G1 = 1.95 and
GBR G2 = 1.74 with no statistically significant difference, so it can be assumed that tissue
thickness did not affect the results of our comparison between G1 without augmentation
and G2 with augmentation on the MBL.

The characteristics of the dental implant have an influence on the surrounding tissue
behavior among the position of the implant platform in relation to the height of the alveolar
crest (supracrestal, equicrestall, subcrestal); the type of connection between the implant
and the superstructure, e.g., utilizing the platform switching [49–51]. Valles et al. [52], in a
systematic review, found that platform-switching implants placed in a subcrestal position
seem to have less marginal bone level changes when compared with implants placed
equicrestall. However, Valles et al. [52] pointed out that significant differences were only
observed in animal studies. In our study, Conelog®, Camlog bone level platform switching
implants were used and placed equicrestally in all cases, so it can be assumed that the
position of the implants did not affect the results of the comparison between the groups.

The limitation of the presented study is its design as a retrospective study. The
long-term analysis is based on the patients’ medical records.

5. Conclusions

Within the limitations of this retrospective study, it can be concluded that the use of
xenogeneic deproteinized bovine bone mineral material and a xenogeneic native bilayer
collagen membrane in a GBR procedure can be recommended to correct small peri-implant
bone dehiscence.
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Abstract: Background: Although elevation of the sinus can be considered a predictable procedure,
it is nonetheless not free of complications, for which reason there is a constant search for new tools
and techniques that may reduce these complications. The present study focused on maxillary sinus
lifts performed on pig heads cadavers, using a new device with the balloon technique. Materials

and Methods: Fifteen ex vivo adult pig heads were used in this experimental study. Sinus floor
elevation was performed using the new balloon elevation control system, which consists of a syringe
containing latex and serum as well as a system of burs for membrane access and control. Each lift
was performed within a 3 min time frame while constant pressure was applied to allow the tissue to
adapt to the tension. Results: In 100% of cases, perforations do not occur during aperture or in the
elevation of the wall. In the global sample, there was histological elevation in 73.33% compared to
26.66% non-elevation (p = 0.0268). Conclusions: Within the limits of this study, the maxillary sinus
lifts employing the new device and the balloon technique were minimally invasive procedures. The
elevations achieved proved sufficient to allow future placement of implants of varying lengths and
diameters without risk of perforating the membranes, even in the presence of crests of less than 1 mm.

Keywords: balloon elevation; sinus floor elevation; schneiderian membrane; pigs head; ex vivo

1. Introduction

Currently, rehabilitation with dental implants is an effective therapeutic option for
the replacement of missing teeth in patients with partial or total edentulism. For this to
be achieved, the success and survival of these implants must be ensured, with one crucial
factor being sufficient bone availability to bear functional loads [1–3]. The loading forces
which occur during chewing have been shown to require implants of sufficient length,
within 8–10 mm for the premolar and molar regions in both the mandible and the maxilla,
these being generally accepted as standard measurements [4,5].

Given that patients frequently present with bone defects of variable characteristics
as a result of various processes such as tooth loss, which leads to an average 40–60%
decrease in horizontal and vertical bone loss of the alveolar crest during the first year,
periodontal disease, trauma, tumors, and cysts, the correct three-dimensional placement of
implants often becomes complicated [6–10]. Because of this, various surgical techniques
have been proposed, such as onlay–inlay bone grafts, distraction osteogenesis, inferior
alveolar nerve transposition, split crest, guided bone regeneration (GBR), and maxillary
sinus augmentation [11–15].

This last procedure, which is one of the most used in implant practice, arises from
the need to rehabilitate the posterior maxillary areas which are often atrophic due to the
prevalence of type IV cancellous bone and to dental extractions which cause rapid vertical
and horizontal resorption, in many cases accompanied by increased pneumatization of the
sinus in these areas [12–16]. This procedure was first described by Boyne et al. in 1965,
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becoming popular in the 1980s. In it, the Caldwell-Luc procedure was used to access the
sinus. Summers, for his part, popularized the crestal approach together with the use of
osteotomes and bone grafts, a procedure which is considered less invasive [16–18].

Although the sinus lift procedure can be considered clinically predictable, it is not
exempt from complications such as the dispersion of graft material in the sinus cavity,
wound dehiscence, hematomas, migration of implants inside the sinus, fenestrations,
oroantral fistulae, epistaxis, bone sequestration, acute sinusitis, and perforations of the
Scheiderian membrane [19–22]. This last complication is considered the main drawback
of this procedure, occurring in 10–35% of cases where the direct method is used, with an
approach through the lateral wall of the maxillary sinus [23,24]; or in 25% of cases with an
indirect approach through the alveolar crest and where the initial bone height lay between
3 and 6 mm [25–28]. Elevation of the mucosa of the maxillary sinus inevitably causes
stretching of the tissue which, in cases of higher elevations, may easily lead to tearing and
perforation of the sinus membrane [29]. A retrospective study reported similar findings:
the highest rates of perforation were correlated to higher elevations. These perforations
often lead to contamination of graft tissue and to the subsequent loss of both the graft and
the implants [30,31].

The present study based on maxillary sinus lifts was performed on ex vivo bisected
pig heads, employing a new device for the balloon technique patented by the author. The
study was justified by the need to assess the efficacy of this new system, which is proposed
as both a more conservative technique for the elevation of the Schneiderian membrane, and
a novel procedure which currently has no articles proving its reliability. The study aims
to assess the feasibility of the device, describe the technique, and contrast its advantages
and disadvantages.

2. Materials and Methods

An experimental study was carried out by a single operator. Fifteen ex vivo heads
of adult pigs were used. The pig is well established in implant research as an animal
model. The maxillary sinus of adult pigs is known to provide a volume of up to 30 cm3

sufficient for the elevation procedure and a soft tissue lining comparable to that of humans.
The pig heads were obtained from the local butchery immediately after slaughter. Hence,
consultation with the appropriate ethics committee was not necessary. The bisected heads
were sold as a base material for food processing by the slaughterhouse.

Due to the pronounced height of the alveolar crest in adult pigs, an approach to the
maxillary sinus through the lateral wall of the sinus was preferred for the experiments. The
lateral approach to the sinus allowed a greater control over the dissection of the membrane.

All animals were free of local and systemic diseases to prevent any bias due to patho-
logical alterations of the tissue. The experiments were carried out within a standard 6 h
post-mortem under a constant room temperature of 21 ◦C.

Sinus floor elevation was performed with the new elevation control system patented
by the author and registered in the Spanish Official Industrial Property Gazette (patent
application: 202130571). This system consists of a syringe containing stops, retaining
elements, latex, and serum (see Figure 1a).

To access the sinus, a Bien-Air turbine with a 3.5 mm diameter diamond bur was
used to outline the window, with abundant irrigation, followed by a donut-type bur with
20:1 reduction NSK contra-angle at 2000 rpm, 35 Ncm torque with abundant irrigation,
and a 3 mm stop to prevent rupture of the membrane. The sinus was accessed at 2 cm
perpendicular to the gingival margin of the maxillary first molar (see Figure 1b).
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Figure 1. Cont.
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Figure 1. (a) New lifting device invented by the author. From left to right. Insertion of the device into
the sinus, beginning of inflation, maximum pressure and inflation, deflation of the balloon after eleva-
tion. (b) Elevation window. (c) Section for histological analysis. (d) CBCT scans, 5 × 5. Oblique cut.

2.1. Measurement of Balloon Pressure and Resistance

A manometer was connected to a lateral outlet valve on the syringe, allowing max-
imum measurement of pressure throughout the experiment, with the aim of recording
pressure changes during the separation of the sinus mucosa from the sinus floor. The
pressure monitoring equipment used for this study consisted of an AZ 82152 digital pres-
sure gauge (Resolution: Bar: 1.034 (0.001), Range: 0~15 psi, Accuracy: 0.3% FS at 25 C,
Linearity/Hysteresis: 0.29~1%FS, Repeatability 0.2~0.5%FS, Combined Accuracy 1.0% FS).

The zero point of the pressure gauge was set to ambient pressure during each experi-
ment to rule out any influence. Following insertion into the maxillary sinus as described
above, the balloon was progressively filled to a target volume of 2 mL of serum, while pres-
sure was applied. The pressure exerted during balloon filling and the resulting elevation
of the mucosa were constantly monitored and recorded. Each elevation was carried out
within a 3 min timeframe while constant pressure was applied to allow the tissue to adapt
to the altered tension and separate from the surface of the bone. Once this time had elapsed
and the elevation procedure was complete, the balloon and the syringe were removed from
the sinus.

To prevent bias with regard to pressure data obtained during monitoring of the
elevation, a pilot trial was required to measure the influence of wear on the balloon material,
and the resistance of this material to the recorded pressure. To this end, the balloon was
filled three times consecutively with 2 mL of serum and the resulting maximum pressures
were recorded: 318.2, 315.3, and 320.7 mmHg, respectively, with a mean of 318.1 mmHG.
This preliminary experiment was performed in ex vivo pig heads with no tissue or other
material around the balloon. The acquired pressure data were interpreted as the elastic
resistance of the balloon material to volumetric expansion. The pressure recorded in this
pilot experiment was subtracted from the maximum pressure measured during the ex vivo
elevation experiment in order to determine the force originating solely from the mucosa.

The elevation heights were obtained by carefully stretching the mucosa and introducing
a standard impression material (Elite HD + Putty soft regular set, Zhermack, Rovigo, Italy) in

21



Appl. Sci. 2022, 12, 4406

the space below the mucosa. This material was subsequently dried and cut with a jigsaw
into pieces measuring approximately 4 × 4 × 4 cm for histological study, with a safety
margin sufficient to avoid accidental damage to the mucosa (see Figure 1c).

The 5 × 5 CBCT scans were then taken with a CS 8100 3D unit in order to measure the
elevations obtained in the samples (see Figure 1d).

2.2. Histological Processing: Non-Decalcified Bone Samples Embedded in Plastic

The bone samples obtained following the slaughter of the experimental animals were
preserved in formalin for fixation and conservation.

Since these bone samples were non-decalcified, they were washed in water and sawn to
macroscopically delimit the study areas. The samples were then dehydrated by immersion
in ethanol solutions of increasing concentration (70◦, 80◦, 90◦, and 95◦), soaking for 24 h in
each solution until reaching absolute ethanol, where they remained for 2 days.

The samples were then placed for 15 days under agitation in liquid polymethyl
metacrilate (PMMA) at 4 ◦C. After 15 days of immersion, the bone samples were trans-
ferred to glass cylinders with a base of solid PMMA and filled with liquid PMMA. The
tubes were sealed with parafilm and kept in an oven at 32 ◦C for 5–6 until polymer-
ization. The polymerized block with the bone sample was then cut with a microtome
(Microm HM 350 S). The first sections were made with a thickness of 30 μm until reaching
the study area, where 5 μm sections were cut and placed on gelatinized slides, covered
with polyethylene film and pressed and dried at 60 ◦C for 24 h.

For histological staining, the sections were deplasticized by immersion in methyl
acetate for 55 min, then washed in decreasing alcohol solutions until distilled water. The
stain used was Goldner’s Trichrome, which allows osteoid to be distinguished from calcified
bone, as well as the study of the morphology and distribution of cells in the tissues.

Microscopic images of histological samples were captured using a Nikon Digital Sight
DS-smc camera coupled to a Nikon Eclipse 90i optical microscope.

3. Results

Fifteen 5 × 5 scans were obtained with a CS 8100 3D unit, measuring the thickness of
the sinus wall and the elevation height which was obtained (see Table 1). The mean thick-
ness of the sinus walls studied was 1.45 mm ± 0.53, median 1.20 mm, range 0.90–2.40 mm,
while the mean elevation achieved was 10.6 mm. The mean height was 10.63 mm ± 1.32,
median 10.20, range 8.00–13.30 (see Tables 1 and 2 and Figure 2a).

Table 1. Study of sinus wall thickness and heights achieved measured with CBCT.

Sinus
Sinus Wall
Thickness

(mm)

Elevation
Height

Measured with
CBCT (mm)

Membrane
Perforated

during
Aperture

Membrane
Perforated

during
Elevation

Elevation of
All Layers.

Histological
Analysis

1 1 10.6 No No Yes

2 1.1 11 No No No

3 1 10.1 No No Yes

4 0.9 10.7 No No Yes

5 1.8 10.1 No No Yes

6 0.9 12.5 No No No

7 2.2 9.7 No No Yes

8 2.4 8 No No Yes

9 1.2 13.3 No No Yes

22



Appl. Sci. 2022, 12, 4406

Table 1. Cont.

Sinus
Sinus Wall
Thickness

(mm)

Elevation
Height

Measured with
CBCT (mm)

Membrane
Perforated

during
Aperture

Membrane
Perforated

during
Elevation

Elevation of
All Layers.

Histological
Analysis

10 1.8 9.8 No No No

11 1.1 10.1 No No No

12 1 11.8 No No Yes

13 1.4 10.2 No No Yes

14 1.7 12 No No Yes

15 2.3 9.6 No No Yes

Table 2. Shows a comparison between the thickness of the sinus floor (p = 0.000002) and the elevation
height measured with CBCT (p = 0.0014). There was a significant difference of 0.97 mm between
sinus floor thickness groups. There were significant differences of 2.08 mm in the elevation height.

Sinus Floor Thickness (mm) Elevation Height Measured with CBCT (mm)

Men 1.45 10.63

SD 0.53 1.32

Median 1.20 10.20

Minimum value 0.90 8.00

Maximum value 2.40 13.30

Groups Thickness < 1.45 mm Thickness > 1.45 mm Height < 10.63 mm Height > 10.63 mm

Mean 1.06 2.03 9.80 11.88

SD 0.15 0.30 0.73 0.95

Median 1.00 2.00 10.10 11.90

Minimum value 0.90 1.70 8.00 10.70

Maximum value 1.40 2.40 10.60 13.30

p-value
T-student 0.000002 0.0014

(a)

Figure 2. Cont.
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(b)

(c)

(d)

Figure 2. (a) Distribution of the mean elevation height with the CBCT (mm) in the maxillary sinus
floor thickness groups. (b) Osteotomy, elevated mucosa 100 μm. (c) Elevation start zone 100 μm.
(d) Periosteum 100 μm.
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In 100% of cases, perforations do not occur during aperture or in the elevation of the
wall. There was histological elevation in all layers in 53.33% of the >10.63 mm height group
compared to 46.67% of the <10.63 mm height group (p = 1.0000); there was no elevation
in 86.67% of the >10.63 mm height group compared to 13.33% in the <10.63 mm height
group. In the global sample, there was histological elevation in 73.33% compared to 26.66%
non-elevation (p = 0.0268) (see Table 3, Figure 3a,b).

Table 3. Distribution and comparison of membrane perforation and histology within groups for
maxillary membrane height and global sample.

Global Sample

Variables n % p-Value

Membrane perforated
during aperture (no) 15 100.00

1.000
Membrane perforated
during elevation (no) 15 100.00

Elevation of all layers.
Histological analysis (no) 4 26.66

0.0268
Elevation of all layers.

Histological analysis (yes) 11 73.33

Subgroups Height < 10.63 mm Height > 10.63 mm Total Fisher’s Exact Test

Variables n % n % % n p-Value

Membrane perforated
during aperture (no) 9 60.00 6 40.00 15 100.00 0.4661

Membrane perforated
during elevation (no) 9 60.00 6 40.00 15 100.00 0.4661

Elevation of all layers.
Histological analysis (no) 2 13.33 13 86.67 15 100.00 0.0001

Elevation of all layers.
Histological analysis (yes) 7 46.67 8 53.33 15 100.00 1.0000

(a)

Figure 3. Cont.
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(b)

Figure 3. (a) Distribution of the histological elevation and the membrane perforated in the height groups,
(b) Distribution of the histological elevation and the membrane perforated on the global sample.

Microscopic images of the histological samples did not reveal ruptures or laceration of
the membranes in any of the samples. Only in four cases was it impossible to elevate all
the layers, with the glandular layer left unelevated and a clearer view of the epithelium in
the elevated mucous membranes. A thin layer of collagen tissue was observed in the bone,
which may be interpreted as the periosteum or parts of it (see Figure 2b–d).

The mean maximum pressure obtained during the balloon experiments was 662.62 mmHg.
The maximum values did not exceed 726.20 mmHg. The minimum monitored pressure was
598.80 mmHg. The pressure required to overcome the resistance of the balloon material, as
determined during the pilot test, was subtracted from the maximum pressure. Therefore,
the mean pressure required to elevate the maxillary bone floor mucosa was calculated to be
344.46 mmHg in this ex vivo animal model. No mucosal tearing was observed. Pressure
values over time and fill volume showed a strong initial rise in pressure. In 5 of the 15 cases,
there was an Underwood septum in the region where the mucosa was elevated. However,
the elevation process in regions with Underwood septa (mean pressure = 368.12 mmHg)
did not produce significantly different elevation forces (p = 0.096) compared to sinus
mucosal elevations without the presence of septa (mean pressure = 332.63 mmHg) (see
Tables 4 and 5, Figure 4a–c)

Table 4. Pressure values in mmHg.

Max Septum Pressure on Membrane

SINUS 1 598.8 NO 280.7

SINUS 2 620.2 NO 302.1

SINUS 3 680.2 SI 362.1

SINUS 4 650.7 NO 332.6

SINUS 5 601.9 NO 283.8

SINUS 6 630.8 NO 312.7

SINUS 7 654.9 SI 335.8

SINUS 8 635.4 NO 317.3

SINUS 9 726.2 SI 408.1

SISUS 10 659.7 NO 341.6
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Table 4. Cont.

Max Septum Pressure on Membrane

SINUS11 704.4 NO 386.3

SINUS 12 658.2 SI 340.1

SINUS 13 706.8 NO 388.7

SINUS 14 698.6 NO 380.5

SINUS 15 712.6 SI 394.5

Table 5. Distribution and comparison of maximum pressures and pressures on the membrane in the
global sample and in the sinuses with and without a septum.

Maximum Pressure mmHg Pressure on Membrane

Mean 662.62 344.46

SD 40.86 40.88

Median 658.20 340.10

Minimum value 598.80 280.70

Maximum value 726.20 408.10

Groups Without septum With septum Without septum With septum

Media 650.73 686.42 332.63 368.12

SD 50.88 32.00 40.88 32.24

Median 643.050 680.20 324.95 362.10

Minimum value 598.80 654.90 280.70 335.80

Maximum value 706.80 726.20 388.70 408.10

p-value 0.093 0.096

(a)

Figure 4. Cont.
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(b)

(c)

Figure 4. (a) General distribution of maximum pressure in the maxillary sinus. (b) Distribution
of mean maximum pressure in the maxillary sinus with and without a septum. (c) Mean pressure
distribution in the maxillary sinus membrane with and without a septum.

4. Discussion

With a mean elevation height of 10.6 mm, no membrane lacerations could be found
during gross and microscopic examinations. The mean pressure during maxillary sinus
augmentation was therefore assumed to be below the soft tissue tear point for this animal
model. However, the results of the balloon experiment should be interpreted with caution,
as they were obtained from an ex vivo animal model and changes in tissue resistance and
stability due to post-mortem degradation and dehydration of proteins cannot be ruled
out. Pig heads are a well-established animal model in implantology research due to their
similarity with human anatomy [32–34]. Nevertheless, the mucosa of the maxillary sinus
of the pig is known to be thicker than that of humans [35,36]. This can lead to increased
adhesion and elastic tensile forces.

In pigs, there is a greater number of Underwood septa. However, the Underwood
septa in the region of the lifting procedure did not show a significant influence (p = 0.096)
on the lifting process or the lifting force required in this study. Therefore, it is assumed that
this anatomical variation may have no influence on sinus elevation procedures where a
balloon system is used. Similar results were noted by Stelzle et al. in their study of pressure
and resilience with the Meisinger system [31].

Due to the pronounced crestal bone height found in this animal model, the lateral
surgical approach through the maxillary sinus wall was chosen. In this area, the bone
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level in the pig would not exceed 2–3 mm, reflecting the situation found in a patient with
an atrophied maxillary alveolar process [36,37]. All other steps of the procedure were
performed and assessed analogous to a crestal approach. However, the lateral accessed
may have influenced the pressure values obtained, as the thickness of the lateral sinus
mucosa may be different to that of the sinus floor. The thickness of healthy sinus membrane
in humans has been shown to vary depending on the region of the maxillary sinus which is
being studied (0.99 to 2.58 mm), as well as between individuals [38,39].

The mean pressure needed to elevate the mucosa of the maxillary bone floor was
calculated to be 344.5 mmHg, a considerably lower value than that obtained in the pressure
and resilience measurement study by Stelzle et al., where the balloon elevation system
(Meisinger) was used on ex vivo bisected pig heads, giving a pressure of 748 mmHg [31].

Histological images did not reveal ruptures or lacerations of the membranes in any of
the samples. Thin layers of collagen were observed in the bone, which may be interpreted
as periosteum or parts of it, in agreement with the study by Stelzle et al. which compared
various methods of indirect elevation in an ex vivo experimental study.

Despite the above limitations, the preliminary results of this study with an experi-
mental set-up based on the author’s patented sinus floor elevation kit with an inflatable
balloon demonstrate that the measuring configuration is appropriate for directly and reli-
ably determining the pressures which occurred in the sinus during the elevation procedure.
The possible transfer of this procedure to a clinical environment has therefore been proven,
along with a demonstration of the general applicability of this technical configuration for
future clinical trials.

5. Conclusions

Within the limits of this study on ex vivo bisected pig heads, maxillary sinus eleva-
tions using the new device and balloon technique were found to be minimally invasive
procedures, with no membrane perforations observed in the histological analyses, even
in the presence of a septum and of residual crests less than 1 mm. The heights achieved,
analyzed histologically and measured with CBCT, proved sufficient to allow the future
placement of implants of varying lengths and diameters.

6. Patents

Sinus floor elevation was performed with the new elevation control system patented
by the author and registered in the Spanish Official Industrial Property Gazette (patent
application: 202130571). This system consists of a syringe containing stops, retaining
elements, latex, and serum.
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Abstract: The present study aimed to evaluate the influence of manual expertise on static computer-
aided implantology (s-CAI) in terms of accuracy and operative timings. After the cone-beam CT
(CBCT) scanning of eleven mandibular models, a full-arch rehabilitation was planned, and two dif-
ferent skilled operators performed s-CAI. The distances between the virtual and actual implant
positions were calculated considering the three spatial vectorial axes and the three-dimensional
Euclidean value for the entry (E) and apical (A) points, along with the axis orientation differences
(Ax). These values emerged from the overlapping of the pre-op CBCT to post-op CBCT data (method
1), from scanning the data from the laboratory scanner (method 2), and from the intra-oral scanner
(method 3) and were correlated with the operators’ expertise and operative timings. The mean values
for accuracy from the three methods were: E = 0.57 (0.8, 0.45, 0.47) mm, A = 0.6 (0.8, 0.48, 0.49) mm,
and Ax 1.04 (1.05,1.03,1.05) ◦ for the expert operator; and E = 0.8 (0.9, 0.87, 0.77), A = 0.95 (1.02, 0.95,
0.89), and Ax =1.64 (1.78, 1.58, 1.58) for the novice. The mean value of the operative timings was
statistically inferior for the expert operator (p < 0.05), with an improved accuracy over time for both
operators. A significant difference (p < 0.05) emerged between method 1 and methods 2 and 3 for
seven of the nine variables, without differences between the evaluations from the two scanners. The
support from digital surgical guides does not eliminate the importance of manual expertise for the
reliability and the shortening of the surgical procedure, and it requires a learning pathway over time.

Keywords: clinical skill; data accuracy; dental implant; outcome assessment

1. Introduction

Standardizing a treatment to a high level of reliability and effectiveness, beyond
personal human experience and capabilities, is the goal of applied Digital Science [1].
Computerized aided implantology (CAI), both static (s-CAI) and dynamic (d-CAI), allowed
a more precise fixture placement than a freehand approach, reducing the surgical timing
and the patient discomfort [2–6].

This procedure, however, can present criticisms due to its complexity and the num-
ber of steps as well as the competence required. The quality of the Digital Imaging and
Communications in Medicine (DICOM) from cone-beam CT (CBCT) and Standard Tessel-
lation Language (STL) data and the reliability of the digital algorithm in merging these
files condition the virtual planning [4,7–10]. Furthermore, in s-CAI, the computer-aided
manufacturing (CAM) process [11] and the structural features of the surgical guide are
relevant to the final result [2,4,12].

Assuming the integrity of the digital planning and guide printing, it appears helpful
to verify whether, and how much, the personal operator’s ability can interfere in the
final surgical phase, improving the precision of the implant placement and shortening the
surgical timing.
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Conflicting outcomes have emerged in in vitro and in vivo trials about the relevance
of human expertise, not only as a freehand implantologist, but also whether there is
competence in using s-CAI, and whether there is a learning curve. No relevance of the
s-CAI expertise for skilled implantologists has been recorded [13], and better accuracy by
novices under senior control has emerged compared to expert operators [14]. Significant
deviations from the planned and the actual positions have been attributed to improper use
of the handle piece, the conditioning of the action of the drills in the sleeves [15], and to the
positioning of the guide into the patient’s mouth [13]. The presence of improvement over
time for experienced implantologists has been excluded, at least for edentulous patients [16].
In the most recent literature reviews on s- CAI, the operator’s experience has not emerged
as influencing the accuracy of the procedure. Nevertheless, the variability and unreliability
of the assessment methods adopted by the studies considered were highlighted, due to the
difficulty in performing meta-analyses [6,7,12,17].

Concerning the methods of accuracy evaluation, the degree of digital superimposition
for the postoperative with the virtually planned implant positions—the matching of the
pre- and post-CT DICOM data—has been ratified and shared as an accuracy parameter in
the literature. The shifting of the coronal and apical portion of the fixture and its tilting and
deepening were considered geometrical reference points [18]. Optical scanners introduced
an alternative to the previous analysis, but the same factors affecting the registration process
in the planning phase with these tools also conditioned the assessment method [19–22]. No
study has investigated the influence of operator skill on reducing the operative timing.

The primary objective of the present study was to understand the relevance of the
operator’s expertise in conditioning implant placement accuracy with the s-CAI approach
and to determine if accuracy improved over time for experts and novices (learning curve).

The secondary objective was to understand if the operator’s expertise could influence
the operative time in the s-CAI approach.

Three methods of superimposition data evaluation were adopted and compared to
each other: CBCT (pre and post), CBCT (pre) and laboratory scanning (post), and CBCT
(pre) and intraoral scanning (post).

2. Materials and Methods

2.1. Digital and Operative Flow-Chart

Eleven acrylic resin models, reproducing completely edentulous mandibles with differ-
ent alveolar shapes, were scanned with a CBCT. The models reproduced typical situations
to be managed without grafting techniques to avoid dehiscence or fenestrations. DICOM
data were imported in a dedicated software (B&B Dent SL GS, B&B Dental Implant Com-
pany, Bologna, Italy). The placement of eight implants 4 mm wide and 11 mm long (Duravit
3P, B&B Dental implant company, Bologna, Italy) in each model, uniformly distributed in
posterior and anterior locations, was planned for a fixed full-arch rehabilitation according
to the bone volumes and shapes simulated by the models. The virtual implant position
was identified through the DICOM data, which were then converted into STL-files for
the models’ segmentation and the guide design and printing, according to the implant
positions. The first dentist (GP), the more experienced operator, accomplished the planning
phase in collaboration with the digital designer.

The surgical guides were projected according to the supporting bone modality. Since
there was no occlusal correlation with an opposite maxilla, the plan could not start from
actual prosthetic demands. Three vestibular fixing pins to stabilize the guides and eight
sleeves of 4.2 and 5 mm in diameter and length, respectively, were designed. The sleeves
were made in poly-ether-ether-ketone (PEEK), instead of using metallic ones, to avoid
friction and overheating during the implant site preparation. Five models and a half, with
the applied guides, were randomly assigned to each of the two operators and fixed to the
dental chair headboard to simulate the clinical ergonomics (Figure 1). The guides were
fixed to all the models by the more experienced operator (GP), who was unaware of the
subsequent casual operator’s assignment.
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Figure 1. Surgical guide fixed to the acrylic resin model.

The first dentist (GP) had had more than fifteen years of experience in freehand
implantology and more than ten years of experience in s-CAI. The second one (FD) was a
post-graduate dentist, an utter novice in general dental practice. The implants were placed
independently in different sittings dedicated to accomplishing each model procedure, and
the time taken was recorded. For each model a new kit of burs was used to eliminate the
bias of the tool’s wear. The operative timings were recorded in seconds and statistically
elaborated.

After that, the implanted models were CBCT scanned once again, and the DICOM data
was imported in the same software mentioned above (method n.1). The “image substitution
analysis” matched the pre- and post-CT session without the segmentation of the implants
and the STL data conversion.

Optical scanning of the resin models was taken with a laboratory scanner (EGS dscan3)
and an intra-oral scanner (3 Shape Trios, Copenhagen, Denmark) after connecting the scan
bodies with the implants as in methods n.2 and n.3.

The flow-chart is shown in Figure 2.
The data relating to the external surface of the resin clones from the three techniques,

exported as STL data, were volumetrically analyzed, and the pre- and postoperative virtual
models and implants were aligned by the GOM inspect software. The alignment of the pre-
and postoperative surfaces was singularly exported and loaded onto Meshmixer software,
which was able to remove the superimposing surfaces of the resin copies while maintaining
those of the implants (Figure 3).
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Figure 2. The scheme of the flow-chart.

Figure 3. Pre- (A) and post- (B) operative virtual models and their alignment superimposing the
external surfaces (C). Planned (D) and actual (E) implant positions after removing the models’
superimposing surface.
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2.2. Measurement Parameters for Accuracy Analysis

For each pre-and postoperative implant surface, the entry point (E) and the apical point
(A) were identified as the most coronal and apical points, respectively, obtained from the
geometric intersection of the symmetric line of the fixture and its surface. The distance
between these two points was divided into three vectorial components, vestibular-lingual
(x), mesiodistal (y), and apical-coronal (z), and assumed to be deviation values from the
planned positions in the respective implant portions (Edx, Edy, Edz; Adx, Ady, and Adz).
The three-dimensional Euclidean distance was calculated to have a single entry (Ed) and
an apical (Ad) point. The angular discrepancy (Ang), expressed in grades, was further
calculated from the longitudinal axes of the pre- and postoperative implants. The more the
spread from the “zero” value, the more the inaccuracy amount.

These calculations were performed for the five groups derived from matching each
operator with the three analysis methods.

2.3. Measurement Parameters for Operative Timing Analysis

The time counter was managed by an external assessor (FDB), and the counting started
when the motor switched on and off for each site preparation and implant placement. Every
phase time was added to the subsequent with a total value calculated for every implant
site management. A mean value for each model timing was reported on the ten simulators
excluding the shared one, on a total number of 80 implants.

2.4. Statistical Analysis

A descriptive analysis was performed, presenting continuous variables as mean ± standard
deviations (SDs) and giving minimum and maximum values. An inferential analysis
compared the groups in terms of the mean values of all the accuracy variables (the Friedman
test was used since the data were not normally distributed).

The significance level was set at 0.05. All the analyses were performed using Stata,
version 15 (Stata Corp LP, College Station, TX, USA).

The sample size was calculated considering an alpha error of 0.05, a power of 0.80,
and an f-effect size of 0.40, taking the literature data into consideration.

A double-tailed t-test evaluated the significant difference between the two operators
regarding implant placement velocity.

3. Results

3.1. Accuracy

An overall number of 88 implant positions were compared with the relative pre-
operative planned ones.

An overall significant level of accuracy resulted for the first operator, compared to the
second, from the mean values from the three evaluation methods (p < 0.05) (Table 1).

According to the method nr.1, Ed = 0.8 ± 0.43 mm, Ad = 0.85 ± 0.39 mm, and
Ang = 1.05 ± 0.53◦ were reached by the first operator; and Ed = 0.91 ± 46, Ad = 1.02 ± 0.45,
and Ang = 1.78 ± 1.12◦ by the second one. The overall mean values were: Ed = 0.86 ± 44,
Ad = 0.93 ± 43, and Ang = 1.41 ± 0.95◦. Considering each vectorial component, the second
operator obtained more minimal values than the first one for all the variables except the Ay
one, all compensated by the higher maximum data.

According to the method nr.2, Ed = 0.45 ± 0.23 mm, Ad = 0.48 ± 0.24 mm, and
Ang = 1.03 ± 0.47◦ were reached by the first operator; and Ed = 0.87 ± 45, Ad = 0.95 ± 0.42,
and Ang = 1.58 ± 0.97◦ by the second one, with Ed = 0.66 ± 41, Ad = 0.72 ± 42, and
Ang = 1.31 ± 0.81◦ as the mean values between each of them.
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Table 1. Pairwise ANOVA analysis (Tukey HSD test) correlating the dependent variables with the
three methods’.

Parameters
of Evaluation

Three Methods Results Mean Values Means Values’ Differential
between the Operators

HSD-Test p Value
Operator 1 Operator 2

Ed point 0.5728 0.8505 0.2777 16.2522 * >0.0001
Edx 0.1489 0.1983 0.0494 6.1613 * 0.0031
Edy 0.2655 0.4597 0.1942 11.7764 * >0.0001
Edz 0.3980 0.5842 0.1862 7.7265 * 0.0002

Ad point 0.6084 0.9533 0.3449 20.4794 * >0.0001
Adx 0.1671 0.2436 0.0765 8.8757 * 0.0002
Ady 0.3035 0.5516 0.2481 14.1916 * >0.0001
Adz 0.4028 0.5721 0.1693 6.9093 * 0.001
Ang 1.0424 1.6463 0.6039 21.6030 * >0.0001

* Means results for each operator.

The second operator obtained more minimal deviations than the first one, but for
fewer variables, e.g., Ed, Adx, Ady, and Ang, than in method nr.1. According to method
nr.3, Ed = 0.47 ± 0.27 mm, Ad = 0.49 ± 0.25 mm;, and Ang = 1.05 ± 0.57◦ were reached
by the first operator; and Ed = 0.77 ± 34, Ad = 0.89 ± 0.36, and Ang = 1.58 ± 0.83◦ by
the second one, with Ed = 0.62 ± 34, Ad = 0.69 ± 37, and Ang = 1.31 ± 0.76◦ as the mean
values between each of them. An identical value of Edx, 0.15 ± 0.1, was identified for both
operators. The second operator’s minimal deviations, as reported above with the previous
methods, regarded the Edx, Ed, and Ad variables (Table 2).

Table 2. Means, SDs (Standard Deviations), and extreme values for each operator from the three meth-
ods of evaluation.

Methods of
Evaluation

Operator Parameters Edx Edy Edz Ed Adx Ady Adz Ad Ang

n.1

1

mean 0.14 0.16 0.74 0.8 0.15 0.25 0.76 0.85 1.05
SD 0.10 0.13 0.45 0.43 0.10 0.21 0.44 0.39 0.53

minimum 0.00 0.01 0.08 0.22 0.17 0.00 0.03 0.36 0.24
maximum 0.34 0.61 1.92 1.92 0.41 1.15 1.92 1.93 2.13

2

mean 0.28 0.31 0.75 0.91 0.28 0.43 0.77 1.02 1.78
SD 0.19 0.22 0.49 0.46 0.22 0.3 0.5 0.45 1.12

minimum 0.41 0.01 0.00 0.19 0.00 0.01 0.01 0.24 0.13
maximum 0.83 0.76 2.02 2.15 0.88 1.11 1.96 2.27 4.13

n.2

1

mean 0.15 0.3 0.22 0.45 0.18 0.32 0.22 0.48 1.03
SD 0.12 0.2 0.19 0.23 0.13 0.25 0.18 0.24 0.47

minimum 0.00 0.01 0.01 0.16 0.02 0.01 0.01 0.21 0.11
maximum 0.5 0.71 0.92 1.18 0.63 1.07 0.84 1.36 2.19

2

mean 0.16 0.58 0.52 0.87 0.23 0.57 0.53 0.95 1.58
SD 0.13 0.36 0.41 0.45 0.19 0.43 0.45 0.42 0.97

minimum 0.01 0.07 0.07 0.13 0.01 0.01 0.07 0.24 0.04
maximum 0.49 1.23 1.65 1.77 0.64 1.5 1.78 1.79 3.62

n.3

1

mean 0.15 0.33 0.23 0.47 0.17 0.34 0.23 0.49 1.05
SD 0.1 0.27 0.15 0.27 0.14 0.25 0.15 0.25 0.57

minimum 0.01 0.01 0.00 0.09 0.00 0.01 0.01 0.06 0.21
maximum 0.4 0.86 0.65 1.04 0.55 0.89 0.63 1.06 2.66

2

mean 0.15 0.49 0.48 0.77 0.22 0.65 0.41 0.89 1.58
SD 0.11 0.32 0.33 0.34 0.17 0.42 0.27 0.36 0.83

minimum 0.01 0.03 0.02 0.07 0.01 0.04 0.02 0.3 0.08
maximum 0.43 1.24 1.05 1.44 0.63 1.65 1.01 1.77 3.19
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A statistically significant difference (p < 0.05) resulted between method n.1 and both
the methods n.2 and n.3, except for the Adx and Ang values, with no differences between
the n.2 and n.3 optic scanner evaluations for all the variables (Table 3).

Table 3. Pairwise ANOVA analysis (Tukey HSD test) correlating the single dependent variables mean
results from the two operators for each evaluation method.

Parameters of
Evaluation

Evaluation
Methods’ Comparison

Operators’ Mean Values’ for
Each Method

Mean Values’
Difference

HSD-Test p Value

Ed
n.1 vs n.2 0.8564 0.6209 0.1987 9.4939 * >0.05
n.1 vs. n.3 0.8564 0.6209 0.2355 11.2534 * >0.05
n.2 vs. n.3 0.6577 0.1560 0.0368 1.7594 <0.05

Edx
n.1 vs. n.2 0.2147 0.1501 0.0586 5.9700 * >0.05
n.1 vs. n.3 0.2147 0.1501 0.0646 6.5715 * >0.05
n.2 vs. n.3 0.1560 0.4414 0.0059 0.6015 <0.05

Edy
n.1 vs. n.2 0.2345 0.4120 0.2069 10.2443 * >0.05
n.1 vs. n.3 0.2345 0.4120 0.1776 8.7926 * >0.05
n.2 vs. n.3 0.4414 0.3717 0.0293 1.4518 <0.05

Edz
n.1 vs. n.2 0.7485 0.3532 0.3768 12.7676 * >0.05
n.1 vs. n.3 0.7485 0.3532 0.3953 13.3953 * >0.05
n.2 vs. n.3 0.3717 0.7185 0.0185 0.6277 <0.05

Ad
n.1 vs. n.2 0.9335 0.6905 0.2150 10.4235 * >0.05
n.1 vs. n.3 0.9335 0.6905 0.2431 11.7842 * >0.05
n.2 vs. n.3 0.7185 0.2019 0.0281 1.3607 <0.05

Adx
n.1 vs. n.2 0.2166 0.1974 0.0147 1.3931 <0.05
n.1 vs. n.3 0.2166 0.1974 0.0193 1.8236 <0.05
n.2 vs. n.3 0.2019 0.4486 0.0045 0.4305 <0.05

Ady
n.1 vs. n.2 0.3387 0.4952 0.1099 5.1349 * >0.05
n.1 vs. n.3 0.3387 0.4952 0.1565 7.3113 * >0.05
n.2 vs. n.3 0.4486 0.3759 0.0466 2.1763 <0.05

Adz
n.1 vs. n.2 0.7626 0.3239 0.3867 12.8877 * >0.05
n.1 vs. n.3 0.7626 0.3239 0.4387 14.6223 * >0.05
n.2 vs. n.3 0.3759 1.3059 0.0520 1.7346 <0.05

Ang
n.1 vs. n.2 1.4127 1.3144 0.1068 3.1201 <0.05
n.1 vs. n.3 1.4127 1.3144 0.0983 2.8712 <0.05
n.2 vs. n.3 1.3059 0.6577 0.0085 0.2489 <0.05

* Statistic insignificance.

The mean values from the three methods were 0.57 mm (Ed), 0.60 mm (Ad), and 1.04◦
(Ang) for the first, and 0.85 mm (Ed), 0.95 mm (Ad), and 1.64◦ (Ang) for the second operator.
Figure 4 contains the box plots comparing the two operators relative to the mean values of
the three methods.

Table 4. Double-tailed t-test verifying a significant difference between the two operators in terms of
implant placement velocity.

Operator Obs Mean SD
[Intervallo Conf.

95%]
t p Value

1 5 14.24 3.91 9.38 19.1

−3.9 0.0046
2 5 25.48 5.13 19.1 31.86

combined 10 19.86 7.32 14.62 25.1
differents −11.24 −17.89 −4.59
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Figure 4. Box-plots showing the comparison of the two operators relative to the mean values from
the three methods evaluation for E point (A), A point (B), and angular deviation (C).

A positive correlation resulted between the number of progressively implanted models
and the implant placement accuracy, although this result was statistically significant for the
second operator only (Table 4).

3.2. Operative Timings

The first operator accomplished the implant seating with a mean time of 14.24 min for
each model, which was less than 25.48 min taken by the second operator, and this difference
was statistically significant (p < 0.05) (Table 5).

Table 5. Linear regression model for the correlation of the sequence of the model preparation and the
operator error in implant placement.

Operator Coef Standard Error t [Intervallo Conf. 95%] p Value

1 −1.271402 0.29 −4.42 −2.19 −0.36 0.021
2 −1.30442 0.47 −2.80 −2.79 0.18 0.068

4. Discussion

Freehand dental implantology depends on the manual skills of the operator, partic-
ularly for the axial implant shifting to what is prosthetically required [23]. An average
angular deviation of 3.04◦ (ranging from 0.4–6.3◦) and 7.03◦ (ranging from 0.7–21.3◦) has
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been reported for s-CAI and traditional treatment, respectively [24]. Younes et al. reported
that 19.2% of the freehand-placed implants were bearing cement-retained prostheses com-
pared to 100% of screw-retained super-structures on fixtures inserted with digital guides [6].
An overall accuracy value with s-CAI systems has been reported as ≤1 mm for all linear
evaluations and ≤5◦ for angular shifting [4,25]. Provided there is the correct procedure
for realizing the digital template, the principal reason for the higher precision of the s-CAI
could be that the human error is reduced. The present study tried to investigate the possible
relevance of human expertise intended to enhance the accuracy and reduce the operative
timing as derived from the repetition of a specific practical activity over time. The method
followed aimed to eliminate, as much as possible, the factors interfering with the univocal
interpretation of the data. Since the present study was undertaken “in vitro”, it was not
affected by the variables of clinical practice that would not have been reduced by using an
operative guide and allowed a novice operator to carry out the procedure independently.
The models used in this trial reproduced similar edentulous mandibular situations with the
same complexity level. The flowchart for guide manufacturing was simplified to minimize
the risk of procedural mistakes and a bone-supported device was planned without an
opposite dental arcade and the soft tissues feature. Since the guides’ application to the
model was performed by the expert dentist and accurately controlled, the possible bias
related to an error in this phase was prevented. The present trial results are, on the other
hand, poorly attributable to flapless approaches where soft tissue scanning is mandatory.

The major accuracy for the expert operator recorded reported in this study con-
firms what has been reported in in vitro trials [2,26–28] while clinical studies are inconsis-
tent [29,30]. One study reported more accuracy with the guided digital system than with
the free-hands systems when used by novices [2]. An average of 1.12 mm and a maximum
value of 4.5 mm at the entry point, an average of 1.39 mm and a maximum value of 7.1 mm
at the apex point, and an average axis shifting of 3.89◦, and a maximum value of 21.16◦
were recorded in in vivo studies reported in a literature review [4]. Naeini et al. reported
1.00 mm, 1.23 mm, and 3.13◦ for coronal, apical, and angular deviations respectively, in
another clinical literature review about the flapless technique [7]. Cuhna et al. recorded,
in vivo, a mean angular deviation of 2.04 degrees and mean coronal, central, and api-
cal linear deviations of 0.68 mm, 0.72 mm, and 0.82 mm, respectively [29]. The present
study’s overall deviations were lower than those in the literature studies with patients,
particularly for angular shifting, both for expert and inexpert operators, regardless of
evaluation methods.

Strictly correlated with the experience is the learning curve concept, which expresses
that there are a progressive number of attempts needed to reach a repeatable level of
precision. The awareness of this data helps standardize and optimize the method of training.
With reference to the d-CAI, e.g., Block et al., in a clinical trial, reported the presence of a
learning curve, and set the twentieth attempt as the initial plateau case [30]. Cassetta et al.
did not find a learning curve for s-CAI after analyzing the results from two different
implantologists, both experts in the freehand procedure but inexpert with the s-CAI, who
were working on totally edentulous patients. At the same time, a significant correlation
between coronal and angular deviation and the progressive number of treated cases over
time, emerged for partially edentulous subjects [16]. Nevertheless, the authors accept that
a reduced sample size and the absence of the operative timing evaluation are limits of
their trial. No in vitro studies have correlated the accuracy of implant placement with the
progressive number of operative performances.

Even if a real learning curve reaching the same accuracy level plateau was not identi-
fied, a continuous enhancement of accuracy for both operators over time resulted in the
present survey.

The habit of managing the physical opposition of the bone during the implant place-
ment phases by keeping a steady position of the handle-piece, has maintained its im-
portance [7,15]. Nevertheless, the reported deviations in the present study were so low
that the differences between the two operators did not compromise the final results of
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the procedure. The major reliability of s-CAI with respect to the freehand approach was
confirmed. On the basis that the fitting between the sleeves and the drills is considered
crucial for implant placement accuracy, the adopted device’s characteristics may have
positively affected the outcomes. The present study adopted specific disposable poly-ether-
ether-ketone (PEEK) sleeves, as used in another similar trial [31]. This innovation, proposed
for the same purposes in orthopedics [32], should give less rigidity to the system while
keeping a good fitting with the drills, thanks to the thermoplastic properties of the PEEK.
The templates with tunnels directly printed according to the digital project appear more
customized than those with standard metallic sleeves inserted subsequently in the device
at the designed positions.

Nevertheless, particularly in partial edentulism with five residual teeth at least, these
devices reached a similar level of accuracy [33,34].

Before the advent of optical scanners, the way for evaluating the superimposition of
virtually placed with actually placed implants was through the comparison of the pre-and
postoperative CT scans [35,36]. The “indirect” methods, with the EOS or IOS, avoid a
second x-ray exam for the patient, but are prone to the above-cited shortcomings in the
phase of imaging data acquisition. Impression distortions and related cast imprecisions
for EOS, intraoral conditions, and the movements of the patients or erroneous device
movements during IOS, can affect the accuracy of STL data [20,34] along with causing an
imprecise connection with the scanning pins for both techniques. Furthermore, the quality
of the 3D planning software algorithms for matching DICOM and STL files affects the
absolute reliability of the s-CAI using optical scanners [35]. Regarding in vitro surveys,
Stefanelli et al. reported a minimal discrepancy between a new type of IOS with improved
scan bodies and the EOS [37]; and Franchina et al. did not find a significant difference
between the outcomes from radiographic, EOS, and IOS methods of accuracy evaluation as
compared to free-hand implantology, s-CAI, and d-CAI methods„ as accomplished by a
relevant expert in each [31]. A notable discrepancy among the outcomes of scanning and
radiologic evaluation methods emerged in the literature [19,20,34,37]. Since a gold standard
has not yet been stated, it was declared that cross-validation using both direct and indirect
methods should be recommended [7,11,16]. The present trial adopted and compared the
results from three assessment methods to eliminate the evaluation bias highlighted by
several papers.

A recent literature review on clinical studies revealed that a pre-and postoperative
comparison of CT images, a scanned post-surgical model, and intraoral optical scanning
were adopted for accuracy evaluation in eight, two, and four studies, respectively [35].

The average values between the expert and the novice operators for the three methods
were 0.2 mm, 0.3 mm, and 0.6◦ for the Ed, Ad, and Ang parameters, confirming the apex
orientation and the implant inclination as the most critical points. Skjerven et al. reported
in vivo studies showing a significant difference between the deviation measurements for
coronal and apex points with pre-and postoperative CBCT and pre-op CBCT and post-
op IOS [19].

In particular, the overall mean angular deviation value from the three methods, i.e.,
1.04◦ and 1.64◦ for the expert and the novice operators respectively, were both lower than
those reported by a similar study in vitro: i.e., 3.23 ± 1.00◦, as an average of radiological
and optical scanning analysis. In addition, a lower deviation resulted when comparing
our angular results by method n.1: i.e., 1.05 ± 0.53◦ and 1.78 ± 1.12◦ for experienced
and novice operators, respectively, with the 2.60 ±1.25◦, and the 3.96 ± 1.64◦ results of
Cushen & Turkyilmaz, who adopted only the CBCT pre-and post- superimposition data as
analysis [28]. In any case, an exhaustive comparison within the different trials is challenging
due to many variables related to data importing, matching, and the elaboration processes,
even in the same method adopted.
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5. Conclusions

The present trial confirmed, by all three analysis methods, that there was an im-
pressive level of accuracy for novice and skilled implantologists with s-CAI, which was
undoubtedly superior to the free-hand approach. The starting experience and the im-
provement in precision over time was significantly relevant to implementing the implant
placement reliability.
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Abstract: Background: Treating extended alveolar defects is challenging for their irregular shape
and lack of hard and soft tissues. Virtual planned guided bone regeneration (GBR) with customized
meshes aims to optimize the treatment by reducing the risk of dehiscence. The mucosa characteristics
are crucial in preserving the bone graft covering and vitality. Methods: Two three-dimensional
and extended defects, a mandibular posterior and anterior maxillary atrophy were reconstructed
with a particulate graft and a digitally customized scaffold. The workflow entailed merging the
pre-operatory clinical related data from intra-oral scanning with the radiologic ones from cone
beam-CT. A final ideal prediction of the soft tissue relationship with the implant-borne prosthesis
was virtually elaborated, conditioning the design of the titanium membrane fitting the bone defects.
Results: A good matching between the scaffold and the bone surface was intra-operatory noted; no
complications were registered in the first months of healing with complete integrity of the soft tissues
above the graft. Conclusions: A careful evaluation of the soft tissues and a forecast of their final
relationship with the implant and prosthesis can improve digital mesh/membrane manufacturing
with a suitable healing process up to implant placement and loading, favoring peri-implant tissue
stability over time.

Keywords: virtual planning; GBR; titanium meshes; digital workflow

1. Introduction

Guided bone regeneration (GBR) with titanium meshes enabled clinicians to treat three-
dimensional and extended defects due to the stiffness of their structure, which contains
in situ the particulate graft and contrasts the collapse of the overlying soft tissues [1–3].
Digital technology improved this approach, allowing the design and printing of a scaffold
that fits the defect to be reconstructed, correlating the bone grafting to what is needed
to support the fixtures and reducing surgical timings and discomfort [1,4–6]. Hence, the
dehiscence, the significant shortcoming of this technique, seems to be lowered [4,6,7],
with >80% bone volume regeneration predictability of what was virtually planned [4,7–9].
Nevertheless, some doubts about the actual standardization of this approach were raised,
and the reliability of the digital systems in realizing what is virtually planned is still
unclear [2,4]. Indeed, the literature is scarce on patients and the methodology of the studies,
with 97–100% implant survival rate up to 30 months of mean follow-up after implant
loading [2,4,7]. When the exposure complication is manageable, appearing after about a
month since the intervention and without signs of infection, the CAD/CAM GBR approach
is reliable in fulfilling what was pre-operatively planned, homogenizing the outcomes [2].

The precision of the virtual project, comparing the starting clinical situation with the
ideal prediction of the final result, is a crucial issue. The forecasting of peri-implant mucosa
thickness and shape, and its interaction with the abutment and crowns to be reached at the
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end of treatment, can allow for predicting the surgical or prosthetic correction of the soft
tissues before or after the bone reconstruction with a more accurate implant positioning [10].
Static computer-aided implantology (s-CAI) entails coupling the tissue surfaces data from
intra- or extra-oral scanning with the radiographic hard tissues information from the CT to
guide the seating of the fixtures. This approach obtained better results regarding insertion
accuracy than the free-hand one [11]. The starting bone defect extension and the soft tissue
characteristics were crucial in conditioning the GBR with membranes and no customized
titanium meshes [12], even with a customized protocol [2,13]. Atrophic sites present an
impaired mucosa, raising the muscle insertions toward the residual bone ridge and losing
keratinized epithelium. The soft tissues can be irregular with different thicknesses, scars
due to previous lesions and treatment, or particularly thin and fragile. A correct soft tissue
evaluation can condition the flap design, reducing the exposure rate [13]. Furthermore, the
passivation of the flap to cover the graft after the muscle detachment and the periosteum
releasing cuts entails a vestibule reduction and a lifting of the mouth pavement with the
necessity of soft tissue grafting procedures to obtain keratinized peri-implant marginal
tissues [2,4,13]. According to a so-called fully digital protocol, two mono-edentulous sites
were treated with implant insertion contextual to the bone reconstruction after pre-surgical
planning of the ideal soft tissue architecture [14,15]. Another clinical case was managed by
evaluating the vestibular mucosa thickness to resolve the horizontal deficit of an edentulous
site with surgical soft tissue modification in combination with prosthetics tricks [10].

This paper proposes a modified workflow for manufacturing a mesh/membrane to
reconstruct two different extended alveolar defects. This protocol was called “reverse”
since the operative phase started after the digital prediction of the final ideal relationship
between dental crowns and gingiva, adding the pre-operative clinical situation.

2. Materials and Methods

Two male patients were referred for a fixed prosthetic rehabilitation of their edentulous
areas. The general health condition of both subjects did not contraindicate oral surgical proce-
dures.

The clinical intra-oral exam of the first patient showed a left posterior mandible
without premolars and molars, lost more than ten years before due to an untreated severe
periodontal disease (Figure 1).

 

Figure 1. The pre-operative clinical situation of the first patient. Vestibular (A) and occlusal (B) point
of view.
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The edentulous lacuna of the second patient corresponded to the upper right pre-
molars, canine and incisor area, including the left first incisor, lost for trauma and dental
caries and temporarily rehabilitated with a removable residual teeth-supported prosthetic
device. The mandibular arch, lacking the first molars, did not present other dental diseases
(Figure 2).

  

Figure 2. The pre-operative clinical situation of the second patient. Vestibular (A) and occlusal
(B) point of view.

After taking a cone-beam CT (My Ray, Cefla, Imola, Italy), patients underwent scan-
ning of the mouth with an intra-oral scanner (IOS) (iTero Element 2, Align Technology, CA,
USA). The DICOM data relative to the bone status were coupled with the standard tessella-
tion language (STL) files relative to the soft tissue characteristics. A virtual wax-up for the
correct position of the dental crowns was performed according to the occlusal demands
with the opposite dental arch; the crowns were subsequently superimposed to the bone and
mucosa representation to identify the discrepancies between the prosthetic and anatomical
issues. A simulation of the correct soft tissue final profile was set up, configuring the dimen-
sions and shape of the papillae, and the implants were virtually positioned. The prediction
of the bone reconstruction to provide the fixtures with sufficient support came after. The
membrane was designed according to the hard tissue volume, position planned and the
location of fixation screws. In the first case, it was planned to seat two standard implants in
the second pre-molar and second molar location, sustaining a five-crown screw-retained
fixed bridge. Implant placement in the canine position was considered after extracting the
correspondent mobile tooth. This prosthetic solution entailed a vertical and horizontal
bone regeneration of about 8 and 11 mm, respectively, in the molar zone and about 10 mm
of thickness in correspondence to the second pre-molar location showing a knife-edge bone
ridge (Figures 3 and 4).

47



Appl. Sci. 2022, 12, 9947

 

Figure 3. Virtual planning of the first case (phase 1). Bone defect after segmentation from pre-
operative CBCT data (A); matching with the pre-operative soft tissue profile from the intra-oral
scanning (B); superimposition of the digital wax-up and set up of the final ideal gingival architecture
(C); virtual positioning of the fixtures (D).

 

Figure 4. Virtual planning of the first case (phase 2). Ideal choice of the fixtures position and
dimensions (A); simulation of the bone volume regeneration according to the final result prediction
(B) and titanium membrane design (C,D).

The second case showed a vertical and horizontal bone deficit, with a residual bone
ridge defining an extended fenestration. The digital wax-up for the correct crown position,
the soft tissue ideal profile and the consequent implant locations guided the bone volume
assessment and the relative mesh dimensions and shape (Figure 5).
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Figure 5. Virtual planning of the second case. Bone status after segmentation from pre-operative
CBCT data coupled with the inferior arcade profile from STL data (A); the final prediction of rehabili-
tation according to the simulated ideal prosthetic and gingival profile (B); simulation of the necessary
bone volume (C); the membrane design according to bone volume and final mucosal and prosthetic
result (D).

Three standard implants were planned to be seated in the second premolar, right lateral
and left central incisors location, supporting a six-crown screw-retained fixed bridge with a
required bone reconstruction of about 4 mm and 8 mm in height and width, respectively.
The virtual mesh/membrane, saved in STL format, was 3D-printed using digital machine
laser sintering (DMLS) without macropores and a few fissures in correspondence to its
coronal portion.

The same oral surgeon performed the surgical procedures in a dental office under
local anesthesia. The bone defects were completely exposed after carefully raising a full-
thickness trapezoidal buccal flap after a mid-crestal, two vertical releasing incisions and
the detachment of a lingual/palatal flap. The flaps were coronally elongated by releasing
incisions and dissection of the periosteum to obtain a complete passive closure on the
mesh. Subsequently, bone chips from the buccal surface of the bone close to the defect
were scraped with a bone collector. The autologous bone was mixed with a freeze-dried
heterologous one (Osteobiol, Gen-Oss, Tecnoss, Turin, Italy) in a 70/30 ratio. The particulate
graft was put to fill the deficit above the mesh (3DiFiC, Perugia, Italy) until its perfect
stability and unity with the defect’s borders. A suitable membrane fitting to the defect was
noted without shifting before and after the graft placement. Three titanium mini-screws
(Global D, Brignais, France) buccally stabilized the device in the mandibular defect. Two
mini-screws in correspondence with the left lateral wall of the nose and the right molar
pillar were inserted in the maxillary case. The flaps, coronally advanced before the graft
application, were carefully sutured. Amoxicillin was assumed by the patient (two grams a
day for six days) together with a non-steroidal analgesic (ibuprofen). The patients were
instructed to avoid brushing on the surgical site, follow a soft diet for three weeks and
maintain appropriate oral hygiene, including twice-daily rinsing with 0.2% chlorhexidine.

3. Results

During the post-operative healing period, patients were monitored monthly without
complications until now (Figures 6 and 7).
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Figure 6. The intra-operatory vision of the fixed membrane (A) and clinical situation a month after
surgery (B) relative to the first case.

 

Figure 7. The intra-operatory clinical vision of the defect (A), the membrane fixed (B) and clinical
situation a month after surgery (C,D).
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A new cone-beam CT was taken to verify the bone augmentation and the mesh position
after one month of healing, showing a good healing process without the membrane shifting
(Figures 8 and 9).

 

Figure 8. The cross−section CBCT images relative to the second premolar (A) and second molar
implant location (B) in the first case after a month of healing.
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Figure 9. The cross−section CBCT images relative to the second premolar (A), right lateral (B) and
left central incisors (C) location in the second case after a month of healing.

4. Discussion

The importance of soft tissues in conditioning a pre-implant reconstructive procedure
was widely stated, protecting from infections and supplying nutrients and cells [16–21].
The relationship between the soft and hard tissues and their features conditions the choice
of a bone augmentation technical approach or, otherwise, renouncing to it and accepting a
prosthetic compromise.

The final prevision of the correct soft tissue profile with the prosthetic crowns can be
particularly useful in managing complex alveolar defects with anatomic alterations and
wrong occlusal interactions. Hence, the discussion between prosthodontists and patients
allows for deciding the more suitable solution for each case. Screw-retained prostheses are
today the fixed available solutions for partial edentulous atrophies with aesthetic, functional
and hygienic demands [22]. The fixed bridge, without false gingiva and directly connected
to the fixtures, requires a precise evaluation of the final soft tissue profile, particularly in
the aesthetic zone.

The GBR technique is the most versatile approach, since the particulate graft, main-
tained by a scaffold, is adaptable to every defect shape. The use of titanium meshes enables
the management of more critical defects with fewer infective complications than those
with non-resorbable membranes, albeit a 0–68.9% of the reported exposure range [17,18,23].
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The literature reports 89.9% implant success up to three years of follow-up [2]. The digital
manufacturing of the titanium mesh should have homogenized the final complications and
implant success results. However, a considerable variation of reported outcomes poses a
few questions. Chiapasco et al. and Cucchi et al. recorded only 11 out of 53 and 1 out of
10 cases of dehiscences [4,7], while Ciocca et al. reported 66% post-operative exposure mor-
bidity in nine patients [1]. Two authors reported 25% exposures, 16% minimal, 7% “like one
tooth width” and 1.5% complete, without finding any correlation between these and the soft
tissue management, thickness or mesh size [13]. Hartman et al. (2019), on 70 dis-homogeneous
treated sites, reported 37% exposures [24]. Sumida et al. did not find a significant difference
in mucosal dehiscence and infection between custom mesh and conventional [6]. The mean
vertical bone gain reported by studies adopting linear measurements ranges from 3.9 mm [1]
to 6.5 mm [25], with a maximum of 8.9 mm [4]. The width augmentation goes from 5.5 [25]
to 6.35 [4] with a maximum of 11.5. These data were not compared with the virtually
planned ones. Similar results were obtained with the no-digital technique, with a linear
vertical augmentation mean range of 3.7–5.4 mm in combined defects [26]. Regarding the
percentage of regenerated bone volume concerning the planned one, the values go from
65% [2] to 91.9% [4]. Such discrepancies can relate mainly to the different extension and
morphology of the treated defects [12], often considered together in the same trial, or to
the operators’ experience in surgically managing the soft tissues, or, on the other hand, the
precision and reliability of the digital systems and the confidence of the operator in using
such a technology. Treating a homogeneous cohort of nineteen extended three-dimensional
atrophies, Lizio et al. obtained five complete failures due to early infection and graft loss;
nevertheless, once passed the first critical six weeks, the reliability of the technique in terms
of osseous regeneration came to 88% [2].

The operator’s surgical skill seems to maintain its importance, albeit, with the digital
approach, a single expert surgeon obtained a lower exposure level (10–25%) [7,13] than in
the two trials with more operators (52.3–66%) [1,2]. Hartman and Seiler adopted different
flap designs, attributing the low rate of early exposure obtained to proper management of
the mucosa. These authors warned about scars from inflammation processes or previous
surgeries [13].

Regarding the reliability in reproducing what is virtually planned, Li et al. recorded
+19.3% regenerated bone volume under the mesh compared with what was digitally
planned, probably due to an upward shifting of the device. In addition, the same authors
referred to a mean value of 0.59 ± 0.47 mm of mesh border deviation among the virtual and
the post-GBR situation, up to a 3.4 mm maximum discrepancy [8]. Lizio et al. reported 82%
matching between the digital mesh position and the surgical one from the post-operative
CT data, confirming a statistically significant mesh fitting to the bone defect independent
from the operator but with a relevant range (53.3% to 100%) of incongruity [2]. No other
objective evaluation of this issue was reported, even if, in general, the project resulted in the
number, dimensions and positions of the fixtures and prosthetic finalization [1,4,7–9,13].

From all the above considerations comes the necessity to enhance digital workflow
by controlling as many elements as possible to optimize the amount and distribution of
bone reconstruction. It is worth noting that a digital customization flowchart reduces the
operation times and the number of fixation screws. However, it is more expensive than the
traditional procedure and does not allow intra-operative correction [2,13]. In our opinion,
the two reported cases required particular attention to the highly correlated risk of failure.
The posterior mandibular site, difficult because of the presence of the mental foramen and
the mylohyoid muscle on the lingual side, and the maxillary one, with critical aesthetic
implications, forced us not to consider only the bone tissue alteration.

The mesh design in the present report did not contemplate macropores, apart from a
few fissures in the portion of the device in contact with the most coronal ridge of the residual
crest. This particular structure, contrasting with the recent tendency, aims to reduce the fibrotic
tissue’s invasion of the regenerative space with a minimal periosteum-like tissue formation.
This fibrosis, helpful in preventing the graft from infection in case of dehiscence [17],
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reduces bone formation and complicates the mesh removal in the implant placement
phase. Accurate planning of the regenerative space starting from the ideal prosthetic
finalization could better reduce the risk of exposures and, consequently, the relevance of the
fibrotic tissue protecting role, whose unpredictable amount and structural characteristics
complicate the virtual plan fulfilment.

Indeed, no trial adopted a “titanium membrane” without holes. Apart from a few
hypotheses [27], the design, thickness, pore dimensions and numbers and the treatment of
the meshes surface are not demonstrated to condition the procedure. Recently, an in vivo
study reported that the microporous structure of titanium mesh enhanced angiogenesis
from periosteum in vertical ridge augmentation better than macro, associated with en-
hanced vascular permeability and osteoconductive capabilities [28]. Van Steenberghe et al.
reported that about ten consecutive patients had undergone GBR with an occlusive titanium
barrier, allowing the insertion of 33 fixtures to bear a fixed prosthesis. The peri-implant
bone level was stable for up to 5 years of follow-up. Animal and clinical data showed the
great potential of an occlusive titanium barrier, which further underlines the importance of
soft tissue evaluation and surgical management [29].

In addition to the CBCT-related data quality and the printing system, this approach de-
pends on the STL files’ accuracy and the precision of the software in coupling them [11,30,31].
The precision of the extra- or intra-oral scanners was reported in different trials [32–34].
The patient clinical situation and the operator’s technical skill condition the intraoral scan-
ning, while impression distorts the reliability of extra-oral scanner data [34]. Eventually, the
manufacturing process and the structure of the membrane are relevant in reproducing what
is planned [11]. Several studies on s-CAI reported a greater accuracy in implant placement
compared with the free-hand procedure, with a reduction in the importance of operative
expertise [30,31,34]. This outcome appears more interesting in flapless procedures, where
soft tissue thickness and superficial characteristics are more important [35]. A fully com-
puterized procedure appears to be more precise than a partially computerized one [34].
Hence, the present case report aims to stimulate the research toward more and more precise
customization of the titanium barrier to improve the reconstructive approach, particularly
in hugely atrophic sites. The following evaluation step will be the superimposition of the
data related to the pre-implant CBCT to the pre-operative project to digitally verify the
membrane fitting with the surgical site beyond the surgeon’s perception. According to the
outcomes obtained over time with the presented cases, at least for the pre-prosthetic phase,
a survey will be accomplished after the final approval of the ethics committee.

5. Conclusions

This preliminary reported protocol enabled surgically managing two complex and
extended alveolar defects without intra-operatory complications, a perfect fitting of the mesh
and reduced operative timings and no complications up to one month after surgery. The com-
pletion of the treatment will confirm the goodness of this fully planned digital approach.
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Abbreviations

GBR Guided Bone Regeneration
3D Three-Dimensional
CAD/CAM Computer-Aided Design/Computer-Aided Manufacturing
CBCT Cone-Beam Computerized Tomography
CT Computerized Tomography
STL Standard Tessellation Language
CA (s-CAI; d-CAI) Computer-Aided Implantology (static and dynamic)
DMLS Digital Machine Laser Sintering
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Abstract: This systematic review evaluated current in vivo research on regenerating critical-sized
mandibular defects and discussed methodologies for mandibular bone tissue engineering. Out of the
3650 articles initially retrieved, 88 studies were included, and all studies that used a scaffold reported
increased bone formation compared to negative controls. Combining scaffolds with growth factors
and mesenchymal stem cells improved bone formation and healing. Bone morphogenic proteins were
widely used and promoted significant bone formation compared to controls. However, discrepancies
between studies exist due to the various methodologies and outcome measures used. The use of
scaffolds with bioactive molecules and/or progenitor cells enhances success in mandibular bone
engineering. Scaffold-based mandibular bone tissue engineering could be introduced into clinical
practice due to its proven safety, convenience, and cost-effectiveness.

Keywords: bone regeneration; growth factors; mandible; mesenchymal stem cells; scaffold; tissue
engineering

1. Introduction

The reconstruction of mandibular bone defects following traumatic injuries, postopera-
tive defects from tumor removal, or infection treatment is the most common reconstructive
procedure in oral and maxillofacial surgery. Due to the significant impact of the craniofa-
cial area on patients’ well-being and quality of life, the proper reconstruction of defects
represents a significant challenge for surgeons [1]. The reconstruction or augmentation of
craniofacial bones is one of the most frequent surgical procedures in oral and maxillofacial
surgery. Special consideration of mandible reconstruction exists in cases of critical-sized
defects where a high quantity of bone is lost and intrinsic regeneration is not possible [1].

Standard bone augmentation procedures comprise the clinical use of autografts, allo-
grafts, and xenografts. Alloplastic materials, such as titanium load-bearing plates, were
widely used as reconstruction plates to reestablish mandibular segmental defects. Still,
numerous studies on titanium reconstruction plates have reported high failure rates of
up to 52% due to the resorption and infection of the bone [1]. Microvascular bone grafts
harvested from the fibula, scapula, radial bone, and iliac crest are currently used as standard
grafts to reconstruct extensive mandibular bone defects. However, the use of autografts
is complex and requires a second surgical intervention, causing donor-site morbidity and
possible graft rejection [1]. To overcome these limitations, extensive research on bone
tissue engineering (BTE) using bioactive and biocompatible bone substitutes has been
performed in recent years. The techniques for mandibular BTE should be adjusted to
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certain features that are unique to mandible physiology. Firstly, materials for regeneration
may come into contact with saliva and intraoral pathogens, leading to inflammation and
infection. Secondly, materials used for mandibular BTE must withstand significant forces
of mastication (200–400 N). Thirdly, the BTE of the mandible should restore the contour
of the bone in order to ensure proper patients’ appearance. Fourthly, the restored bone
should be available for dental implant placement. Techniques for mandibular bone tissue
engineering may be categorized into scaffolds, bioactive substances, and cell therapy [2].

Scaffolds used as synthetic or autologous bone substitutes act as matrices mimicking
the artificial extracellular matrix (ECM) to promote bone healing until they are partially
or wholly replaced by newly formed bone [3]. Biomaterials are mainly categorized into
natural and synthetic materials. Synthetic materials are classified into polymers, bioceram-
ics, metals, and composite scaffolds. Numerous studies reported a range of advantages
and disadvantages for each scaffold type [4,5]. Natural polymeric scaffolds have excellent
biocompatibility and controlled biodegradation, but their weak mechanical properties
are their major drawback as bone scaffold materials [1]. Synthetic polymeric scaffolds
are biocompatible, biodegradable, easily fabricated into different shapes, and provide
mechanical support and a controlled degradation time. Their use in bone engineering
is limited because of their decreased mechanical strength due to their rapid degradation
in vivo and immune reaction to acidic degradation products [1]. Bioceramic scaffolds with
excellent biocompatibility and bioactivity are extensively used in bone tissue engineering.
They have high compressive strength and osteogenic properties but a low tensile strength
and toughness, fabrication hitches, brittleness, and slow resorption rate [2]. Metals have
been used in manufacturing biomimetic scaffolds, fixation plates, screws, pins, wires, and
stents. Biodegradable metals have a variety of properties that are essential for bone regen-
eration scaffolds, including biodegradability properties, mechanical strength, formability,
osteogenic capacity, and antibacterial properties. The term “biomimetic” refers to the pro-
cess of designing materials, structures, or systems that mimic natural biological processes
or structures. In the context of scaffolds for bone regeneration, biomimetic scaffolds are
designed to mimic the extracellular matrix (ECM) of natural bone tissue, both in terms of
its chemical composition and its physical structure [2]. Even though metallic materials are
not superior to other material combinations because of the increased number of failure
cases demanding revision procedures, they are still utilised in some developing countries
due to their reasonable cost and availability [6]. Composite scaffolds of bioceramics with
polymers have been extensively used as materials for bone repair studies. The natural bone
matrix is a combination of organic/inorganic composites; thus, the composite scaffolds
for bone regeneration are designed by combining the advantages of both components.
The most common composite scaffolds for bone substitution are bioceramic and polymer
scaffolds [4,5].

Bioactive molecules such as bone morphogenetic proteins (BMPs) promote bone
healing, usually in combination with a scaffold as a carrier. Several commercial products
are based on recombinant human bone morphogenetic proteins (rhBMPs) and are used
for alveolar bone augmentation, sinus lift procedures, and periodontal defects [7]. The
direct administration of growth factors into the bone defect is considered an excellent
strategy for bone tissue regeneration. The critical point when using bioactive molecules is
selecting a suitable scaffold carrier system to tailor the localized and sustained release of
these molecules [8]. Stem cells (SCs) therapy is an up-and-coming technique for BTE. In
BTE, SCs have been used due to their ability to produce and differentiate into osteoblasts.
SCs have several advantages, including the ability to differentiate directly into osteoblasts,
modulate immune responses, promote angiogenesis, and exhibit plasticity. [9]. Various
scaffolds are used to mimic native ECM for SCs seeding, providing a conducive framework
for the attachment and growth of cells [10]. The common sources from which SCs can be
obtained are bone marrow, dental pulp, embryo, and adipose tissue [10].
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1.1. Role of Scaffolds in BTE

The capacity of bone to regenerate represents a unique feature, influenced by various
factors, but spontaneous healing is not possible in cases of bone damage with a critical
shape [11]. Scaffolds are porous 3D structures that simulate native ECM features; thus,
their functions are similar to those of ECM in natural tissues. They are a fundamental
component of BTE, alongside SCs and growth factors, as their role is to provide structural
and mechanical support for tissue formation and regeneration [12]. By producing different
biophysical and chemical signals, scaffolds create a stimulative microenvironment for
multiple processes, including the adhesion, migration, proliferation, and differentiation
of osteoblast progenitors [13]. In such a functional three-dimensional space, bone devel-
opment can occur. They may also serve as a reservoir for various growth factors required
for successful bone regeneration. The main goal of scaffold-based tissue engineering is to
fabricate a biomimetic structure that can prompt the directed growth of cells toward an
organ-like formation [14].

1.2. Properties of an Ideal Scaffold for Bone Regeneration

Bone is a natural composite consisting of inorganic components, mainly calcium ap-
atite, and organic components, mainly collagen type I. Bone has a complex architecture to
withstand diverse mechanical, biological, and chemical functions. The specialized structure
involves the complex arrangement of macrostructures (proportion of medullar and cortical
bone), microstructures (arrangement of osteons and trabeculae), and nanostructures (colla-
gen fibers and apatite mineral crystals) [4,5,15,16]. Scaffolds are 3D structures that imitate
the in vivo environment and stimulate the formation of new tissue [12]. They promote SCs’
adhesion, proliferation, and differentiation by creating a suitable microenvironment [13].
Porous scaffolds with optimal 3D architecture serve as artificial bone ECM with osteocon-
ductive properties to promote bone healing. A scaffold should possess good biological
properties, including (Table 1):

• Biocompatibility;
• Mechanical stability;
• Architecture;
• Biodegradability;
• Bioactivity [4,5,15,16].

In order to promote natural bone healing, an equilibrium between the biological
properties of the scaffold, osteoprogenitor cells, and signaling molecules must exist [17,18].
The ideal 3D scaffold for bone regeneration should be composed of a biocompatible,
biodegradable material with similar mechanical properties to bone ECM to provide enough
mechanical support to the host cells [4,5,15,16]. Scaffolds should mimic the bone ECM
to facilitate the osteogenic host cells to deposit natural ECM and replace the scaffold
material. Thus, the rate of scaffold resorption should be controlled, complementing host
cells’ ingrowth. This is particularly important for bone regeneration, where mechanical
stability of the scaffold is expected, especially in the load-bearing areas [17,18]. The 3D
architecture of the scaffold should be highly porous with a high index of porosity (number
of interconnected pores/mm2) to allow for osteoprogenitor cell ingrowth and nutrient
migration [19]. The scaffold surface should also be optimized to promote cell attachment,
mainly its wettability and roughness. A high number of interconnected pores allows for
the diffusion of nutrients and oxygen into the avascular scaffold. The size of the pores is
essential, as well as the proportion of nano-, micro-, and macropores in the scaffold. Pores
greater than 300 nm promote osteogenesis due to the ingrowth of osteoprogenitor cells and
angiogenesis [19]. Micro- and nanopores with a size <10 nm increase the scaffold’s overall
surface, enabling protein attachment and improving cell–scaffold binding. The porous 3D
architecture of the scaffold allows for the incorporation of growth factors such as BMPs,
vascular endothelial growth factor (VEGF), transforming growth factor β (TGF-β), and
insulin-like growth factor 1 (IGF-1) [4,17].
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Table 1. Ideal properties of the scaffold to promote bone regeneration.

Scaffold Property Desirable Properties

Biocompatibility

• Non-toxic breakdown products;
• Non-inflammatory scaffold components;
• Without immune rejection;
• Non-carcinogenic.

Biodegradability

• Controlled degradation complementing tissue ingrowth and
allowing host cells to produce extracellular matrix;

• Sufficient support to the newly formed tissue;
• Degradable by host biological processes.

Mechanical stability

• Enough compressive, elastic and fatigue strength for osteogenic
cell migration;

• Scaffold material allows easy surgical manipulation;
• Material adaptive to the individual bone defect.

Bioactivity

• Scaffold material should interact and bind to the host tissuel
• Osteoconductive properties;
• Stimulation of cell ingrowth, attachment and differentiation;
• Stimulation of neoangiogenesis.

Architecture

• Macroporosity to allow cell migration and angiogenesis;
• Microporosity to increase surface area for cell–scaffold

connections;
• High porosity index and interconnected pores allow for

diffusion of nutrients and cell migration;
• Adequate pore size for osteogenic cells.

Surface of the scaffold
• Hydrophilicity and surface roughness of the scaffold surface

enhances protein adsorption and host cell binding.

Sterilibility • Sterilibility without loss of bioactivity.

The most significant advantage of scaffolds is their ease of production, enabling re-
searchers to modify numerous materials and combine them into composite grafts [17,18,20].
Thus, it is crucial that the scaffold material allows for easy surgical manipulation and is
composed of a material that is adaptive to the individual bone defect. The mechanical
properties of the scaffold should be comparable to the compressive strength of the cortical
bone (100–250 MPa) to withstand physiological mechanical forces on the bone [20].

Previous systematic reviews of the literature concluded that preclinical in vivo stud-
ies demonstrated the clinical potential of scaffolds as an alternative to autogenous bone
grafting [21,22]. Boysuni et al. [21] performed a systematic review investigating the re-
sults of mandibular BTE in animal studies. This review reported a constant increase in
the frequency of publications regarding mandibular BTE, reflecting the growing interest
in the field. Despite promising results in bone regeneration, clinical translation is still
impossible due to a lack of understanding of the biological interplay between scaffolds,
biomolecules, exogenous cells, and host immune reactions. In addition, a qualitative and
quantitative comparison of outcomes between the animal and clinical studies was impos-
sible due to the significant differences between the studies regarding the methodology,
definition of critical-sized defects, follow-up period, and evaluation of outcomes. Still,
there is much controversy regarding defining what constitutes a critical-sized defect. In
general, a “critically-sized” defect is regarded as one that would not heal spontaneously
despite surgical stabilization and requires further surgical intervention, such as autologous
bone grafting [12]. Differences among studies using the same animal models for mandibu-
lar bone defects allow for an objective comparison of outcomes. The clinical evaluation
of scaffolds for mandibular bone regeneration is limited to case reports or single-center
case series with limited follow-up periods and questionable results. This review aimed to
evaluate current research on the regeneration of mandibular defects and discuss the further
development of mandibular BTE methodologies, focusing on a better understanding of the
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clinical use of different scaffold types in the BTE process to overcome mandibular defects.
Furthermore, the goal was to compare the result of scaffold-based BTE in conjunction with
various SCs and growth factors in bone reconstruction to aid reconstructive surgeons in
determining the most suitable scaffolds for mandibular bone reconstruction.

2. Materials and Methods

The systematic review of the BTE concepts for the reconstruction of critical-size
mandibular defects was conducted according to the guidelines of the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) Statement.

2.1. Hypothesis

Hypothesis 0 (H0). There is no significant difference between the various scaffold types, stem cells
(SCs), and growth factors in bone reconstruction for critical-sized mandibular defects.

Hypothesis 1 (H1). There is a significant difference between the various scaffold types, SCs, and
growth factors in bone reconstruction for critical-sized mandibular defects.

2.2. Research Question

The research question for this review was: “What are the characteristics and the
results of the existing studies on the use of biomimetic scaffolds in the reconstruction of
critical-sized mandibular bone defects?”.

2.3. Search Strategy

In November 2022, electronic searches were conducted in the following databases:
PubMed (National Library of Medicine), Web of Science (Clarivate Analytics), and Scopus
(Elsevier). These comprised both MeSH and free-text terms. The following search strategy
was applied: ((“bone tissue engineering” [MeSH Terms] OR (“tissue” [All Fields] AND
“engineering” [All Fields] AND “mandible” [All Fields]) OR “bone tissue engineering” [All
Fields]) OR (“tissue scaf-folds” [MeSH Terms] OR (“tissue” [All Fields] AND “scaffolds”
[All Fields]) OR “tissue scaffolds” [All Fields] OR (“tissue” [All Fields] AND “scaffold”
[All Fields]) OR “tissue scaffold” [All Fields]) OR (“mandible reconstruction” [MeSH
Terms AND “engineer-ing” [All Fields]] OR (“reconstructive” [All Fields] AND “surgical”
[All Fields] AND “pro-cedures” [All Fields]) OR “mandible reconstruction” [All Fields]
OR “reconstruction” [All Fields]) OR (“bone morphogenetic proteins” [MeSH Terms] OR
(“bone” [All Fields] AND “morphogenetic” [All Fields] AND “proteins” [All Fields]) OR
“bone morphogenetic pro-teins” [All Fields] OR (“bone” [All Fields] AND “morphogenetic”
[All Fields] AND “pro-tein” [All Fields]) OR “bone morphogenetic protein” [All Fields]) OR
(“bone marrow cells” [MeSH Terms] OR (“bone” [All Fields] AND “marrow” [All Fields]
AND “cells” [All Fields]) OR “bone marrow cells” [All Fields]) OR (“intercellular signaling
peptides and proteins” [MeSH Terms] OR (“intercellular” [All Fields] AND “signaling”
[All Fields] AND “peptides” [All Fields] AND “proteins” [All Fields]) OR (“growth” [All
Fields] AND “factors” [All Fields]) OR “growth factors” [All Fields])) AND ((“mandible”
[MeSH Terms] OR “mandible” [All Fields]) OR ((“mandible” [MeSH Terms] OR “mandible”
[All Fields] OR “mandibular” [All Fields]) AND (“critical sized defect” [All Fields]) AND
defect [All Fields])). The retrieved references were exported to the EndNote software 20.5
(Windows) (Clarivate Analytics, Philadelphia, PA, USA) to identify the duplicates.

Searches were limited to studies in the English language. The reference lists of the
articles identified from the initial search were screened for further relevant studies. No
restrictions were imposed on the date or the type of publication.

2.4. Eligibility Criteria

Only full-text papers that reported original data from in vivo studies on the regenera-
tion of mandibular critical size defects in animal models were included. Animal in vivo
studies presenting macroscopical, histological, or histomorphometric data on the amount
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of bone-defect bridging, bone ingrowth, results of biomechanical testing, histological or
histomorphometric data of scaffold degradation, and radiographic evidence of restoration
of mandibular continuity were included. The following inclusion criteria were applied:
1. research papers presenting in vivo animal data; 2. critical-sized defects; 3. reconstructive
technique clearly described; 4. follow-up and healing period clearly stated; 4. the animal
model used clearly described; 5. clearly presented data on bone regeneration and the
methods for the evaluation of bone growth. Conference abstracts, review papers, letters to
the editor, opinion pieces, and studies on animal or human tissues in vitro were excluded.
Papers investigating periodontal regeneration, dental implants’ osseointegration, distrac-
tion osteogenesis, autologous bone grafts or free flaps, and treatment of fracture healing
were also excluded.

2.5. Data Extraction

Retrieved references were read for titles and abstracts by all authors. If the title/abstract
met the inclusion criteria, the article was included for a full article reading. If the full text
of the article was not available, the paper was not included. After the evaluation of full
texts, the references that met the eligibility criteria were included. All authors performed
the quality assessment and evaluated the published data. Any disagreements in judgment
were resolved by a final discussion. If the published data were insufficient, the study
was excluded. The data extracted for review included: study characteristics and setting
(sample size, design, animal species, type and mechanism of bony defect), method of bone
engineering (scaffolds, bioactive factors, and cell therapy), and outcome measures.

3. Results

A total of 3872 articles were initially identified using the search algorithm. After the
screening of the titles and abstracts, 265 full texts were retrieved, and a total of 88 studies
were included (Figure 1) [22–109]. An overview of the included trials is depicted in
Supplementary Table S1.

 

Figure 1. PRISMA flow diagram of studies included in the systematic review.
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3.1. Study Design

The review included studies with critical-size mandibular defects. Regeneration
modalities were categorized into tissue scaffolds, cell therapies, and bioactive substances.
Most studies comprised a combination of these modalities (Figure 2). Most reported a
combined use of scaffold with bioactive substances. Animal models included dogs, mini-
pigs, non-human primates (nHPs), swine, rabbits, rats, sheep, and mice, which were used
in 15, 7, 6, 2, 23, 26, 8, and 1 study, respectively (Table 2).

Figure 2. Diagram indicating the number of studies that investigated each component of the regener-
ative triad (bioactive molecules, scaffolds, and cells).

Table 2. Overview of the animal models.

Animals
Number of Studies

(%)

Critical-Sized Defect
(mm)

Mean (SD)

Follow Up (Weeks)
Mean (SD)

References

Rats 26 (29.5) 4.76 (0.3) 10.1 (5.8) [24,30,39–41,49–54,56–58,60–
62,65,77,80,83,87,91,95,99,104]

Rabbits 23 (26.1) 17.2 (5.3) 12.4 (4.1) [22,23,25–29,32,33,44,59,69,71,75,
76,79,85,98,100–102,105,108]

Dogs 15 (17) 25.3 (7.8) 27.1 (24.5) [31,37,38,46,67,78,81,82,86,88,90,
96,97,106,107]

Sheep 8 (9.1) 34.3 (4.6) 22.1 (16.3) [47,64,72–74,84,89,94]

Mini-pigs 7 (8) 33.5 (6.9) 34.6 (12.9) [34,35,48,63,92,93,109]

nHPs * 6 (6.8) 29.1 (12.2) 43.2 (34.5) [45,55,66,68,70,103]

Swine 2 (2.3) 24.3 (5.6) 10.0 (4.4) [36,43]

Mice 1 (1.1) 10.0 4.0 [42]

* nHPs—non-human primates.

The duration of follow-up (the time at which the mandibles were analyzed for bone
regeneration—either using radiographic imaging of the animal or at the time of sacrifice)
varied widely depending on the animal model used (Table 2). The size of the critical defect
was not uniform, not even within a single animal model.

The diagnostic modalities used for characterizing the new bone formation included
micro-CT examination, histology, radiography, immunohistochemistry, real-time PCR,
fluorescence microscopy, biomechanical testing, and scanning electron microscopy (Table 3).
The most common diagnostic modalities used were micro-CT or other X-ray modalities
(computed tomography) and histological analysis.
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Table 3. Overview of diagnostic modalities used to characterize new bone formation.

Characterization Approach Number of Studies (%) References

Micro-CT 35 (39.8) [24,27,30,33,35,39–41,43–45,47,49–51,62,65,69,76–80,83–
86,88,90,93,99–102,107]

Histology 79 (89.8) [22,23,25–39,41–46,48–73,75–87,90–92,94–107]

Radiography 38 (43.2) [22,23,25,26,28,32,34,35,37–39,43,46,48,56,60–63,65–
68,70,71,75,79,89,91–94,97,98,102,103,105,106]

Immunohistochemistry 28 (31.8) [30,35,36,41,46–50,52,57,60,61,64,67,72,73,76,83,86,88,92,
93,96,97,101,102,106]

RT-PCR 1 (mRNA quantification) 6 (6.8) [23,57,80,88,92,106]

Fluorescence microscopy 4 (4.5) [53,54,72,109]

Biomechanical testing 11 (12.5) [24,28,37,38,42,63,73,74,92,102,103]

SPECT 2 1 (1.1) [109]

SEM 3 10 (11.3) [37,38,59,64,82,83,86,90,107,108]

CBCT 4 4 (4.5) [36,59,71,96]

1 RT-PCR—reverse transcriptase polymerase chain reaction; 2 SPECT—single-photon-emission computed tomog-
raphy; 3 SEM—scanning electron microscopy; 4 CBCT—cone beam computed tomography.

3.2. Scaffolds

Scaffolds were used in 81 studies, either as the primary variable of investigation or
as delivery vectors for bioactive molecules and cell seeding (Table 4). Most studies used
synthetic 3D porous scaffolds of a synthetic polymer, such as beta-tricalcium phosphate,
PLGA, PCL, or their combination, to create composite scaffolds.

Table 4. Overview of scaffold types used for mandibular bone regeneration.

Scaffold Number of Studies (%) References

Natural polymers

Hyaluronic-acid-based 3 (3.4) [52,53,77]

Collagen 23 (26.1) [22,24,39,45,52,54,55,63–65,68,72–74,79–81,88,90,97,100–102]

Chitosan-based 6 (6.8) [49,59,76,87,99,100]

Synthetic polymers

PLGA 1 15 (17) [26,33,35,36,40,41,43,46,47,50,51,66,70,103,108]

PLA-based 3 (3.4) [32,60,96]

PDLLA/CaCO3
2 2 (2.3) [56,57]

<PEI 3 1 (1.1) [36]

PCL 4 7 (8) [27,59,82,85,98,106,107]

PTFE membrane 5 1 (1.1) [94]

PU 6 1 (1.1) [93]

Bioceramics

βTCP-based 7 12 (13.3) [30,35,43–45,69,78,85,86,90,93,107]

HAP 8 16 (18.2) [23,26–28,36,42,45,52,54,78,86,90,96,101,102,104]

Autologous (any tissue) 3 (3.4) [34,67,84]

Xenogenic graft (any tissue) 3 (3.4) [36,83,109]

When a conjugate scaffold was used, references are placed under both categories for completion. 1 PLGA—
poly(lactide-co-glycolic acid); 2 PDLLA/CaCO3—poly-dl-lactic acid/calcium carbonate; 3 PEI—polyethylenimine;
4 PCL—polycaprolactone; 5 PTFE—polytetrafluoroethylene; 6 PU—polyurethane; 7 TCP—tricalciumphosphate;
8 HAP—hydroxyapatite.
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3.3. Bioactive Substances

Bioactive molecules were used in 58 studies (66%), either alone or in combination with
a scaffold or cell therapy (Table 5). The most common growth factor was BMP-2, which was
used alone in 31 studies and in combination with other growth factors in 8 studies. The
growth factor dosage depended on the graft size and the animal model. Several studies
reported using various concentrations of growth factors for bone regeneration.

Table 5. Overview of bioactive molecules.

Bioactive Molecules Number of Studies (%) References

BMP-2 31 (35.2) [22,23,27,30,40,45,46,49,51,52,55–57,60,61,66,68,70,76–
79,86,87,93,95,97,100,103,107,108]

BMP-7 5 (5.6) [28,71,72,74,75]

BMP–4 1 (1.1) [29]

BMP-2 + BMP-4 1 (1.1) [53]

BMP-2 + phenamil 1 (1.1) [41]

BMP-2 + VEGF 3 (3.4) [43,88,92]

BMP-6 + VEGF 1 (1.1) [50]

BMP-2 + FGF 3 (3.4) [25,58,105]

FGF 1 (1.1) [80]

TGF1 + IGF-1 1 (1.1) [91]

Insulin 1 (1.1) [33]

L-PRF 1 (1.1) [47]

rHOP-1 4 (4.5) [63,65,73,109]

Dipyridamole 1 (1.1) [69]

CGF 2 (2.3) [101,102]

SDF 1α 1 (1.1) [24]

BMP—bone morphogenetic protein; VEGF—vascular endothelial growth factor; FGF—fibroblast growth factor;
TGF—transforming growth factor; IGF-1—insulin-like growth factor 1; L-PRF—leucocyte and platelet-rich fibrin;
rHOP-1—recombinant human osteogenic protein 1; CGF—concentrated growth factor; SDF 1α—stromal-derived
factor 1α.

3.4. Cell Therapy

Cell therapies were used for mandibular regeneration in 45 studies (51%). Bone
marrow stem cells (BMSCs) were mostly used to promote bone regeneration. Regarding SCs,
adipose-derived stem cells (ADSCs), stem cells derived from human exfoliated deciduous
teeth (SHED), and dental-pulp-derived stem cells (DPSCs) were used in 7, 1, and 1 study,
respectively (Table 6). Other cell therapies included lipid-free dedifferentiated fat cells
(DFAT) and alveolar osteoblasts (AOB).

Table 6. Overview of cell therapies.

Cell Therapy Number of Studies (%) References

BMSCs 22 (25) [23,25,29–31,33,34,37,38,42,43,48,61,68,70,71,77,80,84,95,98,105]

DPSCs 1 (1.1) [26]

ADSCs 7 (8) [35,40,49,62,99,104,106]

MSCs 11 (12.5) [28,41,50,67,75,79,82,85,94,100,101]

SHED 1 (1.1) [81]

DFAT 1 (1.1) [39]

Osteoblasts/osteocytes 2 (2.3) [65,83]

BMSCs—bone-marrow-derived stem cells; DPSCs—dental pulp derived stem cells; ADSCs—adipose-tissue-
derived stem cells; MSCs—mesenchymal stem cells; SHED—stem cells from human exfoliated deciduous teeth;
DFAT—dedifferentiated adipocyte-derived progeny cells.
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4. Discussion

Bone healing is a complex process, where there is a temporospatial interaction between
the ECM, growth factors, and osteogenic cells, resulting in bone regeneration. During
natural bone healing, the body generates a natural scaffold on which MSCs differentiate into
osteoblasts under the influence of growth factors to regenerate bone tissue [3]. Nonetheless,
critical-sized defects that cannot heal spontaneously within a patient’s lifetime impair
this process. In these cases, it is necessary to provide biomimetic scaffolds to bridge the
defect and provide the repair site with sufficient osteogenic progenitor cells or growth
factors in a suitable carrier to ensure osteoblastic differentiation [2]. The present review
evaluated current therapeutic approaches regarding the BTE of critically sized mandibular
defects. BTE is a promising alternative in mandibular regeneration based on in vivo studies;
however, translation to clinical use is to be performed. The results of in vivo trials should be
taken with caution because, for successful mandibular bone regeneration, specific clinical
problems unique to the mandible should be considered. These issues include the contact
between materials and saliva and intraoral pathogens, which may lead to inflammation
and infection, significant forces of mastication in load-bearing locations, restoration of
the normal contour of the bone for the esthetic appearance of the patient, and dental
implant placement.

4.1. Scaffolds

Based on the results of the present review, the use of scaffolds in mandibular bone
regeneration, alone or in combination with bioactive molecules and/or cell therapies,
resulted in improved osteogenesis of critical-sized mandibular defects in various animal
models. The most promising results in mandibular bone regeneration were observed
with composite scaffolds. Scaffolds for BTE can be classified into four classes: polymeric,
ceramic, composite, and metallic scaffolds.

Natural polymeric scaffolds have excellent biocompatibility and controlled biodegra-
dation [20]. Natural biopolymers are used for maxillofacial bone regeneration because
they mimic the structure, chemical composition, and biochemical properties of the natural
ECM bone organic matrix and have osteoinductive and osteoconductive properties. This
was demonstrated by their ability to induce bone regeneration in mandibular bone defects.
The major drawbacks of natural polymers are their poor mechanical properties, which
do not approach those of natural bone tissue, and the high degradation rate of natural
polymers, since they are naturally metabolizable [110]. The most commonly used natural
polymeric scaffolds implemented for mandibular bone regeneration were hyaluronic-acid-
based and collagen. Due to their excellent biological properties, natural polymers are
extensively studied in composite scaffolds for bone repair. Several investigations have
indicated that incorporating inorganic components, such as hydroxyapatite (HAP), or
tricalcium phosphate (TCP), into hybrid hyaluronic-acid-based (HA) scaffolds results in en-
hanced osteoinductivity, osteoconductivity, and improved mechanical properties [111,112].
Natural polymers are versatile, encapsulating bioactive osteogenic factors (growth factors,
drugs, hormones, peptides, nucleic acids, and cells) via a cross-linking reaction [112–114].
Recent studies reported excellent the bone regeneration of rabbit mandibular bone defects
using nano-hydroxyapatite/collagen (nHAC) scaffolds with concentrated growth factors
(CGF). The results of these studies showed degradation of the scaffold within 24 weeks,
a high rate of new bone formation, and higher compressive strength and elastic mod-
ulus on biomechanical tests of the nHAC/CGF group compared to those of the nHAC
group [99,100].

Synthetic polymers are aliphatic polyesters, and their copolymers are commonly
utilized polymers in bone tissue engineering due to their mechanical properties. They
are biocompatible, biodegradable, easily fabricated into different shapes, and provide
mechanical support and a controlled degradation time. Their use in bone engineering is
limited due to their decrease in mechanical strength due to rapid degradation in vivo and
immune reaction to acidic degradation products. The chemical modification of synthetic
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polymers allows for the incorporation of bioactive molecules to produce biocompatible
and functional materials to enhance osteogenesis. One of the major advantages of synthetic
polymers is that they can be mass-produced and fabricated for individual bone sites. The
traditional preparation methods of synthetic-polymer-based bone scaffolds include particle
leaching, phase separation, gas forming, and fiber bonding. The 3D printing technology
produces porous scaffolds by managing the arrangement of the scaffold, the thickness of
each layer, and the porosity [115]. The 3D-printed scaffolds achieved better cell adhesion,
proliferation, and differentiation while possessing suitable mechanical properties and a
sufficiently long degradation time [116]. Recent studies have developed grafts for the
mandible, skull, femoral head, tibia, fibula, and others [117].

Poly(lactic-co-glycolic acid) (PLGA), a linear copolymer of lactic acid and glycolic acid
monomers, was the most widely used biodegradable polymer. PLGA was investigated
as a single scaffold biomaterial for several reasons: it posesses excellent biocompatibility,
non-toxic metabolites that can be safely eliminated from the metabolic cycle, and excellent
processability; the degradation time of PLGA can be controlled to be consistent with bone
regeneration; PLGA has suitable mechanical strength to adequately support the defect
area at the early stage; grafts can be loaded with a variety of bioactive factors, such as
SCs, growth factors, and drugs, to promote the regeneration of bone defects [118–120].
Inflammation is one of the main reasons for bone graft resorption. Synthetic porous
polymers can be loaded with anti-inflammatory medicines (such as ibuprofen) and growth
factors to reduce inflammatory reactions and enhance bone regeneration [121]. In the
present review, we found that the application of synthetic polymer scaffolds, alone or in
combination with bioactive molecules and/or mesenchymal SCs, resulted in improved
bone regeneration.

The bioceramic scaffolds have high compressive strength, excellent biocompatibility
and stability, bioactivity, and osteogenic properties. The mechanical strength of ceram-
ics is superior to polymers, but is still inferior to natural bones, especially in terms of
tensile and torsional strength [9]. Disadvantages include low tensile strength and tough-
ness, fabrication hitches, brittleness, and slow resorption rate. Hydroxyapatite (HAP)
(Ca10(PO4)6(OH)2) is the main mineral component of bone tissue and, as a scaffold, it
is a bioactive ceramic material of high biocompatibility because it forms direct chemical
connections with bone tissue. It has excellent bioactive, and bioresorbable properties and
can be synthesized in various forms, such as ceramic plates, blocks, granules, and powder
for various bone tissue applications [122,123]. In the bone tissue, HAP is deposited around
and within the collagen fibers in the form of thin slabs and sticks (length 20–40 nm, width
15 nm, and thickness of 1.5–3 nm) in regular spaces [122,123]. Synthetic HAP is similar
to a natural mineral apatite in bones and is widely used for bone repairs. Its structural
composition is the same as natural bone, with a nominal stoichiometric Ca/P atomic ratio
of 1:67 [122,123]. Still, mechanical properties are very low compared to natural bone [41,42].
Due to brittleness and fragility, HAP is commonly mainly used in the form of composite
scaffolds with polymer materials [124,125]. Numerous studies have shown, that after
applying a HAP scaffold, the rapid activation and binding of osteoblasts to the scaffold
surface occurred due to the rapid deposition of the biological carbonate HAP, which is
the primary substrate for binding of the osteoprogenitor cells [126]. The osteoprogenitor
cells are known to better bond to rough surfaces than smooth surfaces. For this purpose,
in addition to good biological characteristics, the topography of the HAP scaffold has an
impact on cell adhesion, proliferation, and differentiation [127]. Cells on rough surface
show phenotypes that are similar to osteoblasts and release pro-osteoblastic mediators such
as prostaglandins and LTGF-β. In vitro research showed that osteoprogenitor cells do not
differ in terms of the surface of synthetic and biological HAP [127,128].

Combining the advantages of two or more different scaffold materials into a compos-
ite scaffold has been a matter of research in many previous trials [129,130]. Composite
scaffolds of bioceramics with synthetic polymers have been used in the majority of studies,
either as a single regenerative therapy or as a carrier of bioactive molecules or SCs. These
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scaffolds mimic the natural bone matrix, a combination of organic/inorganic composites.
Composite scaffolds combine the excellent biological activity of HAP and mechanical prop-
erties and 3D architecture of synthetic polymers. The HAP/PLGA scaffold was extensively
studied for bone regeneration. Jokanovic et al. [110] examined the PLGA/HAP scaffold
for critical-sized calvaria defects and found numerous biological advantages compared to
commercially available xenograft, which were reflected mainly by the lower number of
giant cells surrounding implanted material and a higher degree of mineralization in newly
formed bone. Micic et al. [114] evaluated the nHAP/PLGA coating scaffold for large seg-
mental defects in the rabbit’s ulna. The authors reported almost complete bone regeneration
and excellent histological parameters: new bone formation with both endochondral and
endosomal types of ossification, high concentrations of BMPs, osteocalcin, and osteopontin
within the newly formed bone. Zhang et al. [108] evaluated the HAP/PLGA scaffold for the
repair of large segmental defects of rabbit radius and exhibited rapid and strong mineraliza-
tion and osteoconductivity. Previous studies have shown that both the biocompatibility and
mandibular bone regeneration performance of composite polymer/bioceramic scaffolds
are enhanced compared to polymeric or bioceramic scaffolds [32]. Regarding mandible
reconstruction, Stevanovic et al. [36] investigated the HAP/PLGA and HAP/PEI scaffolds
for mandibular bone regeneration in a swine model and demonstrated improved biologi-
cal behavior compared to conventional xenograft in the treatment of swine’s mandibular
defects in terms of bone density and bone tissue histological characteristics. An interest-
ing finding in this study was the significant activation of osteocalcin, the most abundant
noncollagenous protein in bone tissue, produced by osteoblasts in the HAP/PEI cohort.
Osteocalcin is an important molecule for the regulation of bone mineral deposition, and
its expression can serve as a marker of mineralized matrix formation [36]. Therefore, the
ability of composite scaffolds to induce osteoblasts to produce more osteocalcin may be an
interesting feature of these biomaterials.

Biodegradable metals (BMs) have a variety of properties that are essential for bone
regeneration scaffolds, including biodegradability properties, mechanical strength, forma-
bility, osteogenic capacity, and antibacterial properties [131]. The most representative BMs
are Mg-based, Zn-based, and Fe-based. These materials have been used in manufactur-
ing biomimetic scaffolds, fixation plates, screws, pins, wires, and stents [131]. Mg-based
biomaterials are widely used because of their elastic modulus, which is similar to human
bones, biosafety, and biodegradability. Fe-based biomaterials have a relatively low degra-
dation rate and insoluble degradation products, which greatly limit their application [132].
Zn-based biomaterials possess a moderate degradation rate and excellent mechanical
properties for orthopedic and cardiovascular applications [51]. Critical-sized mandibu-
lar defects imply the use of load-bearing tissue scaffolds due to significant masticatory
forces. Bioresorbable metallic scaffolds may potentially be used to overcome the mechanical
properties of conventional tissue scaffolds. Magnesium and its alloys have outstanding
mechanical and biological properties for bone regeneration, including mechanical proper-
ties and Young’s modulus close to that of cortical bone [133–136]. Magnesium stimulates
bone growth due to the formation of bone-apatite-like HAP crystals [136]. In vitro studies
showed excellent mechanical properties of porous magnesium scaffolds with a modified
Young’s modulus to adjust to one of the cancellous bones (0.01–2.0 Gpa) [134,135]. The use
of Mg-based bone scaffolds may be a promising strategy in future research on mandibular
bone regeneration.

4.2. Bioactive Molecules

Bioactive molecules and the cell therapies incorporated in the scaffolds significantly
improved bone regeneration in comparison to the scaffold alone in the majority of stud-
ies. Scaffolds with BMPs significantly promoted bone regeneration in a dose-dependent
manner [22,24,31,46,51,56,57,83,84]. BMPs activate MSCs differentiation during bone for-
mation through the activation of the Smad-dependent signaling pathway or the MAPK
pathway [10]. The protracted slow release of BMP-2 using microspheres resulted in a better
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bone quality compared to the early deleterious effect of the supraphysiological dose of
BMP [2]. The timing of the application of BMP-2 is important, especially for critical-sized
defects, due to the initial burst release of rhBMP-2 and the insufficient number of SCs from
the boundary of the bone defect in such cases [137]. Kim et al. [79] found the application of
BMP-2 to the mandibular defect one week after surgery, compared with admixing with a
hyaluronic acid scaffold before the operation, resulted in significant increases in the mineral
density, total volume, and trabecular volume of bone. Çakır-Özkan et al. [92] found that
the combined use of VEGF + BMP-2 with the PLLA/PEG scaffold for rabbit mandibular
defect resulted in increased osteoblastic activity and neovascularization when compared
with the use of BMP-2 or VEGF alone. Similarly, the combined use of FGF + BMP-2 with
PLGA/PCL/nHA scaffold for rabbit mandibular defect resulted in significantly promoted
proliferation and osteogenic differentiation of BMSCs and osteogenesis than when BMP-2
and FGF were used alone [25]. In a study on sub-human primates of different ages, the
host recipient tissue had the same capacity to respond to BMP-2 induction regardless of
the subject’s age [55]. In addition, previous studies have shown good bone regeneration
of scaffolds with BMP-7 or BMP-6 factors [50,63,109]. Das et al. [83] found that the com-
bined use of VEGF + BMP-6 with the PLGA scaffold for rat mandibular defects resulted
in significantly enhanced bone repair through the enhancement of angiogenesis and the
differentiation of endogenously recruited MSCs into the bone repair site.

Despite the encouraging results of BMPs for bone regeneration in the maxillofacial
area for the bridging and ingrowth of bone, the results of biomechanical testing were not
uniform. The mechanical tests performed in previous papers showed that the regeneration
in the mandibular critical-size defects reconstructed with BMP-7 and BMP-2 showed a wide
range of mechanical properties due to the varied proportions of woven and lamellar bone
formation that were histologically shown, as well as possible variations in the concentration
of BMPs within the grafts [73–75].

A study with porous nHAP/collagen/PLGA scaffolds with incorporated insulin-
loaded microspheres showed a higher bone restoration capacity than the defects that were
filled with nHAC scaffolds [33]. This finding may be important in the bone regeneration of
patients diagnosed with diabetes.

Several studies investigated the use of concentrated growth factor (CGF), a third-
generation platelet concentrate extracted from blood, featuring a wide range of sources, low
cost, absorbability, lack of immunogenicity, and bone inducibility [101,102]. Zhu et al. [102]
investigated the HAP/collagen scaffold in combination with CGF to repair mandibular
rabbit defects. The results showed a higher rate of new bone formation, better bone quality,
higher osteocalcin and BMP-2 expression, and higher compressive strength and elastic
modulus of the nHAC/CGF cohort.

Due to the positive influence of BMPs on mandibular bone regeneration in in vivo stud-
ies, several case reports and case series reported the human application of BMPs [138–146].
Moghadam et al. [138] successfully used a BMP bioimplant for the primary reconstruction
of a 6 cm mandibular critical-size defect after the segmental resection of ameloblastoma.
Warnke et al. [139] used a titanium mesh cage filled with bone mineral blocks, recom-
binant human BMP-7, and the patient’s bone marrow implanted in the latissimus dorsi
muscle for the growth of the grafted bone. The graft was successfully transplanted as
a free bone–muscle flap to reconstruct the mandibular defect. A similar study was per-
formed by Heliotis et al. [140], who used a vascularized pedicled bone flap created with
a HAP/BMP-7 composite implant; however, an unfavorable outcome was achieved due
to graft failure occurring five months after the transplantation due to MRSA infection.
Herford and Boyne [141] reported successful results in 14 patients treated with BMP-2 in
a collagen carrier for various mandibular defects. Chao et al. [142] reported successful
mandibular reconstruction with BMP-2, applied with collagen sponge and granules of 85%
TCP and 15% HAP, following a hemimandibulectomy due to aggressive juvenile ossifying
fibroma in a 9-year-old boy.
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4.3. Cell Therapy

Seeding scaffolds with biologically active cells in order to promote bone regeneration
directly at the implant site is a commonly employed bone tissue engineering strategy. All
the studies with scaffolds serving as carriers for MSCs reported an increased bone formation
compared to scaffold-only cohorts [23,26,34,39,71,81,82,85,98,99,106]. Scaffolds can function
as a substitute for native ECM for the conduction, attachment, and growth of encapsulated
MSCs cells and prevent anoikis, a form of apoptosis [10]. Furthermore, scaffolds are
optimized to protect against host immune attack and induce major cellular processes that
are necessary for tissue regeneration [10]. The most commonly used cell therapy used
the bone-marrow-derived MSCs (BMSCs), which are capable of differentiating multiple
mesodermal lineages, including bone and cartilage [23]. Guo et al. [23] investigated the
bioactivity of an n-HA/PA composite implant seeded with ectogenic BMSCs and found
that ectogenic BMSCs had a significant impact on bone regeneration in bone-marrow-poor
locations such as mandible angle. The authors suggested that the presence of endogenic
BMSCs at the implantation site was found to be a critical factor in determining the outcome
of the bone regeneration process, since ectogenic BMSCs were not found to enhance bone
regeneration in the rich-marrow sites such as the mandibular body, implicating different
tissue engineering strategies for bone defects in marrow-rich and marrow-poor sites.

Dental pulp stem cells (DPSCs) offer certain advantages over other SCs, such as accessi-
bility, availability and multipotency, maintain an undifferentiated state upon long-term cultiva-
tion, and are little influenced by the number of passages [146]. Gutiérrez-Quintero et al. [26]
reported HA/PLGA/DPSCs scaffolds without offering improved bone regeneration due to
significant differences in the mRNA levels of osteogenic markers capable of determining
osteoblastic stage differentiation (Runx2, OPN, COL1, and ALP). Adipose-derived SCs (AD-
SCs) have certain advantages compared to BMSCs, such as easy harvesting, a huge number
of cells can be obtained from fat tissue, cells that are easy to cultivate and a higher prolif-
eration capacity [147]. Probst et al. [35] found that ADSCs seeding on ceramic/polymer
scaffolds improve bone regeneration in large mandibular defects and results in significantly
higher bone volume and an increased amount of osteocalcin deposition.

The combination of MSCs with BMP-2 and composite ceramic/polymer scaffolds
resulted in significantly more bone regeneration than when using MSCs/scaffold and BMP-
2/scaffold complexes [25,28,43,49]. Local gene therapy using BMPs transfected on MSCs
and porous n-HA/PA scaffolds in the repair of mandibular defects in rabbits, as well as
their response during various periods, showed good biocompatibility, more significant bone
formation and earlier mineralization in the implant area. BMP7-transfected MSCs resulted
in significantly higher-end elastic modulus, ultimate stress, and ultimate strain four weeks
after implantation of the mandibular explant [28]. In addition, no differences were observed
between the MSC-only and BMP7-transfected MSC groups at 16 weeks, impying that BMP-
7 enhances bone formation in the early phases of mandibular bone regeneration [28].
However, in a study investigating the efficacy of PLGA scaffolds, alone and in combination
with BMP-2 and ASCs, when healing a critical-sized segmental mandibular defect in a
rat model, bone regeneration was most robust in the BMP-2-treated scaffolds [40]. In
this study, bone regeneration scores were graded according to a previously described
semi-quantitative scale based on micro-CT images without histological examination.

In a study that compared liposome-mediated gene transfer with MSCs and adenoviral-
mediated MSC transduction with BMP-2, the authors found that adenovirus-transfected
MSCs resulted in nearly complete bone healing within four weeks of the scaffold being im-
planted [61]. Still, the authors suggested that liposomes offer several advantages compared
to other vectors, such as ease of preparation, no limitation on the DNA size, and fewer
immunological and safety problems; thus, they may represent the best vector systems for
trials of bone regeneration by BMP-2 gene therapy [61]. Regarding the clinical translation
of the MSCs therapy in human mandibular reconstruction, Sandor et al. reported the
successful reconstruction of a 10 cm anterior mandibular ameloblastoma resection defect
with b-TCP granules, BMP-2, and autologous ASCs [148]. Thus, we may conclude that
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the preclinical evaluation of MSCs is insufficient to demonstrate the clinical efficacy in
mandibular bone regeneration. Presently, the main challenges that need to be resolved
before the clinical application of cell therapy for mandibular defects include the choice of
optimal MSC source, route of administration, and understanding of interactions between
the scaffolds, host tissue, and cells.

4.4. Animal Models

Different animal models have been used to investigate mandibular BTE, including
rats, rabbits, mini-pigs, domestic swine, dogs, sheep, and primates. Rats are cost-effective,
easy to handle, and may be genetically engineered to construct different pathological
states. However, rats have a higher metabolic rate and osteogenic potential compared with
humans. Furthermore, the bone mineral density of rat cortical bone differs greatly from that
of humans, and the operating space of rats is limited by their small size [149]. Rabbits are
the most commonly used laboratory animals, as they are easy to acquire, house, and handle,
with a short developmental cycle, reaching skeletal maturity at 6 months of age [150].
Rabbits exhibit faster cortical bone remodeling and bone turnover compared with rodents
or primates. Due to their faster bone remodeling and large amounts of adipose tissue in
the medullary spaces of the mandible, it is difficult to extrapolate in vivo results to human
trials [151]. Dog models are widely used in maxillofacial research due to similarities with
humans regarding the similar bone mineral density of the mandible and periodontal tissue
and comparable intracortical remodeling, similar levels of collagen, and insulin-like growth
factor-1 in cortical and cancellous bone. However, the rate of trabecular bone turnover in
dogs is highly variable and higher compared to humans [152,153]. Pig bone models are
used due to similarities in terms of bone mineral density and bone mineral concentration
and the similar bone remodeling processes. Furthermore, mature swine have a similar
bone structure to humans, with a well-developed Haversian system and a similar bone
regeneration rate [154]. Swine are large animals, which are difficult to handle and maintain
under experimental conditions [155]. The sheep model for bone regeneration was used due
to its similar bone turnover and bone modeling rates to those of humans [156]. Sheep bones
are sufficiently large to compare multiple surgical procedures simultaneously. However,
the bones of sheep have a different microstructure and undergo seasonal periods of bone
loss [157]. Non-human primates and humans share significant genetic homology, have
comparable osteonal remodeling in skeletally mature individuals, and develop similar bone
diseases and age-associated bone loss. Primates are generally used in bone biomechanics
and loading studies when other large animal models do not adequately represent human
bone. The use of non-human primates is expensive and is associated with some cultural
and ethical questions [135]. The primary rationale for nHPs is the opportunity to match the
genetic background and, therefore, the biological responsiveness of the model, as closely
as possible to that of humans. Nonetheless, it has been assumed that the non-human
primate model will provide the most predictive model for immunological and biological
response due to its genetic background, particularly in the setting of delivery of BMPs,
although the variation in response between primates limits these investigations [5,158].
The follow-up duration and the critical defect size varied widely and depended strongly on
the animal used. Furthermore, the critical defect size was not uniform, even within a single
animal model. Establishing uniform critical-sized defects is particularly difficult with small
animals. Thus, it is difficult to fuse the results of the studies into unique conclusions to
extrapolate to clinical conditions. Future studies on mandibular bone regeneration should
maintain standardized animal models, possibly with larger animals (sheep, swine, and
dogs), with standardized defects and follow-up periods.

4.5. Study Outcomes

Another important issue was the heterogeneity in the approaches used to evaluate
in vivo bone regeneration, which, in many cases, enabled a direct comparison of outcomes
between different treatment groups. Standard diagnostic approaches to the evaluation of
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bone regeneration in vivo comprise radiological, histological, and mechanical testing [2].
The majority of studies used a histological analysis of the explanted mandibular defect to
measure the quantity and quality of bone regeneration. Micro-CT and plain radiography
were commonly used to quantitatively assess new bone formation. Micro-CT offers certain
advantages for new bone formation, and several objective variables could be extracted:
bone mineral density, trabecular thickness, and the percentage of newly formed bone [2].
Cone-beam computed tomography (CBCT) may be an interesting alternative because it is
available, economical, and less expensive than CT or micro-CT [36]. CBCT can calculate
the amount of new bone from grey-scale changes; however, the results are unpredictable,
and more objective means of bone characterization are still not possible [36]. Immunohis-
tochemistry was used along with histology and radiologic examinations to evaluate the
maturity and formation rate of new bone [2]. Noting that the mandible, during the function
of mastication, has to withstand significant muscle forces, the biomechanical characteristics
of newly formed bone are extremely substantial. Still, only 12.5% of studies performed a
biomechanical testing of mandibular bone defects.

This research has several limitations. The significant variations among the included
studies, which made any reasonable comparison complex, were as follows: differences in
animal models, various scaffold types, various means of producing scaffolds, differences
in cell source, and inconsistent evaluation methods. In addition, several studies did not
have control groups. Due to variations in animal models, there were significant differences
in the concentrations of growth factors used, and only a few studies determined the dose–
response curve. This review included studies with various animal models with substantial
differences regarding the follow-up duration and the critical defect size, even within a single
animal model. Due to a lack of consistency in the defect size, it is difficult to compare the
outcomes between the studies. Similarly, there is no standard animal model for mandibular
bone regeneration. There was considerable heterogeneity in the evaluation of in vivo bone
regeneration, which enables the direct comparison of outcomes between treatment groups.
Future studies should provide standardized measurements of bone regeneration, including
histological analysis, imaging results (micro-CT), and biomechanical testing of the newly
formed bone for a reliable comparison of the results.

5. Conclusions

Mandibular BTE can be considered a highly promising treatment for the reconstruction
of critical-sized bone defects. It could become an alternative to microvascular bone grafts,
which are considered a gold-standard treatment. In vivo trials are critical for translating
from experimental to randomized clinical trials. The review aimed to systematically review
in vivo studies and analyze this concept’s effectiveness in treating mandibular critical-
sized defects.

Currently, there are significant discrepancies between the studies due to various study
methodologies, review periods, outcome measures, and different control groups, with
significant differences occurring even within a single animal model. The standardization
of the animal models, operative techniques, and definition of critical-sized defects for
each model is needed, as well as the duration of follow-up and the evaluation of study
outcomes. The results of this review support the use of biocompatible scaffolds, especially
composite polymer/ceramic scaffolds, for bone regeneration, as they obtain significant
results compared to blank controls. In addition, the success of mandibular bone engineering
is significantly enhanced by the use of scaffolds with bioactive molecules and/or progenitor
cells. However, the clinical application of biomolecules and progenitor cells is limited by its
high costs, side effects, and unpredictable responses in humans. Therefore, further research
is required to understand the biological fundamentals of the interplay between scaffolds,
regulatory molecules, and progenitor cells to translate these experimental findings into
clinical practice.
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Abstract: Tooth extractions, especially of impacted lower third molars, are among the most common
procedures performed in dental practices. The continuity of the patient’s oral mucosa, which is
interrupted during them, can manifest itself in general discomfort, pain, swelling, and even trismus.
In the age of cosmetic dentistry, when lost teeth are restored through implant, prosthetic, and
orthodontic treatment, each tooth extraction actually reduces the amount of available alveolar bone.
This has prompted researchers to develop extraction sockets treatment procedures that reduce the
negative consequences of surgical intervention while also enhancing the rate of alveolar bone and soft
tissue regeneration using minimally invasive approaches. This is expected to enable or significantly
facilitate further stages of treatment. The aim of this paper is to review the literature on the use of
autologous blood preparations, which are considered to aid regenerative processes when applied to
extraction sockets.

Keywords: advanced platelet-rich plasma; concentrated growth factors; post-extraction sockets;
A-PRF; CGF; regeneration; autologous blood products; dentistry

1. Introduction

During the extraction, the periodontal ligaments are torn, and the tooth is luxated and
removed, resulting in the tissues disruption. In the case of an impacted tooth, the surgical
intervention is usually more invasive than a simple tooth extraction—procedures such as
cutting, detaching the flap and often removing the bone around the tooth are required. The
level of difficulty, and therefore the length of the extraction, has an impact on healing. It is
influenced by factors such as the position of the tooth in the bone or its size and shape. A
statistically significant correlation between the gonial angle and the position of lower third
molars was shown by Barone S et al. in 2021, who confirmed that a higher incidence of
impacted lower third molars was associated with a lower value of the gonial angle, which
may facilitate the decision to extract germs of the lower wisdom teeth at an early stage of
development [1]. The difficulty of extraction of impacted lower wisdom teeth in relation
to various factors was examined by Park et al. They confirmed that older age, male sex,
depth of impaction, position of the retained tooth, large or/and bulbous roots, ankylosis
and blurred root image on panoramic radiographs are factors that increase the difficulty of
extraction [2]. Unfortunately, tooth extractions, like all surgical procedures, are associated
with postoperative complications. Cho et al., in their review article, showed that the use of
painkillers such as paracetamol and ibuprofen reduce pain, and trismus and swelling could
be reduced by using corticosteroids, while antibiotics administered immediately before
extraction can reduce the risk of infection and alveolar osteitis (but postoperative use does
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not seem to make sense), and gels and mouthwash with chlorhexidine reduce the incidence
of alveolar osteitis [3].

Previously, the only way to heal the alveoli of extracted teeth was a natural dressing
made of a blood clot. The recovery period was associated with swelling, discomfort
and a dry socket, and there was a risk of hemorrhage and nerve damage during the
procedure [4]. This prompted critics to seek alternative treatments such as dressings that
modulate inflammatory responses and accelerate healing [5].

Human plasma derivatives, also known as tissue fibrin adhesives, were the first of
their kind to be introduced in Europe in the late 1970s. The general mechanism of action
relies on the formation of a fibrin clot, which is the end product of the blood clotting
process. They are used to seal wound edges and provide a homeostatic surface, as well as a
bonding substance for biomaterial particles in bone augmentation surgery. The commercial
preparation was made from cryoprecipitated donor plasma and contained two lyophilized
components: fibrinogen/fibronectin/factor–XIII dissolved in an antifibrinolytic solution
(e.g., aprotinin), and thrombin concentrate dissolved in a dilute calcium chloride solution.
Activated factor XIII catalyzes crosslinking between fibrin molecules in the presence of
calcium cations, resulting in a water-insoluble fibrin matrix that serves as a clot scaffold.

However, the use of such treatment puts patients at risk of infection with pathogens
such as hepatitis (HBV, HCV). This led researchers to seek procedures based on the use of
autologous preparations derived from patients’ serum. Combining whole plasma from
patients with bovine thrombin produced fibrin glues. Unfortunately, their manufacture
was characterized by very low physical reproducibility (in terms of viscosity and elasticity,
for example) [6].

2. Materials and Methods

There are few studies and review articles in the scientific literature on modern tech-
niques for the treatment of post-extraction sockets. Nonetheless, knowledge of this topic is
essential for refining practice and advancing this field of dental surgery. With that in mind,
the aim of this review is to present the current state of knowledge on the management of
post-extraction sockets in the form of a narrative summary. Current treatment practices
and research in the field of regenerative dentistry are discussed.

Papers on PRF and CGF were searched in the Pubmed, Medline, and Scopus databases.
Following the extraction of third molars, particular emphasis was placed on facts about
their appliance. The articles were compiled in April 2021 and included most of the latest
news from the previous 20 years.

D.S. and M.S. briefly assessed the abstracts of the resulting publications for inclusion
in this review. If the article was relevant and presented unique findings, databases were
also searched for the keywords included, allowing us to expand our review to include
relevant but rarely published materials. This is due to the novelty of the recommended
approach to the treatment of third molar sockets. The final list of items considered was
selected after much deliberation. It resulted in a total of 58 articles.

This review is divided into two parts: A-PRF and CGF. The topic of their mechanisms
of action, applications, and a discussion of their claimed results are presented.

3. Results

In 1998, Marx et al. [7]. developed platelet-rich plasma (PRP) as a breakthrough in
the use of platelet preparations derived from blood with higher angiogenic or osteogenic
potential than the clot found in the socket after extraction. He obtained it by centrifuging
400 to 450 mL of a patient’s whole blood at 5600 RPM (revolutions per minute) with the
addition of citrate phosphate dextrose (an anticoagulant). The previous procedure resulted
in three layers of preparation, starting from the lowest: red blood cells, PRP (platelet-rich
plasma, also called “buffy coat”), and PPP (platelet-poor plasma). After the PPP layer was
collected, the remaining blood was centrifuged at 2400 RPM to properly separate the PRP
from the red blood cells. To start the coagulation process, PRP must be mixed with 10%
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calcium chloride and bovine thrombin. Individual 10 mL syringes were used for mixing,
with 6 mL of PRP, 1 mL of calcium chloride + thrombin and 1 mL of air collected as a
mixing element. A proper PRP preparation with a gel consistency is formed after mixing in
the syringe for 6 to 10 s.

After extensive research, Jo et al. [8]. presented a modification to the PRP technique in
2013. According to the original concept, citrate phosphate dextrose is used as an antico-
agulant, and calcium gluconate + bovine thrombin is used as a coagulant. After a 5-min
centrifugation of 9 mL of the patient’s blood at 900 RPM, three fractions are visible: red
blood cells, buffy coat, and platelets with white blood cells. The top two fractions were
collected and centrifuged again (1500 RPM, 15 min), after which this top layer of PPP is
collected, leaving only 2 mL of PRP in the tube. When PRP is treated with 0.2 mL of 10%
calcium gluconate, it forms a gel with 4.2 times the platelet concentration of peripheral
blood. Both centrifuges use plastic tubes.

Anitua et al. [9,10] proposed another concept of an autologous blood derivative from
the PRP family that accelerates the healing process, calling their product PRGF (Plasma
Rich In Growth Factors). After a single 8-min centrifugation at 1850 RPM using 5 mL
plastic tubes containing the anticoagulant sodium citrate, a fibrin clot was produced from
the patient’s blood. The centrifugation results in the three visible layers, starting from
the bottom: a layer of red blood cells, a middle transitional layer called a buffy coat, and
an upper layer of cell-free plasma, which includes two empirically defined layers: upper
plasma with low-growth factors (PPGF), and lower plasma rich in growth factors (PRGF),
which is collected from all centrifuged tubes and transferred to a pooled one, to which
calcium chloride is added to induce clotting, and after 15 to 20 min PRGF gel is obtained.
It is noteworthy that the authors do not use bovine thrombin (except from the previously
mentioned modifications) for clot formation, and one of its salient features is the absence
of both erythrocytes and leukocytes. According to the authors’ findings, the absence of
polynuclear neutrophils within the damaged tissues, which are the body’s first line of
defense against pathogens, may have a beneficial effect on healing. This is because they
produce matrix metalloproteinases MMP-8 and MMP-9, which can impede tissue repair,
as well as free radicals (active forms of oxygen and nitrogen), which can damage cells in
surrounding tissues in addition to bacteria.

The aforementioned family of PRP preparations is the first generation of platelet
concentrates. Their main disadvantage is the need for coagulants and anticoagulants in
the manufacturing process, which usually involves repeated centrifugation. In addition,
the use of bovine thrombin can cause coagulopathies by stimulating the formation of
antibodies against blood clotting components V and XI, as well as thrombin [11]. Therefore,
researchers conducted additional studies to develop an autologous biomaterial that would
not require the use of chemicals in the manufacturing process.

Choukroun’s breakthrough was classified as the second generation of platelet concen-
trates, called L-PRF (Platelet-Rich Fibrin) concentrates, which he produced and presented in
2001 [12,13]. Unlike previous concepts, the protocol for obtaining PRF does not require any
additives; only the patient’s blood, a glass tube and a centrifuge are needed to obtain a clot,
and the process is physiological, using the autogenous thrombin present in the collected
blood [14]. The original procedure used 10 mL plastic tubes with a glass cover on the
inside, and the collected blood was centrifuged for 10 min at 3000 RPM. When the blood
contacts the inside surface of the glass tube, the clotting cascade is activated; fibrinogen
accumulated during the centrifugation process in the upper part of the tube, as a result of
the action of thrombin, is transformed into a fibrin clot occupying the central part of the
tube, inside which platelets, white blood cells and growth factors are trapped; the upper
layer is platelet-poor plasma and the lower layer is red blood cells [5].

PRFM, T-PRF, liquid i-PRF, Vivostat PRF and A-PRF, A-PRF+, CGF are among the
second generation formulations and are described below:

• PRFM (Platelet-Rich Fibrin Matrix), is a method of producing platelet-rich fibrin with-
out the use of additional bovine thrombin. In the first stage (low speed centrifugation),
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red blood cells are separated from platelets and plasma proteins in a 9 mL tube contain-
ing sodium citrate. In the second centrifugation, fibrinogen is converted to cross-linked
fibrin containing platelets in the presence of CaCl2 [15].

• T-PRF (Titanium-prepared Platelet-Rich Fibrin): the patient’s blood is collected into 10 mL
titanium tubes and centrifuged without anticoagulants at 3500 RPM for 15 min [16].

• i-PRF (injectable Platelet-Rich Fibrin): from 10 mL of a patient’s blood drawn into
a plastic tube, centrifugation at 700 RPM for 3 min produces a liquid form of fibrin
without the use of anticoagulants [17].

• A Vivostat PRF-120 mL of whole blood is collected and processed in the Vivostat
Processor Unit using the “platelet” program. After 26 min. of centrifugation, 6 mL of
preparation is obtained (without the use of thrombin) [18].

• L-PRF (Leukocyte and Platelet-Rich Fibrin) was invented by Joseph Choukroun in
2001, and the clot was obtained by centrifuging the blood at 3000 RPM in 10 mL plastic
tubes for 10 min [13].

• A-PRF (Advanced Platelet-Rich Fibrin), A-PRF+ (Advanced Platelet-Rich Fibrin +)
and CGF (concentrated growth factors) will be described below.

In 2014, Ghanaati and Choukroun et al. [19] presented a modification of the original
system for producing platelet-rich fibrin, called the new A-PRF (advanced platelet-rich
fibrin) procedure. Blood was collected from patients and immediately centrifuged in
sterile 10 mL vacuum glass tubes for 14 min at 1500 RPM. When the centrifugation speed
was reduced while the process was prolonged, the researchers discovered an increase
in the presence of neutrophils captured between fibrin fibers. Products of neutrophil
degranulation influence the conversion and differentiation of monocytes into macrophages.
In turn, growth factors secreted from macrophage granules can influence bone and soft
tissue regeneration.

In collaboration with Choukroun, Fujioka-Kobayashi et al. [20] proposed a variation
of the aforementioned procedure in 2017, naming the produced product A-PRF+. Patient
blood was collected into a 10 mL glass vacuum tube and centrifuged at 1300 RPM for
8 min to obtain A-PRF+. In vitro, the researchers found that the A-PRF and A-PRF+
regimens released more growth factors (e.g., PDGF-Platelet-derived growth factor, TGF-
1-Transforming growth factor beta 1, EGF-Epidermal growth factor, IGF-1-Insulin-like
growth factor 1) from fibrin than the original L-PRF regimen. Furthermore, A-PRF+, a
platelet rich fibrin, released more growth factors than A-PRF fibrin.

In 2006, another researcher, Sacco, named his unique method of generating fibrin clots
by centrifugation with varying centrifugation settings “CGF”. Unfortunately, until the
publication of Rodella et al. in 2011 [21], there were no studies confirming the biological
efficacy and histological aspect of this novel technique. Vacuum blood collection tubes are
made out of PET plastic, and the centrifugation strategy for CGF is as follows:

• 30 s of acceleration,
• 2 min of centrifugation at 2700 RPM,
• 4 min at 2400 RPM,
• 4 min at 2700 RPM,
• 3 min at 3000 RPM,
• 36 s deacceleration till it fully stops

Platelets and growth factors TGF-1, PDGF-BB, and VEGF were found in equal amounts
in CGF and A-PRF+ fibrin clots, with a slight predominance of the aforementioned numbers
in A-PRF+ [22].

4. APRF

4.1. General Mechanism

A-PRF, a biomaterial used in current tissue engineering procedures, has been devel-
oped to accelerate healing processes at the application site. During the centrifugation
process, no additives are used to activate coagulation, resulting in a tube with three distinct
layers, starting from the bottom: a layer of red blood cells, a PRF fibrin clot with a layer
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tangential to the red blood cells called the buffy coat (the highest concentration of white
blood cells and platelets), and a top layer of cell-free plasma [5].

The fibrin clot formed during the production of traditional PRF or its modification, A-
PRF, is a three-dimensional scaffold that replaces the extracellular matrix in cell regeneration
and newly formed vessels. Platelets trapped between fibrin fibers, B and T lymphocytes,
monocytes, stem cells and neutrophils, as well as secreted growth factors such as TGF-1,
PDGF, and VEGF, play a role in healing. As previously reported, neutrophils influence
monocyte differentiation and conversion to macrophages by releasing the contents of their
granules, which contain growth factors that can positively influence soft tissue and bone
regeneration [19,23].

As a result, A-PRF, like other second generation preparations, is highly regarded
by clinicians worldwide and is used in the treatment of musculoskeletal trauma [24],
drug-induced bone necrosis in the form of a membrane applied to exposed jawbone to
reduce bacterial contamination and risk of reinfection [25], in periodontal reconstructive
procedures [26], in implants, and maxillary sinus floor lifts [27], and as a local hemostatic
agent, specifically recommended after multiple extractions in patients taking antiplatelet
drugs [28].

The extraction of molars is one of the most common surgical procedures performed
in dental clinics worldwide. As with any medical procedure, it carries the risk of intra- or
postoperative complications. The most common of these are dry socket, post-operative
socket infection and damage to the inferior alveolar nerve, which may be reversible or
irreversible. In addition, postoperative discomfort, swelling of the surrounding tissues,
trismus and, in rare cases, hemorrhage, are associated with the extraction process [29]. As a
result, clinicians are looking for better, more effective techniques for dealing with extraction
sockets that are also cheap and simple to use to reduce the negative consequences of the
procedure. One of these has been fibrin clots taken from the patient’s own blood before
surgery, such as L-PRF, A-PRF, and CGF.

4.2. Regeneration of Soft Tissues and Bones

When extracting an impacted tooth, it is often necessary to remove a significant
amount of surrounding bone. Improper management of the post-extraction socket can lead
to a significant loss of alveolar height after extraction, resulting in recession on the second
molar in the distal/buccal region of the tooth. Therefore, in order to preserve the height
of the ridge, the alveolus needs to be adequately protected, which is achieved with bone
substitute materials, fibrin preparations derived from the patient’s blood, or a combination
of both.

Three months after extraction, Talal M Zahid et al. [30] found no significant differ-
ences between the test side (with A-PRF augmentation) and the control side (without
A-PRF augmentation). CAL (clinical attachment level) and GR (gingival recession) mea-
surements yielded similar results. In conclusion, the authors of the aforementioned study
did not discover any additional benefit of A-PRF over natural healing in terms of pocket
shallowing, reconstruction of the connective tissue attachment and minimization of the
recessions formed; a slight advantage in healing with A-PRF could be seen by analyzing
data from different measurement points around the tooth at different times after extraction.
Unfortunately, this benefit did not include improved bone healing.

Gupta et al. [31] discovered a significant difference between alveolar healing using
postoperative A-PRF and bone healing as gauged by measures of bone density using
extraoral RVG imaging (performed on controls after 1, 3, and 6 months). The researchers
found comparable improvements in soft tissue healing after A-PRF.

The findings of the above in vivo studies do not seem to confirm the results of in vitro
studies comparing L-PRF (low-speed centrifugation) and A-PRF+ (high-speed centrifuga-
tion) and L-PRF, A-PRF, and A-PRF+ in terms of content, including growth factors, which
have been shown to have higher concentrations in A-PRF+ compared to L-PRF [20,32].
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In 2019, Masahiro To et al. [33] confirmed the osteogenic effect of A-PRF+ in sockets
after extraction. In a study on Beagle dogs with removed premolars, the researchers
observed significantly faster bone recovery in A-PRF-dressed sockets compared to control
sockets (without A-PRF), including post mortem histology and immunofluorescence of
healing tissues after 14 and 30 days.

Animal studies were also carried out in 2012 by Dominiak et al. in the group of 36
New Zealand White (NZW) rabbits, in which a bone defect 5 mm in diameter and 10 mm
deep was made in the femur under general anesthesia. Subsequently, in 12 rabbits (group
I), the defect was filled with bone substitute material (xenograft Bio-Oss Collagen®) and
covered with a collagen membrane (Bio-Gide Perio®); in 12 rabbits from group 2, a layer
of platelet rich plasma (PRP) was placed to the defect after application of the biomaterial.
Group 3 (also 12 rabbits) was the control group that was treated without the regenerative
techniques. After the animals were sacrificed, a histological examination of the dissection
preparations was performed, which showed the most intense osteogenesis 1 month after
treatment in group 2 (with PRP application). At subsequent stages of healing (after 3, 6
and 12 months), more intense osteogenesis was shown in group 1 (xenogenic material
and resorbable collagen membrane). The worst results were obtained in the control group,
while the use of two regenerative methods influenced the speed, quality and overall healing
of intraosseous defects [34].

4.3. Analgesic and Antiedemic Effect

Tooth extraction, as with any surgical procedure, causes tissue disruption and a
subsequent inflammatory response by the body during the healing phase.

Under normal conditions, the extraction socket fills with blood, which forms a clot
within a few to several minutes. The clot is quickly replaced by richly vascularized granu-
lation tissue (day 3), which is replaced by connective tissue (day 21) which fills 2/3 of the
socket and gives rise to bone formation (osteoid). After 6 weeks, the socket is filled with
immature bone.

In a 2018 study by Talal M Zahid and Mohammed Nadershah [30], which was the first
randomized study of alveolar healing using A-PRF, augmentation of the post-extraction
socket with A-PRF clot significantly reduced postoperative pain and swelling within
7 days of surgery according to the authors. Gupta et al. [31] also observed a reduction in
post-extraction discomfort when A-PRF was used (compared to a control group without
augmentation). On day 1, there was no difference in post-extraction swelling or trismus
between the groups, but on day 3 in the A-PRF group, both pain and the potential for a
broad opening of the mouth were significantly reduced, and patients showed significantly
greater potential for a broad opening of the mouth.

Caymaz et al. [35] conducted a study in 2018 comparing the healing process using a
primary PRF (L-PRF) and A-PRF regimen. Patients with bilaterally retained third molars
underwent surgical extraction (twice, with at least 21 days between procedures), with
L-PRF inserted into one of the extraction sockets (group 2) and A-PRF inserted into the
other (group 1). Discomfort on days 1, 2, and 3 days after extraction was significantly
greater in group 2 (L-PRF) than in group 1 (A-PRF). On day 7, there was no discernible
difference in discomfort between group 1 and group 2. The aforementioned relationship
can also be seen in the amount of analgesics used; patients with the L-PRF dressing took
significantly more pain medication on days 2 and 3 after surgery. There were no differences
in the amount of painkillers consumed by the groups on days 1 and 7. There were no
differences in swelling and trismus between the groups on the first, second, third and
seventh postoperative days.

The above study shows that the use of A-PRF instead of L-PRF after extraction of
the lower third molar has a significant effect on reducing postoperative pain, while no
association favoring one of the above techniques in reducing swelling and trismus was
found.
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Torul et al. [36] obtained additional findings by evaluating the effects of A-PRF and
CGF on the incidence of swelling, trismus, and postoperative discomfort after lower third
molar extraction. The researchers found that the CGF group had greater trismus and
horizontal postoperative swelling, as well as greater vertical swelling, than the A-PRF
group in a study of 75 patients (25 in each group). Although not statistically significant, the
above results can be attributed to the higher concentration of white blood cells and growth
factors in the A-PRF and CGF fibrin clots compared to classic PRF, which may result in
an increased inflammatory response in the early postoperative period. In addition, the
researchers found no reduction in pain symptoms with the administration of A-PRF and
CGF compared to the control group.

5. CGF

Concentrated Growth Factors (CGF) are derivatives of PRF and were developed by
Sacco in 2006 [14,37]. CGF is a fibrin-rich organic matrix obtained by centrifuging of
the patient’s venous blood, and is considered a third generation platelet enrichment that
does not require any additional reagents to induce platelet activation as well as fibrin
polymerization [38]. It contains growth factors, platelets, fibronectin, immune cells and
CD34+ stem cells that play a vital role in regeneration processes, immunomodulatory
responses, as well as having the ability to induce angiogenesis, chemotaxis and tissue
remodeling, while being a matrix for cell migration [39–42].

Due to the use of a different centrifugation speed, CGF contains a denser matrix that
has more growth factors than both PRP and PRF, making it also more efficient at releasing
them into the surrounding space, which can be especially useful in dentistry [43]. Among
the numerous growth factors identified within CGF are platelet-derived growth factor
(PDGF), transforming growth factor β-1 and 2 (TGF-β1 and TGF-β2), fibroblast growth
factor (FGF), bone morphogenetic protein 2 (BMP-2), vascular endothelial growth factor
(VEGF), brain derived growth factor (BDGF), and insulin-like growth factor (IGF). They
stimulate cell proliferation, matrix remodeling, and promote angiogenesis [5,12,21,44]. It is
noteworthy that CGF is associated with a sustained release of growth factors over 7–10 days,
which can be used in aesthetic facial rejuvenation procedures, such as the treatment of
wrinkles [45]. The ability to promote angiogenesis has applications in the regeneration
of immature necrotic teeth in endodontics as an effective alternative to apexification [46].
It has been confirmed that CGF fibrous membrane is able to promote periodontal tissue
regeneration involving hUCMSCs, which is achieved by upregulating the expression of
TAZ and osteogenic differentiation-related genes [47]. The use of CGF together with a
coronally advanced flap (CAF) leads to an increase in the amount of keratinized gingiva
6 months after maxillary recession coverage compared to a simple CAF procedure [48].

On the other hand, according to Akcan and Ünsal, CTG is superior to CGF in covering
recessions, with CGF having a more positive effect on postoperative pain [49]. The bio-
logical properties of CGF, together with its viscosity and mechanical properties, allow it
to improve the handling of other graft materials, promote wound healing, bone growth
and maturation, as well as to stabilize bone grafts when used simultaneously [50]. Because
of these properties, CGF has been widely used in jawbone regeneration procedures. Nu-
merous studies have shown positive results with CGF as a biomaterial used in sinus lift
procedures, which induces rapid and reliable bone formation [51–53].

CGF also induces osteoblastic differentiation promoting the early osseointegration of
dental implants, leading to an increase in bone density around them [54]. There are some
limitations to the use of CGF. First of all, platelet counts are affected by blood pH; changes
in blood pH can interfere with cell proliferation. Furthermore, the time of CGF preparation
and the volume of blood can affect the results [43,45] (See Table 1).
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Table 1. Summary of the purpose and results of individual authors’ research on A-PRF/CGF;
+ positive outcome, − negative outcome, +/− non-conclusive outcome.

Material Aim of the Research Results Effect Authors/Year Ref.

1 A-PRF histochemical study of the clot
and its composition

A-PRF might influence bone and
soft tissue regeneration,

especially through the presence
of monocytes/macrophages and

their growth factors. The
relevance and feasibility of this
tissue-engineering concept have

to be proven through in vivo
studies.

+ (in vitro) Ghanaati et al.,
2014 [19]

2 A-PRF

To evaluate the potential of
advanced platelet-rich fibrin

(A-PRF) as a regenerative
biomaterial for bone regeneration
and postoperative sequlae after

impacted third molar extractions.

Placement of A-PRF clot in the
extraction socket could lessen

postoperative pain and increase
patient comfort after third molar

extraction

+ (in vivo) Zahid et al.,
2019 [30]

3 A-PRF

To evaluate the efficacy and
healing potential of modified

formulation of PRF, commonly
known as advanced PRF (A-PRF)

in impacted mandibular third
molar extraction sockets.

A-PRF has enhanced the healing
potential of soft tissue as well as
bone in extraction socket. Using

A-PRF as well relief of
immediate postoperative

symptoms like pain, swelling
and trismus.

+ (in vivo) Gupta et al.,
2020 [31]

4 A-PRF

To evaluate the potential of
advanced platelet-rich fibrin

(A-PRF) on bone formation after
extraction of beagle dogs

premolars.

A-PRF application may result in
enhanced new bone formation

and may aid in accelerating
bone formation.

+ (in vivo) Masahiro et al.,
2019 [33]

5 A-PRF

To investigate and compare the
postoperative effects of leukocyte-

and platelet-rich fibrin (L-PRF)
and advanced platelet-rich fibrin

(A-PRF) in terms of pain, swelling,
and trismus after mandibular

third molar surgery.

Using of A-PRF after
mandibular third molar

extraction significantly reduces
postoperative pain compared to

the L-PRF group. However,
there was no significant

difference between groups in
terms of swelling and trismus.

+/− (in vivo) Caymaz et al.,
2018 [35]

6 A-PRF,
CGF

To investigate the effects of
concentrated growth factors (CGF)
and advanced platelet-rich fibrin

(A-PRF) on edema, pain, and
trismus after mandibular third

molar surgery.

A-PRF and CGF seem to have no
positive effects on pain, edema,
and trismus after third molar

surgery.

− (in vivo) Torul et al.,
2020 [36]

7 CGF
To investigate the biological effects
of concentrated growth factor on

human dental pulp stem cells.

Concentrated growth factor
(CGF) promoted cell

proliferation, migration, and the
dental pulp stem cell–mediated

dentinogenesis and
angiogenesis process.

+ (in vitro) Jin et al., 2018 [42]

8 A-PRF,
CGF

to evaluate the effect of
platelet-rich plasma (PRP),

platelet-rich fibrin (PRF), and
concentrated growth factor (CGF)

on bone healing

The addition of PRP, PRF, and
CGF had significantly increased
bone formation at the 6th week.
The effect of PRP, PRF, and CGF

was similar.

+ (in vivo) Kim et al., 2014 [50]
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6. Study Limitations

The paper itself is narrative in nature. The efficacy of narrative reviews is irreplaceable
in tracking the development of a scientific principle or a clinical concept. This ability to
conduct a wider exploration could be lost in the restrictive framework of a systematic
review.

Author bias may be present in this type of review topic. When reading and evalu-
ating a narrative review, keep in mind that the author’s bias may or may not be present.
Furthermore, due to the scarcity of literature on the use of platelet concentrates in the
treatment of post-extraction teeth, especially lower third molars, it is impossible to perform
a meaningful systematic review.

7. Conclusions and Perspectives

Autologous platelet concentrates were thought to revolutionize both bones and soft
tissue regeneration, thus indirectly affecting the quality of life of patients throughout the
postoperative recovery period. Therefore, they have found their application in many
medical fields, including dentistry [55]. Many authors of clinical studies involving the
aforementioned tissue-engineering technologies confirm their efficacy in reducing post-
extraction pain and emphasize the anti-inflammatory component of their action, which
manifests itself, among other things, in the reduction of trismus and postoperative swelling.

A number of studies have been conducted to determine the efficacy of A-PRF and
CGF in the treatment of edema, pain, and trismus. The therapeutic effect is clearly evident
in some publications, but appears to have no significant impact on the recovery process in
others. Instead, some studies highlight the lack of benefit associated with the use of the
aforementioned approaches, casting doubt on their use.

In line with the above, the vast majority of publications treating the topic of blood
concentrates either state their beneficial effect on the healing of post-extraction wounds or
extraction sockets, or indicate that there is no perceived benefit from their use. However, it
should be remembered that autologous platelet concentrates are not the panacea of bone
healing. PRP, PRGF, A-PRF and CGF, depending on their generation, show differences
in the quantitative composition of platelets, leukocytes, growth factors (including TGF-
β1, PDGF-BB, VEGF) and pro-inflammatory cytokines (including IL-1β, IL-6) [22]. The
amount of the latter increases in the blood of people who have an ongoing inflammatory
process or who suffer from systemic diseases such as diabetes. This may result in a
prolongation of the inflammatory phase of post-extraction wound healing by increasing the
production of local pro-inflammatory cytokines [56]. They result in an imbalance between
polarized pro-inflammatory M1 macrophages and inflammation-silencing M2 macrophages
in favor of the former. Activated M1 macrophages continuously produce pro-inflammatory
cytokines, causing bone resorption through increased osteoclast activity and the inhibition
of bone formation by osteoblasts, resulting in impaired and prolonged soft and hard tissue
healing [57,58].

Unfortunately, there is a lack of studies in the current literature comparing the amount
of pro-inflammatory cytokines in a patient’s peripheral blood with their levels after cen-
trifugation in blood concentrates. Undoubtedly, more studies are needed to clarify the
correlation between pro-inflammatory cytokine levels and alveolar healing after extrac-
tion and to assess the risk of treatment with blood concentrates in patients with systemic
diseases causing chronic inflammation.

The tissue-engineering technologies discussed in the article above are relatively new
and are constantly being refined by a large number of researchers, necessitating additional
clinical trials on large groups of patients to collect more data.
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Abstract: This retrospective study aimed to evaluate a possible correlation between the characteristics
of the mandibular ramus and lower third molar impaction by comparing a group of subjects with an
impacted lower third molar and a second group with normal eruption for an early prediction of this
pathology. This comparison was made using linear and angular measurements, which were taken on
digital panoramic radiographs. Materials and methods: A total of 726 orthopantomographs (OPT)
were examined, and 81 were considered suitable for the present study. The results were divided
into two groups: a control group and an experimental group. The control group comprised 38 cases
in which patients had at least one lower third molar that had erupted, and the experimental group
comprised 43 cases in which patients had at least one lower third molar that was impacted or partially
impacted. In total, 16 variables (11 linear, 4 angular, and 1 ratio) were determined and measured by
an experienced observer. Results: The control group had a larger retromolar space, a larger impaction
angle and a higher ratio of retromolar area to the third molar, compared to the experimental group. In
contrast, the experimental group showed a deeper sigmoid notch depth than the control group did. In
the control group, moderate positive correlations were found between both the length of the coronoid
and the width of the third molar, and the retromolar space. Furthermore, in the experimental group,
moderate positive correlations were found between both the angular condyle–coronoid process and
the inclination of the lower posterior teeth, and the retromolar space. Conclusion: this study showed
that the angle of a lower third molar, in relation to mandibular pain, can be an index for predicting
tooth inclusion.

Keywords: third molar impaction; mandibular ramus dimensions; molar inclusion

1. Introduction

The inclusion of lower third molars has always represented a complex situation in
dentistry. This occurs in about 73% of young adults in Europe [1–5].

However, the eruption of third molars can vary based on race and other factors such
as diet, genetics, and the degree of tooth usage [6].

In fact, these are the teeth that most often undergo bone inclusion [1–9] and this
can lead to complications in surgical treatment—given the possible risks of such a proce-
dure [10]—and in the stability of possible orthodontic treatment.

The physiological eruption of the third molar occurs between the ages of 17 and
24 years [11]. Third molar retention can manifest itself with different clinical conditions:
complete bone impaction, osteomucosal impaction and mucosal impaction.
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The phenomenon of bone inclusion can be the cause of suppurative pericoronaritis
or can be totally asymptomatic. Impacted third molars can lead to the development of
cysts and tumors, which can cause significant damage to the jawbone and surrounding
teeth. A study published in 2014 by Steed MB et al. found that impacted wisdom teeth
were associated with cysts and tumors, although they are relatively rare, highlighting the
importance of the early detection and removal of impacted third molars [4]. The impacted
lower third molars are also extracted more commonly due to dental caries involving either
the impacted third molar itself or the distal surface of the second molar [5].

However, in a study that was conducted in 2020 by Ghaeminia et al. [12], it was
concluded that “Insufficient evidence was found to support or refute routine prophylactic
removal of asymptomatic impacted wisdom teeth in adults. A single trial comparing
removal versus retention found no evidence of a difference on late lower incisor crowding
at 5 years; however, no other relevant outcomes were measured. Watchful monitoring of
asymptomatic third molar teeth may be a more prudent strategy”.

Furthermore, a major revision was previously published by G. Mettes [13] in The
Cochrane Library, 2012. This manuscript was concluded by stating that “insufficient
evidence was found to support or refute routine prophylactic removal of asymptomatic
impacted wisdom teeth in adults. A single trial comparing removal versus retention found
no evidence of a difference on late lower incisor crowding at 5 years; however, no other
relevant outcomes were measured. Watchful monitoring of asymptomatic third molar teeth
may be a more prudent strategy”.

The extraction of the lower third molar can be the cause of different complications.
For example, in 2016, a study was published by Jessica Yolanda Jeevitha [14] and revealed
that it is possible to observe fractures on the mandible either intraoperatively or in four
weeks, postoperatively. This was also highlighted by Bodner et al. [15] in 2011.

In 2022, Boffano P. et al. [16] published a manuscript in which they concluded that
the “inadequate management of surgical instruments, the application of excessive force,
incorrect surgical technique, underestimating the difficulty of the extraction, not performing
the correct odontosection of the lower third molar and performing extensive ostectomies
may be some of the causes of iatrogenic fractures”.

An important complication that can arise from the extraction of a lower third molar
when it is impacted on the seventh tooth is the secondary presence of an empty space
close to the distal root of the seventh tooth. This empty space leaves the distal root of the
seventh tooth completely or partially exposed. An in vitro study was published in 2022 by
Bambini F. [17], which investigated how to support bone regeneration in this area. In their
study, they tested the dentin—which could be used as a filler in the postextraction alveolus
of the tooth for the preservation of the dental socket that was derived from the trituration
of the dentin of an extracted eighth tooth. Another approach for preserving the alveolus
was published by both Rossi et al. [18,19] and by Grassi et al. [20], in 2022. In these studies,
they investigated alveolar preservation using bovine cortical lamina and fibrin glue.

The etiology of third molar inclusion is still under discussion; however, craniofacial
development is certainly an important aspect of third molar inclusion [21], as inclusion
is often associated with poor growth in the length of the mandible [4–7]; therefore, it is
associated with a type II skeletal class [22]. Consequently, it is also important to consider
the decrease in the space between the lower second molar and the mandibular ramus.

These factors occur due to a change in craniofacial growth during the developmental
process, as a result of a decrease in the masticatory activity of the maxillary bones, which
thus causes a decrease in their development. Another demographic factor that has been
implicated in the etiology of impacted wisdom teeth is age. A systematic review and meta-
analysis by Chen, Y.W., et al. (2017) demonstrated that older age was a significant risk factor
for impacted wisdom teeth, with the highest prevalence of impaction occurring in patients
over the age of 25. The authors proposed that older age may result in increased bone
density and decreased jawbone size, contributing to the development of impaction [23].
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In addition to morphological and demographic factors, a significant genetic compo-
nent has also been identified in the etiology of impacted wisdom teeth. In a twin study,
Trakinienė G et al. (2018) reported heritability estimates ranging from 40 to 60% for the de-
velopment of impacted wisdom teeth. The authors suggested that the genetic contribution
may be due to the influence of genetic factors on tooth size and jaw size [24]. Lastly, poor
oral hygiene can also increase the risk of impaction. Caymaz, M.G. et al. (2021) found that
patients with impacted wisdom teeth were more likely to have periodontitis and gingivitis
compared to patients without impacted wisdom teeth. The authors proposed that poor
oral hygiene may lead to an increase in the risk of impaction by creating an environment
that is conducive to bacterial growth [25].

OPTs are extensively utilized in the field of dentistry due to their ability to offer a swift,
cost-effective, and low radiation dosage option, while also providing a bilateral perspective
of the mandible, unlike more complex diagnostic instruments). Furthermore, it is regarded
as a suitable radiographic approach for evaluating the space occupied by the lower third
molar and the linear and angular dimensions of the mandible [2,26].

This retrospective radiograph study aimed to evaluate a possible correlation between
the characteristics of the mandibular ramus and lower third molar inclusion by comparing a
group of subjects with lower third molar inclusion to a second group with normal eruption
to establish an early means of predicting this pathology. The comparison was made using
linear and angular measurements taken on digital panoramic radiographs [2].

2. Materials and Methods

This study was carried out as a retrospective radiographic research study and was per-
formed in a private clinic (A.G., E.M.), in compliance with the principles of the Declaration
of Helsinki, on medical protocol and ethics.

Orthopanoramic radiographs taken in the period between January 2015 and December
2021 were considered.

A total of 726 OPTs were examined, but only 81 were suitable for the present study
considering the following evaluation criteria: patients with included or erupted lower third
molars, no history of pathology associated with third molars, no previous orthodontic
treatment, complete formation of the tooth’s root and good OPT quality [27].

The radiographs were all taken on the Carestream C8100 3D CBCT digital radiography
machine, with an OPT function.

We analyzed both sides of the maxillary bones indiscriminately. We only considered
the side that was included in the selection criteria.

OPTs with one side of the third molar impacted and the other side fully erupted
were excluded.

The radiographs included patients aged between 18 and 25 years old, of both sexes
(50 male and 31 female).

The results were divided into 2 groups:
Group A: control group comprising 38 cases with at least one lower third molar erupted.
Group B: experimental group comprising 43 cases with at least one lower third molar

included or partially included and, therefore, not in functional occlusion.
Groups were further divided into male and female groups, male experimental group

B (MB) (n = 24), male control group A (MA) (n = 26), female experimental group B (FB)
(n = 19) and female control group A (FA) (n = 12), and were compared with their equivalent
subgroups in the control group.

Interpretation of the digital panoramic radiographic images was performed using
Carestream Dental Imaging Software.

Using the digital ruler and protractor functions, 16 variables (11 linear, 4 angular and 1 ratio)
were determined and measured by an experienced observer (Figures 1 and 2) [1–9,21,28–33].
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Figure 1. Linear measurements.

Figure 2. Angular measurements.

The 11 linear measurements are represented in Figure 1 and listed in Table 1 with their
corresponding numbers:

1. Condyle length from the highest point of the mandibular condyle’s head to lowest
point of the mandibular sigmoid notch plane, along the long axis of the condylar process.

2. Coronoid length from the highest point of the mandibular coronoid process to the
lowest point of the mandibular sigmoid notch plane, along the long axis of the
coronoid process.

3. Ramus height from the lowest point of the mandibular sigmoid notch to the point in
the antegonial notch of the mandible, the ramus and body of the mandible are joined.

4. Total ramus height from the highest point of the mandibular condyle’s head to the
intersection point of the ramus plane and the mandibular plane.

5. Ramal width from the deepest point of the anterior ramus notch concavity to the
deepest point of the posterior ramus notch concavity.

6. Mandibular body length from the intersection point of the ramus plane and the
mandibular plane to the midpoint of the mandible.
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7. Sigmoid notch depth: the perpendicular line from the lowest point of the mandibular
sigmoid notch to a line from the condylion and coronoid process.

8. Posterior ramus notch depth from the perpendicular line from the deepest point of the
posterior ramus notch concavity to the line that connects the point where the external
contour of the cranial base intersects with the dorsal contour of the condylar head
to the point of maximal convexity on the posterior border of the angular process of
the mandible.

9. Anterior ramus notch depth from the perpendicular line from the deepest point of the
anterior ramus notch concavity to the perpendicolar line to the plane of the sigmoid
notch and tangent to the descending anterior border of the ramus of the mandible.

10. Antegonial notch depth from the perpendicular line from the deepest point of the
mandibular inferior border notch concavity to the mandibular plane.

11. Third molar width from the mesial aspect to distal aspect of third molar.

Table 1. Reference points: 13 variables (8 linear, 4 angular and 1 ratio) determined and measured.

Variable
Control Group (A)

Experimental
Group (B)

p Value *

Mean SD Mean SD

1. Condyle length (cm) 1.77 0.41 1.84 0.45 0.463

2. Coronoid length (cm) 1.37 0.46 1.53 0.36 0.080

3. Ramus height (cm) 6.37 0.57 6.18 0.68 0.199

4. Total ramus height (cm) 7.40 0.73 7.30 0.80 0.540

5. Ramal width (cm) 3.62 0.52 3.66 0.39 0.676

6. Mandibular body length (cm) 10.97 1.24 10.90 1.11 0.787

7. Sigmoid notch depth (cm) 1.43 0.33 1.59 0.31 0.030

8. Posterior ramus notch depth (cm) 0.25 0.14 0.30 0.14 0.088

9. Anterior ramus notch depth (cm) 0.27 0.22 0.24 0.19 0.490

10. Antegonial notch depth (cm) 0.23 0.24 0.20 0.15 0.515

11. Third molar width (cm) 1.38 0.27 1.41 0.14 0.424

Retromolar space (cm) 1.52 0.63 1.14 0.60 0.007

1. Angle condyle—coronoid
process (deg) 30.13 5.35 29.53 4.81 0.599

2. Gonial angle (deg) 124.84 6.78 122.63 68.33 0.195

3.Inclination of lower posterior
teeth (deg) 95.53 5.93 92.65 6.23 0.521

4. Angle of impaction (deg) 88.61 16.72 68.53 34.06 0.002

Retromolar space/3M width (ratio) 1.09 0.40 0.81 0.44 0.004

* using Student’s t-test.

The 4 angular measurements are represented in Figure 2 and listed in Table 1 with
their corresponding numbers:

1. Angle condyle—coronoid process: the intersection between the highest point of the
mandibular condyle’s head to the highest point of the mandibular coronoid process.

2. Gonial angle: the intersection between the line that connects the point where the
external contour of the cranial base intersects with the dorsal contour of the condylar
head to the point of maximal convexity on the posterior border of the angular process
of the mandible and the mandibular plane.

3. Inclination of lower posterior teeth: the intersection between the mandibular plane
and the long axis of the first molar.
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4. Angle of impaction: the intersection between the mandibular plane and the long axis
of the third molar.

Statistical Analysis

The mandibular dimensions of the sample were compared with those of the control
group. Descriptive statistics, as mean and standard deviation, were used to examine
the characteristics of the sample. Data analyzed were normally distributed (through a
Shapiro–Wilk test), and Student’s t-test was used to analyze the statistical differences
between the two groups.

Groups were further divided into male and female groups: male impaction group B
(MB) (n = 24), male control group A (MA) (n = 26), female impaction group B (FB) (n = 19)
and female control group A (FA) (n = 12). The impaction groups were also compared to
their equivalent subgroups in Group A using an unpaired t-test.

Furthermore, Pearson’s correlation and linear regression tests were used to assess
the degree of relationship between the retromolar space and mandibular measurements.
Statistical analyses were performed using the STATA/IC 15.1 statistical package. All tests
were two-tailed, and p-values of ≤0.05 were considered statistically significant.

3. Results

The results showed that the control group demonstrated a larger retromolar space
(1.52 ± 0.63 vs. 1.14 ± 0.60, p = 0.007), a larger impaction angle (88.61 ± 16.72 vs. 68.53 ± 34.06,
p = 0.002), and a higher ratio of retromolar area to the third molar (1.09 ± 0.40 vs. 0.81 ± 0.44,
p = 0.004), compared to the experimental group (Table 1). In contrast, the experimental
group demonstrated a deeper sigmoid notch depth (1.59 ± 0.31 vs. 1.43 ± 0.33, p = 0.030)
than the control group.

In both groups, a moderate negative correlation was found between the depth of the
anterior branch notch (p = 0.001 and p = 0.002, respectively) and the retromolar space. A
strong positive correlation was found between both the retromolar area and the third molar
ratio (p < 0.001), and the retromolar space.

In the control group, moderate positive correlations were found between both the
length of the coronoid (p = 0.029) and the width of the third molar (p = 0.004). In addition,
in the control group, a moderate negative correlation was found between the depth of the
antegonial notch (p = 0.019) and the retromolar space.

Furthermore, in the experimental group, moderate positive correlations (p = 0.008)
were found between both the angular condyle–coronoid process and the inclination of the
lower posterior teeth, and the retromolar space (Table 2).

Table 2. Pearson’s correlation and linear regression tests values.

Variable

Control Group (A) Experimental Group (B)

Retromolar Space Retromolar Space

r R2 R2 (ADJ) p Value r R2 R2 (ADJ) p Value

Condyle length −0.172 0.029 0.003 0.303 −0.157 0.025 0.001 0.314

Coronoid length 0.354 0.125 0.101 0.029 0.035 0.001 −0.023 0.826

Ramus height 0.222 0.049 0.023 0.181 0.151 0.023 −0.001 0.335

Total ramus height 0.197 0.039 0.012 0.236 0.194 0.038 0.014 0.213

Ramal width 0.307 0.095 0.069 0.061 0.025 0.001 −0.024 0.875

Mandibular body length 0.081 0.007 −0.021 0.629 −0.288 0.083 0.061 0.061

Sigmoid notch depth 0.064 0.004 −0.024 0.701 −0.149 0.022 −0.002 0.339

Posterior ramus notch depth −0.192 0.037 0.010 0.249 0.188 0.035 0.012 0.227
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Table 2. Cont.

Variable

Control Group (A) Experimental Group (B)

Retromolar Space Retromolar Space

r R2 R2 (ADJ) p Value r R2 R2 (ADJ) p Value

Anterior ramus notch depth −0.521 0.271 0.251 0.001 −0.454 0.206 0.187 0.002

Antegonial notch depth −0.379 0.144 0.120 0.019 0.295 0.087 0.065 0.055

Third molar width 0.456 0.208 0.186 0.004 0.095 0.009 −0.015 0.545

Gonial angle 0.312 0.097 0.072 0.056 0.182 0.033 0.010 0.243

Angle condyle—coronoid process 0.071 0.005 −0.023 0.673 0.402 0.162 0.141 0.008

Inclination of lower posterior teeth 0.142 0.020 −0.007 0.396 0.397 0.157 0.137 0.008

Angle of impaction 0.176 0.031 0.004 0.290 0.245 0.060 0.037 0.113

Retromolar space/3M width (ratio) 0.966 0.933 0.931 <0.001 0.971 0.942 0.941 <0.001

r = Pearson correlation coefficient; R2 = squared multiple correlation coefficient; R2 (ADJ) = adjusted coefficient
of determination.

Considering sex, male control group MA showed larger retromolar space (1.54 ± 0.59
vs. 1.10 ± 0.58, p = 0.010), larger angle of impaction (90.93 ± 8.69 vs. 69.46 ± 32.66, p = 0.002)
and higher retromolar area to the third molar ratio (1.09 ± 0.39 vs. 0.77 ± 0.39, p = 0.006)
than male experimental group MB (Table 3).

Table 3. Comparison between male group A (MA) and the male group B (MB).

Variable

Control Group (Male
Group A, n = 26)

Experimental Group (Male
Group B, n = 24) p Value *

Mean SD Mean SD

Condyle length (cm) 1.76 0.43 1.86 0.37 0.365

Coronoid length (cm) 1.49 0.48 1.55 0.36 0.608

Ramus height (cm) 6.43 0.52 6.13 0.67 0.087

Total ramus height (cm) 7.48 0.70 7.25 0.79 0.294

Ramal width (cm) 3.69 0.55 3.58 0.33 0.421

Mandibular body length (cm) 10.81 1.11 10.88 1.18 0.836

Sigmoid notch depth (cm) 1.47 0.36 1.60 0.29 0.137

Posterior ramus notch depth (cm) 0.24 0.13 0.30 0.16 0.110

Anterior ramus notch depth (cm) 0.26 0.19 0.24 0.18 0.656

Antegonial notch depth (cm) 0.22 0.24 0.20 0.14 0.737

Third molar width (cm) 1.39 0.12 1.41 0.15 0.608

Retromolar space (cm) 1.54 0.59 1.10 0.58 0.010

Angle condyle—coronoid process (deg) 31.04 5.38 28.75 5.06 0.129

Gonial angle (deg) 124.81 7.48 122.33 8.76 0.287

Inclination of lower posterior teeth (deg) 91.15 5.70 92.70 6.65 0.753

Angle of impaction (deg) 90.93 8.69 69.46 32.66 0.002

Retromolar space/3M width (ratio) 1.09 0.39 0.77 0.39 0.006

* using Student’s t-test.

Female experimental group FB showed higher coronoid length (1.50 ± 0.37 vs. 1.10 ± 0.28,
p = 0.004) than female control group (FA) (Table 4).
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Table 4. Comparison between female group A (FA) and group B (FB).

Variable

Control Group (Female
Group A, n = 12)

Experimental Group (Female
Group B, n = 19) p Value *

Mean SD Mean SD

Condyle length (cm) 1.81 0.36 1.82 0.53 0.943

Coronoid length (cm) 1.10 0.28 1.50 0.37 0.004

Ramus height (cm) 6.23 0.67 6.25 0.70 0.930

Total ramus height (cm) 7.23 0.77 7.35 0.82 0.688

Ramal width (cm) 3.46 0.41 3.75 0.45 0.077

Mandibular body length (cm) 11.32 1.48 10.93 1.04 0.396

Sigmoid notch depth (cm) 1.35 0.23 1.56 0.33 0.069

Posterior ramus notch depth (cm) 0.27 0.17 0.30 0.13 0.537

Anterior ramus notch depth (cm) 0.28 0.26 0.24 0.20 0.584

Antegonial notch depth (cm) 0.25 0.25 0.20 0.16 0.505

Third molar width (cm) 1.35 0.46 1.42 0.13 0.525

Retromolar space (cm) 1.49 0.76 1.19 0.65 0.255

Angle condyle—coronoid process (deg) 28.17 4.95 30.53 4.41 0.177

Gonial angle (deg) 124.92 5.23 123.00 7.83 0.461

Inclination of lower posterior teeth (deg) 96.50 5.50 92.58 5.81 0.072

Angle of impaction (deg) 83.58 26.98 67.37 36.62 0.197

Retromolar space/3M width (ratio) 1.07 0.45 0.85 0.50 0.240

*: using Student’s t-test.

4. Discussion

Various studies have been carried out on the predictability of the eruption of the
mandibular lower third molar, based on the size of the bony structures of the mandible.
These studies have been conducted using both lateral cephalometric and orthopanoramic
radiographs; however, not many authors have compared the different radiographic tech-
niques [21,26,28–33] for mandibular measurements. The few authors who have compared
the different techniques have found excellent results when using both methods. Therefore,
they have concluded that they are both valid tools for diagnostic investigation in this area
and that the choice between them depends on the experience of the clinician. They are
routinely used in dentists’ normal professional practice [23] both to obtain an initial general
diagnosis of a patient’s oral health status and for more in-depth examinations of third
molar inclusion, for which digital orthopanoramic examinations are also used.

The subjects were selected upon the consideration that an age between 18 to 25 years
of age is the average age of eruption and complete formation of the mandibular third molar.
Various studies have reported [29–31] that the ideal age for studying the incidence of the
lower third molar is between 20 and 25 years. In total, 81 subjects were considered, and
the age range was extended to between 18 and 25 years of age, on the condition that the
tooth’s root had been completely formed.

In our study, we found that the length of the condyle–coronoid process in the ex-
perimental group was greater than that in the control group. This result was partially in
agreement with that of Capelli [5], who found an association between a greater ascending
ramus size and the inclusion of the lower third molar.

In contrast, the height of the branch and its total size were larger in the control group
than in the experimental group. Significant differences were found in these measure-
ments, which differed from the result obtained by Hassan [30], who found uniformity
between results.
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Regarding the branch width, the experimental group showed a slightly wider mea-
surement than the control group did. This result was in line with Hassan’s study [30],
although Hassan’s results showed a sharper difference.

In our study, the measurements of the length of the mandibular body were uniform
for both groups; therefore, there were no statistically significant differences.

This result was in agreement with the the results of the studies of Kaplan [32] and
Djerkes [6], in which the values of this measurement were statistically insignificant; how-
ever, in contrast to the studies of Hassan [30] and Capelli [5], the length of the mandibular
body was larger in the control group.

According to the results of our study, the sigmoid notch was deeper in the experimental
group than in the control group (p < 0.030), and this may be related to the greater size of the
bony structures of the mandible. In fact, this corresponded to the results obtained through
the measurements of the length of the condyle and coronoid process, which were longer in
the experimental group than in the control group.

This result contrasts with that of Yamaki’s study [1], which showed higher measure-
ments for the control group than the experimental group in relation to the depth of the
sigmoid notch. This may have been due to the use of a different measurement technique or
a different sampling method.

It should be noted, however, that the depth of the notch of the anterior and posterior
branches in our study showed no relevant differences, as the posterior depth was greater
in the experimental group, but the anterior depth was greater in the control group.

Regarding the retromolar space, our study found a significant difference between
the two groups: the control group reported a mean measurement of 1.52 cm, which was
significantly higher than the space in the experimental group, which was 1.14 cm, on
average (p < 0.001). This result is in line with the results of the studies carried out by
Hattab [31] in Jordan (a measurement of 1.44 cm for the control group and of 1.10 cm for
the experimental group was found) and by Qamruddin [34] in Pakistan (a measurement of
1.63 cm for the control group and 1.12 cm for the experimental group was found).

According to Uthman [27], the retromolar space measurable from orthopanoramic
radiographs should be more than 12 mm. This figure corresponded to the measurements in
our study.

Regarding the the space-witdth ratio of the lower third molar, the results that we
obtained show that the control group had a ratio of 1.09 and that the experimental group
had a ratio of 0.81. These ratios were very similar to those found by the studies already
mentioned by Hattab [31] and Al-Gunaid [1].

In the angular measurements, however, the gonial angle was wider in the control group
than in the experimental group. This result agreed with the results of the previous studies
by Ganss [8] and Richardson [22]; however, they contrasted with those of Hattab [31]
and Al-Gunaid [1], who found a wider angle for the experimental group than for the
control group.

Finally, Behbehani [4] stated that a smaller gonial angle may be associated with an
increased risk of lower third molar inclusion [10,27,35,36]. This was in agreement with
our results.

In our study, the angulation of the lower posterior teeth, specifically the first and
second molars, was greater in the experimental group. The control group showed a smaller
angle and a more upright position. This result aligned with previous studies that have
concluded that the inclination of the posterior teeth is a possible cause of the inclusion of
lower third molars.

On the other hand, it should be noted that, in our study, the inclination of the lower
third molars was greater in the experimental group than it was in the control group, and
this difference was highly significant (p < 0.002).

This result agreed with the results of previous studies by Ricketts [37], Hassan [30],
Capelli [5] and Hugoson [38] and confirmed that the angle of a lower third molar, in relation
to mandibular pain, can be an index for predicting tooth inclusion.
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To investigate whether there are any gender differences in mandibular geometry
related to third molar impaction, the sample was divided into males and females. The
impaction groups (FB and MB) were compared with their respective control groups.

Most of the differences between the control groups and the experimental groups
were found among males; the male control group showed a larger retromolar space and
retromolar area to the third molar ratio than the male experimental group did. This result
agreed with the results of previous studies by Hassan [30]

Their results also disagree with those of Kaplan [32], who found no significant sex
predilection when comparing the experimental group to the control group. The variation
influenced by sex gender observed in different studies appears to be linked to the variability
in the timing of mandibular skeletal maturity between males and females. This could be
attributed to the continued growth of the mandible in males until the age at which third
molars are about to erupt.

5. Conclusions

By evaluating the relevant data present in the existing literature, through accurate and
simple data analysis, our observational cross-sectional study has found an associative link
between some of the investigated variables in the conformation of the mandible associated
with the impaction of third molars, in accordance with some of the literature.

Such a study requires further investigation with experimental studies (randomized
clinical trials). In this way, it will be possible to identify and confirm the predictive factors
in the impaction of mandibular third molars in relation to mandibular dimensions.
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Abstract: Biomaterials and stem cells are essential components in the field of regenerative medicine.
Various biomaterials have been designed that have appropriate biochemical and biophysical char-
acteristics to mimic the microenvironment of an extracellular matrix. Dental stem cells (DT-MSCs)
represent a novel source for the development of autologous therapies due to their easy availability.
Although research on biomaterials and DT-MSCs has progressed, there are still challenges in the
characteristics of biomaterials and the molecular mechanisms involved in regulating the behavior of
DT-MSCs. In this review, the characteristics of biomaterials are summarized, and their classification
according to their source, bioactivity, and different biological effects on the expansion and differenti-
ation of DT-MSCs is summarized. Finally, advances in research on the interaction of biomaterials
and the molecular components involved (mechanosensors and mechanotransduction) in DT-MSCs
during their proliferation and differentiation are analyzed. Understanding the molecular dynamics of
DT-MSCs and biomaterials can contribute to research in regenerative medicine and the development
of autologous stem cell therapies.

Keywords: biomaterials; dental stem cells; differentiation; dental tissue; regenerative medicine

1. Introduction

The oral cavity has aroused particular interest as a source for obtaining mesenchymal
stem cells (MSCs) because there are different oral tissues from which MSCs can be isolated.
Dental tissue-derived mesenchymal stem cells (DT-MSCs) are easy to culture, as they can
be obtained from a wide range of primary and permanent teeth without ethical contro-
versy. This makes them a valuable and accessible source of autologous stem cells [1]. Most
DT-MSCs are derived from the neural crest and can differentiate into multiple cell types,
including epithelial cells, odontoblasts, osteoblasts, chondroblasts, adipocytes, neuronal
cells, glial cells, and muscle cells. Thus, they are currently considered a promising resource
for their therapeutic application in regenerative medicine. However, as in other types of
stem cells, for its application to be successful, its proliferation and differentiation must
be controlled in an environment that mimics in vivo conditions. Therefore, an artificial
niche, such as biomaterials, is a fundamental strategy to exploit the therapeutic potential
of DT-MSCs. Currently, in the design of biomaterials, characteristics, such as the physical
chemistry of the material, its biological interaction, mechanical properties, specific biologi-
cal functionalities, and shape or geometry at different scales, such as on the macro, micro,
and nano levels, are considered during their cell–biomaterial interactions [2]. However, the
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biomaterial’s chemical composition (natural or synthetic) also plays an important role in
improving stem cells’ in vitro biological response. In this sense, natural biomaterials offer
the advantage of being biocompatible and biodegradable, while synthetic ones also allow
the possibility of improving their chemical and physical properties for a specific application.
In summary, research on biomaterials and DT-MSCs has progressed; however, challenges
remain regarding the ideal characteristics of biomaterials and the molecular mechanisms
involved in regulating behavior in DT-MSCs. Therefore, the aim of this literature review
is to provide a molecular view of biomaterial–cell interaction to understand how signals
from biomaterials act as potent regulators of the microenvironment in DT-MSCs. In the
first part, the background on DT-MSCs is presented, with a specific focus on their biological
characteristics. Next, the state of the art is analyzed with respect to the different chemical
and physical characteristics of biomaterials and the molecular mechanisms involved during
their interaction with DT-MSCs. In this sense, various in vitro and in vivo experimental
studies are considered that report valuable information to understand the behavior and
differentiation of these cells in biomaterials.

2. Dental Stem Cells

Mesenchymal stem cells (MSCs) are a group of cells capable of self-renewal and
function as a repair system for damaged tissues. When a stem cell divides, each cell
has the potential to remain a stem cell or to become another type of cell with a more
specialized function. Thus, stem cells have two characteristics: the ability to self-renew
and differentiate in any cell lineage (e.g., osteogenic, chondrogenic, adipogenic, myogenic,
and neurogenic) comparable to those established for bone marrow-derived MSCs. They
can be classified according to their origin in embryonic stem cells, adult stem cells (tissue-
specific), and induced pluripotent cells (iPS) [3]. All of them are attractive for their use
in the regeneration of damaged tissues; however, their clinical application is still limited
due to the transplanted cells’ low survival and differentiation potential. For a thorough
understanding of the origin and biology of different stem cells, the reader is referred to
excellent reviews on this subject [4,5].

Oral cavity tissues are rich sources of adult stem cells. These cells are called dental
tissue-derived mesenchymal stem cells (DT-MSCs), and the method of obtaining them
is relatively easy in dental tissues and, even better, they are a source of autologous stem
cells [1,6]. Likewise, they present a high proliferation, ability to differentiate into multiple
cell types, and the expression of positive and embryonic markers of MSCs (i.e., OCT4,
Nanog, SOX2, and KLF4), which makes them more attractive for their application in
regenerative medicine [1,7–9]. Different types of DT-MSCs have been identified, such as
dental pulp stem cells (DPSCs), exfoliated deciduous tooth stem cells (SHEDs), periodontal
ligament stem cells (PDLSCs), dental follicle stem cells (DFSCs), and stem cells from the
apical papilla (SCAP) (Figure 1) [1]. Although these types of cells have been shown to
have stem, clonogenicity, and self-renewal characteristics, their differentiation capacity
varies according to the origin of the cells. Some authors have pointed out that this behavior
could be due to: (1) the heterogeneity of DT-MSCs and (2) the microenvironment of stem
cells in dental tissues, for example, teeth in pre-eruptive formation (dental follicle and
apical papilla) versus erupted teeth (dental pulp or periodontal ligament) [3,10,11]. Thus,
one of the challenges for the clinical application of DT-MSCs is to mimic the appropriate
microenvironment so that cells can proliferate or differentiate properly [3]; to achieve
this, cells need extracellular matrix (ECM) components (Figure 1). Numerous studies
have focused on developing artificial ECM microenvironments that are favorable for DT-
MSC regeneration activities. The combination of DT-MSCs with biomaterials is one of the
key procedures for developing autologous therapeutics in the regeneration of dental and
nondental tissues. Next, the relevant aspects of biomaterials will be reviewed, as well as the
most important cellular and molecular mechanisms involved in the regenerative process of
stem cells of dental origin.
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Figure 1. Human dental stem cells can be harvested from different tissues, including stem cells
from human exfoliated deciduous teeth (SHEDs), dental pulp stem cells (DPSCs), gingival-derived
mesenchymal stem cells (GMSCs), tooth germ progenitor cells (TGPCs), dental follicle progenitor
cells (DFPCs), periodontal ligament stem cells (PDLSCs), stem cells from the apical papilla (SCAPs).
Seeding dental stem cells on different biomaterials, differentiation, and potential clinical application
for the regeneration of different tissues.

3. Biomaterials

Biomaterials are natural, synthetic, or semisynthetic substances designed to be im-
planted into biological environments [12]. In regenerative medicine, biomaterials are a
vehicle for cells, as they provide a structure for their proliferation and secretion activi-
ties [13]. Several authors point out specific characteristics that a biomaterial must have for
its application in regenerative medicine (Figure 2). Among them are nontoxicity, biocom-
patibility (ability to interact with the tissues of living beings), and chemical composition (it
must mimic the components of the extracellular matrix) to promote a suitable environment
for cell growth and differentiation [13–16].

Figure 2. Schematic diagram of important features of a biomaterial to guide the fate of dental stem cells.
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The interaction between stem cells and the chemical composition of biomaterials are
critical factors that influence cell behavior. Biomaterials must be a bioactive matrix that
provides the cells with sites of adhesion, growth, and three-dimensional spatial organiza-
tion [17,18]. There is a great variety of biomaterials reported in the literature, among which
are natural or synthetic polymers, extracellular matrix, self-assembly systems, hydrogels,
and bioceramics that have been used with DT-MSCs (Table 1) [15,18].

Table 1. Relevant experimental findings of the interaction of different biomaterials and DT-MSC.

Biomaterial Cells Type Findings Reference

3D-printed hydroxyapatite
scaffolds containing peptide
hydrogels

DPSCs
(Mice) blood vessel ingrowth, pulp-like tissue
formation, and osteodentin deposition, suggesting
osteogenic/odontogenic differentiation of hDPSCs

Lambrichts et al. (2017) [19]

Chitosan scaffolds with or
without arginine-glycine-
aspartic acid or fibronectin

DPSCs
Fibronectin-immobilized chitosan scaffolds may serve
as suitable three-dimensional substrates for dental
pulp stem cell attachment and proliferation

Asghari Sana et al. (2017) [20]

Silk fibroin-based 2D films
and 3D scaffolds DPSCs

Good in vitro biocompatibility of silk fibroin-based
biomaterials, mainly when 3D scaffolds rather than 2D
films are used.

Pecci-Lloret et al. (2017) [21]

Collagen and titanium DPSCs

Compared with human sarcoma osteogenic cell line,
DPPSC showed higher initial adhesion levels and similar
osteogenic differentiation. These results promote the use
of DPPSC as a new pluripotent-like cell model to
evaluate the biocompatibility and the differentiation
capacity of biomaterials used in bone regeneration

Núñez-Toldrà et al. (2017) [22]

Crosslinked type I and type II
collagen hydrogels DPSCs Cells can potentially migrate from the hydrogels and

migrate into the nucleus pulposus tissue Yao and Flynn (2018) [23]

Polycaprolactone cone
in an odontoblastic
differentiation medium

DPSCs
Cells isolated from both carious and healthy mature
teeth were able to colonize and proliferate and could
be differentiated into functional odontoblast-like cells.

Louvrier et al. (2018) [24]

Commercial dental
composite resins GMSCs

Inflamed GMSCs retain their stem cell properties
and could be used as a valuable cell line for testing
dental biomaterials

Soancă et al. (2018) [25]

Calcium enriched mixture (CEM)
cement, Biodentine, mineral
trioxide aggregate (MTA),
octacalcium phosphate (OCP),
and Atlantik

SCAPs

Tested biomaterials could induce
odontogenic/osteogenic differentiation in SCAPs.
MTA had a more significant potential for induction of
differentiation of SCAPs to odontoblast-like cells,
while OCP had a higher potential to induce
differentiation of SCAPs to osteoblast-like cells

Saberi et al. (2019) [26]

gelatin methacrylate
(GelMA) hydrogel

BMSC, DPSCs,
and SCAP

Among stem cells from different craniofacial regions,
BMSCs appear more suitable for engineering mature
vascularized networks than DPSCs or SCAPs

Parthiban et al. (2020) [27]

Three-dimensional (3D)
graphene oxide (GO)/sodium
alginate (GOSA) and reduced
GOSA (RGOSA) scaffolds

DPSCs

The cytotoxicity of GO-based scaffolds showed that
DPSCs could be seeded in serum-free media without
cytotoxic effects. This is critical for human translation
as cellular transplants are typically serum-free.

Mansouri et al. (2021) [28]

NeoMTA Plus, ProRoot MTA
and Biodentine DPSCs Materials are not cytotoxic and do not induce apoptosis Birant et al. (2021) [29]

Calcium phosphate cement DPSCs CPC is promising for dental pulp-capping, base, and
liner applications to promote dentin regeneration Gu et al. (2021) [30]

Chitosan/gelatin/
nanohydroxyapatite scaffolds DPSCs

Scaffolds support the viability and proliferation of
DPSCs, and provide a biomimetic microenvironment
favoring odontogenic differentiation and in vitro
biomineralization without the addition of any
inductive factors

Vagropoulou et al. (2021) [31]

Granular hydroxyapatite scaffold SHED and DPSCs
gHA scaffold is an optimal scaffold as it induced
osteogenesis in vitro.
SHED had the highest osteogenic potential

Hagar et al. (2021) [32]

Polylactic acid and
hydroxyapatite
3D-printed composite

DPSCs
Bone forming ability of composite in Winstar rats’
bone defects. Additionally, inflammatory reaction
during biodegradation.

Gendviliene et al. (2021) [33]
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Table 1. Cont.

Biomaterial Cells Type Findings Reference

Nanohydroxyapatite/
collagen/poly(l-lactide) SCAPs These cells are alternative sources for alveolar bone

engineering in regenerative medicine (mice). Ling-Ling et al. (2021) [34]

Core/shell poly (methyl
methacrylate) (PMMA)/
silk fibroin (SF) fibers

DPSCs

Composite mats composed of core/shell PMMA/SF
fibers could be considered a promising candidate
for tissue engineering applications and drug
delivery strategies

Atila et al. (2022) [35]

Chitosan and covalent tetra-
armed poly (ethylene glycol)
composite encapsulating
acetylsalicylic acid (ASA)

PLSCs
The capacity of PDLSCs and ASA-laden CG to enhance
new bone regeneration in situ using a mouse calvarial
bone defect model.

Zhang et al. (2022) [36]

Table 1. Relevant findings of the biomaterial/oral cavity SCs interaction reported in
the literature.

3.1. Natural Biomaterials

Research carried out in the field of biomaterials using cells of dental origin has increased
in recent years. Most studies have focused on explaining the cellular mechanisms that lead
to the formation of dental structures (for example, dentin, the periodontal ligament, dental
pulp, or enamel), which has contributed to this knowledge, leading to the design of novel
biomaterials destined to stimulate regeneration in dental and nondental tissues.

Natural biomaterials are constituents of the ECM or represent macromolecular proper-
ties that are similar to the ECM. These can be classified into two main categories, protein-
based and natural biomaterials based on polysaccharides. Collagen, fibrin, and elastin
are the most explored natural protein-based biomaterials [13,37]. Polysaccharide-based
biomaterials are natural polymers consisting of sugar monomers. Chitosan, alginate, gly-
cosaminoglycans (GAGs), and hyaluronic acid are examples [38]. Most natural biomaterials
present favorable biocompatibility and immunogenicity and low cost [39], making them
attractive for their application in tissue engineering in the field of endodontics. One of the
most widely studied biomaterials in the dental field is collagen due to its role in ECM in
dental pulp and dentin, its function as a natural hemostatic agent [40], its hydrophilicity,
biocompatibility, biodegradability, and its low immunogenicity and cytotoxicity [41]. In
this sense, biomaterials based on type I collagen (Col-I) have been developed to generate
tissues, such as dental pulp [42], dentin [43], and guided bone regeneration treatments [44].
This shows that collagen-based biomaterials are an important element in dental research;
however, the difficulties encountered in regenerative endodontics of root canals indicate
irregular biodegradation and the generation of connective tissue instead of dentin in vivo.
Another widely investigated polysaccharide is chitosan (CHS), which is purified mainly
from chitin. Chemically, CHS is a polymeric material comprised of N-acetylglucosamine
and glucosamine copolymer units [45]. CHS has also been reported to be a direct pulp
cap with the purpose of initiating the formation of reparative dentin to help protect the
pulp, favoring the differentiation of DPSCs into odontoblast-like cells [46]. The use of
CHS in conjunction with DPSCs has been studied to induce bone regeneration and for the
treatment of chronic periodontitis. [47]. For example, Kamal and Khalil (2018) [48] used
CHS with DPSCs to evaluate the potential for bone formation around dental implants.
They noted that this method helped bone maturation around the implant, suggesting its
potential use in bone regeneration [48].

Fibrin is a fibrillar biopolymer and the main component of the blood coagulation
matrix. This protein has been reported as a vehicle for the release of dental stem cells since
it facilitates their union, growth, and differentiation [49,50]. Its advantages include excel-
lent biocompatibility, bioresorbability, hemostatic properties, nontoxicity of degradation
products, and the short-term generation of an ECM produced by stem cells incorporated
into the biomaterial. Although there is increasing development of biomaterials with natural
polymers due to their similarity with ECM, the biochemical characteristics of fibrin make
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it suitable as a platform for autologous cell release. For a better understanding of the
composition, structure, biochemical characteristics and mechanical properties of fibrin, the
reader is referred to excellent reviews about this biomaterial [51–53]. One of the interesting
features of fibrin is that it can form a three-dimensional network of elastic fibers which
can promote biological interactions during the regeneration of target tissues. [49]. To date,
two types of fibrin-based products have been used: glue and hydrogels. The first type is
obtained from human plasma (homologous or autologous) as a source of fibrinogen and
functions as a bioadhesive for hemostasis in surgical procedures (i.e., allogeneic plasma
commercial Tissucol/Tisseel, Beriplast, and Quixil), while hydrogels are made from allo-
geneic fibrinogen and purified thrombin. One advantage of hydrogels is that they can be
biofunctionalized to increase the cellular response through the incorporation of cell binding
sequences, such as arginine–glycine–aspartic acid (RGD), for a better function as a cell
vehicle [50–54]. The use of fibrin gel as a vehicle for carrying cells in a three-dimensional
scaffold has been extensively investigated for the regeneration of bone tissue. In dental
tissues, numerous approaches have been developed to achieve regeneration, for example,
fibrin hydrogels or modified fibrin hydrogels (polyethylene glycol, chitosan, collagen)
for dental pulp regeneration [18,50,55]. However, these approaches are limited because
a specific spatial geometry is not achieved for each patient, nor is there control of the
union, proliferation, and migration of cells within the structure. Three-dimensional (3D)
bioprinting is now the most attractive approach for its application in regenerative medicine
in dental and nondental tissues. This is a manufacturing technique that allows stem cells
to be precisely placed within the biomaterial that acts as a temporary ECM [56,57]. With
this technology, it has been possible to design a fibrin-based bio-ink with DPSCs to form an
autologous dentin-pulp complex [58] or in bone regeneration [59].

3.2. Synthetic Biomaterials

Biomaterials of synthetic origin are used due to the growing necessity of specific
characteristics of scaffolds for regenerative medicine due to the limitations of the natural
biomaterials that need to be modified, the limited mechanical strength, and the difficulty of
obtaining 3D scaffolds required for tissue engineering, providing cells with the necessary
environment to proliferate and differentiate into a lineage-specific manner [60]. Bioma-
terials of synthetic origin have been widely used for the last 100 years, considering that
inert materials (i.e., metal alloys) were the first to be implanted in the human body for the
reconstruction of affected tissues and/or organs [61]. Currently, a range of materials are
used for regenerative medicine, primarily for their characteristics, such as biocompatibility,
physicochemistry, mechanical behavior, biodegradability, and modulation of cell response,
among others. A variety of engineered synthetic biomaterials that are chemically and phys-
ically designed to fulfill the cellular specific needs of these critical parameters have been
reported in the literature [62]. Some synthetic biomaterials, such as metallic alloys, ceramics,
polymers, and hydrogels, are reported to be promotors of stem cell differentiation [63].

Regarding synthetic metal biomaterials, inert titanium alloys are commonly used in
dentistry for bone tissue engineering due to their ability to induce osteogenic differentiation
of dental stem cells; as reported in the literature, composite biomaterials with a polymeric
matrix of polycaprolactone diol-based segmented polyurethanes and titanium particles
enhance the viability of pulp stem cells and osteoblasts, as it increases with the amount
of titanium in composites [64]. According to Hanafy, mineral trioxide aggregates and
nanohydroxyapatite could enhance the odontogenic differentiation of human dental pulp
stem cells, as assessed by tracing genes characteristic of different stages of odontoblasts via
qRT–PCR and calcific nodule formation evaluated by Alizarin red staining [65].

Ceramics, as bioactive glass, promote odontogenic differentiation of DPSCs; as re-
ported by Ahn et al. (2020) [66] in their study, composites of mesoporous bioactive glass
nanoparticles (MBNs) and graphene oxide (GO) were prepared and analyzed, and they
concluded that MBN/GO promoted the proliferation and odontogenic differentiation of
DPSCs [66]. In another study, composites of nano bioactive glass synthesized by the sol-gel
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method (58SiO2:40CaO:5P2O5) and Biodentine (Septodont, Saint Maur des Fosses, France)
were prepared and tested, and they found cell adhesion and proliferation on nBG/BD
nanocomposites and increased odontogenic differentiation of DPSCs, as measured by
alkaline phosphatase activity after 7 and 14 days of exposure [67].

Polymers and composites of polymeric matrices are biomaterials that have been
the focus of increased interest in recent years due to their capability for being designed,
modified, and reinforced according to the requirements for an extensive range of therapeutic
and regenerative purposes. Polymers for regenerative medicine include polyethylene
glycol (PEG), polylactic acid (PLA), poly(lactic-co-glycolic acid) (PLGA), polyvinyl alcohol
(PVA), and polycaprolactone (PCL) [13]. A study by Wang concluded that poly(L-lactic
acid) (PLLA), with recombinant human bone morphogenetic protein 2 (BMP-2), produced
odontogenic differentiation of SCAP, leading to in vivo dentin regeneration [68]. Another
study with PCL scaffolds reported attachment, growth, and proliferation of human SCAPs
with calcification nodules detected [69]. Alipour et al. (2019) [70] reported that PCL-
PEG-PCL/zeolite nanofibrous scaffolds produced adhesion and proliferation of DPSCs
and their osteo/odontogenic differentiation and concluded that zeolite nanoparticles on
PCL-PEG-PCL scaffolds could have a crucial role in osteoblastic physiology [70]. One of
the essential aspects of polymers is their degradability/biodegradability, which can be
modulated according to the needs of therapeutics, and even synthetic polymers can be
designed to carry and deliver drugs to a specific target by their degradation process [63].

Hydrogels are derived from polymers, and they are a three-dimensional, hydrophilic
polymer or copolymer network that can soak up large amounts of water or biological fluids
due to their affinity to absorb water, which is attributed to the presence of hydrophilic
groups; they are commonly temperature-sensitive biomaterials [62]. Luo et al. (2021) [71]
reported that a methacryloyl gelatin (GelMA) hydrogel and human basic fibroblast growth
factor seeded with DPSCs wrapped by a cellulose/soy protein isolate composite membrane
was proven to be a promising tissue engineering approach to treat significant gap defects
in peripheral nerve injuries [71]. Synthetic hydrogels appear to be promising for tissue
engineering since in vivo-forming hydrogels can be prepared as a solution and can easily
incorporate cells and growth factors to be injected to fill the shape of the in vivo cavity via
minimally invasive procedures, as described by Jang et al. (2016) [72] who obtained an
in vivo forming solution of methoxy polyethylene glycol-b-poly(ε-caprolactone), DPSCs,
and osteogenic factors. They concluded that DPSCs embedded in an in vivo-forming
hydrogel may provide benefits as a noninvasive formulation for bone tissue engineering
applications [72].

4. Dental Stem Cells and Biomaterial Interactions

Biomaterials (natural or synthetic) are essential components in the construction of
scaffolds, providing an artificial three-dimensional environment to regulate the behavior
of stem cells. In addition, they allow for evaluating the effect of the physical environ-
ment in the cells [73]. An important aspect to consider is the biomaterial–cell interaction
since they affect the adhesion, viability, proliferation, matrix production, and differen-
tiation of stem cells [74]. Knowledge of how the interaction between cells and bioma-
terials is carried out is essential for achieving effective repair in regenerative medicine.
Mechanobiology is an interdisciplinary field that investigates the mechanisms by which
stem cells can sense (mechanosensing) and respond (mechanotransduction) to changes
in their environment [75]. A comprehensive review of the mechanobiology in stem cells
in response to mechanical signals can be reviewed in Argentati et al. (2019) [76]. In this
section, we describe the mechano-molecular players recruited and interconnected with each
other during the biomaterial–DT-MSCs interaction and their impact on cell proliferation
and differentiation.
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4.1. Mechasensors in Dental Stem Cells

Currently, the design of biomaterials with specific characteristics is a novel approach
for evaluating the effect of chemical, physical or topographic changes in stem cells during
their proliferation and differentiation under in vitro conditions. The reason for this is that
stem cells are very sensitive to forces and can convert mechanical stimuli into a chemical
response [77]. There is much evidence that DPSCs are mechanosensitive cells and capable
of recognizing physical and mechanical signals during their differentiation process. In
this context, the participation of mechanosensors, such as mechanosensitive ion channels,
cytoskeleton proteins, and assembly proteins, has been recognized in DPSCs.

Mechanosensitive ion channels (MICs) are receptors that convert extracellular me-
chanical force into intracellular biochemical information. However, how do the channels
mediate these sensations and turn them into a stimulus? Does this occur through direct
or indirect activation of the channel? To answer this question, Xiao et al. (2016) [78]
proposed two scenarios. The first is that mechanical force is released into the channel by
lipid bilayer tension, generating a hydrophobic mismatch that helps the channel open. In
the second, the participation of accessory proteins (for example, those of the cytoskeleton
or the components of the ECM) has been proposed, and mechanical stress transmitted
by the cytoskeleton causes Ca2+ release from the endoplasmic reticulum via the inositol
trisphosphate receptor (IP3R) [78]. There are reports of MICs that play an important role
in the transduction of mechanical forces in the activation of signaling pathways involved
in cell proliferation and differentiation in stem cells. In this context, two MICs have been
recognized in DPSCs: Piezo proteins and members of the transient receptor potential (TRP)
channel family.

The Piezo channel is a three-bladed helix-shaped trimeric complex that includes two
subtypes: Piezo1 and Piezo2 [79]. In stem cells, these proteins play an important role in
shear stress and traction signals during their proliferation [80–82]. Several researchers agree
that when the Piezo protein is activated, there is an influx of Ca2+ [65]. However, there is
still controversy about whether the integrity of the cytoskeleton is affected by the activity
of the channel in response to mechanical stimuli. The role of Piezo proteins in DPSCs has
been studied through adjuvant therapies for the repair of dental tissues. An example of
this is the use of low-intensity pulsed ultrasound (LIPUS) recognition therapy employed in
dental tissue repair [64]. In cells, LIPUS acts as a mechanobiological stimulus that activates
various signaling pathways that regulate cell proliferation and differentiation. For example,
Jin et al. (2015) [83] investigated the presence of Piezo1 and Piezo2 in DPSCs and PDLSCs
and their involvement in LIPUS-associated proliferation and MAPK signaling. The authors
demonstrated that DPSC proliferation was associated with LIPUS stimulation by activating
MAPK signaling, while in PLSCs, it could occur through another mechanism [83]. Another
study by Mousawi et al. (2020) [84] examined the role of Piezo1 in ATP release in DPSCs
migration in vitro. The authors reported that the activation of Piezo1 induces the release
of ATP, modulating the activity of P2 receptors and inducing the activation of proline-
rich tyrosine kinase 2 (PYK2) and MEK/ERK. Another ionic channel broadly expressed
in DPSCs is the transient receptor potential (TRP) channel, including transient receptor
potential melastatin types 4 and 7 (TRPM4 and TRPM7, respectively) [85–87].

TRPM controls Ca2+ signals and is sensitive to mechanical stimuli, such as patch-clamp
pipette suction and patch-clamp pipette stretching. Xiao et al. (2015) [88] reported that, in
human bone marrow MSCs subjected to stretching or suction, TRPM7 activation appears to
be independent of actin polymerization disruption since suction-induced TRPM7 activation
was not abolished [88]. In DPSCs, research has also focused on TRPM7 and osteogenesis.
For example, Cui et al. (2013) [87] reported that TRPM7 participates in the pulp-repair
process through the regulation of proliferation, migration, and osteogenic differentiation of
DPSCs, while TRPM4 is necessary for adipogenesis in stem cells of DFSCs in rats [87]. The
authors agree that the activation of TRPM gives rise to the release of Ca2+ mediated by IP3
type 2 (IP3R2) from the endoplasmic reticulum, amplifying Ca2+ signaling and inducing
osteogenesis through the activation of the transcription factor NFATc1 [88–90]. Taking these
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results together, the data suggest that MICs are important molecular sensors. However,
studies have only focused on DPSCs and osteogenesis. It would be interesting to see if a
similar regulatory pathway is conserved in other types of DT-MSCs.

Other important mechanosensors are macromolecular complexes that include cy-
toskeletal proteins (microtubules, f-actin microfilaments, intermediate filaments, and actin-
linking proteins), nucleoskeletal-related proteins (SUN1, SUN2, lamins), adherens junctions
(cadherins, α-catenin, β-catenin), focal adhesion proteins (vinculin), integrins, and ECM-
related proteins (fibronectin) [57,58]. These mechanosensors turn on the rearrangement
of molecular components by activating several intracellular signaling pathways that are
involved in growth, cell proliferation, and the regulation of gene expression (Figure 3).

 

Figure 3. Schematic diagram for signals and signaling pathways in DT-MSCs during their interaction
with biomaterials. DT-MSCs are an entity interconnected by multiple molecular components during
their interaction with biomaterials. Mechanical stimulus or signals from the biomaterials are perceived
in the cell membrane, which activates various proteins such as Piezo channel or TRPM, that trigger
the influx or release of Ca2+ which have strong connection with cell signaling involved in the
proliferation and differentiation. Therefore, cell–cell (cadherins and gap junction) and cell–biomaterial
communication is facilitated by remodeling the cytoskeleton (actin) and favoring focal adhesion
sites (FAK) that activate signaling pathways (PI3K, AKT, mTOR, ERK, YAP/TAZ) that regulate
the behavior of stem cells, improving their cellular response (proliferation or differentiation) in
the presence of biomaterials. ER: endoplasmic reticulum; PI3K: Phosphoinositide 3-kinases, ERK:
extracellular signal-regulated kinase; FAK: focal adhesion kinase; FT: transcription factor; YAP: Yes-
associated protein; TAZ: Transcriptional coactivator with PDZ-binding motif; AKT: Ser/Thr protein
kinase; RAS: GTPases protein.

The cytoskeleton plays important roles in cell morphology, adhesion, growth, and
signaling [91]. In this context, stem cells alter their cytoskeleton in response to mechanical
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forces that cause cell reorganization through actin polymerization and microtubule assem-
bly or by disassembling cytoskeletal components and their ECM junctions [75]. Topography
of biomaterials is a promising approach to guide cytoskeleton behavior and differentiation
in stem cells. Several works have focused on analyzing how the topographic signals (macro,
micro, or nanoscale) of biomaterials affect the behavior of components of the cytoskeleton
in DT-MSCs. For example, Du et al. (2019) [92] determined that the topographic signals
of a poly(lactic-co-glycolic acid) bilayer (PLGA) change F-actin alignment and DPSCs
morphology by modulating Yes-associated protein (YAP) signaling to control osteogenic
differentiation/odontogenicity [92]. Collart-Dutilleul et al. (2014) [93] studied the influ-
ence of the micropore size of a nanostructured silicon biomaterial on DPSCs adhesion
through the formation of lamellipodia (dense network of actin filaments) and filopodia.
They concluded that the porosity of the biomaterial promotes the formation of filopodia
and increases cell migration [93]. In another study, Conserva et al. (2018) [94] studied the
growth of DPSCs by laser ablation laser-microgrooved (8-μm-sized microgrooves or mi-
crochannels) surfaces. Their results showed that DPSCs proliferated following the direction
of the microgrooves, which could have significant implications for bone regeneration [94].
Additionally, Bachhuka et al. (2017) [95] reported that DPSCs proliferated faster where
there was a greater density of nanotopography favoring osteogenic differentiation [95].
Marconi et al. (2021) [96] investigated the in vitro effects of titanium implants on PDLSC
culture. The authors reported that the topography of the titanium implant surface enhances
the release of ECM components in PDLSCs, which has an impact on the process of implant
osseointegration [96]. Other authors, such as Hasturk et al. (2019) [97], proposed a novel
biomaterial with 4- and 8-μm square prism micropillars on a poly(methyl methacrylate)
surface as an alternative to enhance the osteogenesis of DPSCs. Their results showed that
the interpillar spaces generated a high degree of tension in the cytoskeleton and induced
differentiation toward the bone lineage [97]. These studies showed that the interaction be-
tween biomaterials and the cytoskeleton is important during the osteogenic differentiation
response in DT-MSCs; however, there is still a long way to go to understand the mechanisms
involved in biomaterial–DT-MSC interactions in other differentiation processes.

The ECM surrounding cells exerts a mechanical influence that determines phenotype,
motility, and matrix production. This allows tissues to function correctly by modulat-
ing stem cell adhesion, proliferation, migration, and differentiation [73,75]. During their
growth, stem cells secrete structural components of the extracellular matrix (collagen,
elastin, laminin, fibronectin, hyaluronic acid, chondroitin sulfate, and syndecans) that
function as mediators between the cells and the ECM. One of the strategies for the study
of ECM mechanosensors in DPSCs and their physical environment is the development of
scaffolds with components of the ECM. For example, Ravindran et al. (2014) [98] generated
a scaffold ECM from dental pulp to induce odontogenic differentiation in DPSCs, PDLSCs,
and HMSCs as a strategy for the treatment of dental caries [98]. Another example is the
work of Paduado et al. (2016) [99], who demonstrated that a hydrogel scaffold derived
from decellularized and demineralized bovine bone (bECM) favors the odontogenic differ-
entiation of DPSCs and could be applied for the regeneration treatment of dentin and pulp.
Currently, research groups focus on the search for alternative sources of ECM substrates
of human origin, such as for human cell culture, due to the limitations represented using
commercial biomaterials that are derived from animal sources or cancer lines (for example,
Matrigel, which is derived from mouse sarcoma) for clinical application [99]. In this context,
a novel study was reported by Heng et al. (2016) [100], who used decellularized matrix
(DECM) from SHED stem cells and PLSCs as a substrate for ex vivo culture of DPSCs. Their
results showed that DECM of dental cells enhanced DPSCs adhesion, which correlated
with increased expression of vinculin, a key focal adhesion protein [100].

Another approach that has been addressed is the analysis of adhesion proteins, such as
integrins. Integrins are heterodimeric receptors composed of alpha and beta subunits linked
by noncovalent bonds. The combination of these subunits results in various receptors that
exhibit preferential affinity for specific ECM molecules. For example, α2β1 integrin rec-
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ognizes the Asp-Gly-Glu-Ala amino acid sequence in collagen, while α5β1 recognizes the
RGD sequence in fibronectin and αvβ3 in vitronectin [101]. The adhesion process in animal
cells is mediated by integrins, which generate supramolecular protein complexes with
cytoskeletal proteins called focal contacts (FAs) (Figure 3). FAs are networks of proteins
that provide structural integrity to cells and constitute a dynamic bridge between the ECM
and actin of the cytoskeleton (Figure 3). In the case of stem cells, this process is essential
for tissue integration of the biomaterial. In this context, Lee et al. (2014) [102] studied
the interaction between PDLSCs and a mussel-inspired polydopamine (PDA) adhesive
biomaterial through the expression of integrins α5 and β1. The authors demonstrated that
integrin–PI3K linkages mediate cell adhesion and regulate osteogenic differentiation of
PDLSCs [102]. Likewise, using silica-based materials, Hung and colleagues [103] investi-
gated the role of αv integrin in the odontogenic differentiation of DPSCs. They reported
that the silicon-containing biomaterial favored cell adhesion through increased fibronectin
adsorption and integrin expression [103]. Liu et al. (2013) [104] analyzed the effect of crystal
alignment (ordered/disorganized) of apatite (an enamel-like substrate) on the expression
of adhesion-related genes to produce an enamel/dentin superstructure in vitro. The au-
thors reported that the ordered alignment of apatite provided a favorable environment for
DPSCs adhesion, which was linked to the upregulated expression of integrins alpha 7 and
8 (ITGA 7 and 8), integrin beta 3 and 4 (ITGB3 and 4), vitronectin receptor-integrin alpha V
(ITGAV), and the key adhesion protein fibronectin 1 (FN1) [104].

4.2. Mechanotransduction Pathways in Dental Stem Cells

As mentioned in the previous section, the attachment of cells to biomaterial substrates
is essential to establishing communication between cells and the ECM microenvironment.
In this way, the activated biochemical signals can modulate specific signaling pathways to
regulate cell activity in processes, such as adhesion, proliferation, and differentiation. This
section will address current studies on the signaling pathways involved in the differentia-
tion process in biomaterials with DPSCs.

Biomaterials act as adhesion substrates that send mechanical signals to cells, influenc-
ing the differentiation of DT-MSCs. Stem cell differentiation during biomaterial interactions
involves many signaling pathways (Figure 3). For example, Yun et al. (2015) [105] examined
with DPSCs a scaffold of magnetite and polycaprolactone nanoparticles and the signaling
pathways involved in the mechanisms of adhesion, migration, and odontogenic differen-
tiation. Their results demonstrated that integrin (subunits α1, α2, β1, and β3) signaling
with activation of FAK/MAPK and NF-κB by the scaffold is involved in cellular events
in DPSCs [105]. Another study by Lee et al. (2014) [102] evaluated the osteoinductive
effect of a bioadhesive on PDLSCs for use as a dental implant. They reported that the
biomaterial stimulated osteogenic differentiation of PDLSCs through activation of α5/β1
integrin-PI3K signaling [102]. Additionally, Zhang et al. (2012) [106] investigated whether
MAPK signaling pathways are a mediator in odontogenic differentiation of DPSCs cultured
on five different biomaterials. Their results showed enhanced odontogenic differentia-
tion and dentin-like tissue formation in natural biomaterials derived from mineralized
tissue (dentin matrix and bovine bone ceramic) through the phosphorylation of ERK1/2
and p38 [106]. Another study by Guo et al. in 2018 [107] employed a pharmacological
perturbation approach to identify which signaling pathways were involved in the differen-
tiation and mineralization of DPSCs cultured on a fluorapatite-modified polycaprolactone
nanofiber biomaterial. The authors reported that the Hedgehog, insulin, and Wnt signaling
pathways are involved in biomaterial-induced DPSCs differentiation and can activate the
osteogenesis process through autophagic modulation [107].

There are currently novel biomaterial designs in the literature that have been used
to investigate the signaling pathways involved during DPSCs differentiation. The design
of nanoarrays as therapeutic platforms has aroused particular interest because dental
stem cells can recognize nanofibrous topology and respond to biochemical signals from
their environment. In this context, Lim et al. (2016) [108] designed in vitro nanofiber
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arrays containing bioactive glass nanoparticles that release dexamethasone, a signaling
molecule of odontogenesis. The authors reported that the integrin pathway (α2, α5, β1),
bone morphogenetic protein, and mTOR signaling pathways are possible mechanisms
involved in the stimulation of odontogenesis. Other signaling pathways have also been re-
ported in cell differentiation events in three-dimensional nanomaterials [108]. For example,
Zhou et al. (2018) [109] designed a biomaterial containing a tetrahedral DNA nanostructure
(TDN) self-assembled by four specific single-stranded DNAs (ssDNAs) by complementary
base pairing. The authors reported that TDN stimulated the osteogenic differentiation of
PDLSCs by activating the Wnt/β-catenin pathway, while in DPSCs, TDN increased the
expression of HES1, HEY1, and NOTCH1, which are crucial factors of the Notch path-
way [109]. These results indicate that although the cells have the same dental origin, their
biochemical response can be different for the same biomaterial, which will be interest-
ing to study in the future to develop methodologies for the regeneration of dental and
nondental tissues.

One approach that has been addressed is to study signaling events in the epigenome,
for which signals from biomaterials, such as topography, elasticity, material chemistry,
and mechanical forces/stimulus, influence the state of the epigenome [110]. The term
epigenetics refers to heritable changes in gene expression patterns that do not involve
alterations in the DNA sequence [111]. It will be interesting to determine how biomaterial
signals act by modulating epigenome mechanisms, including chromatin remodeling, DNA
methylation, and posttranslational modifications at the amino-terminal tails of nucleosome
histones. To date, there are few reports that have investigated how biomaterials with
different physical and chemical characteristics alter the epigenome in stem cells [63,111].
However, we have not been able to find reports focused on DT-MSCs.

5. Conclusions

Although current results are promising, there are still many unsolved questions regard-
ing the mechanical regulation of stem cell activities, and the study of MSCs during these
processes is just beginning. In the coming years, the development and application of new
techniques in live imaging, tissue culture, and real-time mechanical stimulation delivery
will significantly increase our current knowledge about mechanobiology, as well as stem cell
biology. If well the studies discussed here highlight the players involved in the response
and processes of DT-MSCs during their interaction with biomaterials, much remains to be
investigated. In this scenario, we consider it essential to tackle the following aspects:

• Design and develop of smart biomaterials that favor the proliferation and differentia-
tion of DT-MSCs on a large scale.

• Integrate multi-omic tools would allow a global perspective of the interactions between
cells and biomaterials at the genomic, proteomic, and metabolomic levels.

• Delivery into the mechanogenomic field to facilitate the design of highly functionalized
biomaterials and the epigenetic manipulation that can be performed to control the fate
of DT-MSCs for their application in regenerative medicine.
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Abstract: Digital technology is becoming increasingly popular in dentistry. The aim of this article is
to demonstrate and compare the capabilities of two different digital approaches, namely, intraoral
scanning and digital examination of occlusion, in the final analysis of occlusion after orthodontic
treatment. The capabilities and limitations of both systems are emphasized to help clinicians deter-
mine which system to use in specific cases. Materials and methods: The study included 32 patients
(15 males and 17 females) in the retention phase after orthodontic treatment. Patients were aged
15 to 28 years with a mean age of 18.62 years (±4.17), and 62.2% were aged under 18 years. At the
beginning of the orthodontic treatment, 18 patients had Angle Class I and 14 had Angle Class II.
Overall, 18 patients were treated without extractions and 14 with extractions, while 12 had impacted
teeth. All patients wore an Essix retainer in the upper jaw and a fixed canine-to-canine retainer in
the lower jaw. Intraoral scanning was performed using Trios color (3Shape, Copenhagen, Denmark,
2014), and digital occlusion imaging was performed using T-Scan Novus (Tekscan, Norwood, MA,
USA, 2018). SPSS 23.0 was used to perform descriptive statistical analysis. Result and Conclusion:
With the 3Shape system, the contacts are marked based on the proximity between dentitions. The
T-Scan system measures the strength of the contacts, regardless of their area. Despite its many
advantages, intraoral scanning is not a reliable method for recording occlusions. The results obtained
are not incorrect, but they include limited parameters for analysis. The T-Scan system provides
comprehensive results and allows analysis and treatment of occlusal dysfunctions. The T-Scan system
can provide information on the first contact, strength of the contacts, contact distribution on each
tooth, sequence of contacts, maximum bite force and maximum intercuspation, path of the lower jaw
movement, and occlusion and disocclusion times as well as record videos with active sequences and
distributions of the contacts. There is a good collaboration between intraoral scanning and digital
occlusion determination.

Keywords: dentistry; digital impression; digital occlusion; intraoral scanning; 3Shape; T-Scan
Novus; orthodontics

1. Introduction

Digital technology in dentistry is undergoing rapid development. Digital dental im-
pressions made by intraoral scanners have many different applications and advantages
over classic impressions, especially during the pandemic. These advantages include a lack
of contact with the mucosa, comfort due to the lack of impression material, immediate
visualization on the screen with the possibility of inspection and correction, real-time
visualization, less time consumption, and easy and selective repeatability [1]. In contrast,
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conventional impressions require dentists to make a tray selection, perform an impression
using different materials and methods depending on the specific case, disinfect the impres-
sion, ship it to the laboratory, pour the impression, and ultimately create a master model.
The digital impression procedure has fewer steps, which includes software setup, scanning,
digital shipping to the laboratory, and creating a digital master model [2]. Accuracy can
be affected by various factors, such as operational and clinical differences (e.g., need for
coating, larger scanner head, and specific distance from the target; absence of in-office
milling units; difficulty in detecting deep margin lines in prepared teeth and/or in case
of bleeding; and need for a learning curve) and cost (e.g., purchase and management
costs) [3,4]. Accuracy is the consolidation of two elements, both essential and complemen-
tary: “trueness” and “precision.” The term “trueness” refers to the ability of a measurement
to match the actual value of the quantity being measured. Precision is defined as the ability
of a measurement to be consistently repeated or, simply put, the ability of the scanner to
produce repeatable results when applied in varied measurements of the same object [5].

Intraoral digital impression techniques can be discussed in terms of different di-
mensions, including the categories and principles of currently available intraoral digital
impression apparatus; their operating characteristics; and a comparison of the operation, ac-
curacy, and repeatability of intraoral digital impressions and conventional impressions [6].
Dental arches typically have different widths depending on personality traits (e.g., small,
elongated, square, or narrow face; large, medium, or small head size, etc.) or age (child
or adult), which can affect the precision of some intraoral scanners during the scanning of
the whole jaws [7]. The scanning area and scanning accuracy are influenced by the type
of intraoral scanner, scanning distance, and scanning angle selected to acquire the digital
scans [8]. A new option is optical jaw-tracking systems, which can record mandibular
motion during various treatment phases. The process allows occlusal adjustments using the
patient’s mandibular motion and facilitates the prosthetic design process, thus minimizing
chair time at delivery [9]. This technique of optical jaw tracking for digital recording of
the maxillomandibular relationship can visualize the maximum intercuspation and centric
occlusion [10]. In a comparative research, Revilla-León et al. measured the accuracy (true-
ness and precision) of the maxillomandibular relationship at the centric relation position
recorded using three different intraoral scanners with or without an optical jaw tracking
system. Except for one intraoral scanner system, the optical jaw tracking system improved
the trueness value [11]. An additional new software application can directly combine
and merge three-dimensional cone beam computed tomography (CBCT) and electronic
jaw motion tracking (JMT) information. This examination can improve the treatment of
bruxism and temporomandibular disorders (TMD) [12].

Orthodontic treatment is aimed at improving not only the aesthetics but also the
function. Achieving a balanced occlusion with uniform contacts without blockages is
necessary to attain normal masticatory function and muscle balance [13,14]. Andrew’s six
keys to occlusion, which include molar relationship, crown angulation, crown inclination,
no rotation, no spaces, and flat occlusal planes, are utilized in orthodontics [15]. A retention
phase is usually necessary after active orthodontic tooth movement to maintain teeth
in a new ideal esthetic and functional relationship and prevent their inherent tendency
to return to their previous position [16]. Bonded or removable retainer can be used in
the retention phase [17]. Fixed and removable retainers show similar effectiveness in
maintaining stability outcomes [18]. The number of follow-up visits during the retention
phase is affected by the practitioner’s experience, whether vacuum-formed retainers were
used, whether the orthodontist considered the presence of third molars or special-need
patients when choosing the type of retainer, and to whom the orthodontist attributed
responsibility during the retention phase [19].

Several occlusal analyzers are available for registering the occlusal relationships be-
tween dental arches. These indicators can be categorized into qualitative and quantitative
indicators, with quantitative indicators being capable of measuring tooth contact events.
Qualitative indicators include articulating paper, film and silk, occlusal spray, metallic
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shim stock film, and high spot indicator. In contrast, quantitative indicators include the
T-Scan occlusal analysis system and virtual dental patient [20,21]. Articulation paper is
the most accessible means of inspecting and visualizing occlusal contacts. However, it
carries a risk of error as extensive plane contact is not always strong, with single-point
contacts being more powerful [22]. T-Scan Novus is an objective analysis tool that can
determine both the force and timing, making it superior to articulating paper, which can
only determine the location [23]. The T-Scan occlusal analysis system records and analyzes
bite force distribution, indicating its relative intensity and occlusal timing. The balance
plot, time display, and comparison screen are the three ways in which occlusal contacts can
be recorded and analyzed [24,25].

T-Scan 10 (2018), the newest version of the T-Scan system, has improved software
details that benefit implant treatment. The previous version had artifacts in the frontal area,
but T-Scan 10 can remove sensor artifacts due to overlapping front teeth. The software
features of T-Scan 10 include analyzing occlusal function and an implant warning tool.
Digital models can easily be uploaded, and T-Scan data can be overlayed onto an STL
digital arch scan [26].

In one comparative study, three different techniques (intraoral and laboratory scan-
ners, T-Scan III system, and the conventional classical method with articulating paper)
were compared, and intraoral scanners showed reliability in occlusion registration when
compared to the current gold standard [27]. In clinical demonstrations, intraoral scanning
ends with an occlusion scan (bite registration). The accuracy of scanners differs depending
on the correct scanning technique (every brand has a scheme and consequence of scanning
steps) and the number of images (a large number of images can make the file heavy).
Digital T-Scan analysis provides details of occlusion evolution, such as a digital timeline,
contact sequence, intensity, and type of contacts between the left and right sides at every
moment as a video recording as well as parameters such as occlusion and disocclusion
times, which are very important in bruxism treatment [28,29]. In a comparative survey, the
highest occlusal contact area values were detected using the T-Scan and the lowest using
the 3D surface scan [30].

Digital technologies play a part in teledentistry. A digital impression is an initial
unit of the whole process [31]. It allows minimal patient contact with the treating dentist.
Dental technicians do not have any contact with saliva or blood from the patient, which
can be potentially dangerous [32]. Telemedicine clinics and health phone applications were
very popular during the COVID-19 pandemic and continue to develop. In awake bruxism,
it is possible to identify 70% of symptoms through the different frequencies of behavior
provided by the app [33,34]. T-Scan computerized occlusal analysis technology eliminates
the process of subjective interpretation of occlusal contacts obtained using articulating
paper marks, precisely pinpoints the excessively forceful contact locations, and displays
them for analysis of the occlusal force distribution [35]. Among the dynamic occlusal
parameters (occlusion and disocclusion times) evaluated, centric slide and balancing side
interferences have been found to be highly influential in the etiology of temporomandibular
disorders (TMD) [36]. Some general diseases, such as multiple sclerosis and osteoarthritis,
can affect the evolution of TMDs [37,38].

This article aims to demonstrate the capabilities of two different digital approaches,
namely, intraoral scanning and digital examination of occlusion with T-Scan Novus system,
in the final analysis of occlusion after orthodontic treatment. The capabilities and limitations
of both systems are emphasized so that clinicians can easily be guided on which system to
use in different cases.

2. Materials and Methods

A total of 32 subjects (15 men and 17 women) who were in the retention phase after
completing orthodontic treatment were included in the study. Patients were aged 15 to
28 years with a mean age of 18.62 (±4.17), and 62.2% were aged under 18 years. At the
beginning of their orthodontic treatment, 18 patients had an intermaxillary relation in the
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canine’s zone Angle Class I, while 14 had Angle Class II. A total of 18 patients underwent
treatment without extractions and 14 underwent treatment with extractions, while 12 had
impacted teeth, as shown in Table 1. The average age was 17.34 (±3.71) for men and 19.12
(±6.02) for women. The average duration of treatment was 27.68 months (±6.46) for men
and 29.12 (±2.98) for women. All patients wore an Essix retainer on the upper dental arch
and a fixed canine-to-canine retainer on the lower dental arch.

Table 1. Distribution of patients according to Angle class, extractions, and impacted teeth.

Extractions Impacted Teeth
No Yes No Yes

Angel_class Angle Class I 12 6 12 6
Angle Class II 6 8 8 6

Total 18 14 20 12

The norm for completion of orthodontic treatment, regardless of whether it involves
extraction or not, is the achievement of an orthognathic bite, coincidence of the midlines of
the upper and lower jaw, multiple contacts, and Angle Class I. This was also the reason
for conducting the study on orthodontically treated patients with balanced occlusion. The
presented methodology can be used in many cases, such as to detect traumatic areas after
prosthetic treatment, implant placement, bruxism patients with the help of occlusion and
disocclusion time values, temporomandibular joint (TMJ) disorders, asymmetrical lower
jaw movement due to blockage, etc. [20,24,30].

Intraoral scanning was performed using Trios Standard Pod (3Shape, Copenhagen,
Denmark, 2014). The workflow included scanning the upper and lower dental arches and
the right and left bites. The information was formatted and saved as an STL file using the
specialized 3Shape Unite (2021) software. The same clinician performed the scans with the
two devices.

For more precise analysis, digital imaging of the occlusion relationship was performed
using T-Scan Novus (Tekscan, Norwood, United States, 2018). The system comprises
of a sensor, sensor frame, handle, cable, and system unit. The pressure-sensitive sensor
is placed in a holder (frame) towards the device and is positioned between the dental
arches. The patient is in an upright position with the back of the dental chair at the
maximum straight position, and the head is straight without touching the headrest. The
proper technique requires the position of the holder being parallel to the floor. The pin of
the sensor frame is situated between the upper central incisors. The patient closes their
mouth to ensure complete contact (Figure 1). For better visualization, intraoral scans were
preimported. Without intraoral scans, the first step before digital measurement of the
occlusion is to measure and fill the frontal teeth’s mesiodistal size and add information
about the dental status (especially missing teeth). The clinician needs articulation paper to
find the corresponding contact of the digital image. Preimportation of the intraoral scans
shortens the clinical time. Here, contact points are positioned on the tooth surfaces of the
screen image and can easily be found in the patient’s mouth. Licensed software version
10.0.40 (T-Scan 10, Tekscan, 2022) was used.

Before starting the examination, both digital systems require the entry of dental status,
which minimizes contact misplacement. Importing a scan from one system to the other
also reduces the potential for error.

The statistical package SPSS version 23.0 was used to perform statistical computations.
The patients’ demographic characteristics were analyzed using descriptive statistics. Counts
and percentages were used for categorical variables. The mean and standard deviation
were used for the occlusal force percentage of the four zones of first contact. Microsoft
Office 2016 was used for tables and figures.
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Figure 1. Positioning the T-Scan device in the patient’s mouth.

3. Results

Based on intraoral imaging and occlusion scans (right and left), the 3Shape software
generates a color map of the occlusal contacts. Therefore, it is necessary to ensure that
the patient does not relax their lower jaw during the occlusion scan. The areas marked
in red on the map are the densest, followed by yellow areas 1 mm apart and green areas
2 mm apart. The symmetrical distribution of the contacts can be used as an indication
of proper scanning of the dental arches without any deviations or unilaterally stronger
contacts (Figure 2A).

The T-Scan system also produces a color map, but it is based on the pressure on the
sensor and only real contacts are counted. The color marks correspond to the strength of
the contacts, with strong contacts in red, followed by yellow, green, and weak contacts
in blue. Pressure information on each tooth is automatically outputted by the quadrants
(frontal right and left, distal right and left). Preliminary importing of the digital impressions
allows the software to place the contacts in their exact places on the tooth surfaces. Without
them, it is necessary to use articulation paper to transfer information to the patient’s mouth
(Figure 2B).

Both digital systems can determine the occlusal contacts. This study used the same
digital impressions but interpreted them with different systems. The 3Shape system marks
only the densest contacts, which does not necessarily mean they are the strongest. This
system visualizes based on proximity. On the other hand, the T-Scan system measures the
strength of the contacts, which is easily demonstrated by bar charts of different colors. Fig-
ures 3A,B and 4A,B show the dense contacts according to 3Shape, the first contact according
to T-Scan, and the strength of the contacts according to T-Scan. The following results can be
seen (the pictures are examples; the patient was randomly selected, and the pictures are
intended to show the differences between the two systems, not to draw conclusions):

- The tight contact of tooth 13 according to the 3Shape system is the first contact
according to the T-Scan system;

- The tight contact of tooth 14 according to the 3Shape system is moderately strong
(light blue marking) according to the T-Scan system;

- The tight contact of tooth 15 according to the 3Shape system is the strongest (yellow
marking) according to the T-Scan system;
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- The tight contacts of teeth 26 and 27 according to the 3Shape system are moderately
strong (green marking) according to the T-Scan system;

- All contacts in the 3Shape system have the same markings, but the difference between
them can be analyzed only by the T-Scan system;

- The percentage distribution of the strength of the contacts in the dental arch on the
single teeth or on the quadrants can be visualized only by the T-Scan system;

- The T-Scan system generates a video and shows the sequence and strength of the
contacts in great detail, combined with the movement of the lower jaw;

- The T-Scan system notes occlusion and disocclusion times, which are important
parameters in the examination and treatment of patients with parafunction;

- The movement of the lower jaw and its direction and shape can also be documented
only through the T-Scan system.

Figure 2. (A) Occlusion map from intraoral scanner Trios (3Shape, 2014); (B) occlusion map from
T-Scan Novus (Tekscan, 2018).
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Figure 3. (A) Complete contacts according to the Trios system. The system detects contacts in only
four points: the mesial surface of the first upper right premolar, the mesial surface of the second
upper right premolar, the central area of the first upper left molar, and the mesial surface of the
second upper left molar. (B) Occlusal diagram according to the T-Scan system. Almost symmetrical
contacts exist except for the upper left lateral incisor and canine area.

Figure 4. (A) First contact (T-Scan system) on the upper right canine. (B) Quadrant distribution and
lower jaw movement (T-Scan system). The system divides the dentition into four quadrants: left and
right frontal and left and right distal. The force distribution is shown on each tooth. The path of the
lower jaw movement is also presented.

To better visualize the differences, the particular indicators are shown in Table 2. The
purpose of the table is not to reject intraoral scanning; on the contrary, it is a necessity in
modern dentistry to indicate its possibilities. For standard treatment, these possibilities are
absolutely sufficient. For more specific treatment (such as bruxism and occlusion trauma),
the help of the T-Scan system is needed.

The T-Scan system can only determine the first contact in central occlusion. The results
are presented in Table 3. In rare cases, there may not be only one first contact. In two of our
measurements, we observed a double first contact but with different pressures:

- Male, 17 years old, right frontal zone 32.6%, left distal zone 67.4%;
- Female, 26 years old, left frontal zone 41.2%, left distal zone 58.8%.
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Table 2. Comparison between intraoral scanning and digital occlusion determination with the
T-Scan system.

Type of System
Comparative Indicator

Trios Intraoral Scan
(3Shape System)

T-Scan Novus
(Tekscan)

Occlusal map Yes Yes

Distance between the upper and lower jaws Yes No

Strength of the contacts No Yes

Contact distribution on each tooth (in%) No Yes

Sequence of the contacts No Yes

First contact No Yes

Maximum bite force No Yes

Maximum intercuspation No Yes

Occlusion Virtual articulator with possible and
probable movements

Video of real movements, dynamic
occlusion

Scheme of lower jaw movement No Yes

Occlusion and disocclusion times No Yes

Table 3. Comparison of zones of the first contact between males and females as determined by the
T-Scan system.

Zone
Male (N = 15) Female (N = 17)

Mean ± SD Number of Cases Mean ± SD Number of Cases

Right distal zone 46.67 ± 1.65 7 47.06 ± 1.78 8
Right frontal zone 6.67 ± 0.23 1 5.88 ± 0.34 1
Left frontal zone 6.67 ± 0.23 1 0 ± 0.12 0
Left distal zone 40.00 ± 1.52 6 47.06 ± 1.78 8

4. Discussion

The purpose of orthodontic treatment is threefold: morphological norm, optimal
aesthetics, and functional balance. The study was performed on an orthodontically treated
patient who achieved a balanced occlusion, meeting the orthodontic criteria for successful
treatment, including overjet and overbite in norm, Angle Class I, with multiple contacts,
without blockages, sprouted tubercles, and Godon’s phenomenon [15]. After orthodontic
treatment, the teeth in the dental arches were arranged and leveled according to rules
similar to the arrangement of artificial teeth in full dentures. The strongest contacts were
2.03 ± 1.57 per denture, and in the most distal zone, the total strength in the maximum
intercuspation averaged 99.39 ± 0.66% [39]. Cases of partial or complete edentulism in
children are rare and are most often genetically determined. In these cases, orthodontic
and prosthetic treatment is combined. The clinical protocol includes orthodontic treatment
of the existing teeth, placement of fixed or removable structures, and implants after the
completion of body growth (18 years of age) [40,41].

According to Trpevska et al., evidence supports the T-Scan system as a quick and
precise method for identifying the distribution of tooth contacts. It can be a promising
clinical diagnostic screening device for determining and improving occlusion after diverse
dental treatments [42]. The different Angle classes show many nonideal occlusal function
characteristics, including Class I. The apparent “ideal occlusion” does not always form an
ideal occlusal function. Digital occlusal analysis using the T-Scan system helps diagnose
the different variations of malocclusion [43].

Qadeer’s study explored measured excursive movement occlusal contact parameters
and their association with temporomandibular disorder symptoms between non- and
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post-orthodontic subjects. Statistically significant differences were observed, with 72.7%
working and 27.3% nonworking side contacts seen in the group without orthodontic treat-
ment. In contrast, in the group after orthodontic treatment, near-equal 54.7% working and
45.3% nonworking side contacts were seen. Canine guidance was observed in 60% of the
nontreated group and 24% in the post-treated group. TMD symptoms were most commonly
presented (72%) among patients after orthodontics. The digital occlusal analysis is a neutral
diagnostic method that identifies the location and balance of lower jaw movements after
orthodontic treatment [44]. According to Thumati, the T-Scan system can be used in a
treatment protocol [45].

Some anatomical features can influence precision. The different widths of dental
arches can affect the accuracy of scans. In a clinical trial with Trios scanners (3Shape), no
significant differences were found between width and accuracy. The scanning technique is
more important than the shape and length [7]. According to a literature review by Morsy
et al., virtual interocclusal records with intraoral scanners presented acceptable results for
diagnostic precision, with sensitivity of 0.76, specificity of 0.80, diagnostic odds ratios of
14.77, area under the summary receiver operator characteristic of 0.87, cut-off point of 80,
positive likelihood ratio of 3.66, and negative likelihood ratio of 0.31. The pooled data for
trueness and precision were within acceptable limits. The studies included in the review
reported accurate occlusion for fixed restorations fabricated using virtual interocclusal
records with intraoral scanners. Furthermore, most of the research on trueness based
on virtual occlusal contact zone reported acceptable accuracy [46]. Together with other
technologies and computerized devices, intraoral scanning represents one of the most
important instruments introduced in dental clinical practice, and future studies are needed
in order to understand the possibilities and limitations of these new technologies [47,48].

An alternative to intraoral is extraoral scanning. They are usually applied in cases
where the clinician does not have an intraoral scanner available or prefers to work with
conventional impression methods. An extraoral scan is a laboratory scan of an impression
or plaster cast. Precision of extraoral scanning is acceptable in scanning any scope of arch
region [49]. In a comparative study, the extraoral scanners showed substantially higher
precision measurements for cross-arch measurement. Surface topography did not correlate
to precision; rather, precision correlated with the scanning mechanism. For quadrant
scanning, both intraoral and extraoral scanners are recommended, but extraoral scanners
are recommended for full-arch scanning [50].

The accuracy and reproducibility of occlusal marking through the T-Scan system are
still uncertain. A preliminary study was conducted on four specific points loaded on a
sensor by applying weights from 0.1 to 10 kg. The results showed that certain insensitive
zones were caused by anatomical features, the most sensitive area was measured from 0.1
to 2.1 kg, and the device was more suitable for recording within lower loads. Although
the system has certain shortcomings in terms of reproducibility, it contributes to achieving
diagnosis and treatment of occlusal contacts for quantitative estimation [25]. T-Scan can be
used in the case completion process. After the orthodontic appliance is removed, changes in
occlusion result from “settling” because teeth can move freely in the periodontium. Despite
subsequent treatment, a visually “perfect” Angle Class I relationship and ideal occlusal
contacts are often not the result of tooth movement alone. Creating simultaneous and
uniform contacts after the removal of a fixed appliance can be achieved using T-Scan data
to optimize the final occlusal contact pattern. The software’s force distribution and timing
indicators (the two- and three-dimensional force views, percentage of force per tooth, per
quadrant, per half-arch, the center of force, and the occlusion and disocclusion time) help
obtain an ideal occlusal force distribution during the completion of the case [51,52].

Through a virtual procedure, the T-Scan system detects occlusal contacts and intraoral
scanners obtain the occlusal surfaces. After aligning the three-dimensional occlusal surface
and the T-Scan registration, the resulting contacts are projected onto the patient’s occlusal
surfaces, producing occlusal forces over time. The results received with this procedure
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demonstrate the relevance of integrating different tools and software and the complete
integration of this procedure into a dental digital workflow [25].

Classical occlusal analysis using articulation paper only provides some necessary
information to achieve balanced occlusal contacts. Intraoral scanners, on the other hand,
can provide similar information for clinical examinations. Due to the possibility of multiple
magnifications and views from different angles (including from inside the mouth and the
throat), the analysis is much more accurate and thorough. Digital T-Scan analysis can
also provide additional valuable information, including force intensity, the moment of
first contact, and localization of severe traumatic contact, which can be used for analysis
and treatment [28,29]. According to Fraile et al., intraoral scanners appear reliable in
intermaxillary occlusal contact registration compared to intra- and extraoral digital scanners
and T-Scan III system [27].

Other studies comparing intraoral scanning and T-Scan in natural dentition confirm
our results. Their conclusion is that T-Scan is a reliable method for measuring occlusal
contact area but 3D surface scans are not. Occlusal registration shows high validity [29].

Intraoral scanning can be a great method of checking occlusion in general. The T-Scan
methodology is only aimed at determining occlusion. In addition to diagnostics, it can also
be used for treatment by establishing preliminary contacts and overloading certain areas,
which is especially important in the integration of implants, treatment of bruxism, and TMJ
diseases [53–55].

Research Limitation

The limitations of the present study included the sample size of 32 patients, all of
whom were treated with the straight wire technique (MBT system). The patients wore an
upper Essix retainer and a fixed lower canine-to-canine retainer.

Operator experience appears to be an important factor in the overall evaluation of
intraoral scanners [56]. One possible limitation for intraoral scans can be the size of the
scanner head. Due to the conical shape of the head, it may be difficult to reach the posterior
molar areas in adolescents with a small oral cavity [57]. Most of the existing limitations can
be overcome with experience and good clinical skills. However, higher-quality studies are
essential for orthodontists to properly interpret data, evaluate new findings, compare the
results to existing evidence, and form an up-to-date and objective opinion [58].

Another limitation is the technical characteristics of the T-Scan device. It has been
shown that thinner occlusal registration materials provide more consistent records of
contact points. T-Scan sensors are made as thin as possible (0.1 mm) to meet technological
demands, but they are still relatively thicker than occlusal indicators such as articulating
silk. The sensors can be damaged when forces are concentrated over a small area, such as a
sharp tooth cusp. The T-Scan system can reproduce occlusal interferences only exceeding
0.6 mm in dimension [59].

5. Conclusions

The 3Shape system marks contacts based on proximity between dentitions, while the
T-Scan system measures the strength of contacts regardless of their area. Despite its many
advantages, intraoral scanning is unreliable for recording occlusion. Although the results
obtained are correct, they include limited parameters for analysis. In contrast, the T-Scan
system provides comprehensive results and allows the analysis and treatment of occlusal
dysfunctions. The T-Scan system can provide information about the first contact, strength
of contacts, contact distribution on each tooth, sequence of contacts, maximum bite force
and maximum intercuspation, scheme of the lower jaw movement, and occlusion and
disocclusion times. There is a good collaboration between intraoral scanning and digital
occlusion determination.

The research team’s future plans include deepening and covering other perspectives
in the study of the two digital systems.
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Abstract: The present study aimed to determine the intensity of pain perception in patients undergo-
ing fixed orthodontic treatment. We analyzed the severity of pain concerning four routine procedures:
the placement of separating elastics, ring cementations, arch activations, and elastic tractions. Our
study consisted of a sample of 100 patients between 12 and 35 years old during the initial months
of orthodontic treatment with fixed appliances. The patients completed a questionnaire meant to
assess their pain sensation perception. The study sample was divided according to age and sex. By
determining the intensity of pain felt during the four orthodontic procedures, we found that the
most painful one was the ring cementation in all four age groups. The therapeutic-arch-activation
procedure ranked second, with a higher mean value (2.66) in the 18–24 age group; the least painful
was considered the elastic traction procedure, with a higher value (1.33) in the group over 30 years
old. The most painful period was during the first 3–4 days after procedures. Most patients showed
moderate pain after following the studied orthodontic interventions and required analgesic medi-
cation, the most frequently used being Nurofen, ketonal or paracetamol. The level of pain felt was
significantly higher in men than in women. Patients suffer differently from the intensity of perceived
pain as they grow older.

Keywords: pain perception; fixed appliances; orthodontic treatment

1. Introduction

The high incidence of dento-maxillary anomalies and patients’ desire to improve facial
appearance and esthetics have increased the number of patients seeking orthodontic treat-
ment, especially with fixed appliances. Recent studies have shown that people, especially
adolescents and adults, prefer to undergo a treatment with clear aligners to safeguard
esthetics. Unfortunately, only a small number of them can afford the costs of this more
comfortable and esthetic treatment type [1,2].

Pain sensation and masticatory discomfort are the most common side effects of or-
thodontic treatment. For efficient patient compliance and favorable outcomes, the or-
thodontist should inform patients about these aspects before starting treatment and should
evaluate their motivation and potential risks. Moreover, it is ethically important to in-
form the patient about potential side effects of treatment, and it should be part of the
patient’s informed consent [3]. Orthodontic tooth displacement induces specific inflam-
matory reactions of the periodontium and the dental pulp that stimulate the release of
various biochemical mediators, thus causing the sensation of pain [4,5]. Generally, the
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action of orthodontic appliances consists of a change in the balance of the preexisting
dentofacial forces, by triggering new ones or by favoring and selectively directing the
action of natural forces.

Orthodontic forces depend on the properties of the appliances’ materials (elasticity
of wires/rubber rings, etc.), the construction particularities, and its interrelation with the
dento-maxillary system [6–8]. The essential coordinates in orthodontic biomechanics are the
orthodontic force, the weight-bearing area, and the application area, forming De Nèvrezé’s
triad [9]. Force applied to the tooth crown is transmitted through the root to the periodontal
ligament and the alveolar bone. For tooth displacement, alveolar bone resorption should
occur in response to this stress; for the tooth to remain firmly attached, bone deposits
should also develop to maintain the integrity of the attachment mechanism [10–13].

The International Association for the Study of Pain (IASP) defines pain as an unpleas-
ant sensory and emotional experience associated with actual or potential tissue damage [14].
On the other hand, psychogenic pain is the pain generated by pure concurrent psychologi-
cal factors strictly related to the person concerned or the environment in which that person
lives. Psychogenic pain determined by the patient’s psycho-emotional condition does not
have a somatic origin [15]. Since pain is a subjective experience, we cannot evaluate it
by indirect methods. In the case of children who cannot provide conclusive answers, the
following parameters might be assessed:

• Physiological parameters: pulse, blood pressure, and sweating;
• Behavioral parameters: facial expressions (closed eyes, open mouth, dilated nostrils,

hollow tongue), high-pitched crying, and body movements (kicking, closed fists) [16].
Still, there are some scales to determine pain intensity.

1. Verbal scales—used at the time of presentation or during treatment, which clas-
sifies pain in 3, 5 or 7 grades: absent/weak/mild/moderate/intense/severe/
extreme pain [15].

2. Visual analog scales—these consist of a line with a length of 10 cm, oriented
vertically/horizontally, whose extremes are two terms: “no pain” and “the
greatest possible pain” [17].

3. Numerical scales—in these cases, the patient is asked to quantify pain using
numerical values between 0 and 10 or 0 and 100 (0 representing no pain and
10/100 extreme pain). These scales are easier to understand, providing at the
same time a better description of pain intensity, and frequently replace verbal/
visual scales [17].

4. Behaviorally anchored scales—these quantify the intensity of pain based on its
effect on behavior and describe the impact of pain on daily activities [17].

The study aimed to evaluate the intensity of pain perception in patients undergoing
fixed orthodontic treatment. We analyzed the severity of pain concerning four routine
procedures: the placement of separating elastics, ring cementation, arch ligation, and elastic
traction. We wanted to determine which of these fixed orthodontic procedures causes pain
to the patient, what is the pain intensity, and how long after performing the procedure does
the intensity of the pain reach a maximum in order to be able to prepare them mentally for
the appearance of pain and to indicate the appropriate medication. Determining which
was the most used medication in fighting pain was also an objective of the study.

2. Materials and Methods

The current study was conducted at “Algocalm” Clinic of Târgu Mures, , Romania. A
sample of 100 patients, children and adults aged 12–35 years with a good health status,
were evaluated during the initial months of orthodontic treatment with fixed appliances.
They were asked to complete a questionnaire to assess pain sensation perception. Thus, the
patients answered what best fitted their perception of pain; using the numerical evaluation
scale of our multiple-choice questionnaire (Appendix A), they could accurately assess
the intensity level of pain [18]. Other pain implications, such as which was the most
painful period after the procedure, when was the pain more intense, which medication was
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more effective in fighting pain, and which was the most painful orthodontic procedure,
were studied.

Informed consent was obtained from all the adult subjects involved in the study. For
minor patients, informed consent was obtained from one of the parents. All the tested
parameters were applied to both children and adults.

For the statistical analysis and the interpretation of the results, Microsoft Excel 2010
and GNU PSPP (Program for Statistical Analysis of Sampled Data) software programs ver-
sion 1.5.3 (https://www.gnu.org/software/pspp/) were used, and the statistical p-value
(representing the probability of a statistical test, being the lowest value of the signifi-
cance level α for which the information extracted from the sample was significant) was
determined using the Student t-test as well as the ANOVA results.

3. Results

Our sample included 100 patients divided into four age groups: 12–18 years (22%),
18–24 years (29%), 24–30 years (32%), and over 30 years (17%).

Distribution of pain intensity depending on the number of patients: the Numerical
Pain Rating Scale ranged from 0 to 10 (0 being no pain, and 10 being extreme pain). Figure 1
shows the distribution of patients according to the age limits we have chosen. Figure 2
shows that of all 100 subjects included in the study, only 1 patient chose 2 as the lowest
value, most of the patients chose the values 5 and 6 for pain intensity, and only 4 patients
chose the highest value, 10. Following the calculations performed, the total mean of pain
for the entire sample was 5.76.

Figure 1. Distribution of patients by age groups.

Figure 2. Distribution of pain intensity depending on the number of patients.
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Distribution of patients depending on the period perceived as most painful: in the
following diagram (Figure 3), the most painful period perceived by the subjects included
in the study is analyzed. A significant number of them (29) chose the first 24 h as the most
painful period, while the majority (40) selected the first 3–4 days as the most painful ones.

Figure 3. Distribution of patients depending on the period perceived as most painful.

Figure 4 shows that the perceived pain was significantly higher for the patients who
needed pre-medication before interventions than for those who took no medication. At the
same time, we may see that the mean pain value in men was higher than in women in both
situations (with or without pre-medication).

Figure 4. Distribution of patients depending on the type and the need for medication.

The perception of pain is different in our group depending on age, as is indicated by
the Student t-test value obtained: t = 1.94, p < 0.01. We admit that people suffer the intensity
of perceived pain differently as they grow older.

Concerning the need for medication after placement of orthodontic appliances, we
can see that only 19% of the entire studied sample did not consider self-medication as
necessary, whilst the vast majority, of 81%, chose to take medication to relieve the sensation
of pain. Among those who used self-medication, almost 68% selected Ibuprofen, 15.6%
chose Metamizole, 13.7% Paracetamol (Acetaminophen), and about 3% chose other drugs
such as Codeine.
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Figure 5 shows that for the females in the studied sample, the mean pain value was
significantly lower than the mean value for the males.

Figure 5. Graphical representation of pain value depending on sex.

There are differences in pain perception depending on gender, as indicated by the
ANOVA results: F = 33.6, p < 0.01. Males suffered more than women from orthodontic
procedures (interventions).

The diagram below (Figure 6) shows that the mean pain value varied during both
daytime and night-time throughout the first 24 h.

Figure 6. Graphical representation of pain value depending on the time of the day.

By analyzing the intensity of pain during the four most frequent orthodontic proce-
dures, we may see that the most painful one was ring cementation in all four age groups,
with a higher value for the group aged 18–24 years old (m = 2.83). The therapeutic-arch-
activation procedure ranked second, with a higher mean value of 2.66 in the 18–24 age
group, and the least painful was considered the elastic traction procedure, with a higher
value of 1.33 in the group over 30 years old (Table 1, Figure 7).

Table 1. Pain intensity during the orthodontic procedures depending on age.

Procedure Age Group Mean p Value

Elastic separation 12–18 2.09 0.04
Ring cementation 18–24 2.21 0.00
Arch activation 24–30 2.14 0.00
Elastic traction >30 1.07 0.04
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Figure 7. Graphical representation of pain intensity/procedure.

4. Discussion

The evaluation of pain is relevant for orthodontic treatments. Pain management
supposes using specific verbal and non-verbal techniques to calm the patient and help
them cope better with the pain [19]. Remarkable progress in pain study and mechanisms
has been made over the past years. The visual analog scale, VAS, assesses the intensity of
sensory pain and demonstrates that a non-invasive evaluation method is easy to use. Its
disadvantage is the one-dimensional analysis of pain that is very complex and has many
more particularities, even in usual social activities such as playing sports or meeting friends,
attending school, etc. Interpersonal relations represent one of the most studied psychology
issues. Social psychology concerns the relations between an individual and others [11].

Orthodontic forces should be applied 24 h/day to produce the most effective tooth
displacement rate [20]. Evidence-based findings suggest that an orthodontic force action of
at least 6 h/day is required to achieve minimal displacement. An optimal tooth displace-
ment coefficient is considered to be of 1 mm/month. This movement may depend on the
following factors:

• The force applied—both small and large forces cause tooth displacement, but in the
case of smaller intensity forces that reduce and avoid periodontal ligament hyaliniza-
tion, the displacement coefficient is bigger;

• The patient’s age can influence the displacement coefficient; thus, in the case of adults,
the tooth displacement rate is lower than in children due to the increased alveolar
bone density and the diminution of cell response effectiveness [12].

We chose the age limit of 12, when permanent teeth are present in the oral cavity, and
the correction of spacing/crowding is much easier. After 12 years, tooth displacement
is assisted by facial development, and complete orthodontic treatment can be performed
within a reasonable period of 18–24 months if the patient is compliant [21].

It is the age when behavioral disorders start to develop through self-neglect or, on the
contrary, through a significant increase in interest in physical appearance, thus requiring a
correction of dento-maxillary anomalies by orthodontic treatments, mainly for aesthetic
considerations [22,23]. Following the calculations performed, the total mean pain value
for the entire sample was 5.76. Specialized studies have reported that 8% of the studied
samples, or about every 10th patient, discontinue orthodontic treatment because of the
pain felt during the initial stages [24,25].

Regarding the period perceived as most painful, scientific studies mention that, gener-
ally, pain intensity increases over time from 4 h to 24 h after orthodontic procedures but
decreases to normal after the first week [25–27]. Other studies report that pain percep-
tion starts several hours after putting on the orthodontic forces (with arch ligation to the
brackets) and lasts about five days [28,29].

Most of the patients experienced moderate pain, with a pain level ranging between 5
and 7, and a mean value of 5.76.
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After the placement of orthodontic appliances, if the patients considered medication as
necessary, they were informed to select their own ones, excluding aspirin and Algocalmin,
which have been shown to inhibit tooth movement, as proven in other studies [30]. The
patients selected their medication based on previous experiences regarding pain release. Ac-
cording to other researchers, on the first days after each orthodontic appointment, patients
take analgesics for pain caused by the dental appliances used for tooth displacement [21,31].

Regarding the mean pain value depending on age groups, the Student test performed
showed that the p-value = 0.02642366, which is lower than the threshold α = 0.05; hence,
p is statistically significant, and we may say that the pain perception depends on age.

Our results demonstrated that the mean pain value was different between the two sexes,
regardless of age groups.

Studies show that the effect of age on the perception of the sensation of pain during
orthodontic treatment is difficult to compare. Most authors suggest that adult subjects
perceive a higher pain level than young subjects [26,27]. The 18–24 age group is usually
associated with a higher degree of emotional disorders, which might explain the higher
level of pain perception in this age group [9].

Some studies indicate that the male sex tolerates pain easily, considering the female
sex more fragile and sensitive to the perception of the pain sensation caused by fixed
orthodontic appliances [29,31]; other studies show no statistically significant difference
between the two sexes [21].

Other authors such as Nandi et al. [32] showed that women more frequently present
postoperative pain. Different explanations have been proposed for this: one of them [26]
is based on the biological differences between the sexes. These refer to differences in the
reproductive organs, which involve hormonal fluctuations associated with changes in
serotonin and noradrenaline and an increase in the prevalence of pain during the menstrual
cycle [21]. Ethical approaches interfere with pain perception in some cases [3]. On the other
hand, one study [26] shows that the mean pain values were generally higher during the
day than during the night, and reached a peak only during the first night, causing insomnia
in the case of some patients (18%).

5. Conclusions

Most patients showed moderate pain following the studied orthodontic procedures.

1. The period perceived as most painful by patients treated with fixed orthodontic
appliances was during the first 3–4 days after placement.

2. Most patients required analgesic medication during the fixed orthodontic treatment,
the most frequent being Nurofen, ketonal, and paracetamol.

3. The mean value of the pain sensation felt was significantly higher in the case of
the male sex compared to the female sex in all four age groups. Patients suffer the
intensity of perceived pain differently as they grow older.

4. The most painful procedure was represented by ring cementation in all age groups,
with the highest pain intensity in the 18–24 age group.

5. In cases where the clinical situation and the treatment plan allow, the cemented
rings should be replaced with orthodontic tubes. If not, we will have to recom-
mend an analgesic medication, especially 3 to 4 days after putting in the fixed
orthodontic appliance.
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Appendix A

Questionnaire

Evaluation of the perception of the pain sensation during the initial stages of or-
thodontic treatment with fixed appliances. Personal data will be used strictly for academic
purposes, while respecting confidentiality!

1. Name:
2. Age:

(a) 12 to 18 years
(b) 18 to 24 years
(c) 24 to 30 years
(d) over 30 years

3. Sex:

(a) male
(b) female
(c) other

4. General health status:

(a) Good

Affected (mention the disease, e.g., allergies, heart diseases, diabetes, bleeding disor-
ders, leukemia, juvenile rheumatoid arthritis, renal failure, endocarditis, cystic fibrosis).

5. The most painful period was:

(a) the first 4 h
(b) the first day
(c) the first 3–4 days
(d) the first week

6. Pain was more intense:

(a) during the day
(b) at night
(c) during the day and the night

7. Mention the level of the perceived pain on a numerical scale from 0 to 10 (0 being no
pain and 10 being extreme pain):

 

Figure A1. Visual representation of pain perception.
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8. The drugs administered for pain relief were: Which was the most effective in fighting
pain

(a) Ketonal/Ibuprofen/Nurofen
(b) Metamizole
(c) Paracetamol
(d) Other (mention them)

9. Mention the most painful procedure:

(a) ring cementation
(b) use of separating elastics
(c) arch activation
(d) elastic traction

Date, Signature
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Abstract: This paper aims to propose a statistical model to assess pubertal growth spurt using the
ratio of the anterior height projection to the posterior (Vba) of the fourth cervical vertebra body (C4)
on cephalograms and to calculate the residual proportion of skeletal maturation and the time for the
pubertal growth spurt to end for a given Vba. A sample of 538 cephalograms from healthy-living
children aged between 5 and 15 years was analyzed. A segmented regression model was used
to explain the different Vba stages relative to the pubertal growth spurt. In addition, the time to
achieve skeletal maturation was evaluated for a given Vba between the beginning (Vba1) and the
end (Vba2) of the pubertal growth spurt. A longitudinal sample of 25 males and 25 females was
analyzed to validate the proposed method. The values of Vba corresponding to higher pubertal
development rate ranged from Vba1 = 0.677 (95%CI, 0.644–0.711) to Vba2 = 0.966 (95%CI, 0.905–1.028)
and from Vba1 = 0.669 (95%CI, 0.645–0.693) to Vba2 = 1.073 (95%CI, 1.044–1.101) in males and females,
respectively. The validation process results showed that our model did not produce any incorrect
forecasts. The proposed method estimates the beginning and the end of the pubertal growth spurt
together with the residual proportion of skeletal maturation for a given Vba.

Keywords: dental age; skeletal age; cervical vertebrae; pubertal growth spurt; segmented regression;
dental growth; AgEstimation

1. Introduction

Dynamics and timing of dental and skeletal maturation in growing children are
fundamental in orthodontic treatment planning; they provide clinical information on
how and when a patient should start using maxillary orthopedic appliances or indicate
the necessity for orthognathic surgery [1–3]. Growth and development assessments use
individual indicators or developmental stages to describe the changes that occur during life.
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Indicators can vary from height and weight gain, development of sexual characteristics,
menarche in women, and assessment of mental maturity [4]. Since chronological age is an
unreliable way to estimate pubertal growth spurt because of the high variability among
individuals in its timing of initiation, duration, and amount during children’s growth,
several other approaches have been used [5–10].

X-ray of the hand and wrist to assess skeletal maturity has been a standard procedure
in clinical orthodontics to assess whether a person is skeletally mature or determine the
possibilities of planned therapy [11]. The most straightforward approach to assessing
the development of the hand and wrist is to compare the X-ray image with the available
Atlas of the development of the hand and wrist [12]. According to Greulich and Pyle, the
Atlas of skeletal development of the hand and wrist contains images of the hand and wrist
of normal healthy children from birth to adulthood with an age interval of 3 years [13].
Hagg and Taranger [12] studied the skeletal stages of the hand and wrist to indicate a
pubertal growth spurt. They concluded that specific skeletal indicators, the ulnar sesamoid
of the metacarpophalangeal joint of the first finger, the epiphyses of the middle and distal
phalanges of the third finger, and the distal epiphysis of the radius might indicate the
onset, peak, and end of the pubertal growth spurt [12]. Bjork et al. [4], in their method
for epidemiological registration of malocclusion, defined two stages of the eruption of
deciduous teeth, five stages of the eruption of permanent anterior teeth, and four stages
of the eruption of permanent molars. Björk and Helm [14] showed that dental stages
from Bjork et al. [4], close to the timing of maximum pubertal growth in height, DS4, all
canines, and premolars fully erupted, and DS M2, all second molars fully erupted, were
of little value as criteria of pubertal peak comparing to ossification of the ulnar sesamoid
at the metacarpophalangeal joint of the thumb or menarche. The timing of the eruption
of permanent teeth is more dependent on local factors such as loss of deciduous teeth or
crowding [15].

Historically, the most common method for assessment of skeletal maturation was
an analysis of hand–wrist radiograph, used later by Fishman [16], who related specific
skeletal maturity indicator stages to pubertal growth spurt. Furthermore, Lamparski [17]
claimed that the use of the cervical vertebrae was as valid as the hand–wrist bones to assess
skeletal maturation and described a new approach based on the changes in the shape of five
cervical vertebrae. His study designed a series of standards of cervical vertebral maturation
(CVM), separating male and female participants concerning chronological age and skeletal
maturation [17]. Hassel and Farman [18] modified Lamparski’s method and proved that
CVM was acceptably accurate and helpful in estimating an individual’s skeletal maturity
and residual growth potential, as well as the hand–wrist method. Studies from Baccetti [1]
and Franchi [19] further demonstrated that CVM method is useful as a biological indicator
for both mandibular and somatic maturation.

Hassel and Farman [18] modified Lamparski’s method and demonstrated the changes
in the shape of cervical vertebrae in each stage of skeletal growth, proving to be acceptably
accurate and valuable for estimating skeletal maturity and residual growth potential of
an individual as the hand–wrist method. Finally, Baccetti et al. [1] and Franchi et al. [19]
showed that the cervical vertebral maturation method is useful as a biological indicator
for both mandibular and somatic maturation. Their study was critical due to the use of
longitudinal data from radiographs and because their method was based on changes in the
annual increase in total mandibular length instead of comparison with hand–wrist skeletal
age [1,19].

Dental age estimation methods in children can help assess the development of the den-
tition, whether it is accelerated or delayed, and the effect of specific therapeutic procedures
in oncology patients. In addition, they can be used in research on the growth and develop-
ment of twins, the effect of hormone replacement therapy, or in estimating age in persons
without the possibility of identification [20–25]. In the development of permanent teeth,
their exchange with milk teeth is essential, as the lower and upper molars and front incisors
sprout first, and tooth sprouting takes place until 21–23 years of age [26]. In addition to age

148



Appl. Sci. 2023, 13, 1819

assessment based on the number of permanent teeth in the mouth, more reliable methods of
dental age assessment are based on the analysis of radiographic images, and so far, several
methods have been presented that mainly assess tooth development in stages. The most
commonly used methods that use developed stages are Demirjian, Willems, Haavikko, and
Chaillet [27–30]. If a strong association of dental development with skeletal development
were to be proven, some of the values used to assess tooth development could be taken as
a reference or even the first choice in diagnosing the pubertal growth spurt. Dental scans
are a mandatory part of the protocol when planning orthodontic therapy so that they can
assess the expected or completed pubertal growth spurt [31].

The atlas or staging systems generally used in estimating the development regularly
contain a set of longitudinal figures of different ossification stages, which typically do
not stand on accurate measurements with definite orientation points [32]. Cameriere
et al. introduced another approach for studying dental and skeletal development for
age estimation by specific lengths or area measurements of the apposition of secondary
dentine in dental radiographs and the ossification of the carpal skeleton in hand and wrist
radiographs [33–49].

Cameriere et al. [40] and Gulsahi et al. [50] published articles where the heights of
the anterior and posterior sides of the C4 vertebral body from lateral cephalograms in
individuals aged 5–15 years were used to estimate the chronological age with forensic
purposes. The ratio of heights or Vba has shown a correlation to chronological age and was
recognized as a potential indicator for age estimation in this age range [40]. After Bayes
calibration, the mean absolute errors (MAEs) were 1.34 years with standard deviation (SD)
of 0.95 years and 1.01 years (SD 0.71 years), and the mean inter-quartile ranges (MIQRs) of
the calibrating distribution were 2.32 years (SD, 0.25 years) and 1.72 years (SD, 0.39 years)
in males and females, respectively [40]. Gulsahi et al. [50] also investigated the correlation
of age and Vba on the Turkish sample, and after Bayes calibration, MAEs were 0.879 years
and 0.906 years (mean interquartile ranges (MIQR.s) 1.290 and 1.435 years) in males and
females, respectively.

According to published results of the usefulness of Vba in the specific age span of
development when adolescent growth spurt occurs, we decided to study the values of Vba,
particularly the distributions of its minimum and maximum, during adolescence.

The aims of this study were, therefore, to evaluate the ratio of the anterior height
projection to the posterior (Vba) of the fourth cervical vertebra body (C4) on cephalograms
and its relationship with a pubertal growth spurt and to propose a statistical model based
on segmented regression to calculate the residual proportion of the skeletal maturation for
a given Vba and the time for the pubertal growth spurt to end for a given Vba.

The proposed model will be validated using longitudinal data from the Michigan Growth
Center supported by the American Association of Orthodontists Foundation (AAOF).

2. Materials and Methods

This cross-sectional observational study evaluated 527 lateral cephalograms previously
taken for dental diagnoses and pretreatment planning. All participants were healthy
individuals aged between 5 and 15 years who lived in Croatia and without a recorded
history of genetic or developmental anomalies of the skeleton. The study was conducted
by the ethical standards laid down by the Declaration of Helsinki [51].

The age and sex distribution for each age category of the sample are presented in
Figure 1.

In addition, the following data were recorded for each subject: dates of birth and of
the radiograph, sex, as reported on the radiograph, and ancestry as reported by either self
or family. The observers were blinded to information on the subject’s sex and age.

The radiographs were processed according to the method of Cameriere et al. [40]. The
ratio of the anterior height projection to the posterior (A/B = Vba), Figure 2, was used first
to correlate with the different moments of the pubertal growth spurt and second, to propose
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a method that can quantitatively determine the beginning and the end of the pubertal
growth spurt in an individual.

 

Figure 1. Frequency distribution of the sample by sex and age cohort.

Figure 2. An example of the anterior (A) and the posterior (B) sides of the fourth cervical vertebral
body. The anterior side of the body is measured up to the point where the anterior side (A) curves
(C1) towards the superior side (C2) of the vertebral body.
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We evaluated lateral cephalograms from 50 subjects (25 males and 25 females) to
validate the proposed model. The lateral cephalograms of the subjects belong to the
Michigan Growth Center and include the subset of subjects with at least four radiographs.
For each subject, the number of observations ranged from 4 to 6, totaling 227 radiographs.

Statistical Analysis

Thirty randomly selected lateral cephalograms were reanalyzed after two weeks to
assess the intra-observer repeatability and inter-observer reliability of Vba by the same
observer and a second one, respectively. The intra-class correlation coefficient (ICC) was
used to evaluate intra- and inter-observer agreement [52].

According to the results in this study and reported by Cameriere et al. [40], we
considered that C4 development presented as Vba increment is not constant concerning
age, but it seems to follow three distinct phases with increment in the intermediate phase.

The nonlinear relationship between Vba and actual age suggests fitting data using
a segmented regression model, which allows us to estimate two breakpoints, τ1 and τ2
and both regression coefficients characterize the interval of ages with higher pubertal
development rate [53]. The proposed segmented regression model to fit the data is:

Vba = β0 + β1·age + β2·(age − τ1)+ + β3·(age − τ2)+ (1)

where βi, i = 0, . . . 3, are the regression coefficients, and (x)+ is equal to x if x is positive
and 0 otherwise. The meanings of the regression coefficients are: β0 is the intercept of the
piecewise linear curve with the vertical axis (see Figure 3), i.e., it is the mean Vba value at
age = 0; β1 is the “left” slope, i.e., the growth rate when age < τ1; the sum β1 + β2 is the
“central” slope, i.e., the growth rate of Vba when the individual age belongs to the interval
(τ1, τ2); finally, the sum β1 + β2 + β3 is the “right” slope, namely the slope when age > τ2)
and it is the growth rate of Vba when individual’s age is greater than τ2.

 
Figure 3. The distribution of the proportions of the anterior and posterior sides of the C4 vertebral
body (Vba) as the function of age for males (left) and females (right) subjects with segmented
regression plots.
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Fitting the model to the data, we estimated the regression coefficients and two break-
points. Furthermore, we estimated the values of Vba corresponding to the two breakpoints,
Vba1 and Vba2 (spurts), and, for a given value of Vba, the residual proportion of maturation
of the C4 vertebral body, θ. Considering that Vba1 and Vba2 are the random variables
normally distributed, the residual proportion of maturation, θ, is also a random variable,
but it is not normally distributed. Consequently, for each value of Vba, we reported the
median, the first, and the third quartile of θ.

Concerning the validation process, for the k-th subject (k = 1, . . . N), the gathered
information can be summarized considering the set Ik = {(ai, Vbai), i = 1, . . . nk}, where ai is
the age of the subject at the i-th radiograph, Vbai is the corresponding Vba value, and nk is
the number of radiographs of the k-th subject.

Since our model allowed us to estimate the beginning of the pubertal spurt, τ1, and
the corresponding Vba value, Vba1, we can consider η1 = min {Vbai: Vbai ≥ v}, i.e., the first
radiograph of the subject with Vba value greater than Vba1, and t1, the corresponding age
of the subject. Subsequently, we evaluated the residual proportion of maturation of the C4
vertebral body θk = Vba2 − η1, and Δτ, the time elapsed from η1 to Vba2.

Finally, we estimated the expected age for the end of the spurt, t2 = t1 + Δτ, for the
k-th subject, the value α = min {ai: ai ≥ t2, i = 1, . . . nk} and η2, the corresponding Vba value
obtained using equation (1): η2 = Vba(α).

If η2 belonged to the 95% CI for Vba2, the forecast of the expected end of the pubertal
spurt for the k-th subject was considered correct (C). If η2 resulted in less than the lower
limit of the 95% CI for Vba2, but the next observed Vba value of the subject, say η3, belonged
to the 95% CI for Vba2, the forecast was considered slightly underestimated (U). If none
of the above conditions was verified, the estimate was considered an incorrect forecast (I).
Statistical analyses were performed with the R statistical program [54].

3. Results

There were no statistically significant intra-observer differences between paired sets
of measurements on re-examined lateral cephalograms, ICC = 0.97 (95%CI, 0.95–0.98).
A similar result was obtained considering the agreement between the two observers,
ICC = 0.93 (95%CI, 0.89–0.96).

The parameter estimates of the segmented model used to fit the data for both males
and females are listed in Table 1, with their standard errors.

Table 1. Parameter estimates of the segmented regression model (1) were used to fit the data
separately for males and females.

Coefficients
Males Females

Estimate Se Estimate Se

β0 0.441 0.056 0.394 0.048
β1 0.024 0.007 0.028 0.006
β2 0.145 0.030 0.086 0.009
β3 −0.154 0.030 −0.112 0.017

cut-offs
τ1 9.679 0.213 9.384 0.241
τ2 11.391 0.235 13.02 0.247

The segmented regression equations explained 73% and 86% of the total variance of
Vba for males and females, respectively.

For males, the two breakpoints, characterizing the higher pubertal development
rate, lasted for 1.71 years with a Vba increasing rate (slope of the curve) of 0.169 years−1

(se = 0.029 years−1), Figure 3. The values of Vba corresponding to the beginning and
the end of the growth spurt were Vba1 = 0.676 (95%CI, 0.642–0.711) and Vba2 = 0.966
(95%CI, 0.905–1.028).
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For females, the two breakpoints, characterizing the higher pubertal development
rate, lasted for 3.76 years with a Vba increasing rate (slope of the curve) of 0.114 years−1

(se = 0.007 years). The values of Vba, corresponding to the beginning and end of the
higher pubertal development rate, were Vba1 = 0.658 (95%CI, 0.634–0.682) and Vba2 = 1.073
(95%CI, 1.044–1.101) respectively. Table 2 reported, for some different values of Vba, the
corresponding median values of θ (%) and the median of the time elapsed to the end of the
pubertal spurt Δτ (years) with the first and third quartile of its distribution.

Table 2. Median, first, and third quartile of the distribution of the residual proportion of the matura-
tion, θ (%), and the time elapsed to the end of the pubertal spurt, Δτ (years), for the given ratio of
projections of the anterior and posterior heights of the C4 vertebral body (Vba) in males and females.

Vba
θ (%) Δτ (Years)

Vba
θ (%) Δτ (Years)

Q1 Median Q3 Q1 Median Q3 Q1 Median Q3 Q1 Median Q3

Males Females

0.67 0.95 0.99 1.00 1.57 1.81 2.10 0.65 0.99 1.00 1.03 3.55 3.73 3.92
0.69 0.88 0.93 0.97 1.47 1.69 1.97 0.67 0.94 0.96 0.98 3.38 3.55 3.73
0.71 0.81 0.86 0.91 1.36 1.57 1.84 0.69 0.90 0.92 0.93 3.21 3.37 3.55
0.73 0.75 0.80 0.85 1.25 1.46 1.71 0.71 0.85 0.87 0.88 3.04 3.19 3.36
0.75 0.68 0.73 0.78 1.14 1.34 1.57 0.73 0.80 0.82 0.84 2.86 3.02 3.18
0.77 0.61 0.67 0.72 1.03 1.22 1.44 0.75 0.75 0.77 0.79 2.69 2.84 2.99
0.79 0.55 0.60 0.66 0.92 1.10 1.31 0.77 0.70 0.72 0.74 2.52 2.66 2.81
0.81 0.48 0.54 0.60 0.81 0.98 1.18 0.79 0.66 0.67 0.69 2.35 2.48 2.63
0.83 0.41 0.47 0.53 0.70 0.87 1.05 0.81 0.61 0.63 0.64 2.18 2.31 2.44
0.85 0.35 0.41 0.47 0.59 0.75 0.93 0.83 0.56 0.58 0.60 2.00 2.13 2.26
0.87 0.28 0.35 0.41 0.48 0.63 0.80 0.85 0.51 0.53 0.55 1.83 1.95 2.08
0.89 0.21 0.28 0.34 0.37 0.51 0.67 0.87 0.46 0.48 0.50 1.66 1.77 1.89
0.91 0.15 0.22 0.28 0.25 0.39 0.55 0.89 0.41 0.43 0.45 1.49 1.60 1.71
0.93 0.08 0.15 0.22 0.14 0.28 0.42 0.91 0.37 0.38 0.40 1.31 1.42 1.53
0.95 0.01 0.09 0.16 0.02 0.16 0.30 0.93 0.32 0.34 0.36 1.14 1.24 1.35

0.95 0.27 0.29 0.31 0.96 1.06 1.16
0.97 0.22 0.24 0.26 0.79 0.88 0.98
0.99 0.17 0.19 0.21 0.61 0.71 0.80

The results of the validation process are synthesized in Table 3. It shows that our model
did not produce any incorrect forecast. Furthermore, although the difference between males
and females is not statistically significant, the number of correct forecasts in sampled males
is almost twice that of females.

Table 3. The frequency distribution of the forecasts of the expected end of the spurt periods using
regression model (1) for the 50 subjects belongs to the Michigan Growth Center.

Sex
Forecast

C U I

Males 17 8 0
Females 9 16 0

Abbreviation: C, correct forecast; U, slightly underestimated forecast; I, incorrect forecast.

4. Discussion

In our study, we analyzed the ratio of the anterior and posterior sides of C4 (Vba),
and our findings showed the variability of time and the incremental span of Vba in the
circumpubertal period of life. Therefore, we hypothesized that this incremental span of
Vba was a potential indicator of the beginning and the end of the pubertal growth spurt
and skeletal development.

Segmental regression analysis detected specific Vba values at the beginning and the
end of the pubertal growth spurt in males and females, which also determined the specific
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age interval of the spurt in the tested population. The spurt began at nine years and three
months old in females and was ahead of males for over four months. The mean ending
of the spurt was at twelve years and nine months and was delayed in males for over
fourteen months. Different regression models, Bayesian approach, and response surface
methodology with statistical potentials in other topics may be a potential statistical tool for
fitting an assumed experimental model to data obtained under the chosen design [7,55–59].

One of the limitations of qualitative vertebral cervical methods is identifying the
different stages or shapes. Nestman et al. [60] studied CVM reproducibility and observed
poor concordance and difficulties in classifying the shapes of C3 and C4 vertebral bodies
as trapezoidal, rectangular horizontal, square, or rectangular vertical. Because of those
difficulties, the method’s reproducibility was tested for clinical use in determining the
timing of orthodontic treatment. However, Perinetti et al. [61] reported that visual assess-
ment of CVM appears accurate and repeatable, but stages 4 and 5 require a more careful
evaluation. Furthermore, in a systematic review of the reliability of the CVM method to
predict pubertal spurt, the authors concluded that although there was a good correlation
between hand–wrist and CVM methods, there was a low level of evidence. Therefore, the
reliability of the method remained uncertain [62].

The previous observations suggest the need for improvement of current methods
by using a different approach that relies more on quantitative measurements rather than
comparison based on stages. For example, when comparing Vba visually to the CVM stages,
it is possible to observe that Vba values close to Vba1 correspond to a trapezoidal shape
or CVMS II, while Vba values of Vba2 or close to 1.00 are more rectangular and, therefore,
similar to CVM III. However, the CVM and Cervical Vertebral Maturation Stage (CVMS)
methods can only show the stage of the evaluated patient.

The studies that have observed the morphological changes of the cervical vertebral
bodies during growth from lateral cephalograms describe a consistent shift from a trape-
zoidal shape in the initial stages of maturation to a more rectangular shape related to the
final stages of maturation [16,17]. Such variations in cervical vertebral body shapes suggest
a relationship between the proportions of the posterior and anterior sides of the cervical
bodies and the beginning and end of the pubertal growth spurt; the C4 vertebral body was
chosen because it is usually clearly visible in the lateral cephalograms. Björk and Helm
investigated the age at maximum height growth at puberty in Danish children to determine
whether the maximal growth spurt had been reached or passed. They compared the maxi-
mum increase in height with age at ossification of the sesamoid of the thumb, and menarche,
two specific stages of tooth development: all canines and premolars fully erupted, and
all second molars fully erupted. They showed that the maximum growth in height was
18 ± 3.0 months and ossification of the ulnar sesamoid of the thumb 21 ± 3.0 months ahead
in girls compared to boys. The gender difference in tooth development was significantly
smaller, with the full eruption of the occlusal level of the canines and premolars being
attained only 2 ± 5.2 months earlier in girls, while the full eruption of the second molars
was earlier in girls by 6 ± 4.7 months. The ulnar sesamoid of the thumb was ossified by an
average of 12 months before maximum pubertal growth in females and nine months before
in males and preceded or coincided with maximum pubertal growth for both sexes.

From a clinical perspective, it would be helpful to obtain more precise information on
the residual amount of growth just by calculating an easy-to-measure single variable such
as Vba since this was not possible with current CVM or CVMS methods. Furthermore, our
intra-observer and inter-observer reliability results show excellent concordance due to the
ease of measuring precise and visible projections and calculating their proportion, making
the method straightforward and practical.

The possible application of dental development analysis to assess pubertal growth
spurt compared to skeletal development was compared by Bittencourt et al. [31] in a
systematic review and meta-analysis. In the analyzed articles, the authors used skeletal
methods according to Greulich-Pyle and Fishman and dental methods according to Nolla,
Demirjian, and Moorrees [25]. Half of the research in the meta-analysis indicates a strong
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correlation between tooth development and skeletal development, identifying the lower
canine as the tooth that correlates the most with skeletal development. However, they
pragmatically concluded that it is not possible to assess pubertal growth spurt by tooth
development [31].

For orthodontic clinicians, the measurements of the posterior and anterior projections
of body heights from C4 vertebrae and their ratio Vba would allow them to estimate the
amount of time remaining for the growth spurt to occur or to determine if it has already
passed. However, similar to other growth indicators, it must be used considering the
individual variations and using additional information since no method has complete
diagnostic reliability in identifying the pubertal growth spurt [27,45,63].

The longitudinal sample of cephalograms taken from the Michigan Growth Center to
test the method presented positive results showing no incorrect predictions. However, it
suggests that future studies should verify them using a larger sample of longitudinal data
with the Vba measurement and evaluate the method and its specific cut-offs of Vba with
other skeletal methods on different samples to test its applicability in clinical practice.

5. Conclusions

This study analyzed the ratio of the anterior height projection to the posterior of the C4
vertebral body or Vba during childhood, where preadolescence and adolescence occurred,
and proved the applicability of Vba for estimating the beginning and end of the pubertal
growth spurt and in a specific population. Based on the observations, the proposed method
estimated the starting cut-off value of Vba, Vba1, and the ending cut-off value, Vba2, of the
higher pubertal development rate and the residual proportion of Vba of C4 maturation,
θ (%), with their standard errors.

The specific results suggest that the cut-off value of Vba breakpoints and θ (%) need to
be validated on other available C4 samples of different ethnic and geographical specificities.
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Abstract: In this paper, the multiscale analysis of the reproduction accuracy of jaw geometry obtained
via the use of selected orthodontic materials is discussed. Impressions were made from two types
of impression material. An accuracy assessment of the model geometry mapping was performed
using noncontact systems, including a fringe projection optical 3D scanner, computed tomography,
and a focus variation microscope. Measurements were made in three modes for comparison, as were
the silicone and polyether impression materials. These modes were a jaw model and impression, an
impression and plaster model, and plaster and jaw models. The research results are presented as
colorful maps of deviations. Data analysis showed that deviations were the smallest in the case of
silicone and that the best fit occurred between the silicone impression and the plaster model. The con-
ducted research confirmed the validity of the assumptions considering the use of multiscale analysis
for geometric analysis. The use of modern multiscale measurement methods allows for shorter and
more efficient prosthetic operations. At present, these devices are expensive and complicated to use,
but developments in technology should simplify the process, and prosthetic professionals should be
aware of the possibilities described in the paper.

Keywords: biomedical engineering; focus variation microscope; fringe projection optical 3D scanner;
multiscale analysis; orthodontics material; X-ray computed tomography

1. Introduction

Currently, implantoprosthetic orthodontics and other fields of dentistry are experienc-
ing rapid progression [1–5]. These implants use dental models created based on a matrix of
impressions [6] and are produced when it is necessary to use braces to correct malocclusion,
insert implants, crowns, or bridges.

The main task of the impression is to accurately reproduce the shape, size, and po-
sition of the teeth in dental arches in order to produce the most accurate model on the
corresponding matrix. Consequently, impression materials should fulfil a number of con-
ditions. Requirements for such materials among doctors and dental technicians include
environmental inertness, ease of preparation, adequate flow properties, appropriate and
short setting time in the mouth, the possibility of adjusting the setting time, easy release of
the impression, the accurate reproduction of details, resistance to the negative effects of
body fluids, low cost of the materials and instrumentation used, ease of disinfection, com-
patibility with casting materials, and obtaining plaster models with a smooth surface [7–11].
For the patient, it is important that the impression material has a pleasant taste and is
nontoxic, stays in the mouth for a short time, and is quickly and easily removed from the
mouth [12].

In order to meet the requirements of patients and to enable the dentist and technician
to reliably do their jobs, it is important to implement modern technologies that speed up
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and streamline prosthetic operations. This measure will allow the finished product to
be made without the need for additional processing. Full standardization of operations,
however, is hampered by the great diversity of clinical cases. This diversity often requires
additional machining of pre-prepared prostheses. The use of modern technology through
multiscale digitization will allow the design and manufacture of work in a way that reduces
the need for the postprocessing and correction of finished dental prostheses. In this way,
the patient’s final visit to the dentist’s office during the denture seating process will be
significantly reduced.

A very important issue is the geometric accuracy of the mapped jaw [13,14]. The geo-
metric accuracy of the impression is influenced by a great number of factors: the impression
technique, the impression method, the type of impression tray, and the types and properties
of the impression compounds [15,16]. Accurate reproduction of the jaw geometry, position,
and shape of the teeth are very important to precisely match components produced by
technicians who are not in direct contact with the patient or the teeth and other anatomical
structures situated in the patient’s mouth. Aesthetics and comfort are very important to
the patient [17]. More than a dozen materials are available on the market with different
properties, applications, and mapping accuracy.

The most commonly used impression materials are increasingly being replaced by
other methods of mapping jaw geometry [18,19]. One of these methods is the use of an oral
scanner [20–23], which allows precise digital models of the dentition to be made without
the need to use impression materials [24]. Optical scanners with various digitization
techniques included in CAD/CAM systems are also used in dentistry [21]. Most of these
systems are used for scanning models in prosthetic laboratories. In recent years, digital
imaging techniques have evolved greatly, enabling the development of new systems capable
of capturing three-dimensional images of prepared teeth in the patient’s mouth [25,26].
Nevertheless, the most popular and widely used methods in dental practice continue to
employ classic impression materials.

The authors in [27] presented 3D scanning methods commonly used in dentistry.
The authors also described the advantages of using these methods. The authors in [28]
presented a literature review on the application of micro-CT in bioengineering applications.
The use of micro-CT for bone analysis was presented in [29,30]. However, an analysis
of recent literature did not find a comprehensive research approach for the multiscale
evaluation of jaw geometry reproduction using a 3D scanner, micro-CT, or focus variation
microscope. Such data fusion is a novel approach that could provide many benefits to
dental science.

Accuracy analyses of materials used in dental implants and orthodontics have been
performed. Studies on the accuracy of geometry mapping were presented, for example, by
the authors in [31–35]. These studies, however, were primarily directed towards macroscale
geometry analysis. Microscale measurements were directed at determining the surface
roughness parameters of orthodontic arches made of different materials [9].

Length and angle metrology has also been undergoing intensive development for
many years. This development is linked to the Industry 4.0 strategy in which angle
metrology indirectly fits [36]. One of the key trends in 4.0 metrology is the use of multisensor
and multiscale analysis [36–38]. The use of different sensors makes it possible to acquire
data using different techniques. Each sensor provides a different set of information, and
the combination of these data gives full multiscale information [39]. All this information is
based on coordinate metrology, which is a technique that involves measuring geometric
features. While this technique is commonly associated with largescale measurements
considered to be macro, it also applies to smaller scales such as the nano- and microscale,
where this method can measure surface irregularities, as well as the intermediate (meso-)
scale, where it can measure the transition between irregularities and geometric features.
As dimensions become smaller, the boundaries between scales become blurry, and it is
important to analyze the object being measured across all scales to obtain a complete picture.
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Therefore, metrological verification must include measuring geometric features and shapes,
as well as surface roughness, to provide a holistic view of the object being measured.

The aim of the research presented in this article was to confirm the desirability of using
state-of-the-art measuring CMs operating at different scales to comprehensively evaluate
the representation of jaw geometry obtained using selected orthodontic materials. Such a
comprehensive approach has not been presented before, which is the novelty of this article.
The increasing demands of patients and the expectations of dentists and dental technicians
mean that extensive multiscale examinations should become a common procedure in the
near future. The use of a multiscale approach to measurement allows the fusion of data
describing different areas of information. Macroscale measurements describe the jaw
geometry, the shape and position of individual teeth, as well as the position of teeth relative
to each other. The micro-CT examination also allows the impression to be measured together
with the jaw model and evaluated without physical separation. Due to its resolution, this
method also allows the evaluation of details “invisible” to a 3D scanner. On the other hand,
the measurement of surface topography with a focus variation microscope allows a very
precise evaluation of the surface for all types of elements measured. The complete data
include a set of triangle meshes (STLs) that can be interconnected, enabling the microscale
data to be position-defined (specific position) using the macroscale data. This approach
also allows the impression material to be assessed in relation to “large flat” tooth surfaces
and hard-to-reach areas.

2. Materials and Methods

The primary objective of the presented research task was to analyze the representation
accuracy of the geometric features of the human jaw obtained with selected orthodontic
materials using contactless measurement methods on a macro- and microscale. For this
purpose, photogrammetric methods, computed tomography, and noncontact methods for
measuring surface topography were used. Other goals were to apply reverse engineering
and rapid prototyping technology to obtain a model of the jaws [40]. The final result is a
multiscale analysis directly in line with the idea of Industry 4.0.

This type of research can significantly contribute to new advanced diagnostic methods
and allow the construction of implants and prostheses of cartilage–skeletal elements to be
accelerated and greatly simplified.

The scope of the present research was as follows:

• Measurements of the jaw model geometry (photogrammetric method, micro-CT);
• Preparation of impressions with selected types of orthodontic impression compounds;
• Measurements of the impression geometry obtained using the photogrammetric

method;
• Application of reverse engineering to obtain digital models of the examined jaws;
• Application of rapid prototyping technology (3D printing) to obtain models;
• Casting of plaster models of the jaws using dental plaster;
• Measurements of impression geometry obtained using nonmedical computed tomog-

raphy;
• Measurements of the obtained plaster models and models obtained via 3D printing;
• Surface structure measurements of selected dental impressions and gypsum models.

The dentition geometry obtained via orthodontic impression materials, photogrammet-
ric measurement systems that allow imaging, and evaluation of the entire element surface
on a macroscale are very effective at verifying reproduction accuracy [41–44]. Photogram-
metric methods refer to the techniques used for obtaining measurements and information
about objects and features from photographs or images. Such techniques are noncontact,
nondestructive, and nonintrusive methods of data acquisition that have many applications
in various fields. Length metrology involves measuring elements of the characteristic fea-
tures of an object encoded in the form of markers and points, lines, or stripes projected onto
the object. Photogrammetric measurement methods work on the principle of triangulation,
so the geometric relationships present in a triangle are used to measure distance [45,46].
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Photogrammetric methods make it possible to measure the geometric features of individual
elements made of different materials such as the jaw model, the orthodontic impression,
and the obtained plaster model of the dentition [47].

It should be emphasized that dental plaster, which reproduces the arrangement of the
jaw based on the orthodontic impressions made, is subject to shrinkage and deformation
during drying and may be damaged during the separation of the plaster model from the
impression [48,49]. In this case, spatial analysis of plaster models of the jaws without
separating them from the impression is possible through the use of a CT scanner [50,51].
Tomographic measurements are carried out using X-rays that are attenuated as they pass
through the object under examination, creating an X-ray image. Computed tomography has
been used in medicine since the 1970s. However, only micro-CT offers resolutions suitable
for the analyses presented in this article [52]. It is possible to evaluate the components in
an assembly and virtually detach them, which allows assessment of the actual adhesion
of the impression materials to the tooth surface. Unfortunately, micro-CT is not adapted
to the examination of a living person like a classic CT device, so studies conducted on
applied models were necessary. During the examination, a series of images were taken
at different angular positions to obtain a spatial image [53]. The study used a micro-CT
device, which allows for data with better resolution than that under commonly used
medical CT scanners [54]. Based on the volumetric image (after a thoroughly prepared
calibration [55]), it becomes possible to analyze both the geometric deformation of surfaces
under examination and the reproduction accuracy shape of the dentition by means of a
plaster material. For some applications, optical scanners and computed tomographs give
very similar results, as demonstrated by comparative analysis [56].

An important aspect of a jaw mapping evaluation with impression materials is mea-
surements describing the surface structure on a microscale [9]. Such measurements provide
evidence of mapped surface quality [57], which has a significant impact on the aesthetics
of the fabrication of, for example, dental prostheses. Assessment of the surface structure
linked to microscale shape analysis is made possible by focal differentiation microscopy.
The principle of focus variation microscopy is based on using the sharpness of a surface
image in an optical microscope to assess the change in surface roughness. The object to be
measured is illuminated with a light with suitable modulation, transmitted through the
optics and focused on the surface to be measured. The reflected light is returned through
the optics and recorded by a digital detector searching for the focused beam. The image of
the surface is shaped by the optical system allowing both photometric (brightness, color,
etc.) and geometric (distance and shape) information to be obtained. An integral feature of
this method is the existence of a focused image surface (FIS), defined as a surface formed
by a cloud of points for which the camera lens allows a focused light beam to be obtained.
According to the principles and theory of geometrical optics, there is a direct relationship
between the shape of the real object and the shape of its image focus surface, making it
possible to derive the shape of the object surface (or its irregularities) from the shape of the
FIS [57].

Figure 1 shows a general block diagram of the measurement path incorporating the
three noncontact measurement methods that form the basis of the multiscale analysis
presented in this article. Based on measurements, the data obtained in the form of a
point cloud were further processed and optimized. The point clouds corresponding to
the measurement data were subjected to a polygonization process. This process involves
building a model in the form of a triangle mesh with vertices located at each point in the
set, thereby generating files in the STL format and creating 3D models of the measured
objects. Digitalization of each object using an optical scanner produced multiple individual
scans that had to be automatically combined using an intelligent algorithm based on
surface matching and a combination of reference points to obtain the most complete model
possible. For the measured impression data obtained to be compared with the jaw model
and the plaster models, they had to undergo an inversion operation, i.e., a symmetrical
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outward extension along the vertical axis. This ensured that all measurements were for
convex objects.

Figure 1. General block diagram of the measurement path including the three contactless measure-
ment methods that form the basis of the multiscale analysis.

Two software programs were used to analyze the obtained measurement data. The
macroscale analysis was carried out using the GOM Inspect Professional (GOM GmbH,
Braunschweig, Germany) program, while the microscale analysis was carried out using the
MountainsMap (Digital Surf® Headquarters, Besançon, France) software. The results of
the comparisons are presented in the form of a color map, where deviations in inspection
points are represented by a scale. A diagram of the measurements and analyses carried
out is shown in Figure 2. As can be seen, the entire research task was divided into a series
of analyses, from which four main stages of work were identified. The following paper
presents a synthesis and selected examples of the completed research.

Figure 2. Flow chart of the measurements and analyses carried out.
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3. Results and Discussion

The research presented in this paper was based on a dental model of the upper part
of the human jaw (Figure 3). Prior to use, the model was measured using an GOM ATOS
Core 185 (GOM GmbH, Braunschweig, Germany) photogrammetric measurement system,
which was adopted as the base model in the further comparative analyses “Model 0”.
Additionally, the base model was digitized using a GE Phoenix v|tome|x s240 (Way-
gate Technologies, Wunstorf, German) micro-CT device to complete the measurement
information with surfaces inaccessible to scanning with structured light.

(a) (b)

Figure 3. Dental model of the lower part of human jaw: (a) Actual view; (b) Digital “model 0”.

The next step was to prepare impressions on the human jaw model. The following
impression compounds were used in the study: silicone—Express XT Penta Putty (3M
Oral Care, St. Paul, MN, USA) and Polyether Impregum Penta (3M Oral Care, St. Paul,
MN, USA) (Figure 4). A geometric evaluation of the models obtained using different
dental materials was presented by the authors in [31–35]. The present study focuses on a
multiscale analysis of the objects considered.

The finished impressions were measured using a photogrammetric measuring system
and micro-CT. Plaster models were then cast using Stodent Class II dental plaster (Zhermack
S.p.A., Badia Polesine, Italy) (Figure 5). Once the plaster had set, the models were measured
using micro-CT before being removed from the impression to identify defects resulting
from the separation of the impression compound and the plaster model. The plaster models,
after removal from the impressions, were finally measured using an optical scanner and
micro-CT.
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(a) (b)

Figure 4. Dental impressions from silicone material (a) and polyether material (b).

(a) (b)

Figure 5. Example of a plaster model of a jaw: (a) Front view; (b) Top view.

As part of the research carried out, we attempted to replace plaster materials with
models produced using 3D printing (Figure 6) [40]. The use of rapid prototyping technology
allows models to be made based on a jaw’s digitized model, which avoids defects associated
with the drying process of a model made from dental plaster and from damage caused
in the process of separating the plaster model from the impression. The models created
during the 3D printing process were made using a ZORTRAX M200 Plus (Zortrax S.A.
Olsztyn, Poland) printer.

(a) (b)

Figure 6. Example of a jaw model made using a 3D printer: (a) Side view; (b) Top view.

As already mentioned, the scanning on the 3D optical scanner resulted in raw data
in the form of a point cloud. This model was transformed into a triangular network after
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polygonization. Some areas of the model were difficult to digitize, such as the interdental
spaces and the border between the teeth and the gum. The source of these difficulties
lies in the complex geometry of elements, which consists of freeform surfaces arranged in
such a way that they become an obstacle for measurements using the optical method. The
inability to measure these zones resulted in some gaps in the model. Some of these gaps
were closed with special algorithms to estimate the area based on the neighboring rows
of triangles around the gap. In other words, in areas where it was not possible to record
measured points, the area was calculated mathematically. Not all gaps could be closed,
as further modifications to the model would lead to a loss of accuracy. In the case of the
model obtained using the CT scanner, a full representation of the jaw model was achieved.
Nevertheless, the model from the 3D scanner was adopted as a reference due to its overall
higher accuracy. Figure 7 shows a comparison of the two models, with one obtained from
the 3D scanner and the other from the micro-CT.

Figure 7. Comparison of jaw models digitized on an optical 3D scanner and micro-CT.

Figure 7 shows that the deviations between the 3D scanner and micro-CT ranged from
−0.12 mm to 0.26 mm. This result demonstrates the scale of possible misunderstanding
related to component deformation at the beginning of the analysis and the importance of
accurately defining the reference element.

As previously mentioned, different orthodontic impressions were made based on a
real jaw model. Both were digitized using different measurement methods: a 3D scanner
and CT scanner. Each digitized piece was compared with the “0 model”. A color deviation
map is shown in Figure 8 for the silicone material and in Figure 9 for the polyether material.
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(a) (b)

Figure 8. Comparison of scans of the silicone impression obtained on an optical 3D scanner (a) and
micro-CT (b).

(a) (b)

Figure 9. Comparison of scans of a polyether pulp impression obtained using an optical 3D scanner
(a) and micro-CT (b).

In the presented examples, a significant deviation value of more than 1 mm was
observed in the maximum case. When comparing deviations between the dental impression
model obtained from the 3D scanner and that obtained from the micro-CT, a similar
trend was observed, but the deviation values differed in the examined areas by a few
tenths of a millimeter. At this stage of analysis, it should be noted that the orthodontic
impression materials were characterized by a certain susceptibility to deformation under
external influences, which could be observed by introducing dental plaster materials into
the impression.

The next step in the analysis was to measure the plaster model before removal from
the impression. The combined elements were digitized using a micro-CT scanner, as shown
in Figure 10. The constructed cross-section in the area of the anterior teeth shows how the
boundary between the two elements was formed based on the density of the material. The
model created from the separation of the digital impression and the plaster did not feature
the defects and damage that can occur during separation.
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Figure 10. Combined orthodontic impression (blue) and dental plaster (grey) digitized using micro-CT.

Once the plaster models were separated from the impression materials, they were
digitized using a 3D scanner and micro-CT. The results were analyzed in the same way
as the impressions. Color deviation maps to visualize the deformation of the models in
relation to the “0 model” are shown in Figures 11 and 12. The results presented show a
reasonably uniform match between the plaster model based on the silicone impression
matrix and the jaw model on both sides. The third incisal tooth presented a deviation value
of −0.17 mm, the highest in the entire dental arch. Here, the poorer fit of the models created
via micro-CT is clearly noticeable. Large deviations were noted for the right side of the jaw.
Teeth 4, 5, and 6 showed deviations of approximately 0.5 to 1.0 mm at the top. On the other
hand, at the base, the deviations ranged from approximately −0.5 mm to 0.8 mm.

Based on a comparison, the geometry of the plaster model cast from the polyether
impression with the jaw model did not match very accurately. Here, we can see a worse fit
on the right compared to the left, as well as on the chewing surfaces in relation to the buccal
surfaces and on the molars. Analyzing the obtained color deviation maps, a better fit was
observed for the silicone material than the polyether material. In most combinations, the
largest deviations were on the last molars.
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(a) (b)

Figure 11. Comparison of scans of a plaster model created from a silicone impression obtained on an
optical 3D scanner (a) and micro-CT (b).

(a) (b)

Figure 12. Comparison of scans of a plaster model created from a polyether material impression
obtained on an optical 3D scanner (a) and micro-CT scanner (b).

The fit of the gum mapping was not analyzed, as this fit was affected by the irregular
filling of the impression with gypsum material. This phenomenon can be clearly seen when
analyzing the plaster models created from the polyether impression (Figure 12). Both the
3D scanner and micro-CT scans showed the greatest deviations for the gingival areas.

An important aspect in evaluating the mapping of jaws with impression materials
is measurements describing the surface structure on a microscale. Such measurements
indicate the quality of the mapped surfaces, which has a significant impact on the fabrication
aesthetics of, for example, dental prostheses. The evaluation of the surface structure
at the microscale was carried out using an Alicona InfiniteFocus G5 (Alicona Imaging
GmbH, Graz, Austria) differential focusing microscope, which is very useful in dental
applications [58]. Due to the small measurement range of the device, measurements were
limited only to an analysis of molar surfaces, which can be considered representative
of the entire impression when analyzed on a microscale. Since the material of the test
object is susceptible to damage and scratching, measurements were carried out using a
noncontact system.

Analysis of the surface topography was carried out using the MountainsMap (Digital
Surf Headquarters, Besançon, France) software. The impression materials and resulting
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plaster models were analyzed on a microscale. Example results for the silicone material and
the corresponding gypsum model are shown in Figure 13, while results for the polyether
material are shown in Figure 14. The parameters describing the surface structures of the
example considered are shown in Tables 1 and 2.

  
(a) (b)

Figure 13. Graphical representation of the surface texture for the silicone impression (a) and plaster
model (b).

Comparing the results for the impression materials and gypsum models, differences
in the height parameters describing the surface structure can be clearly observed. These
differences are particularly evident for the polyether material and the corresponding
gypsum model. The reason for this result may be that air bubbles formed on the surface of
the model during the cooling process of the gypsum material.

The final task of this study was an attempt to replace the gypsum materials with
models made using 3D printing. In order to determine the accuracy of the reproduction, the
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obtained model of the jaw was measured using a 3D scanner. Figure 15 shows a comparison
between the digitized model made using the incremental method and the model taken as
nominal in the form of a color deviation map.

  
(a) (b)

Figure 14. Graphical representation of the surface texture for the polyether material impression
(a) and plaster model (b).

Table 1. Summary of the basic surface structure parameters for the silicone impression and plas-
ter model.

Surface Structure Parameters Impression Plaster Model

Sq (Root Mean Square Height) 2.97 μm 2.86 μm
Ssk (Skewness) −1.12 0.0587
Sku (Kurtosis) 60.8 32.0

Sp (Maximum peak height) 50.4 μm 331 μm
Sv (Maximum pit height) 184 μm 26 μm

Sz (Maximum height) 234 μm 357 μm
Sa (Arithmetical mean height) 2.12 μm 2.13 μm
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Table 2. Summary of basic surface structure parameters for the polyether material impression and
plaster model.

Surface Structure Parameters Impression Plaster Model

Sq (Root Mean Square Height) 1.18 μm 9.04 μm
Ssk (Skewness) 0.0732 −3.84
Sku (Kurtosis) 6.32 50.7

Sp (Maximum peak height) 40.6 μm 117 μm
Sv (Maximum pit height) 11.1 μm 165 μm

Sz (Maximum height) 51.7 μm 282 μm
Sa (Arithmetical mean height) 0.884 μm 4.23 μm

Figure 15. Comparison of the digitized jaw model made using the incremental method with the
model taken as nominal.

The model resulting from 3D printing clearly offers a very good reproduction com-
pared to the nominal model, with deviations from the nominal model not exceeding
0.2 mm. The results of this model obtained by reverse engineering and rapid prototyping
indicate the possibility of using an alternative replacement for plaster models obtained
with commonly used dental impressions.

4. Conclusions

Due to the wide variety of clinical cases, it is not possible to standardize all activities
performed in prosthetics practice. Complicated medical cases with complex geometries and
relationships between individual teeth require an unconventional approach to prosthetic
design. By using a multiscale assessment, it is possible to better reproduce the patient’s jaw
geometry to ensure a tight and durable patient–prosthesis connection.

The analysis of the results indicates that a better fit was obtained with the silicone
material than with the polyether material. In most comparisons, the largest deviations were
observed on the last molar teeth. Several comparisons also demonstrated abnormalities
on the left second incisal tooth. For the polyether material, a clear difference in accuracy
between the left and right sides could be observed. The largest deviations were observed
on the left premolars and first molar. These deviations may be due to the uneven pressing
of the material on this side and the inaccurate molding of the teeth. A color-coded deviation
map was created by combining the silicone impression, and the plaster model cast showed
the best reproduction of geometry. A comparison of the absolute values of deviations for
all right and left first incisal teeth in the central part of the labial surface with the absolute
values of the deviations of all right and left second premolar teeth on the buccal cusp
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yielded similar results. It can be observed that at the front of the jaw on the incisors, these
deviations were smaller than those at the back on the premolar teeth.

An attempt to use reverse engineering and rapid prototyping technology to obtain a
model of the jaws produced satisfactory results. In the future, this method may provide an
alternative to commonly used dental materials.

A limitation of this method is the need for specialized equipment, which is not avail-
able in prosthetic surgeries. Consequently, qualified personnel are required to digitize and
analyze the acquired data. This solution will not be used universally but only for complex
and unusual clinical cases. At present, the solution is also dedicated to patients who are
prepared to pay a higher cost for a prosthesis, while at the same time being guaranteed a
faster prosthesis without the need for longer fitting times through postprocessing, thus
representing a higher level of personalization.

In summary, the comprehensive analysis and research carried out using various tools
enabled multiscale analysis that directly fits into the ideas of Industry 4.0.
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51. Gapiński, B.; Janicki, P.; Marciniak-Podsadna, L.; Jakubowicz, M. Application of the computed tomography to control parts made
on additive manufacturing process. Procedia Eng. 2016, 149, 105–121. [CrossRef]

52. Prakoso, A.T.; Basri, H.; Adanta, D.; Yani, I.; Ammarullah, M.I.; Akbar, I.; Ghazali, F.A.; Syahrom, A.; Kamarul, T. The Effect of
Tortuosity on Permeability of Porous Scaffold. Biomedicines 2023, 11, 427. [CrossRef] [PubMed]

53. Park, J.H.; Lee, G.-H.; Moon, D.-N.; Kim, J.-C.; Park, M.; Lee, K.-M. A digital approach to the evaluation of mandibular position
by using a virtual articulator. J. Prosthet. Dent. 2021, 125, 849–853. [CrossRef] [PubMed]
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Abstract: Color preservation of esthetic dental restorative materials in the oral environment repre-
sents, besides longevity, a concern, and there is still limited knowledge related to the effect of aging
on the optical behavior of resin matrix ceramics. The study analyzed the finishing and thermocycling
of resin matrix ceramic material surfaces, in order to assess their consequences on optical properties.
Five resin matrix CAD/CAM ceramics, namely a polymer-infiltrated ceramic and four types of
nanoparticle-filled resins, were selected for the study, and finished by polishing and glazing. Ther-
mocycling was chosen as the in vitro aging method. Surface microroughness, optical and hardness
evaluations were achieved before and after artificial aging. Statistical analyses were performed with
IBM SPSS Statistics software at a significance value of p < 0.05. Micro-roughness values increased
after thermocycling, but were kept under the clinically accepted values. The optical characteristics of
resin matrix ceramics were not significantly modified by thermocycling. Values of the glazed samples
became closer to those of the polished ones, after hydrothermal aging, even if the differences were
insignificant. Thermocycling significantly decreased the microhardness, mainly for glazed samples.
This could be the consequence of glaze removal during thermocycling, which means that glazes
provide a surface protection for a limited time.

Keywords: resin matrix ceramics; thermocycling; optical properties; surface analysis

1. Introduction

Related to the high demand of patients for biomimetic dental restorative materials, ce-
ramics and composites come into question. Longevity is an essential aspect when restoring
natural teeth structures and it is important that the physical properties of the restora-
tive materials overlap the tooth structures [1–3]. The rapid development of CAD/CAM
technologies provided accurate, repeatable and high-quality dental restorations using a
variety of materials. CAD/CAM systems represent an outstanding advancement, offering
practitioners the chance to achieve improved dental restorations [4,5].

During the last decade, a new category of dental esthetic materials has been researched,
called resin matrix ceramics or hybrid ceramics. These materials consist of an organic
matrix with a high content of ceramic particles. These materials are included in the
classification of dental ceramics, after the American Dental Association Code on Dental
Procedures and Nomenclature (version 2013), which defines the term porcelain/ceramic as
“pressed, fired, polished, or milled materials containing predominantly inorganic refractory
compounds—including porcelains, glasses, ceramics, and glass-ceramics”. The former
version of the ADA code did not include materials with resin matrix in the category of
ceramic materials [6–9].

The physical properties related to resin matrix ceramics lie very close to those of
natural teeth, and between ceramics and composites. The milling time in the CAM unit
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is shorter compared to other ceramic materials, leading to a longer lifetime of the milling
burs. The polymer structure of the material could also prevent crack propagation through
the ceramic phase. Well-known resin composites wear out; they lose their surface gloss and
color stability overtime more easily compared to ceramic materials [2,10–20].

As surface processing methods of these materials, conventional polishing and glazing
for high gloss and gloss stability are designated. Glaze materials are used to seal the surfaces
and to obtain smoother and glossy surfaces. This has a great impact in decreasing surface
asymmetries, increasing wear resistance, and improving the resistance to staining [21,22].
The surface roughness of a material is important for esthetics and long-term success, but
there is a need for more studies related to the effectiveness of glazes on CAD/CAM resin
matrix ceramic materials.

Ensuring success in esthetic restorations is a difficult process, because of the optical
complexity of tooth structures. To obtain success, basic principles in optical characterization,
such as mimicking of the opalescence and translucence of natural teeth, must be taken
into consideration [23–25]. Due to the hydrophilic characteristics of resin-based materials,
studies demonstrated the relation with their optical properties. Resin-based materials are
known for their esthetic appearance, strength, and accessibility, but lack the strength and
optical stability of ceramic materials. Thus, resin matrix ceramics were introduced in order
to combine the benefits of ceramics and composites. They may limit the absorption of water
compared to resin-based materials, and thus preserve optical properties.

Information regarding the properties of resin matrix ceramic materials after a pro-
longed usage period is limited [18]. The Vickers hardness test is important because it is a
predictor of surface wear [26].

Thermocycling is one of the widely used aging methods to investigate restorative
materials and there are different in vitro aging protocols. Thermocycling represents the
oral environments better than isothermal storage conditions. Temperatures of 5–55 ◦C are
considered the limits for the real situation in the oral cavity. A total of 10,000 cycles were
selected for the study, which represent one year of clinical service and are generally used
for in vitro studies [27,28].

Dental restorations are exposed to dynamic temperature changes in the oral cavity.
The different thermal expansion coefficients of the filler particles and resin matrix induce
internal stresses in the material during continual temperature changes. Resulting cracks
and gaps damage the mechanical properties over time, accelerating aging. Additionally, in
materials with nano-zirconia filler, zirconia may undergo a low-temperature degradation
with a phase transition from tetragonal to monoclinic phase at oral temperature, overlap-
ping the abovementioned degradation [29–31]. It was demonstrated that a definite water
content of enamel and dentine structures is mandatory for their physical characteristics
and biomechanical behavior, providing stability and robustness. Water absorption induces
a greater risk of decomposition of the molecular structure on the microscale, and is con-
sidered to change the physical properties and the lifetime of dental restorative materials.
Accordingly, the impact of water content on dental materials represents a challenge, as well
as their susceptibility to degradation in water and aging [32–34]. Polymer networks can be
strongly altered by the wet oral environment [35]. There is still limited information regard-
ing the effect of aging on the optical stability of these materials [36–42] Color preservation
of esthetic dental restorative materials in the oral environment represents besides longevity
a concern in the use of esthetic dental restorative materials. Restorations should reproduce
the optical properties of natural teeth and maintain this natural appearance over time.
These are directly related to optical harmony with natural teeth and to the color stability
of the material. Spectrophotometers are currently used to evaluate the color change (ΔE*)
of dental materials by quantifying the color coordinates in the CIELAB color space: L*,
a* and b*. The L* coordinate is an indicator of brightness, the a* coordinate indicates the
red–green component (negative a* represents greenness and positive a* indicates redness),
and the b* coordinate corresponds to yellowness or blueness (negative b* indicates blueness
and positive b* represents yellowness). L* coordinates are the most important parameters
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in the optical appearance of restorations, because the lightness has the greatest effect on
esthetics [43–45].

The study aimed to conduct a surface analysis of resin matrix ceramic materials related
to finishing and thermocycling, and to assess their consequences on optical properties. The
study included hybrid materials that were tested after hydrothermal aging for changes in
the optical properties such as translucency and opalescence, and as well for surface and
mechanical properties.

The null hypothesis is that the optical and surface properties of the hybrid ceramic
included in this study are influenced by the hydrothermal aging.

2. Materials and Methods

2.1. Specimen Preparation

Five resin matrix CAD/CAM ceramic materials were selected for the study: a polymer
infiltrated network ceramic (Vita Enamic VITA Zahnfabrik, Bad Säckingen, Germany) (E)
and four types of ceramic nanoparticle-filled resins (Lava Ultimate, 3M ESPE, St. Paul,
MN, USA (L), Cerasmart, GC Corporation, Tokyo, Japan (C), Shofu HC, Shofu, Kyoto,
Japan (S), and Hyramic Upcera, Liaoning, China (H)) were selected for the study (Table 1),
with shades A2 or 2M2 and translucency HT. The CAD/CAM blocks were sliced into
rectangular-shaped plates (n = 16) per material using a machine (Orthoflex PI Dental,
Budapest, Hungary) that provides millimeter accuracy. The samples were polished using
silicon carbide papers (600–2000 grit) and the final thickness (1 mm) of each plate was
checked with a digital caliper.

Table 1. Composition and manufacturer specifications of tested materials [20,45,46].

Material Type Manufacturer Filler Monomer Shade/Translucency

Vita Enamic (E) Hybrid ceramic VITA Zahnfabrik, Bad
Säckingen, Germany

Feldspar ceramic
enriched with

aluminum oxide 86%
UDMA, TEGDMA A2/MT

Lava Ultimate (L) CAD/CAM
composite resin

3M ESPE,
Seefeld, Germany

SiO2, ZrO2, aggregated
ZrO2/SiO2 cluster 80%

UDMA, Bis-GMA,
Bis-EMA, TEGDMA A2/MT

Cerasmart (C) CAD/CAM
composite resin

GC Corporation,
Tokyo, Japan Silica, barium glass 71% UDMA, Bis-MEPP,

DMA A2/MT

Shofu HC (S) CAD/CAM
composite resin Shofu, Kyoto, Japan Silica, silicate, zirconium

silicate 61% UDMA, TEGDMA A2/MT

Hyramic (H) CAD/CAM
composite resin

Upcera,
Liaoning, China Inorganic Filler 55–85% Resin Polymers

The surfaces were finally polished with a low-speed handpiece using a diamond
polishing paste, Renfert polish all-in-one (Renfert, Hilzingen, Germany). Half of the
specimens from each material were kept polished (p) and half were glazed (g). Resin Glaze
Primer (Shofu, Kyoto, Japan) was applied to the surfaces for 60 s and allowed to dry. After
that, two thin layers of the glaze Resin Glaze Liquid (Shofu, Kyoto, Japan) were applied
with a soft brush in the same direction in order to eliminate air bubbles and were light cured
for 180 s in the device SibariSr 620 (Sirio Dental, Meldola, Italy). After the surface finishing
protocols, all plates were ultrasonically cleaned for 10 min and degreased in alcohol.

2.2. Hydrothermal Aging Protocol

Prior to baseline measurements, all samples were immersed in distilled water at 37 ◦C
for 24 h to allow full hydration. Further specimens were submitted to 5000 cycles in baths
filled with distilled water at 55 ◦C and 5 ◦C. Each cycle lasted 80 s; 30 s was the dwelling
time in the5 ◦C bath, 10 s were needed for transfer to the other bath, 30 s was the time in
the 55 ◦C bath, and 10 s were needed to transfer of the samples back to the 5 ◦C bath (t1).
The other 5000 cycles were followed using the same protocol (t2).

The hydrothermal aging protocol has an indication for this type of dental materials.
This method is used to simulate the in vivo aging of the dental restorative materials by
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subjecting them to repeated cold and warm water baths [47]. These water baths simulate
the changes that occur in the oral cavity of the patients.

2.3. Surface Microroughness Evaluation

Surface microroughness was measured with a 2 μm contact stylus profilometerSurftest
SJ-201 (Mitutoyo, Kawasaki, Japan) before (w) and after each step of aging (t1 and t2).
Arithmetic average roughness (Ra) [48,49] evaluations were performed in five different di-
rections, all data were recorded and mean values of the five measurements were calculated
for each surface. The used sampling length was 0.3 mm, and a force of 0.7 mN was applied.

2.4. Optical and Color Changes Measurements

Translucency (TP) and opalescence (OP) values were calculated for all samples, on
both types of surfaces (polished and glazed), before (w) and after each step of aging (t1 and
t2). Optical parameters were registered under a D65 illuminant, using a Vita Easyshade IV
spectrophotometer (Vita Zahnfabrick, Bad Säckingen, Germany). It was calibrated before
each measurement.

To assess the measurements, two different backgrounds, black (b) and white (w), were
selected, using the grey card WhiBal G7 (White Balance Pocket Card). L* represents the
lightness–darkness of the material (L* = 0 for a perfect black and L* = 100 for a perfect
white). a* represents the measure of greenness (negative value) or redness (positive value),
and b* measures the blueness (negative value) or the yellowness (positive value) [50–53].

TP values were calculated using Equation (1).

TP = [(Lb − Lw)2 + (ab − aw)2 + (bb − bw)2]1/2 (1)

OP values were calculated using Equation (2).

OP = [(ab − aw)2 + (bb − bw)2]1/2 (2)

The CR (contrast ratio) value was achieved by Equation (3).

CR = Yb/Yw Y = [(L* + 16)/116]3 × 100 (3)

w and b correspond to the white and black backgrounds, respectively. CR = 0 is
equivalent to transparent, and CR = 1 to totally opaque [54].

The color changes (ΔE*), which represent the color difference between two stages,
were calculated based on the CIE L*a*b*color system, for a black background, according to
Equation (4).

ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 (4)

The National Bureau of Standards (NBS) system quantifies the levels of color
change, relating to a clinical standard. ΔE* values were thus converted into NBS units:
NBS unit = ΔE* × 0.92 [52,55–59].

2.5. Microhardness Evaluation

Samples were evaluated for the Vickers microhardness before (w) and after aging (t2).
Measurements were made on selected points using the digital camera of the tester, with
the micro-hardness tester DM 8/DM 2 (Yang Yi Technology Co., Ltd., Tainan City 70960,
Taiwan) using a diamond pyramidal indenter with 300 g load, for 10 s. After lifting the
indenter, the indentation dimensions were microscopically recorded (40× magnifications).
Five measurements were done on each surface, and mean values were calculated. The
formula used for the Vickers microhardness calculation is the following (5):

HV = 1.8544 F/d2 (5)
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where HV is the Vickers hardness value, F is the applied load value and d is the diagonal
length of the indentation [60].

2.6. Statistical Analysis

IBM SPSS Statistics software (IBM, New York, NY, USA) was selected to achieve sta-
tistical analysis. For all studied materials as well as for all surface processing procedures,
mean values for color parameters, roughness, surface hardness, SDs and 95% confidence
intervals were subsequently calculated related to hydrothermal aging stages. Statistical
evaluation for material type and surface processing was performed. Comparison of differ-
ent aging stages was conducted using a paired samples t test. Differences were considered
significant if the corresponding p value was <0.05. A statistical correlation (Spearman)
was used to establish relationships between optical parameters. It measures the strength
of correlations between variables and the direction of the relationship. The significance
was calculated as follows: 0–0.19 “very weak”, 0.20–0.39 “weak”, 0.40–0.59 “moderate”,
0.60–0.79 “strong”, and 0.80–1.0 “very strong”.

3. Results

Before thermocycling (w), average roughness values (Ra) showed significant differ-
ences between polished and glazed samples for L (p = 0.035) and H (p = 0.033). Glazing
increased roughness values in L, C, and S samples and decrease them in E and H. The
roughness values increased as follows: Sp < Ep < Lp < Hp < Cp, Hg < Eg < Sg < Cg < Lg.
Differences were significant between Cp and Sp (p = 0.003), Ep (p = 0.014), and Lp (p = 0.029),
respective Lg and Hg (p = 0.036).

Related to different surface finishing methods, after hydrothermal aging polished sur-
faces had significantly lower roughness than glazed ones for C (p = 0.007) and H (p = 0.001).
The values increased as follows: Hp < Sp < Cp < Ep < Lp, Lg < Sg < Eg < Cg < Hg. Re-
lated to thermocycling, Ra values increased significant for Ep, Lp, and Sp, respective Eg,
Sg, and Hg (Figure 1).

 
Figure 1. Mean Ra roughness values and SD values of the samples, before and after thermal aging.

Related to surface processing, TP and OP values increased and CR decreased for
glazed samples, with results being significant before thermocycling and insignificant after.

Mean calculated optical parameters ranged between 17.01 and 24.79 for TP, 4.40 and
8.05 for OP, and 0.46 and 0.60 for CR (Figures 2–4, Tables 2–4). TP, OP and CR values were
insignificantly changed by thermocycling.
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Figure 2. Mean values of the TP parameter, before and after thermal aging.

 
Figure 3. Mean values of the OP parameter, before and after thermal aging.

 
Figure 4. Mean values of the CR parameter, before and after thermal aging.

TP and OP values were very strongly positively correlated before thermocycling
(0.891), strongly correlated after the first step (0.648), and moderately correlated after
the second (0.455). TP and CR values were very strongly negatively correlated before
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thermocycling (−1), after the first step (−0.927), and after the second (−0.988). OP and
CR values are very strongly negatively correlated before thermocycling (−0.891), and
moderately correlated after the first (−0.552), and after the second thermocycling step
(−0.442).

Table 2. Mean TP values of samples after water immersion, before thermocycling (w), after thermo-
cycling for 5000 cycles (t1) and after thermocycling for 10,000 cycles (t2). *,a,b significant changes after
hydrothermal aging.

Sample Ep Eg Lp Lg Cp Cg Sp Sg Hp Hg

TPw 23.14 * 17.01 * 24.45 a 21.97 a 24.79 24.52 22.21 19.00 23.71 b 16.74 b

TPt1 22.42 22.19 22.32 22.95 23.41 23.33 22.38 22.74 23.13 23.03
TPt2 22.66 22.75 22.35 22.21 24.15 23.82 23.64 22.50 23.11 23.41

Table 3. Mean OP values of samples after water immersion, before thermocycling (w), after thermo-
cycling for 5000 cycles (t1) and after thermocycling for 10,000 cycles (t2). *,a significant changes after
hydrothermal aging.

Sample Ep Eg Lp Lg Cp Cg Sp Sg Hp Hg

OPw 6.89 * 4.40 * 6.58 a 5.54 a 7.66 7.64 6.90 5.99 6.98 5.28
OPt1 6.98 7.24 7.33 7.37 7.74 7.60 7.44 7.82 7.71 7.83
OPt2 7.67 7.56 7.34 7.55 7.53 7.78 7.80 7.62 7.76 8.05

Table 4. Mean CR values of samples after water immersion, before thermocycling (w), after thermo-
cycling for 5000 cycles (t1) and after thermocycling for 10,000 cycles (t2).

Sample Ep Eg Lp Lg Cp Cg Sp Sg Hp Hg

CRw 0.51 0.60 0.48 0.52 0.46 0.46 0.52 0.56 0.49 0.60
CRt1 0.52 0.53 0.53 0.51 0.48 0.48 0.52 0.51 0.51 0.51
CRt2 0.52 0.52 0.53 0.53 0.47 0.48 0.50 0.52 0.51 0.51

The calculated NBS levels of color change registered marked changes (NBS units > 3)
only for Lp samples, after thermocycling (t1 and t2).

Microhardness values were significantly lower for p than g samples before thermocy-
cling, for all resin nanoceramic materials (p < 0.05). For E the values were similar (p = 0.094).
After thermocycling the differences between p and g remained significant for L and H.
Related to thermocycling, the microhardness values decreased significantly for all samples,
excepting Sp (Figure 5).

 
Figure 5. Mean microhardness values and SD of the samples, before and after thermocycling.
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Related to materials, for p samples before thermocycling, the values decreased signif-
icantly as follows: Ep > Hp > Lp > Cp > Sp, except from Hp to Lp. For g samples they
decreased as follows: Lg > Hg > Eg > Sg > Cg, being significant only between Sg and Cg.

After thermocycling, values decreased as follows: Ep > Lp > Hp > Cp > Sp, being
insignificant between Lp and Hp, and Cp and Sp. For glazed samples they decreased as
follows: Eg > Hg> Lg > Cg > Sg, being insignificant between Hg and Lg.

4. Discussion

Based on the results of this in vitro study the null hypothesis was confirmed, namely
that all of the materials included in this study were influenced by the hydrothermal aging.

Based on the results, thermocycling significantly decreased the Vickers hardness.
Thermocycling may cause water absorption in the resin material structure. A consequence
is an expansion of the network and decreasing of the frictional forces between polymer
chains. Studies made suppositions that the assimilated water would lead to hydrolysis
of the silane coupling agent, altering the chemical bond between the fillers and the resin
matrix [19,61,62]. Other studies speculated that differences in the thermal expansion
coefficients of the two phases could induce stress at the network interfaces. Experiments
demonstrated that an equilibrium should be reached after 30 days and further storage in
water did not alter more the mechanical properties [63].

The hardness of polished samples decreased with the decrease of the inorganic filler
content, both before and after thermocycling, and for glazed samples after thermocycling,
because the glaze was not kept on the surface. Glaze temporary increased the microhard-
ness, but was removed by thermocycling. This means that aging due to thermocycling
affecting the materials differently in relation to surface processing and glazing should be
avoided. Other studies showed that different materials behave differently under thermo-
cycling [63]. Related to the studied materials, PICN ceramic (E) was obtained through
infiltration of presintered ceramic with resin, inducing a higher density. This could be
another reason that supports the higher microhardness of this material. On the other hand,
resin nanoceramic materials contain hydrophobic elements such asurethane dimethacrylate
(UDMA), or hydrophilic elements such as triethylene glycol dimethacrylate (TEGDMA),
and bisphenol A-glycidyl methacrylate (Bis-GMA), which can explain the decreased micro-
hardness caused by an increase of the susceptibility to water sorption [13,63,64]. Ethoxylat-
edbisphenol A diglycidyl methacrylate (Bis-EMA) is a type of ethoxylatedBis-GMA that
is highly hydrophilic and has no reactive hydroxyl group in its main polymer chains. It
should therefore exhibit insignificant water sorption. Studies investigated composites with
different filler particles and showed that those with larger fillers are more susceptible to
color changes related to water sorption than those with smaller filler particles, which is due
to the hydrolysis at the filler–matrix interface [19,27,65,66]. All of these previous studies
support the results of this study, because hydrophobic elements are included in the matrix
of resin nanoceramics and the filler particles size is also small.

Related to microroughness, all Ra values increased after thermocycling, but they
were kept under the clinically accepted value, just below 0.1 μm after the second step of
thermocycling. Ra values below 0.2 μm are generally clinical accepted [3,67].

Translucency allows passing of light, and it is known as the state between opacity and
transparency. Opalescence is related to the light scattering of short wave-lengths from the
visible spectrum in translucent materials. This characteristic gives a material a bluish-white
aspect in reflected light and an orange–brown aspect in transmitted light. Restorative
materials should have similar opalescent properties to natural tooth structures. Among all
of the optical properties, translucency is known as a key factor for the natural outcome of
esthetic restorations [68–73].

Previous studies registered mean TP values for 1 mm thick human enamel as 18.7
and for human dentine as 16.4 [74–76] The TP values for the studied resin matrix ceramic
samples lie between 17.01 and 24.79. The OP value of the enamel–dentin complex was
reported to be 4.8, and that of enamel, 7.4 [77–79]. The values for the studied resin matrix
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ceramic samples lay between 4.40 and 8.05. The CR and TP values of esthetic dental
materials were compared in different studies. CR was negatively correlated to TP (r = −0.93).
The calculated correlation was also very strong during all of the tested periods [70,79]. All
of the color parameters were insignificantly changed by thermocycling. The values of the
glazed samples became closer to those of the polished ones, even if the differences were
insignificant between p and g samples. This could be a consequence of the glaze being
removed after thermocycling. A marked color change was registered only for Lp.

One of the limitations of the investigations is related to the applied aging method,
which is limited related to the complex clinical conditions. Another limitation of this
study could be the selection of one shade (A2 or 2M2) and translucency (HT) for the
tested materials. Considering that besides water absorption and the thermal changes many
other factors age dental restorative materials, further studies are needed that evaluate the
restorative materials using various and complex aging procedures, in order to simulate as
close as possible the real oral environment [18,80,81].

However, in vitro tests can exhibit useful indications for newly developed materials
as long as the testing protocol is accurate, the investigations are well-conducted and the
results are carefully interpreted, taking into account the limitations [82–84].

5. Conclusions

Within the mentioned limitations of this in vitro study, the following conclusions can
be drawn:

1. The optical properties of resin matrix ceramic materials are not significantly modified
by thermocycling.

2. Roughness values, even if they increase after aging, are kept under the clinically
accepted values.

3. Thermocycling significantly decreases the Vickers hardness.
4. Glaze provides surface protection for a short time, because it is removed dur-

ing thermocycling.
5. This research stands as a starting point for future research because of the various

hybrid materials included in this text and of the significant results. Taking everything
into consideration, we can only encourage further investigations so that the results of
different studies can be compared and analyzed properly.
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Featured Application: The article presents a novel fluoride particle technology for rapid reminer-

alization, applicable for caries prevention and treatment of dentin hypersensitivity.

Abstract: This paper describes novel and innovative amorphous calcium magnesium fluoride phos-
phate (ACMFP) core-shell microparticles that may be applied in preventive dentistry for the pre-
vention of caries and the treatment of dentin hypersensitivity. The particles can be synthesized
with varied fluoride content, up to approximately 6 wt%, without any observable differences in
morphology or crystallinity. Fluoride release from the particles is correlated to the fluoride content,
and the particles are readily converted to fluoride-substituted hydroxyapatite or fluorapatite in a
simulated saliva solution. The remineralization and dentin tubule occlusion potential of the particles
was evaluated in vitro on acid-etched dentin specimens, and treatment with the ACMFP particles
resulted in complete tubule occlusion and the formation of a dense mineralization layer. The acid
resistance of the mineralization layer was improved compared to treatment with analogous particles
without fluoride inclusion. A cross-sectional evaluation of dentin specimens after treatment revealed
the formation of high aspect ratio fluorapatite crystals and poorly crystalline hydroxyapatite, respec-
tively. The particles of the current study provide a single source vehicle of readily available calcium,
phosphate, and fluoride ions for the potential remineralization of carious lesions as well as exposed
dentin tubules for the reduction of hypersensitivity.

Keywords: caries; dentin hypersensitivity; preventive dentistry; amorphous calcium phosphate;
fluoride; remineralization

1. Introduction

Caries (tooth decay or dental cavities) is a major global healthcare issue, and according
to the 2019 Global Burden of Disease Study, it is estimated that 2.03 billion people have caries
in their permanent teeth and that 520 million children have caries in their primary teeth,
making it the most prevalent non-communicable disease in the world [1,2]. Caries is a result
of plaque formation on the tooth surface, where bacteria excrete acids while metabolizing
fermentable carbohydrates. This causes demineralization of the enamel and dentin and, if
allowed to progress, will cause the formation of cavities. In order to prevent caries, it is
important to reduce the daily intake of dietary sugars and to exercise regular dental hygiene
care, such as tooth brushing and flossing. Tooth brushing should be performed with a
fluoridated toothpaste, which can prevent and arrest the progression of caries by forming
fluorapatite, i.e., inhibiting demineralization [3,4]. Demineralization of dentin and enamel
may be countered by remineralization, in which calcium and phosphate ions present in
the saliva can deposit to form new mineral. This requires a local supersaturation of ions to
form hydroxyapatite. If fluoride is present, the newly formed mineral may be fluorapatite
rather than hydroxyapatite, making it less soluble and more resistant to acid erosion [5,6].
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Repeated acid attacks or poor salivary flow may, however, tip the scale towards continued
demineralization, leading to a net mineral loss. This has prompted the need for additional
calcium phosphate sources and the development of specialized oral care products [7].
Different calcium phosphate technologies and particles have thus been introduced in
the past 20 years to promote the remineralization of enamel as well as the occlusion of
dentin tubules for the reduction of dentin hypersensitivity [8,9]. Dentin hypersensitivity is
generally triggered by thermal, mechanical, or evaporative stimuli of the tooth and is highly
prevalent among adults, reported at 34% in a recent study [10]. It is a clinical condition
that can cause significant oral discomfort and pain, and the underlying cause is that the
dentin tubules have become exposed due to gingival recession or loss of enamel, which is
in turn caused by, e.g., abrasion or acid erosion, excessive tooth brushing or flossing, pocket
reduction surgery, or as a secondary reaction to periodontal disease [10,11]. According
to the generally accepted hydrodynamic theory, occluding the dentin tubules will hinder
fluid movement within the tubules, which otherwise excites nerve endings in the pulp,
causing the sensation of pain [12]. For a long-lasting and minimally invasive treatment
of dentin hypersensitivity, the tubules should therefore ideally be deeply occluded with
an acid-resistant mineralization layer resistant to both abrasion and erosion, and it should
preferably be easy to apply at home or as a topical desensitizer product at the dental
office. Successful treatment and prevention of both caries and dentin hypersensitivity thus
rely on effective remineralization, requiring adequate access to calcium, phosphate, and
fluoride ions.

There are a number of products and technologies on the market today that deliver
various forms of calcium phosphate to the tooth surface, the most prevalent being hy-
droxyapatite (as nano- or microparticles, available in many kinds of toothpaste), different
bioglasses (e.g., NovaMin®), and casein phosphopeptide–amorphous calcium phosphate
(CPP–ACP, marketed as RECALDENT™). All of these technologies have successful clinical
track records and have been demonstrated to be effective as remineralization agents in
multiple studies [9,13,14]. They are regularly combined with fluoride in oral care products
for daily caries protection. Each of these technologies has drawbacks or limitations, how-
ever, ranging from poor solubility (hydroxyapatite) to coarse particles (bioglass) [15] and
milk protein allergy (CPP–ACP). A recent comparative study showcased the efficacy in
dentin mineralization and tubule occlusion of an alternative technology based on stabi-
lized microparticles of amorphous calcium magnesium phosphate (ACMP, marketed as
CAPOSAL®) [16]. In the study, CAPOSAL® was the only technology resulting in complete
occlusion and deep mineralization of the dentin tubules. The mineralization layer was
also able to withstand an acid challenge, increasing the chances for long-term sensitivity
relief. The mode of action of these particles, as well as the characteristics of intra-tubular
mineralization layers, have been demonstrated in separate studies [17,18]. Combined, these
studies demonstrate that the application of ACMP particles is one of the most effective
approaches for promoting dentin remineralization and tubule occlusion, caused by the high
aqueous solubility that supplies a high local concentration of calcium and phosphate ions.
The metastable nature of ACMP particles also means that they are easily transformed into
more stable calcium phosphate phases in situ, such as hydroxyapatite. In fact, amorphous
calcium phosphate has long been considered a precursor to natural apatite in teeth and
bone and therefore plays an important role in endogenous mineralization [19,20], and
its unique properties have rendered it a highly interesting material for dental and other
biomedical applications [21,22]. With the innovative CAPOSAL® technology, the previ-
ously elusive nature of amorphous calcium phosphate particles as a functional ingredient
in oral care products has been made commercially available. Until now, however, the
ACMP particles have relied on separate application and external supply of fluoride ions
to form the more acid- and caries-resistant fluorapatite mineralization layer [18]. In the
current study, we present a development of the ACMP particles to also contain a fluoride
inclusion, making the particles essentially self-sustaining in the process of remineralizing
dentin for the proposed reduction of dentin hypersensitivity and the prevention of caries.
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2. Materials and Methods

2.1. Particle Synthesis

The amorphous calcium magnesium fluoride phosphate (ACMFP) particles described
in this study were produced based on the development of a previously described method
for the synthesis of ion-substituted calcium phosphate particles [17,23–25]. The amorphous
nature of the particles is obtained by substituting Mg2+ for Ca2+, which inhibits the nucle-
ation and growth of hydroxyapatite during synthesis. The particles may be synthesized by
heating a phosphate buffer containing calcium and substitution ions or by a continuous
flow mixing process of pre-heated calcium/magnesium and phosphate/fluoride salt solu-
tions. Both methods result in the precipitation of core-shell particles with a hollow interior,
with the latter method generating finer particles and being better suited for large-scale
production as it allows for higher throughput. The fluoride content in the current particles
was adjusted by changing the relative fluoride concentration in the appropriate starting
solution. The formed particles were collected by filtration and washed with deionized
water to remove any salt residues. To obtain long-term stability, the resulting particle slurry
was mixed with glycerol, and residual water was evaporated by drying the mixture in a
forced convection oven. The dried product was then homogenized to obtain a viscous paste
consisting of stabilized and well-dispersed ACMFP particles in glycerol, suitable for use in
the formulation of oral care products.

2.2. Characterization

The appearance and elemental composition of the synthesized particles were evalu-
ated using the in-lens secondary electron detector of a field emission scanning electron
microscope (SEM, Zeiss LEO 1530) equipped with an energy-dispersive X-ray spectroscopy
system (EDS, Oxford AZtec). In preparation for analysis, the particles were dispersed in
alcohol by ultrasound, pipetted onto sample stubs, and sputter coated with a thin Au/Pd
conductive layer. Imaging was conducted using an acceleration voltage of 2 keV and
a working distance of approximately 3 mm, whereas EDS data was collected using an
acceleration voltage of 6 keV and a working distance of 8 mm. Crystallinity of the particles
was evaluated on powder samples by X-ray diffraction (XRD, Bruker D8 ADVANCE),
using CuKα-radiation and scanning 2θ from 10 to 60◦ with a step size of 0.0125◦. Particle
size distribution was evaluated using dynamic light scattering (DLS, Malvern Zetasizer
Nano) after dispersing a fine amount of particles by ultrasound in ethanol. The Brunauer–
Emmett–Teller (BET) particle-specific surface area was measured using N2 adsorption
(Micromeritics TriStar II). In addition to the EDS measurements, the content of Ca, Mg,
and P in the particles was quantified using inductively coupled plasma optical emission
spectroscopy (ICP-OES, Perkin Elmer Avio 200) after dissolution in 5% HNO3. The in-
strument was calibrated with stock standard solutions (Perkin Elmer) and corresponding
blanks. Fluoride concentration was additionally determined using a calibrated fluoride ion
selective electrode coupled to a benchtop meter (Hanna Instruments HI 4110, HI 5522-02),
measuring in total ionic strength adjustment buffer (TISAB II) after dissolving the particles
in diluted HCl. Fluoride release from the particles was analyzed by adding 50 mg of
particles to 100 mL of TISAB II under stirring and measuring the fluoride concentration in
solution after 1, 5, 10, and 30 min.

2.3. In Vitro Mineralization and Dentin Tubule Occlusion

Bioactivity of the ACMFP particles, in terms of their propensity to transform/crystallize
into hydroxyapatite or fluorapatite in biological conditions, was evaluated by submerg-
ing the particles in a simulated saliva solution composed as described in Table 1 (pH 7).
Particles were left static in the solution for 18 h at 37 ◦C, then filtered, dried, and charac-
terized in SEM and by XRD. Phase composition analysis of the crystallized material was
performed using Rietveld refinement (Profex v4.3.5 software, an open source software,
available from www.profex-xrd.org, accessed on 3 May 2023), quantifying hydroxyapatite
and fluorapatite.
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Table 1. Composition of the simulated saliva solution.

Salt Conc. (mM)

NaCl 30
KCl 3

CaCl2·2H2O 1.5
MgCl2·6H2O 0.5

Na2HPO4·2H2O 2.9
KH2PO4 2.1

In vitro mineralization and dentin tubule occlusion testing were performed based on
a previously described protocol [16]. Dentin specimens were sectioned from extracted
human molars without any caries or anatomical defects using a water-cooled low-speed
saw (Buehler IsoMet 2000). The sectioning was performed in the buccolingual plane,
yielding specimens with approximate dimensions of 1 × 8 × 8 mm. Utilization of human
molars in the study was performed in compliance with guidelines from the Swedish Ethical
Review Authority (2016/039). After sectioning, the dentin specimens were etched in 30%
phosphoric acid for 15 s to remove the smear layer and expose the tubules, followed by
a thorough rinsing in deionized water. The dentin specimens were then subjected to a
mineralization treatment with formulas containing glycerol and either 5% ACMFP particles
or 5% ACMP particles (without fluoride) for comparison. A blank treatment formula
without any mineralizing particles was also included for reference. Each treatment formula
was applied to two dentin specimens twice daily for seven days, using a soft-bristled
toothbrush and manual brushing with light hand pressure for approximately 30 s at each
application. In between applications, the dentin specimens were stored in a simulated
saliva solution (Table 1) at 37 ◦C, which was exchanged daily. Upon completion of the
treatment, one specimen of each treatment formula was subjected to an acid challenge by
swirling in a 2% citric acid solution (pH 2) for 30 s. The specimens were then rinsed, vacuum
dried, mounted on sample stubs, and sputter coated with a thin conductive Au/Pd layer
to allow SEM evaluation. One dentin specimen for each treatment cycle was evaluated,
for a total of six specimens. Cross-sectional images of the dentin tubules were taken after
manually breaking the specimens.

3. Results

The EDS elemental composition of ACMFP particles synthesized with various fluoride
contents is listed in Table 2. The fluoride concentration ranged from essentially 0 wt%
in ACMP particles synthesized without fluoride to nearly 6 wt% in the particles denoted
ACMFP-4. Results from ICP-OES analysis were in general agreement with EDS data for
Ca, P, and Mg content, whereas fluoride ion selective electrode measurements indicated a
lower F content than those quantified with EDS (Table 3).

Table 2. Elemental composition of particles according to EDS analysis.

Sample O (wt%) Ca (wt%) P (wt%) Mg (wt%) F (wt%)

ACMP 54.3 ± 0.8 23.2 ± 1.0 14.6 ± 0.1 7.9 ± 1.8 0.1 ± 0.1
ACMFP-1 48.4 ± 2.0 25.6 ± 0.6 19.0 ± 1.0 5.9 ± 0.1 1.2 ± 0.2
ACMFP-2 50.2 ± 1.5 23.0 ± 1.5 17.9 ± 2.3 6.4 ± 0.4 2.6 ± 0.3
ACMFP-3 50.3 ± 3.3 24.7 ± 0.8 15.5 ± 3.3 6.3 ± 0.0 3.2 ± 0.7
ACMFP-4 48.6 ± 1.8 25.7 ± 1.5 12.8 ± 0.6 7.1 ± 0.8 5.8 ± 0.2

Morphology of synthesized particles is shown in Figure 1, demonstrating a generally
spherical shape and a mixture of singular and fused particles with diameters ranging from
100 to 300 nm. The DLS z-average particle size of approximately 360 nm (Table 3) reflects
the aggregation of particles. There were no apparent differences in the appearance between
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ACMP particles (Figure 1A) and ACMFP particles (Figure 1B,C), demonstrating that the
fluoride inclusion did not affect the particle morphology.

Table 3. Characteristics of ACMFP-2 particles. Elemental composition according to ICP-OES (Ca, P,
and Mg) and fluoride ion selective electrode (F). Z-average particle size according to DLS and specific
surface area according to N2 BET analysis.

Sample Ca (wt%) P (wt%) Mg (wt%) F (wt%)
Z-Avg. Particle

Size (nm)
BET Surface
Area (g/m2)

ACMFP-2 21.5 ± 0.3 20.0 ± 0.5 6.9 ± 0.1 1.51 ± 0.05 362 ± 38 24.5 ± 1.1

 

Figure 1. SEM images of particles: (A) ACMP synthesized without fluoride; (B) ACMFP-2 particles;
(C) ACMFP-4 particles.

XRD analysis of the same particles demonstrated that they were amorphous, with
identical spectra regardless of fluoride inclusion (Figure 2A). Fluoride release, however, as
shown in Figure 2B, demonstrates a significant difference between particles synthesized
with and without fluoride. The relative fluoride release from particles was reflective of
the concentrations listed in Table 2. The particles can be stabilized after synthesis by
suspension in glycerol, with no observed changes in particle morphology or crystallinity
after six months of storage at 40 ◦C.

Figure 2. (A) XRD spectra of ACMP, ACMFP-2, and ACMFP-4 particles; (B) Fluoride release curves
from ACMP and ACMFP particles with varied fluoride content.

The gradual transformation of ACMFP particles from amorphous core-shell particles
to crystalline bundles of fluoride-substituted hydroxyapatite in simulated saliva solution is
shown in Figure 3A–C. In Figure 3A, protrusions of high aspect ratio crystals are observed
stemming directly from the ACMFP particle surfaces, with the image capturing an early
phase of the transformation process. In Figure 3B, some features of the origin of ACMFP
particles are still visible, but sharp crystals dominate the appearance. In Figure 3C, the
particles are completely crystallized, demonstrating the final phase of transformation. All
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three SEM images in Figure 3 were captured from the same sample after static incubation
for 18 h, and the global crystallinity of the sample is demonstrated in the XRD spectrum in
Figure 3D. Phase identification of the crystalline part using Rietveld refinement yielded a
share of approximately 58% fluorapatite and 42% hydroxyapatite.

 

Figure 3. (A–C) SEM images of ACMFP particles at different stages of crystallization in simulated
saliva. Arrow in (A) displays a hollow particle core; (D) XRD spectrum of crystallized particles.

The results of the in vitro mineralization and dentin tubule occlusion tests are shown
in Figure 4. The top panel (Figure 4A–C) displays a reference dentin surface and a tubule
in cross-section after treatment with a blank formula without any mineralizing particles.
The tubules were fully exposed both before and after the acid challenge, demonstrating
that the simulated saliva solution used for storage was not sufficiently mineralizing to
have any notable effect. The middle panel (Figure 4D–F) shows the dentin surface and the
mineralization product within a tubule after treatment with ACMP particles, i.e., without
any fluoride inclusion. The tubules were completely occluded with a mineralized layer
before the acid challenge (Figure 4D), but the orifices became partly visible again after
the acid challenge (Figure 4E). The mineralized material both on the surface and within
the tubules was characteristic of poorly crystalline nano-hydroxyapatite, as observed in
previous studies [17,18]. Treatment with the ACMFP particles also resulted in complete
tubule occlusion (Figure 4G) but with the added feature of resisting dissolution during the
acid challenge (Figure 4H). The mineralization product within the tubules was dense and
characterized by high aspect ratio crystals extending from the peritubular wall (Figure 4I),
similar in appearance to the crystallized particles shown in Figure 3C as well as to fluoride-
substituted hydroxyapatite structures reported in previous studies [16,18]. The deep
(>10 μm) mineralization within the dentin tubules was unaffected by the acid challenge.
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Figure 4. SEM images of dentin surfaces and dentin tubules in cross-section: Top panel (A–C) shows
appearance after treatment with blank formula (no particles); Middle panel (D–F) shows appearance
after treatment with the ACMP formula; Bottom panel (G–I) shows appearance after treatment with
the ACMFP formula. The left-hand panel (A,D,G) shows surfaces before the acid challenge, and the
center panel (B,E,H) after the acid challenge. Cross-section images of dentin tubules beneath the
treated surface are shown in the right-hand panel (C,F,I).

4. Discussion

Fluoride treatment is the gold standard when it comes to caries prevention, and
brushing with fluoridated toothpaste is at the core of a sound oral care routine. Much of the
effectiveness of fluoride in preventing caries and helping maintain good oral health depends
on its capacity to enhance the remineralization of dentin and enamel and subsequently
inhibit demineralization due to increased acid resistance [5]. For remineralization to be
effective, there should be a net mineral gain in the tooth structure, i.e., the degree of apatite
deposition should outweigh the dissolution caused by plaque bacteria. Facilitating the
right conditions to remineralize or repair early enamel defects such as sub-surface lesions
(“white spots”) may be complex, as it generally depends on ion diffusion through a more
intact surface layer. A key aspect of reversing sub-surface demineralization is thus to clear
the acid-producing plaque and allow saliva to contact the surface, which can neutralize
the area and provide calcium and phosphate ions. If the saliva is supersaturated with
calcium and phosphate, ions may then diffuse back into the lesion and remineralize partially
demineralized crystals in a process that is accelerated in the presence of fluoride [26,27]. To
create conditions that favor remineralization, especially in areas subjected to repeated acid
challenges or in cases of poor salivary flow, supplementing the saliva and the lesion surface
with readily available calcium, phosphate, and fluoride ions is therefore crucial. Application
of a successful remineralization therapy may often be sufficient to stop caries progression
and repair early lesions, reducing the need for costly and irreversible restorations [26]. As
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such, there is evidently a need for the development of calcium phosphate technologies that
can contribute to the remineralization process in an effective way.

The ACMFP particles of the current study present an opportunity to deliver a single
source vehicle of readily available calcium, phosphate, and fluoride ions for remineraliza-
tion of carious lesions as well as exposed dentin tubules for the reduction of hypersensitivity.
The particles may also be produced in a simple and cost-effective way. The unique spherical
shape and sub-micron size of the particles make them especially suitable for dentin tubule
occlusion, as they enable deep penetration and mineralization that can resist both abrasion
and acid erosion. The prospect of having all key remineralization ions from a single source
that is readily converted into fluoride-substituted hydroxyapatite could make products
for preventive dentistry more effective and potentially safer, as excessive use of fluoride
during tooth development may lead to fluorosis. The potential risk of fluorosis should
not deter from the proper use of fluoride, however, as the benefits clearly outweigh the
risks [3–5]. Nevertheless, the current findings demonstrate that the degree of fluoride inclu-
sion in the particles and subsequent fluoride release can be adjusted without altering their
characteristic features in terms of morphology and crystallinity (Figures 1 and 2), which
effectively allows tailoring of the particles to suit a wide range of applications. The fluoride
inclusion may be high to maximize the fluoride release and remineralization potential of
the particles, or it can be optimized at a lower level to reduce overall fluoride exposure. As
the direct crystallization and remineralization triggered by the particles are independent of
long-range fluoride ion diffusion from other sources, the ACMFP particles can offer local
remineralization with a lower overall fluoride concentration.

The rapid in vitro conversion from amorphous core-shell particles into crystalline
fluorapatite-like mineral depicted in Figure 3 illustrates the bioactive and remineralizing
properties of the ACMFP particles. Several mechanisms of the conversion process from ACP
to apatite in aqueous media have been proposed in the literature, including dissolution–
reprecipitation, reorganization of Posner’s clusters, and surface-mediated transformation
triggered by phosphate hydrolysis, leading to apatite nucleation and growth supported by
surface ion migration [22]. It is plausible that all these processes occur to a varying degree
at different stages of conversion of the particles, i.e., once apatite is nucleated at the particle
surface, the rate of dissolution–reprecipitation increases. It is further established that this
conversion process is accelerated in the presence of fluoride [22,27]. The corresponding
conversion was demonstrated in an in vitro mineralization and tubule occlusion test,
showing that the ACMFP particles generated a more acid-resistant mineralization layer than
the fluoride-free ACMP particles (Figure 4). It should be noted that similar mineralization
and tubule occlusion results have been observed in previous studies [16,18], but only
when the ACMP particles have been applied in combination with an external fluoride
source, e.g., successive application of a toothpaste containing sodium fluoride. Although
the current findings are based on in vitro data from a limited set of dentin specimens, the
results indicate that a similarly effective remineralization and dentin tubule occlusion effect
can be obtained by the sole use of the ACMFP particles, eliminating the need for external
or additional fluoride sources.

5. Conclusions

This study briefly describes the development, characteristic features, and potential
application of ACMFP core-shell particles for use as a remineralization agent in preventive
dentistry. It is demonstrated that the particles may be synthesized with a varied fluoride
content and thereby allow fine-tuning and optimization for various needs and indications
related to caries prevention. The amorphous particles are rapidly converted into fluorapatite
structures in simulated saliva, and in vitro analysis demonstrates the formation of an acid-
resistant mineralization layer both on the dentin surface and deep within dentin tubules.
Based on the hydrodynamic theory, the complete tubule occlusion observed after the
application of the ACMFP particles makes them a viable option for the effective treatment
of dentin hypersensitivity.
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Abstract: This investigation aimed to assess, through a systematic review, the effect of non-thermal
plasma treatments on root canal sealers’ adhesion to dentin. This study followed the 2020 Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. A literature search
was undertaken without limits on time or language, until May 2023, in PubMed–MEDLINE, Scopus,
Web of Science, OpenGrey, and three endodontic journals. The included studies underwent quality
assessment and data extraction. Out of an initial 188 articles, 4 studies were included. Three of these
studies based the adhesion ability on the push-out test in human extracted teeth, while the other
used bovine dentin samples to measure the contact angle with the sealer (wettability). While there
was no consensus about the effect of non-thermal plasma (NTP) on the AH Plus sealer’s adhesion
to radicular dentin, NTP seemed to positively influence the adhesion ability of BioRoot RCS and
Endosequence BC. The findings of the present review should be interpreted cautiously due to the
scarcity of studies on the topic. The NTP parameters should be optimized to obtain a stronger
evidence base in endodontics on its role as an adjuvant tool to increase sealers’ adhesion to dentin.

Keywords: adhesion; gutta-percha; plasma treatments; root canal filling; root canal obturation; root
canal therapy; root canal sealers

1. Introduction

Endodontic therapy, generally focused on root canal treatment, has a major goal
directed to the cure or prevention of periradicular periodontitis. Orthograde endodontic
treatment includes cleaning and shaping of the root canal system, preparing it for the
subsequent filling, with the aim of maintaining disinfection and preventing reinfection.
The latter is achieved by a core—most often gutta-percha—and an endodontic sealer, under
well-defined criteria of length and density. The treatment is completed by an adequate
coronal restoration [1].

A dentin sealer’s adhesion is its ability to adhere to the root canal’s walls and pro-
mote the union of the filling materials to dentin. Different sealers and filling techniques
(e.g., single cone, lateral compaction, or thermoplastic obturation) have been reported to
produce an impact in the penetration of the sealer into dentinal tubules, thereby influencing
dentin sealers’ adhesion [2]. Optimal adhesion of the root filling to the intraradicular dentin
leads to fewer gap-containing regions, which would allow fluid infiltration within either
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sealer–dentin or sealer–core–filling material interfaces [3]. Consequently, it also avoids
sealer dislodgment during operative procedures, increasing endodontic treatment success
rates [3]. It is widely accepted that sealing ability is of utmost importance to successful
outcomes of root canal treatments [3].

A great variety of endodontic sealers are available commercially. They are divided
into different groups according to their chemical composition, properties, or therapeutic
additives, which influence their performance [4]. Studies have also shown that the sealers’
bond strength to dentin may be affected by the pretreatment of canal walls and the type of
sealer used [5].

The physicochemical properties of sealers interfere with their ability to adhere to
dentin [6]. The epoxy-resin-based sealer AH Plus (Dentsply DeTrey GmbH, Konstanz,
Germany) is the gold-standard sealer due to its extensively studied physical properties,
such as its high bond strength to dentin [6]. This advantage has been justified by epoxy-
resin-based sealers’ chemical bonding to exposed collagen and their great capacity to form
smooth and compact tags inside dentinal tubules [6,7]. MTA Fillapex is composed of a
salicylate–resin matrix filled with MTA, natural resin, bismuth oxide, and silica [8]. This
sealer’s composition is primarily resin, which raises doubts concerning its classification as a
true calcium-silicate-based sealer or MTA-based sealer [4]. Nevertheless, it is reported that
the set sealer releases calcium and hydroxyl ions. When the material comes into contact
with phosphate-containing fluids, these ions cause the formation of apatite, which may
deposit within collagen fibrils, promoting controlled mineral nucleation on dentin, seen as
the formation of an interfacial layer with tag-like structures [7,8]. MTA Fillapex’s low bond
strength could be due to the low adhesion capacity of these tag-like structures [9].

Calcium-silicate-based sealers, such as BioRoot RCS and Endosequence BC, have
become popular in endodontics, mainly due to their biocompatibility and bioactivity [10].
These sealers have the potential to adhere chemically to dentin through the production of
hydroxyapatite during setting [6]. Although they have undergone great development to
improve their performance, there is still a lack of consensus regarding their bond strength
to intraradicular dentin [6,11].

Plasma, considered to be the fourth state of matter, is an electrically conductive
medium that responds to electric and magnetic fields and is also a source of large quantities
of highly reactive species such as electrons, ions, electronically excited neutrons, and
free radicals [12]. Plasmas are generally classified as thermal and non-thermal (or cold
plasma), based on the relative temperatures and energy of the different plasma species
(electrons, ions, and neutrons) [12]. In thermal plasmas, electrons and heavy particles are in
thermal equilibrium, while in non-thermal plasma (NTP), electrons are hotter than ions and
neutrons are at room temperature [12]. NTP can be used under vacuum or atmospheric
conditions, using inert gases like argon (Ar) or helium (He), reactive gases such as oxygen
(O2) or nitrogen (N2), or a mixture of two or more gases [13,14]. Plasma treatments
provide an effective and clean technology for surface activation without changing the
materials’ original structure and functional properties [15]. Previous studies have shown
that NTP is efficient for cleaning/decontaminating and sterilizing instruments [16] and
tooth whitening [17], and it seems to be a promising tool in combating dental biofilms [18].
Moreover, this technology has been shown to increase the wettability and hydrophilicity
of different surfaces, such as dentin, enamel, and composites, improving their adhesive
features or etching dentinal tubules, ensuring higher mechanical retention of root canal
sealers [19].

To the best of our knowledge, to date, no systematic review has evaluated the influence
of NTP on the adhesion between endodontic sealers and intraradicular dentin. Thus, this
work aimed to assess, through a systematic review, the effect of NTP treatments on root
canal sealers’ adhesion to dentin.
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2. Materials and Methods

This systematic review followed the recommendations of the 2020 Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [20].

2.1. Eligibility Criteria

This study was conducted to answer the PICO question “Does the NTP treatment affect
sealers’ adhesion to dentin compared to no treatment?”, with the following parameters:
extracted teeth as the participants, plasma treatment as the intervention, no treatment as
the comparison, and evaluating root canal sealers’ adhesion to dentin as the outcome.

Only in vitro studies that treated dentin with plasma technology and assessed the
effects of NTP treatments on root canal sealers’ adhesion to dentin were included. Studies
that did not use a control group (without plasma treatment) were excluded.

2.2. Search Strategy

The search was carried out in May 2023 on PubMed (Medline), Scopus, and Web of
Science. The electronic search combined Medical Subject Heading (MeSH) terms, text words
(tw), and truncation terms. The Boolean operators “AND” and “OR” were used to create
the search strategy (Table 1). No language or publication date restrictions were applied.
Additionally, gray literature was investigated through OpenGrey, and a manual search
of the Journal of Endodontics, International Endodontic Journal, and Australian Endodontic
Journal was performed to find any additional papers. Moreover, an additional search
was conducted using the reference lists of all included papers. References from different
databases were imported into the EndNote X9 software (Thomson Reuters, New York, NY,
USA), which automatically removed duplicate records.

Table 1. Search strategy in different databases.

Database Search Strategy Findings

PubMed

#1 ((non-thermal plasma[Title/Abstract]) or (nonthermal plasma[Title/Abstract])
or (Plasma Gases[Title/Abstract]) or (plasma treatment[Title/Abstract]) or
plasma[Title/Abstract] or (Plasma Gases[MeSH Terms]) or plasma[MeSH Terms])

#2 ((dental cements[MeSH Terms]) or (root canal sealants[MeSH Terms]) or (dental
cement *[Title/Abstract]) or (root canal seal *[Title/Abstract]) or (endodontic seal
*[Title/Abstract]) or (root canal fill *[Title/Abstract]) or (seal*[Title/Abstract]))

#3 ((endodontic *[Title/Abstract]) or (root canal[Title/Abstract]) or (endodontic
treatment[Title/Abstract]) or (root canal treatment[Title/Abstract]) or (Root Canal
Therapy[Title/Abstract]) or (Root Canal Therapy[MeSH Terms]) or
(Endodontics[MeSH Terms])

#1 and #2 and #3 96

Scopus

#1 TITLE-ABS-KEY(“non-thermal plasma” or “nonthermal plasma” or “Plasma
Gases” or “plasma treatment” or plasma)

#2 TITLE-ABS-KEY(“dental cements” or “root canal sealants” or “dental cement *”
or “root canal seal *” or “endodontic seal *” or “root canal fill *” or “seal *”)

#3 TITLE-ABS-KEY(“endodontic *” or “root canal” or “endodontic treatment” or
“root canal treatment” or “Root Canal Therapy”)

#1 and #2 and #3 140

Web of Science

#1 TS = (“non-thermal plasma” or “nonthermal plasma” or “Plasma Gases” or
“plasma treatment” or plasma)

#2 TS = (“dental cements” or “root canal sealants” or “dental cement *” or “root
canal seal*” or “endodontic seal *” OR “root canal fill *” or “seal *”)

#3 TS = (“endodontic *” or “root canal” or “endodontic treatment” or “root canal
treatment” or “Root Canal Therapy”)

#1 and #2 and #3 83
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2.3. Selection of the Studies

Two reviewers independently assessed the searched titles and abstracts and discarded
the non-eligible papers. When the title and abstract were insufficient to confirm or exclude
a particular study, they read the full text. In case of divergence, a third author decided
whether the paper should be included.

2.4. Data Extraction

The following information was extracted and recorded from each included study:
tooth type, non-thermal treatment (i.e., gas/application time, plasma mode, device used,
distance, pressure, and power applied), methodology for testing adhesion ability (push-out
testing parameters (i.e., filling materials used, storage, canal segments analyzed, slice
thickness, plunger diameter, and plunger loading direction) and contact angle analysis),
and main results.

2.5. Risk-of-Bias Assessment

Two authors independently evaluated the risk of bias in each selected study. The
risk of bias assessment method was adapted from a previously published systematic
review [21]. The following parameters were considered: (1) randomization, (2) blinding,
(3) standardization of specimen selection, (4) standardized preparation (single operator),
and (5) reporting of data. If the above parameters were mentioned, the risk of bias was
recorded as low; if the parameters were not mentioned, it was recorded as high; if their
mention was not clear, it was recorded as unclear. Disagreements among authors were
resolved through discussion with a third author.

3. Results

Figure 1 shows the flow diagram of the search strategy. After duplicates were removed,
the search generated 188 studies. After the analysis of titles and abstracts, five were selected.
After comprehensive reading of these studies, one was excluded due to not treating dentin
with plasma technology [22]. Therefore, four studies fulfilled the eligibility criteria and
were included in this systematic review.

Table 2 shows the results of the included papers’ risk of bias. All studies had a high
risk of bias with respect to blinding, randomization process, and standardized sample
preparation (single operator), because these parameters were not mentioned. All of the
studies reported all results and performed sample standardization, so they were considered
to have a low risk of bias in these parameters. None of the included studies had a low risk
of bias in all parameters evaluated, so the overall risk of bias of the selected studies was
high. Table 3 summarizes the included studies.

Table 2. Quality assessment of the included studies [13,23–25].

Author (Year) Randomization Blinding
Standardization of
Sample Selection

Standardization
Preparation

(Single Operator)
Reporting of Data

Prado et al., 2016 High High Low High Low

Menezes et al., 2017 High High Low High Low

Yeter et al., 2020 High High Low High Low

Garlapati et al., 2021 High High Low High Low
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Figure 1. Flow diagram of the search strategy. * Record excluded [22].

3.1. NTP Treatment Methodology

Three studies used human single-rooted extracted teeth [23–25]. Only one used bovine
teeth [13]. Prado, et al. [13] and Garlapati, et al. [25] applied NTP treatments under vacuum
conditions using a glass reactor, while Yeter, et al. [23] and Menezes, et al. [24] used an
atmospheric-pressure plasma jet. Under vacuum conditions, a power of 60 W was applied
to generate the plasma, with a working pressure of 10 Pa and a base pressure of 2 Pa. For
plasma application through a plasma jet mode, the gas pressure was kept at 6 bar and
2.5 bar; the distance between the tip of the plasma jet and the dentin was approximately
5 mm. Two studies used argon plasma [13,23], while the other two applied a mixture of
gases [24,25]. The application time was 30 s, except in the study of Menezes, et al. [24],
where it was 1 min.
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3.2. Dentin Sealers’ Adhesion Assessment

- Push-out test [23–25]

(a) Filling material and sample storage: Three studies filled the canal with gutta-
percha and sealer [23–25]. The storage time ranged from 2 to 7 days, and the
specimens were kept in an incubator at 37 ◦C and 100% humidity. Garlapati,
et al. [25] did not mention the storage conditions and time.

(b) Slice thickness and canal segments: The thickness of the slices varied between 1
and 2 mm. Yeter, et al. [23] did not clearly describe the slice thickness. Menezes,
et al. [24] used apical, middle, and coronal thirds, Garlapati, et al. [25] used
only the middle third, and Yeter, et al. [23] used the coronal and middle thirds.

(c) Plunger diameter, speed, and direction: Menezes, et al. [24] used three plunger
sizes to equal the diameter of each root third, Garlapati, et al. [25] used a
plunger of 1 mm, and Yeter, et al. [23] did not mention the plunger diameter
used. The plunger’s loading direction was unclear in two studies. Yeter,
et al. [23] applied an apical–coronal direction. The crosshead speed varied
between 0.5 mm/min and 1 mm/min.

- Contact angle analysis [13].

In one of the studies, adhesion was assessed based on the wettability of the resin-based
sealer AH Plus. It was calculated through the contact angle between the dentin surfaces
and the sealer [13].

3.3. Influence of NTP on Dentin Sealers’ Adhesion

The epoxy-resin-based sealer AH Plus was tested in all of the included studies. The
other sealers tested were MTA Fillapex [24], BioRoot RCS [25], and Endosequence BC [23].
In two studies, plasma treatment did not influence the bond strength of AH Plus to
dentin [23,24]. On the other hand, Garlapati, et al. [25] and Prado, et al. [13] concluded that
plasma treatment improved the AH Plus–dentin adhesion. The bond strength of BioRoot
RCS and Endosequence BC was positively influenced by plasma treatment. For MTA
Fillapex, the bond strength decreased with plasma treatment.

4. Discussion

Root canal filling materials’ adhesion to dentin has been widely tested using the push-
out bond strength (POBS) test, also called dislodgement resistance [26]. Well-controlled
experiments are challenging when using biological samples, due to the substantial effects
of the inherent biological, physical, and chemical variances imposed by natural samples. A
recent study investigated the reliability of using bovine teeth as an alternative to human
teeth for testing the POBS of sealers to dentin and concluded that the dentin substrate
did not influence the sealers’ bond strength [27]. Only one of the studies included in our
review used bovine teeth [13]. The variations in push-out methodology are a concern
because they prevent the comparison of results from different researchers [26]. Generally,
studies have followed two philosophies: the root canals are either filled with the sealer
alone or combined with gutta-percha with the filling techniques of cold lateral compaction,
single-cone filling, or specific obturation systems such as Resilon/Epiphany [28,29]. Three
studies included in this review filled the samples with gutta-percha and sealer [23–25].
According to some authors, filling the canals only with sealer ensures that there are no
confounding factors and that the adhesion strength tested is that of the sealer [28].

The adhesion processes are mostly influenced by the relative surface free energy,
which determines the predisposition of the material’s surface for establishing new interac-
tions/bonds with the surrounding medium. In the same way, wettability is influenced by
the interfacial tensions and, in turn, by the surface free energy [30]. Thus, contact angle eval-
uation has been widely used to measure the surface wettability of different materials [22].
The contact angle has an inverse relationship with the surface free energy (wettability),
i.e., the lower the contact angle, the greater the surface free energy and, hence, likely greater
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adhesion [13]. Prado, et al. [13] observed increased surface free energy, correlated with the
higher wettability of bovine dentin with AH Plus after 30 s of argon NTP, compared to the
control (i.e., without NTP). They also reported a chemical change based on FTIR results.
Argon plasma treatment reduced the organic compounds of dentin (amide I and II bands)
and increased the inorganic component (the carbonade band), due to its ability to etch
dentin surfaces; no associated topographical changes occurred. Based on these findings,
the authors concluded that argon treatment favored the bonding of the sealer to dentin
surfaces [13]. However, only the resinous AH Plus sealer was evaluated.

There is no consensus or sufficient data about NTP’s effect on radicular dentin in terms
of endodontic sealers’ adhesion. In the present investigation, a systematic review was
conducted to answer the following PICO question: Does the NTP treatment affect sealers’
adhesion to dentin compared to no treatment? A few ex-vivo studies met the selection
criteria, even though some disparity in the materials and methodologies was registered,
which prevented a meta-analysis from being performed. Our findings indicate that NTP
on dentin root walls might positively impact sealers’ adhesion, considering the increased
POBS or surface energy and wettability values reported in the selected literature.

The bioceramic sealer (BioRoot RCS) showed the highest POBS values, followed by the
epoxy-resin-based sealer (AH Plus), after mixing helium and argon atmospheres on dentin
surfaces [25]. Moreover, the NTP dentin groups showed an increase in bond strength more
than two times higher than the non-plasma-treated dentin (control groups), independent of
the sealer [25]. The better bond strength of the bioceramic sealer after NTP, compared to
the resinous AH Plus [25], was also corroborated by other authors who stressed its good
performance, particularly in the middle region of the root canal [23]. Albeit with different
plasma applications, both studies included two recently developed calcium-silicate-based
sealers: BioRoot RCS [25] and Endosequence [23], reported to have adhesive characteristics
and bioactivity. A recent review of current sealers points out that tricalcium silicate sealers
are associated with the lowest relative microleakage compared to the standard AH Plus [4].
The higher POBS values obtained can derive from the chemical nature of bioceramic
sealers, affecting properties such as fluidity, their easy spread over the dentin walls due
to their low contact angle, or an increase in dentin wettability after NTP [15,23,31]. It was
reported that the dentin surface modification after NTP, such as enhanced wettability and
chemical interaction, could favor dentinal tubule penetration and the bioceramic sealer’s
bond strength [23]. Although the authors did not explain the minor influence of NTP on
the POBS evaluation of AH Plus [23], other factors, such as the chemical and structural
alterations that different irrigating solutions can produce in dentin surfaces, might have
affected the results [32].

There are other endodontic procedures aimed to open plasma treatments that can
be created under low pressure or atmospheric pressure and increase wettability, such
as the standard chelating agent EDTA [33]. However, the additional NTP generally in-
creased these properties, acting as an adjuvant procedure, as shown by the higher POBS
values or wettability observed after EDTA exposure [13,25]. Conversely, in the study of
Yeter, et al. [23], the final flush was performed with NaOCl. NaOCl may have caused a
deproteinization, causing a hydrophilic surface that did not favor the resinous sealer’s
hydrophilicity [32]. With a similar irrigating solution sequence (EDTA followed by NaOCl),
Menezes, et al. [24] found similar bonding values to the control for the NTP groups with
either AH Plus or MTA Fillapex. The type of sealer might also have influenced the results.

NTP has been reported to reach deep into the dentinal tubules, similar to or further
than bacteria, creating reactive oxygen species and damaging the remaining microorgan-
isms, in addition to cleaning/etching [19]. Thus, it seems to ensure higher mechanical
retention and adhesion. This rationale was corroborated by Menezes, et al. [24], Prado,
et al. [13], and Garlapati, et al. [25], who reported improved adhesion of NTP surfaces.

Plasma treatments can be carried out at low pressure or atmospheric pressure. The
main difference lies in the pressure at which they operate, which affects the plasma den-
sity, confinement, and particle behavior [34]. Low-pressure plasmas are generated and
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sustained in a vacuum or low-pressure environment using vacuum chambers. The ben-
efit of low-pressure plasmas is that the mean free path of the particles (i.e., atoms, ions,
and electrons) is relatively long, meaning that they can travel greater distances between
collisions. The conditions are much more controllable and reproducible compared to
atmospheric-pressure conditions (typically close to 1 atmosphere, where the particles’
mean free path is much shorter than in low-pressure plasmas due to the higher gas den-
sity), which could compensate (at least partially) for the practical drawbacks of using
low-pressure plasma—especially the need for expensive vacuum equipment [35,36]. On
the other hand, atmospheric-pressure plasmas have become very attractive because they
are generated in an open environment and can be easily implemented [37]. Nevertheless, if
particular precautions are not taken, they tend to become thermal, i.e., hot plasmas that can
damage heat-sensitive materials or burn living tissues [38]. In the included studies, Prado,
et al. [13] and Garlapati, et al. [25] applied NTP treatments under vacuum conditions using
a glass reactor, while Yeter, et al. [23] and Menezes, et al. [24] used an atmospheric-pressure
plasma jet.

Using low-pressure plasma in dental applications offers several advantages, such as
enhanced control over the plasma parameters (e.g., gas composition, pressure, and power),
deeper penetration into complex dental structures, access to confined spaces, and uniform
treatments due to the better diffusion of the reactive species [22,39–41]. Furthermore, the
reduced heat and controlled plasma conditions make low-pressure plasma treatments
suitable for treating delicate dental components, such as resin-based composites, polymer-
based materials, or dental implants [22,39–41]. However, the potential drawbacks of plasma
treatments must be carefully considered. Excessive exposure or high-energy plasma can
damage the dentin structure, limiting the treatment’s effectiveness and durability. Moreover,
implementing plasma treatments requires specialized equipment and expertise, which
can increase the cost and complexity of dental procedures. Despite these considerations,
plasma treatments offer advantages such as enhanced bonding, improved biocompatibility,
effective sterilization, and reduced dentin hypersensitivity [34]. Dental professionals should
understand the potential benefits and challenges so as to make informed decisions about
incorporating plasma treatments into their practice.

Plasma treatments offer a promising avenue for enhancing dentin surfaces, and the
choice of gas composition (e.g., low-pressure processes) plays a crucial role in determining
the treatment outcomes [42]. Gas mixing can lead to synergistic effects, creating chemical
reactions or interactions that are more effective than using each gas individually [43].
Also, mixing gases expands the range of possible low-pressure plasma treatments and
allows for selective treatments [43]. One common gas mixture used in low-pressure plasma
treatments is argon (Ar) and oxygen (O2), which provides several benefits [43]. Ar, like
helium (He), is an inert gas with low thermal conductivity, which helps minimize the
thermal effects on dentin during plasma treatment. It also acts as a carrier gas, facilitating
the transport and interaction of reactive species within the plasma [42]. Oxygen, on the
other hand, introduces additional reactive species, enabling more effective cleaning, surface
modification, or chemical reactions with the dentin surface [42]. The Ar + O2 or He + O2
combination is also an effective sterilization method [18]. The reactive species generated in
plasma, such as oxygen radicals, have antimicrobial properties, enabling them to eliminate
bacteria, viruses, and other pathogens [18]. This sterilization capability is particularly
valuable in infection control during dental procedures, reducing the risk of post-treatment
infections [18]. If gases are carefully selected and mixed, the plasma parameters can be
controlled, allowing for fine-tuning of the treatment process. Thus, dental professionals can
optimize the treatment conditions, ensuring efficient and effective results while minimizing
potential risks and adverse effects.

Compared to untreated dentin, i.e., not subjected to plasma treatment, the studies in-
cluded in this systematic review suggest—albeit with low-certainty evidence—that plasma
treatment may be a promising tool for improving the adhesion of endodontic sealers to
dentin. Some of the parameters used, such as the time of NTP application, were based
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on investigations of dental composites’ adhesion, because there are insufficient data on
root canal dentin–sealer adhesion [14,23]. The type of plasma atmosphere, exposure time,
and assessment tools might need to be unified to optimize NTP. However, its high cost has
been highlighted.

The findings of the present review should be interpreted cautiously, due to the scarcity
of studies on the topic. Moreover, a quantitative analysis was not feasible due to the
heterogeneity of the study designs in terms of the plasma treatment (i.e., type of devices
used; plasma parameters like power, frequency, gas type, and application time), adhesion
methodology, and type of sealers used. Although a total of 188 studies were obtained
from the electronic search, only 4 were included after applying the eligibility criteria.
Nonetheless, the overall risk of bias of the included studies was high. However, the strict
selection of the studies enabled an overview of this contemporary topic, highlighting
its potential.

5. Conclusions

The studies included in this systematic review suggest that plasma treatment may be
a promising tool for improving endodontic sealers’ adhesion to dentin. There is a need to
optimize NTP’s parameters to develop a stronger evidence base in endodontics on its role
as an adjuvant tool to increase sealers’ adhesion to dentin. This optimization could help
improve the outcomes of root canal treatments.
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