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Preface

This Special Issue reprint, Advancements in Prosthodontics: Exploring Innovations in Rehabilitation

Medicine, brings together a curated selection of research and clinical perspectives that reflect

the ongoing transformation in prosthodontics through technological, digital, and biomaterial

innovations. Its scope spans implant and removable prosthodontics, CAD/CAM protocols, AI-driven

diagnostics, and biomechanical analyses—offering a comprehensive snapshot of emerging trends that

are redefining modern oral rehabilitation.

The purpose of this collection is to present a multidisciplinary synthesis of state-of-the-art

solutions addressing both functional and esthetic challenges in prosthetic dentistry. The contributing

authors include clinical specialists, academic researchers, and biomedical engineers from leading

institutions worldwide who collectively provide invaluable insights into cutting-edge techniques and

materials.

This reprint is addressed to clinicians, researchers, educators, and postgraduate students seeking

to deepen their understanding of contemporary prosthodontics and its integration with digital and

regenerative medicine.

I extend my sincere gratitude to all authors for their scholarly contributions, to the reviewers for

their meticulous evaluations, and to the editorial team at Prosthesis for their invaluable assistance in

bringing this Special Issue to fruition.

Kelvin Ian Afrashtehfar

Guest Editor
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Editorial

Artificial Intelligence in Reconstructive Implant
Dentistry—Current Perspectives

Kelvin Ian Afrashtehfar 1,2,*, Moosa A. Abuzayeda 3 and Colin Alexander Murray 4

1 Department of Reconstructive Dentistry and Gerodontology, School of Dental Medicine—ZMK Bern,
University of Bern, 3010 Bern, Switzerland

2 Division of Restorative Dental Sciences, Clinical Sciences Department, College of Dentistry,
Ajman University (AU), Ajman City P.O. Box 346, United Arab Emirates

3 Hamdan Bin Mohammed College of Dental Medicine (HBMCDM), Mohammed Bin Rashid University of
Medicine and Health Sciences (MBRU), Dubai P.O. Box 505055, United Arab Emirates

4 Prosthodontics Unit, Department of Preventive and Restorative Dentistry, College of Dental Medicine (CDM),
University of Sharjah (UoS), Sharjah P.O. Box 27272, United Arab Emirates

* Correspondence: kelvin.afrashtehfar@unibe.ch

In recent years, artificial intelligence (AI) has emerged as a transformative force in
reconstructive implant dentistry. The integration of AI technologies into various aspects
of dental practice, including digital data acquisition, treatment planning, and progno-
sis evaluation, offers unprecedented opportunities to enhance precision, efficiency, and
clinical outcomes. Indeed, AI applications in implant dentistry span a broad spectrum
of functionalities, from enhancing digital data acquisition and integration to providing
sophisticated tools for treatment planning and prognosis evaluation. These technologies
have the potential to streamline workflows, reduce human error, and improve the accuracy
of clinical decisions, ultimately leading to better patient care. Therefore, this commentary
synthesizes findings from recent studies by three well-regarded consultant prosthodontics
and implantology professors affiliated to different Emirati academic institutions, trained
in Switzerland, Canada, Germany, and the United Kingdom, to provide an overview of
cutting-edge AI applications in reconstructive implant dentistry. Key areas of focus include
digital data acquisition technologies, bone quality assessment, automated tissue segmenta-
tion, implant fixture identification and classification, and predictive analytics for implant
planning and prognosis.

In terms of digital data acquisition and integration, AI-enhanced digital data acquisi-
tion technologies, including facial scanners (FSs), intraoral scanners (IOSs), and cone beam
computed tomography (CBCT) devices, facilitate accurate data collection and integration.
Revilla-León et al. [1] emphasize the role of AI in the automatic alignment, noise reduction,
and segmentation of anatomical structures. These advancements streamline the creation of
comprehensive virtual patient models, enhancing treatment planning accuracy. Indeed,
AI-driven automated tissue segmentation significantly accelerates treatment planning.
Liu et al. [2] introduced a fully automated system for segmenting oral surgery-related
tissues from CBCT images, achieving a high accuracy in identifying alveolar bone, teeth,
and maxillary sinus. These advancements reduce the manual segmentation effort and
enhance surgical precision. For instance, Hartoonian et al. [3] reviewed AI applications
in dentomaxillofacial imaging, showing the potential to improve diagnostic accuracy and
treatment planning. Elgarba et al. [4] validated a cloud-based convolutional neural network
for the automated segmentation of dental implants, demonstrating high performance and
efficiency. A systematic review by the Afrashtehfar group demonstrated that coDiagnostiX®
Digital Implant Treatment Planning Software (Dental Wings GmbH in Düsseldorf, Ger-
many) outperforms other systems in implant treatment planning [5]. These advancements
facilitate accurate and efficient clinical workflows, improving overall care quality [6–12].

Prosthesis 2024, 6, 767–769. https://doi.org/10.3390/prosthesis6040054 https://www.mdpi.com/journal/prosthesis1
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Accurate bone quality assessment is crucial for successful dental implants. Lee et al. [13]
demonstrated that deep learning (DL) models effectively evaluate bone quality from panoramic
radiographs, correlating significantly with CBCT measurements and implant surgeons’ tac-
tile assessments. This AI application enhances objectivity and precision in bone quality
evaluation, which is essential for implant stability and osseointegration. Furthermore, AI
algorithms enhance implant planning by detecting edentulous areas and evaluating bone
dimensions. Alqutaibi et al. [14] reported the high accuracy of AI-based diagnostic tools in
implant planning, while Wu et al. [15] demonstrated the potential of AI in predicting implant
prognosis. These predictive analytics tools help identify potential complications, optimizing
treatment outcomes.

AI models demonstrate high accuracy in identifying and classifying dental implant
fixtures from radiographs. Ibraheem [16] showed the utility of AI in implant identifi-
cation, which is crucial for the continuity of care when previous records are unavail-
able. This capability improves clinical efficiency and reduces identification errors. More-
over, Lubbad et al. [17] compared deep learning models for classifying dental implants,
and found that ConvNeXt models achieve the highest classification accuracy. Similarly,
Mangano et al. [18] explored AI and augmented reality (AR) for guided implant surgery,
demonstrating effective 3D planning and execution. Sakai et al. [19] developed an AI model
to support implant drilling protocol decisions, showing significant accuracy in predicting
appropriate protocols from CBCT images. These models increase precision in implant
placement and the predictability of surgical outcomes.

The significant improvement in accuracy and efficiency AI provides is common across
these studies, whether in data acquisition, segmentation, or implant identification. How-
ever, differences arise in the specific methodologies and AI models employed, such as the
use of deep learning architectures like ConvNeXt [17] versus traditional machine learning
algorithms [16]. Additionally, the extent of automation varies, with some studies achieving
fully automated workflows [2,4], while others still require significant manual input [14,19].
Critically, while AI shows promise, challenges remain. For instance, the generalizability of
AI models across diverse patient populations and varying clinical conditions needs further
exploration. Studies like those by Wu et al. [15] and Alqutaibi et al. [14] conclude that
there is a need for high-quality datasets and rigorous validation to increase reliability and
reduce biases. Moreover, ethical considerations, including data privacy and the potential
for algorithmic biases [20,21], must be addressed to fully integrate AI into clinical practice.

In conclusion, the integration of AI into reconstructive implant dentistry represents a
significant advancement in the field. AI technologies offer enhanced diagnostic capabilities,
streamlined workflows, and improved clinical outcomes. However, challenges such as
the need for high-quality datasets, the rigorous validation of AI models, and address-
ing potential biases in AI algorithms remain. Future research should focus on refining
these technologies, expanding their clinical applications, and ensuring their reliability
and generalizability in diverse patient populations. This can lead to superior patient care
and treatment success. As AI technologies continue to evolve, they hold the promise of
transforming dental practice, making implant procedures more predictable and successful.

Conflicts of Interest: The authors declare that there are no conflicts of interests.
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Comparison between Bone-Level and Tissue-Level Implants in
Immediate-Loading Full-Arch Rehabilitations: A Retrospective
Multi-Center 1-Year Follow-Up Study

Francesco Pera 1,†, Massimo Carossa 1,*,†, Francesco Bagnasco 2, Armando Crupi 1, Giulia Ambrogio 1,

Gaetano Isola 3, Maria Menini 2,‡ and Paolo Pesce 2,‡

1 Department of Surgical Sciences, C.I.R. Dental School, University of Turin, 10126 Turin, Italy
2 Department of Surgical Sciences (DISC), University of Genoa, 16132 Genoa, Italy
3 Unit of Periodontology, Department of General Surgery and Surgical-Medical Specialties, University of

Catania, 95124 Catania, Italy
* Correspondence: massimo.carossa@unito.it
† These authors contributed equally to this work.
‡ These authors also contributed equally to this work.

Abstract: The objective of the present retrospective multi-center study was to analyze the outcomes of
bone-level (BL) implants and tissue-level (TL) implants in immediate-loading full-arch rehabilitations.
Patients who were previously rehabilitated with full-arch immediate-loading rehabilitations with
either BL or TL implants were considered. Data regarding implant survival rate, marginal bone
loss (MBL), peri-implant probing depth (PPD), plaque index (PI), and bleeding on probing (BOP)
were recorded, and the 1-year follow-up data were statistically analyzed between the two groups.
In total, 38 patients were evaluated for a total implant number of 156 (n = 80 TL implants and
n = 76 BL implants). An implant survival rate of 97.37% was recoded for the BL group while an
implant survival rate of 100% was noted for the TL group. A total MBL of 1.324 ± 0.64 mm was
recorded for BL implants, while a total MBL of 1.194 ± 0.30 mm was recorded for TL implants. A
statistically significant difference was highlighted regarding MBL at the mesial aspect (p = 0.01552) of
the implants, with BL implants presenting with higher MBL. Within the range of acceptable healthy
values, a statistically significant difference was also highlighted regarding BOP (p < 0.00001), with TL
implants presenting higher values. No statistically significant difference (p > 0.05) was recorded for
any of the other variables analyzed. Within the limitations of the present retrospective study, both TL
and BL implants seem to provide good clinical outcomes after a 12-month observational period when
employed in immediate-loading full-arch rehabilitation.

Keywords: dental implants; immediate loading; full-arch; bone-level; tissue-level; abutments

1. Introduction

Nowadays, immediate-loading full-arch implant rehabilitation represents the elective
treatment plan for the fixed rehabilitation of patients suffering from edentulism or with
residual terminal dentition [1], offering them a transformative solution with profound
implications for both their oral health and quality of life [2–4]. Unlike traditional delayed
implant techniques that involve prolonged waiting periods, immediate-loading full-arch
implant rehabilitation allows for the insertion of dental implants and rehabilitation with a
fixed full-arch prostheses within 24–48 h after surgery [5,6]. This groundbreaking approach
not only provides patients with an immediate restoration of their smile and oral function
but also significantly reduces treatment time. However, despite high long-term survival
rates [1,5], complications continue to be undesirable events [7–9], and therefore, research
on the topic remains prominent.

Traditionally, implants were initially proposed in the morphology of Branemark im-
plants as bone-level (BL) implants presenting an external connection [10]. This connection

Prosthesis 2023, 5, 1301–1311. https://doi.org/10.3390/prosthesis5040089 https://www.mdpi.com/journal/prosthesis4
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has been widely used and studied [11,12]. It is reported to present different advantages,
such as an optimal passive-fit with the prosthesis [13] and better management facility in
case of multiple implants [14]. However, over the years, some criticism has been raised,
linked to the fact that this connection type may exhibit slight micro-movements between
components, potentially affecting long-term stability [15,16] and increasing the risk of
complications such as screw loosening and bacterial micro-leakage [17].

To avoid these possible complications, internal connections, also commonly adopted as
BL implants, were later introduced, aiming to improve the implant–prosthetic mechanical
stability by minimizing micro-movements between the implant components [18]. This
stability was reported to be particularly crucial in full-arch rehabilitations where multiple
implants need to work together to distribute the load effectively [14]. Furthermore, the
internal connection led to the development of the platform switching concept [19] in which
decreasing the diameter of the abutment in relation to the connection diameter provides
increased space for the peri-implant soft tissue. As a consequence, the sealing around the
implant’s neck is improved, with the goal to better preserve the marginal bone level [19].

To date, different articles have investigated and compared the usage of BL implants
with external and internal connections in immediate-loading full-arch rehabilitation [20,21].
Menini et al. [20] and Pera et al. [21] followed for 1 year and 3 years of follow-up, respec-
tively, 20 full-arch rehabilitations supported by internal or external connections. According
to their findings, no variations in the peri-implant soft and hard tissue were highlighted
between the two connection designs, and therefore, both the designs can be considered
clinically reliable for this type of rehabilitation.

Furthermore, another implant design called tissue-level (TL) implant with a convergent
collar was introduced in contrast to the above-mentioned traditional BL implants [22,23].
Unlike their BL counterparts, where the most coronal part of the implant is positioned at the
bone level, TL implants are characterized by their collar, which emerges at or just above the
level of the mucosal tissues. Therefore, this implant design is composed altogether by the
implant body that is placed into the bone and by the collar that serves as a trans-mucosal
component. Among its advantages, this implant design is reported to avoid the presence
of possible micro-gaps in the trans-mucosal area [24] and to increase soft tissue sealing,
minimizing irritation and inflammation of the surrounding gums while promoting healthy
soft tissue integration and long-term stability [23]. The increased soft tissue sealing is obtained
by moving the prosthetic platform at the coronal level of the soft tissue and, therefore, the
possible damages of the tissues during the prosthetic procedures are avoided [24]

Currently, few articles are available on the employment of TL implants in immediate-
loading full-arch rehabilitations [24,25]. According to the available results, this implant
design appears to be a viable option, even for the rehabilitation of fully edentulous patients.

However, to the authors knowledges, while different articles compared TL implants
and BL implants in single- [23,26] and multi-unit [27] rehabilitations, no previous articles are
available comparing these two implant designs in immediate-loading full-arch rehabilitations.

Therefore, the first objective of the present article was to retrospectively compare the
outcomes of BL implants and TL implants in immediate-loading full-arch rehabilitations.
The second objective was to analyze possible factors influencing marginal bone loss (MBL)
including implant diameters and lengths, type of abutment, jaw distribution, and implant
inclination. The first null hypothesis was that no clinical outcome differences are present
between the two implant designs. The second null hypothesis was that no differences in
MBL exist between the different subgroups analyzed in the study.

2. Materials and Methods

Patients who were previously rehabilitated with full-arch immediate-loading rehabili-
tation with either BL or TL implants at the University of Turin and University of Genoa
were evaluated for the present study at the 1-year follow-up. The present research was
performed following the Declaration of Helsinki. All the participants signed an informed
consent form. The present study was approved by the local ethical committee of the Uni-
versity of Genoa (protocol n. 527) and of the University of Turin (protocol n. 0130929). The
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present study was reported following the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines.

2.1. Patient Selection

All the patients initially presented with residual dentition with unfavorable prognosis,
either in the mandibular or in the maxilla, and were seeking immediate fixed rehabilita-
tions. Bone availability was evaluated based on ortopantomography and Tc cone beam.
After the clinical and radiological evaluation, patients who were found eligible were then
rehabilitated with an immediate-loading implant-supported full-arch rehabilitation.

Patients who met the following inclusion/exclusion criteria were enrolled in the
present study.

Inclusion criteria: Age ≥ 18 years; previously rehabilitated with immediate-loading
full-arch rehabilitation with BL or TL implants; systemically healthy. Exclusion criteria:
smokers; requirement of bone regeneration procedures; presence of diabetes; intake of
drugs that could possibly interfere with bone remodeling and healing; previous radiother-
apy of head and neck area; inability to attend the control visit.

2.2. Study Design

Firstly, implants were divided into two primary groups based on the division between
BL implants (Group 1) and TL implants (Group 2).

Secondly, macro-topography of the implants—including implant length and diameter—
jaw distribution (mandible vs. maxilla), implant inclination (tilted vs. axial), and abutment
type with different inclinations were considered as subgroups.

2.3. Surgery Procedures

The workflow adopted (Columbus Bridge Protocol, CBP), including the surgical and
prosthetic aspects, is reported in detail in previously published articles [5].

All the surgeries were performed by two experienced surgeons (one per center) spe-
cialized in implant surgery. Patients underwent professional oral hygiene on the day prior
to surgery, including scaling and root planing to decrease the bacterial load of the mouth.
Pre-operative antibiotic coverage with Amoxicillina 875 mg + Clavulanic acid 125 mg every
12 h for 6 days was prescribed [28,29], beginning one day before the surgery appointment.
Chlorhexidina digluconate solution was provided to the patient to rinse for one minute
prior to start the surgery.

A dose of 4% articaine with 1:10.000 adrenaline (Alfacaina SP; Dentsply Italy, Rome,
Italy) was used to locally perform anesthesia. Patients who presented with residual terminal
dentition underwent teeth extractions, and residual sockets were carefully debrided. A
full thickness mucoperiostal flap was elevated. Four to six implants, based on the bone
availability, were then inserted. Implant sites were prepared with dedicated drills following
the manufacturer’s instructions. BL implants (Syra or Shelta implants, Sweden & Martina,
Due Carrare, Padova, Italy) or TL implants (Prama, Sweden & Martina, Due Carrare,
Padova, Italy) were used (Figure 1).

 

Figure 1. Clinical images after the surgical insertion of the implants: (A) bone-level implants;
(B) tissue-level implants.
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The two frontal implants were inserted straight, and the two posterior implants
were tilted when necessary to avert the anatomical boundaries (alveolar nerve and sinus)
following the CBP [5]. The length and diameter of the inserted implants were decided
according to the bone availability evaluated on X-rays (ortopantomography and Tc cone
beam) acquired prior to the surgery. BL implants were all connected to either straight or
angulated abutments (PAD, Sweden & Martina, Due Carrare, Padova, Italy), while TL
implants were connected to angulated abutments (PAD 330-303, Sweden & Martina, Due
Carrare, Padova, Italy) in the posterior tilted implants and left with no abutment in the
frontal straight implants (Figure 2).

 

Figure 2. Clinical images after insertion of the abutments. (A) Bone-level implants; the two posterior
tilted implants are linked to angulated abutments, while the two straight frontal ones are linked
to straight abutments. (B) Tissue-level implants; the two posterior tilted implants are linked to
angulated abutments, while the two straight frontal ones are left without abutments.

Sutures were made using silk multifilament (PERMA-HAND SILK 4-0, Ethicon,
Somerville, NJ, USA). Impressions were made using open tray and impression plaster
(BF-Plaster Dental, Turin, Italy). Post-operative instructions including soft diet and hygienic
instructions were provided to the patients. Provisional screw-retained full-arch prosthesis
made of resin with a metal framework was delivered to the patients within 24–48 h after
the surgery. Peri-apical X-rays were acquired. Patients returned for suture removal one
week after the surgery (Figure 3).

 

Figure 3. Clinical images at the sutures removal appointment one week after the surgery: (A) bone-
level implants; (B) tissue-level implants.

Six months after the surgery, a new analogic impression (open-tray) was taken, and
final composite with metal framework screw-retained prostheses was then fabricated and
delivered. Patients were then evaluated for the present study 12 months after surgery and
follow-up periapical X-rays were acquired.
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2.4. Outcomes

The following clinical outcomes were considered:

• Implant survival rate;
• MBL assessed 12-months after surgery (T12). Digital intraoral periapical radiographs

acquired using the parallel approach were used to assess MBL following the methods
described in previous published articles [30,31]. The bone level was calculated as
the distance between the head of the implant and the most coronal bone at both the
mesial and distal aspect of the implants. Both the X-rays taken immediately following
surgery (T0) and the ones taken at T12 were used. The MBL resulted as difference
between T12 and T0;

• Plaque index (PI), peri-implant probing depth (PPD), and bleeding on probing (BOP)
were evaluated as peri-implant soft tissue parameters at the 12-month follow-up. A
periodontal UNC 15 probe (Hu-Friedy, Chicago, IL, USA) was used to measure PI,
PD, and BI at 4 locations for each implant. PI and BOP were expressed as number of
surfaces per implant presented with plaque or bleeding.

All the measurements were performed by two calibrated and trained clinicians per
center.

2.5. Statistical Analysis

Data regarding MBL, PPD, BOP, and PI were analyzed to investigate any differences
between the two groups (BL and TL implants). T-test for independent means was used
to compare variables that were normally distributed. For all the other variables that did
not meet the requirement of normal distribution, the Mann–Whitney U nonparametric
test was adopted. All the subgroups were then analyzed to investigate any differences in
MBL among them, both within and between the primary groups. Results were considered
statistically significant with p < 0.05. All analyses were performed using SAS Software
version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

A total of 38 (n = 38) patients (mean age at the control visit 62.9 years, 24 males 63.16%)
were recalled for a total implant number of 156 (n = 156). Of these, 80 implants (n = 80)
were TL implants, while 76 were BL implants (n = 76). Ten patients were rehabilitated at
the University of Genova, and twenty-eight patients were rehabilitated at the University
of Turin. Two posterior BL implants failed within the first six months. The failure was
ascribed to insufficient osseointegration. Therefore, a total of 154 implants (n = 154) were
considered at the 12-month follow-up (n = 80 TL implants and n = 74 BL implants). An
implant survival rate of 97.37% was recoded for the BL group, while an implant survival
rate of 100% was recorded for the TL one.

A total MBL of 1.324 ± 0.64 mm (mesial 1.412 ± 0.75 mm and distal 1.264 ± 0.81) was
recorded for BL implants, while a total MBL of 1.194 ± 0.30 mm (mesial 1.165 ± 0.38 mm
and distal 1.222 ± 0.37 mm) was noted for TL implants. Table 1 reports mean ± standard
deviation and statistical results in regard to MBL, PPD, BOP, and PI between BL and
TL implants.

A statistically significant difference was recorded in regard to MBL at the mesial aspect
of the implants (p = 0.01552) with BL implants presenting with a statistically higher MBL
compared to TL implants. A statistically significant difference was also highlighted regard-
ing BOP (p < 0.00001) with TL implants presenting with higher BOP values. No statistical
significance different (p > 0.05) was recorded for any of the other variables analyzed.

Table 2 shows the distribution and analysis of the total MBL between the subgroups
(abutment type, implant inclination, jaw distribution, lengths and diameters) for both BL
and TL groups.
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Table 1. The table shows the analysis of the findings for each variable among the two groups (BL and
TL implants). T-test for independent means was adopted for Distal MBL, Total MBL, and PPD since
they were normally distributed. For all the other variables which did not meet the requirement of
normally distribution, the Mann–Whitney U nonparametric test was adopted. Significant statistical
differences are highlighted with *.

Bone-Level/
Tissue-Level

Variable Mean (mm)
Standard
Deviation

p-Value

BL
Mesial MBL

1.412 0.75
* 0.01552TL 1.165 0.38

BL
Distal MBL

1.264 0.81
0.8839TL 1.222 0.37

BL
Total MBL

1.324 0.64
0.10302TL 1.194 0.30

BL
BOP

0.905 1.05
* <0.00001TL 1.7 1.15

BL
PI

1.892 1.51
0.61708TL 1.938 1.27

BL
PPD

2.155 0.46
0.22004TL 2.066 0.44

Table 2. MBL comparison between subgroups for both BL and TL groups and tested through
Mann–Whitney U nonparametric test.

MBL Bone-Level Implants
Parameter Variable N Mean (mm) Std Dev Median p-Value

Abutment
0◦ 25 1.13 0.69 1

0.138617◦ 16 1.39 0.52 1.25
30◦ 33 1.44 0.65 1.5

Implant
inclinations

Tilted 34 1.39 0.59 1.5
0.26Upright 40 1.27 0.69 1.25

Jaw distribution
Mandible 20 1.11 0.75 1

0.083Maxilla 54 1.40 0.59 1.5

Lengths (mm)
11.5 1 2 - 2

0.3313 4 1.5 1.08 1.75
15 69 1.3 0.62 1.25

Diameters (mm)
3.8 15 1.12 0.76 1

0.254.25 59 1.38 0.61 1.25

MBL tissue-level implants

Abutment
None 40 1.16 0.31 1.2

0.48217◦ 24 1.21 0.25 1.25
30◦ 16 1.27 0.32 1.21

Implant
inclinations

Tilted 40 1.23 0.28 1.25
0.2485Upright 40 1.16 0.31 1.20

Jaw distribution
Mandible 36 1.14 0.26 1.175

0.2945Maxilla 44 1.24 0.32 1.25

Lengths (mm)

10 8 1.04 0.23 0.925

0.1114
11.5 18 1.30 1.28 1.28
13 27 1.12 1.25 1.25
15 27 1.16 1.15 1.15

Diameters (mm)
3.8 48 1.18 0.28 1.21

0.894.25 32 1.21 0.32 1.25
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Table 3 shows the analysis of the MBL between the two groups (BL and TL implants)
by each subgroups’ parameters.

Table 3. MBL is compared in the two groups (BL and TL) by each subgroup parameter and tested
through Mann–Whitney U nonparametric test.

Parameter Variable
MBL BL Group

Mean (SD)
MBL TL Group

Mean (SD)
p-Value

Abutment
17◦ 1.39

(0.52)
1.21

(0.25) 0.4272

30◦ 1.44
(0.65)

1.27
(0.32) 0.1139

Implant inclinations
Tilted 1.39

(0.59)
1.23

(0.28) 0.069

Upright 1.27
(0.69)

1.16
(0.31) 0.4556

Jaw distribution
Mandible 1.11

(0.75)
1.14

(0.26) 0.6674

Maxilla 1.40
(0.59)

1.24
(0.32) 0.085

Lengths (mm)

11.5 2 1.30
(1.28) 0.1397

13 1.5
(1.08)

1.12
(1.25) 0.1835

15 1.3
(0.62)

1.16
(1.15) 0.242

Diameters (mm)
3.8 1.12

(0.76)
1.18

(0.28) 0.8777

4.25 1.38
(0.61)

1.21
(0.32) 0.1438

No statistically significant difference was highlighted (p > 0.05) for any of the sub-
groups analyzed.

4. Discussion

The first objective of the present article was to retrospectively compare the outcomes of
BL implants and TL implants in immediate-loading full-arch rehabilitations after 12-months
of functional follow-up. For this purpose, patients who were previously treated with
immediate-loading full-arch rehabilitations using either BL or TL implants were evaluated,
and data about implant survival rate, MBL (mesial, distal and total), PPD, BOP, and PI
were collected and analyzed. Based on the results, some statistically significant differences
were highlighted between the groups. Therefore, the first null hypotheses were rejected.

An implant survival rate of 97.37% was recorded for the BL group while an implant sur-
vival rate of 100% was recorded for the TL group. A slightly less non-significant total MBL
was recorded in favor of TL implants (1.194 ± 0.30 mm) against BL ones (1.324 ± 0.64 mm),
while a statistically significant difference was highlighted when considering MBL at the
mesial aspect of the implants (TL 1.165 ± 0.38 mm, BL 1.412 ± 0.75 mm, p = 0.01552). The
aforementioned results regarding the implant survival rate and MBL for both groups are
in agreement with those reported in the literature regarding full-arch implant-supported
rehabilitation after the 12-month follow-up [32–35]. The lower MBL detected for TL im-
plants may be attributed to the different position of the implant–abutment interface and
to the possibility of using TL implants without an abutment. This topic has surfaced
recently, with different articles highlighting how the implant–abutment interfaces as well
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as the mechanical procedure of screwing and unscrewing at the trans-mucosal level may
be related to increased risks of bacterial contamination and, therefore, bone loss [17,36].
Indeed, the present results are in agreement with other studies that compared BL and
TL implants in different types of rehabilitations and found a lower MBL in favor of TL
implants [23,26]. One of the possible main advantages of TL implants may be the possibility
of using them without abutment, as documented in previously published articles [24,25].
When an abutment is used, two possible micro-gaps are present: one between the abutment
and the implant and one between the abutment and the prosthesis. In the present study,
the two frontal implants were functionalized without using an abutment and, therefore,
this may represent a possible reason for the lower MBL detected. However, further studies
are required to more deeply investigate the topic.

In an interesting study by Afrashtehfar et al. [37], the authors compared the reliability
of bone height measurements between BL and TL implants. According to their results, no
statistically significant difference was highlighted between the two implant designs and,
therefore, the measurement of bone loss between them can be considered reliable.

Furthermore, a statistically significant difference was also highlighted with BOP
(p < 0.00001), which was calculated as the number of surfaces per implant with bleeding
after probing, with TL implants showing higher values than BL ones. This result is in
contrast with those reported in the literature, where TL implants are reported to possibly
improve soft tissue health [24]. However, it must be noted that the increased BOP values
recorded in the present study were not correlated with any increased PPD nor MBL nor
any sign of peri-implantitis and were within clinical and radiological health guidelines in
accordance with the last Workshop of Periodontology [38]. TL implants with a convergent
collar, contrary to those with a divergent one [39], are described in articles with follow-up
ranging between 18 months and 60 months [23,26,40] to improve the space and thickness
of the soft tissue and thus promote peri-implant health [23,26]. Therefore, assuming that
even in the present study the values were within clinical health guidelines for both groups,
a longer follow-up period and further studies are required to confirm the result. Indeed,
the main limitation of the present retrospective study is represented by the short-term
follow-up period. Further studies with medium- and long-term follow-ups are required
to further understand the differences between BL and TL implants in immediate-loading
full-arch rehabilitation.

The second objective of the present study was to analyze possible factors influencing
MBL, including implant diameters and lengths, type of abutments, jaw distribution, and
implant inclination. Based on the results, no statistically significant difference (p > 0.05) was
recorded for any of the analyzed subgroups, both within and between BL and TL implants.
Therefore, the second null hypotheses was accepted. However, it must be noted that an
additional limitation of the research is linked to the fact that most of the subgroups analyzed
were imbalanced. This limitation is inherent to the retrospective design of the study, where
randomization among the subgroups was not possible. However, the present results may
indicate that as long as the CBP is followed within the implant range of the study, such as
minimum implant length of 10 mm and minimum diameter of 3.8; all the other variables
do not seem to influence the MBL. This result, together with the high implant survival
rate recorded, are in agreement with the articles that analyzed the outcomes of the CBP
in the medium- and long-term observational periods [5]. Indeed, in accordance with the
literature, the CBP is reported to provide an implant survival rate higher than 92.25% even
after a 10-year observational period post load [1].

In conclusion, research on different implant designs as well as new materials and
protocols is consistently advancing [41–44]. To the authors’ knowledge, the present article
represents the first study reporting data on the comparison between BL and TL implants
with a convergent collar in immediate-loading full-arch rehabilitations. The data observed
in this study seem to indicate that both of the implant designs may be a good option for
this type of rehabilitation. However, further research is required to confirm the results.
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5. Conclusions

Within the limitations of the present retrospective study, both TL and BL implants seem
to provide good clinical outcomes after a 12-month observational period when employed in
immediate-loading full-arch rehabilitation. Further clinical trials with longer observational
times are required to confirm the results and further understand the possibility of different
clinical outcomes between the two implant designs in this type of implant rehabilitation.
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Abstract: Implant-supported-screw-retained prostheses are highly popular. Some of the most fre-
quent complications are connected with the mechanical properties of the fixing elements. These
include abutment screw loosening or even screw fracture. Using an intermediate abutment can offer
several advantages. However, few studies detail how this affects the mechanical behavior of dental
restorations. This study focuses on understanding the mechanical behavior of implant-supported
restorations with a transepithelial component compared to direct implant-supported restoration.
It was carried out using the finite element method (FEM) and was experimentally validated. The
results showed that in the case of transepithelial-supported restoration, the prosthetic screw mounted
over the transepithelial component suffered higher stress than the one screwed directly into the
implant. After applying a cyclic fatigue load, it was experimentally proven that, in the transepithelial-
supported restorations, the fuse changed from being the screw that went into the implant to being the
upper one. In conclusion, we can state that the use of an intermediate abutment in dental restoration
not only provides better protection for the rest of the dental restoration but also allows for easier
repair in the event of a fracture. This can potentially lead to more efficient procedures and improved
patient outcomes.

Keywords: finite element analysis; dental-implant abutment design; mechanical complications; prosthesis
failure; cyclic fatigue; preload; mechanical stress; implant-supported single crown; intermediate
abutment

1. Introduction

Dental implants are a widely used option for oral rehabilitation when one or more
natural teeth are missing. Although implants have a high survival rate, marginal bone
loss frequently occurs [1,2]. This compromises the long-term prognosis of implants since
early marginal bone loss appears to increase the risk of peri-implantitis [1]. The prevalence
of peri-implantitis has been reported in several studies, varying from approximately 10%
to 12.8%, and it is a significant problem for dental teams today and in the foreseeable
future [2]. Moreover, periimplantitis leads to excessive bone loss [2], soft tissue recession,
implant exposure, aesthetic problems [1], and even implant loss [2].

Implant-supported prostheses can be either screw- or cement-retained. They have tra-
ditionally been composed of an implant, an abutment, and a screw that joins both pieces and
provides structural integrity to the restoration. This type of dental restoration is known as
implant-supported, directly attached, or direct-to-implant restoration. The screw-retained
prostheses are popular because they are easily retrieved for maintenance [3]. Prefabricated
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titanium abutments are the most common type used because they have a simple fabrication
technique and are less expensive compared with other types of abutments [4].

In the traditional implant prosthesis, the prosthetic screw was intentionally designed
as the weakest link within the system. Specifically, in this type of restoration, a punctual
excessive occlusal force (overload) or the succession of moderate loads over time (fatigue)
can lead to the mechanical failure of the screw and, as a consequence, to the failure of
the dental restoration [5–7]. However, in the case of any mechanical stress challenging
the prosthesis, the fact that the screw would absorb the stress without endangering the
bone–implant interface may be seen as an advantage [8].

The topic under study is of great relevance because some of the most common compli-
cations in implant prosthodontics have been mechanical complications. Abutment screw
loosening has been reported as the most common prosthetic complication and has been un-
derstood to be that which precedes the more challenging abutment screw or even implant
fracture [9,10]. The incidence of abutment screw fracture has been examined by a number
of research studies, including Katsavochristou and Koumoulis [9]. This research concluded
that the incidence of screw loosening falls within the range of 7% to 11%. Interestingly, the
occurrence of abutment screw fracture remains much lower, at precisely 0.6% [9]. Due to
the lack of standardized study designs and the diversity of implant prosthetic components,
the data should be viewed with caution but should still be utilized for the individual
evaluation of each implant system.

Several researchers have investigated the most common mechanical complications
in single dental implants, as well as how complication rates are influenced by various
clinical factors. For Lee et al. [11], the incidence of mechanical complications was 18.1%.
The rates of occurrence of abutment screw loosening [ASL], abutment screw fracture [ASF],
ceramic fracture [CF], repeated ASL, and repeated CF were 12.7%, 1.4%, 4.1%, 1.8%, and
0.9%, respectively. Excessive or parafunctional mastication dynamics (e.g., high occlusal
force, bruxism, and clenching) and anatomic characteristics (e.g., alveolar bone resorption,
presence of the inferior alveolar nerve or maxillary sinus floor, and bone quality) can
cause occlusal overloading and/or non-axial loading, increasing the risk of mechanical
complications in the posterior region.

Mechanical complications continue to be reported in the literature, and their clinical
management can often be very challenging for the clinician as there is no consensus on ideal
management [9]. Rescuing the fragment of a fractured abutment screw without damaging
the remaining implant components has often been found to be impossible. If this rescue is
not achieved, it may be necessary to remove the implant.

Moreover, in the early days of implant dentistry, and with these kinds of restorations,
healing abutments were disconnected and reconnected several times, such as during
impression taking and the fitting of the restoration and its placement. As it was considered
inevitable, little attention was paid to this [1]. The repeated disconnection and connection
of these abutments result in a negative bone response that manifests as bone loss at the
marginal ridge level, accompanied by apical soft tissue migration [12]. In order to overcome
these problems, the prosthetic procedures were modified and the “one-abutment one-time”
protocol was introduced. This protocol included the placement of the permanent abutment
immediately after implant placement, thereby eliminating the need for multiple implant–
abutment disconnections [1,12]. As a result, the fragile soft tissue seal around an implant is
not disrupted, the stability of the soft tissue is obtained [12,13], and the marginal bone is
expected to be maximally preserved [1,12].

Consequently, the use of a multiunit abutment (also known as a transmucosal or
transepithelial abutment) between the implant and abutment, as an alternative to the
two-piece restorations, has become an increasingly common practice that brings numerous
advantages from a clinical point of view. Firstly, it allows for the possibility of mounting
the transepithelial abutment immediately after implant placement, avoiding the need to
remove it later. This allows for working at the tissue level rather than the bone level during
the next visit to the clinic [14]. Secondly, it allows for a decision regarding prosthetic
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emergence and height even after the implant is inserted; thus, it allows for the selection
of the transepithelial component that best suits each case [15]. Thirdly, the transepithelial
component favors sealing at the level of the implant platform [15].

As a consequence of some of the advantages mentioned above, several studies claim
that there is lower crestal bone loss for restorations using a transepithelial component
compared to direct-to-implant restorations [1,15–17]. With this kind of transepithelial
abutment, the “one-abutment one-time” protocol can be followed, which is an advantage.
Although its use has shown great advantages when used for the rehabilitation of multiple
implants, its use in single-unit implants is less common, and few studies have been found
that consider this topic.

However, evaluating stress distribution clinically in implant-supported prostheses
is problematic. Therefore, finite element analysis (FEA) has been widely used for the
mechanical testing of dental implants [18,19]. This method reflects the complexity of
clinical conditions and has advantages over many analysis methods [18,20,21]. The data
from FEA studies can be carefully extrapolated to daily clinical practice to improve the
understanding of different scenarios, offering a suitable degree of reliability and accuracy
without the risk and expense of implantation [22]. This method has been used as a tool to
predict, for example, stresses in the peri-implant region and in the components of implant-
supported restorations. Mathematically, FEA depends on the use of numerical techniques
to solve the partial differential equations that govern the simulation problem. With FEA, the
structures are to be converted into meshes using computer software. The resulting models
consist of elements, nodes, and pre-defined boundary conditions. During the simulation,
the loads are applied to specific nodes or elements specified by the user; then, the resulting
displacement and stresses are evaluated using simulation analysis. FEA has been applied
in many aspects of implant dentistry, such as the shape and design of restorations, crowns,
or dental implants [19,23].

It is necessary to understand the biomechanics of implant-supported restorations in
order to correctly design a FEA. In implant dentistry, as we have already mentioned, the
abutment is usually connected to the implant by a retention screw. A tightening preload
must be applied through this screw to prevent the loosening of this implant–abutment
connection [19,23]. This preload is positively correlated with the screw-tightening torque,
but only 10% of the torque is converted into the preload; the remaining 90% is used to
overcome the friction between the surfaces of the joints of the components. The preload
is the tension generated in the screw and the complementary clamping force between the
head of the screw and the abutment. It is maintained by friction between the abutment-
screw thread and the internal thread of the implant. When the abutment screw is tightened,
a compressive force is generated along the interface between the abutment screw thread
and the internal thread of the implant. Increasing the torque can increase the stability of the
abutment-to-screw joint. The preload needs to be higher than the occlusal force to achieve
a stable screw joint and to avoid screw loosening. Optimum preload should induce a force
in the screw joint that is 75% of the yield strength of the screw [19]. However, excessive
preloads can create screw stresses that exceed the yield limit of the material, resulting in
plastic deformation of the screw threads and, hence, screw loosening or even fracture of the
screw. The higher stresses created by excessive preloads can accelerate fatigue failure [23].

Screw loosening or the fracture of screws is a significant concern in implant-supported
restorations. Achieving the right preload is crucial to prevent these complications and to
ensure long-term success [19]. Following the torque specifications set by the manufacturer
is critical to avoid problems and to ensure optimal operation; these vary, ranging from
18 Ncm to 45 Ncm. Inadequate tightening may result in joint separation and screw failure
through fatigue, loosening, or even fracture [23]. The comprehensive relationship between
the direction of load, the center of rotation, and the simultaneous stress distribution on
the implant restoration simultaneously has rarely been investigated. Understanding the
loading point and the direction of the load is critical for the design of implant prostheses
that can withstand functional forces while minimizing stress concentration. Some research,
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such as a study by Kim et al. [24], has studied the correlation between the stress level and the
various directions of the load on the occlusal surface using FE. The stress level was increased
as the direction of the vector changed from the center of the implant connection [24].

Therefore, to complement the clinical studies that evaluate the clinical performance of
single-implant restorations and to begin to gather evidence regarding the mechanical behav-
ior of this type of restoration when we incorporate a transepithelial component, this study
assesses the impact of using a transepithelial component versus a direct implant-supported
restoration on the fatigue behavior of single dental implants. Our null hypothesis is that
the force to which the screws are subjected is similar with or without an intermediate pillar.
This study was carried out using the finite element method (FEM) and was experimentally
validated. To the best of our knowledge, this is the first time an experiment has been
conducted to analyze the biomechanical advantages of using intermediate abutments in
the rehabilitation of single-unit implants.

2. Materials and Methods

An IIPSCA4513 Interna Plus implant (BTI Biotechnology Institute, Miñano, Spain)
with a diameter of 4.5 mm and a length of 13 mm was selected. Two implants were inserted
into the cortical bone juxtacrestally, that is, leaving the implant-abutment platform at bone
level. In the first case, an INPPTU44 abutment (BTI Biotechnology Institute, Miñano, Spain)
was mounted. The post was attached to the implant using an INTTUH screw (BTI®, Miñano,
Spain) tightened to 35 Ncm. In the second case studied, an INTMIPU20 transepithelial
abutment was mounted on the implant and tightened to 35 Ncm. A CPMIUPU abutment
(BTI Biotechnology Institute, Miñano, Spain) was mounted on top and was joined to the
assembly using the TTMIR prosthetic screw (BTI Biotechnology Institute, Miñano, Spain),
tightened to 20 Ncm.

The implants, abutments, and transepithelial bodies were made of pure grade 4
titanium (Ti CP4), while the screws (including the one that comes with the transepithelial)
were made of Ti6Al4V ELI (extra-low interstitials) (Ti Gr 5); the chemical composition is
shown in Table 1.

Table 1. Chemical composition of titanium grade 5 (Ti Gr 5) in screws and titanium grade 4 (Ti CP 4)
in implants, abutments, and transepithelial bodies.

Ti 6Al 4V ELI (Ti Gr 5) Ti CP 4

Composition Wt.% Composition Wt.%

Al 5.5–6.5 N (max) 0.05
V 3.5–4.5 C (max) 0.08

Fe (max) 0.25 Fe (max) 0.5
O (max) 0.13 O (max) 0.4
C (max) 0.08 H (max) 0.0125
N (max) 0.05 - -
H (max) 0.012 - -

Wt.%: weight percent; Ti: titanium; Al: aluminum; V: vanadium; Fe (max): maximum allowable concentration
of iron; O (max): maximum allowable concentration of oxygen; C (max): maximum allowable concentration of
carbon; N (max): maximum allowable concentration of nitrogen; H (max): maximum allowable concentration
of hydrogen.

Figure 1A shows the 3D models of the two dental restorations used in this study
(direct-to-implant vs. using an intermediate abutment). The FE analyses were performed
using Ansys Workbench® 19R1 (Ansys Iberia S.L., Madrid, Spain). A (cyclic) chewing force
was simulated with an inclination of 30◦ with respect to the vertical, as indicated in ISO
14801 [25].
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Figure 1. (A) Three-dimensional models of the two dental restorations. (B) The mesh of the two
models under study. (C) Load, preload, fixed support, and symmetry condition.

In general, two types of loads have been applied in many studies—the vertical load
and the 30◦ oblique load [24]. In order to consider a more severe case, one which is possibly
also more realistic, the load was applied at a 10.5 mm height from the implant–abutment
connection (IAC) [26]. The stress level of the implant increases with the increasing crown
height, which appears to be a more critical factor than the crown–implant ratio. This
is related to the class I lever effect. The fulcrum, load arm, and effort arm should be
considered carefully to understand the stress distribution of the implant restoration [24].

Taking advantage of the symmetry of both the load and the model geometry, only half
of the restoration was modeled; consequently, half of the preload and external load was
applied. The threads of the screws and the internal thread of the implant were modeled as
cylindrical threads instead of helical threads since this simplification does not imply an
error greater than 3.5% [27]. Figure 1B shows the mesh of the two models under study
(direct-to-implant vs. using an intermediate abutment), with a total of 2.7 million degrees
of freedom (DoF). Both of the titanium materials were modeled as linearly elastic with
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Young’s modulus (E) = 103 GPa, Poisson’s ratio (v) = 0.35 for CP 4 and v = 0.31 for Gr 5,
while the cortical bone was also modeled as linearly elastic, with E = 13 GPa and v = 0.37.
The contacts were defined as frictional contacts with friction coefficients of 0.17 for the
screw–implant, screw–post, and screw–transepithelial contacts, and 0.21 for the implant–
post, implant–transepithelial, and transepithelial–cylinder contacts [28]. Figure 1C shows
the load, preload, fixed support, and symmetry condition of the system. However, the
contacts are not shown, as there are so many that the authors could not find a way to show
them all clearly.

The FEA performed consisted of two or three load steps, depending on the case under
study. First, the screw preload corresponding to the recommended tightening torque was
applied by means of a pretension section. In the case of the direct-to-implant restoration,
this was performed in the first load step. In the case of the transepithelial-supported
restoration, a first load step was necessary to preload the implant screw, and a second
load step was needed to preload the prosthetic screw on the transepithelial component.
This preload was calculated using the Motosh formula [27] and resulted in 814 N (direct-
to-implant), 688 N (transepithelial), and 572 N (prosthetic screw over transepithelial). In
a similar study, the preload of 825 N as a body force was applied to the upper part of
the shank of the abutment screw, where the elongation of the screw was expected with
tightening. Once the screw preloads were applied, a final loading step was used to apply
the masticatory load with values from 0 to 400 N. The simulated bite forces employed in
our finite element study were up to 400 N, as in other similar studies [29].

From the FEA, the contact reactions at the screw head were obtained: axial force,
transverse force, and bending moment. These forces, once transferred to the critical section,
the first thread in contact were used to calculate the nominal stress in this section. As
the load cycle determined by ISO14801 [25] varies sinusoidally from the maximum load,
and from 10% of this load, the nominal stress value at these two values of the load cycle
were recorded. With both nominal stress values obtained, the effective fatigue stress
was determined in order to later compare its behavior under a succession of masticatory
loads. The finite element models used in this study are based on previously published
studies [27,28,30] and a PhD thesis [31]. The results obtained through these finite element
analyses were validated experimentally, providing very accurate results.

In this work, force reactions in screw contacts were considered. The structural behavior
of a component does not need as high of a mesh refinement as for obtaining an accurate
peak stress. Nevertheless, a minimum refinement must be performed to ensure proper
contact behavior among components. In the following table, three mesh refinement grades
are compared to determine the proper mesh. Force reactions were compared for the same
instant during the analysis. The analyses were named from A to C, A being the least refined
and C the most refined mesh. Table 2 shows the DoF used for each mesh.

Table 2. DoF used for each mesh.

DoF

A 580 K
B 2.6 M
C 6.0 M

Figure 2A,B shows the axial force (2A) and bending moment reactions (2B) for a
0–400 N masticatory load range. As it can be appreciated, the axial force showed almost
identical values regardless of the mesh. Regarding bending moment, only if a very coarse
mesh is applied do the obtained values change. If a mesh refinement between B and C is
performed, the moment values will not vary. In this study, the B mesh was used since it
has been proven to be sufficient for accurate results.
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(A) 
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Figure 2. (A) Axial force and (B) bending moment reactions for a 0–400 N masticatory load range.

Finally, in order to verify that the breakages were produced by the site given by the
FEM, a cyclic load was applied to three samples of each of the two dental restorations
under study: the direct-to-implant and the transepithelial-supported restorations. The load
was applied until a breakage of the dental restoration was detected and the component on
which the breakage occurred was identified. The tests were performed on an INSTRON E
3000 Electropuls fatigue bench (Instron, Barcelona, Spain) mounted with a DYNACELLTM
2527-153 load cell (Instron, Barcelona, Spain) with a load range of ±5-kN. The setup was
the same as that described for the FE analysis modeling, except for the specimen holder,
which, in this case, was made of steel rather than cortical bone. Moreover, in order to
facilitate a correct load application, a hemispherical device was added over the abutment
to ensure that the load was applied at 10.5 mm from the height of the implant platform,
using FEA.

Figure 3A shows a direct tension fatigue machine with standard fixtures for testing
material specimens, and Figure 3B shows a specific set-up for conducting tests on dental
restorations.
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Figure 3. Fatigue machine. (A) Direct tension fatigue machine with standard fixtures for testing
material specimens. (B) Set-up for conducting tests on dental restorations.

3. Results

3.1. Stress Map

Figure 4 shows the stress map of the screws of the two dental restorations under study
under a load of 300 N. As can be seen, when a transepithelial component is introduced,
the screw into the implant undergoes a slightly lower stress status than in the case of a
direct-to-implant restoration. Moreover, in the case of transepithelial-supported restoration,
the prosthetic screw mounted over the transepithelial component suffers a higher stress
status, which means that, in this case, the prosthetic screw is the fuse of the restoration.

3.2. Effective Fatigue Stress for Load Cycles

Figure 5 shows the effective fatigue stress for load cycles ranging from 100 to 400 N.
S–N curves, also known as Wöhler curves, are graphical representations used in the field
of materials science to depict the relationship between stress (S) and the number of cycles
to failure (N) of material under cyclic loading conditions. These curves are derived from
fatigue tests, where a material is subjected to repeated loading and unloading, and the
number of cycles that cause failure is recorded. The curve helps engineers determine the
fatigue life of a material, which is the number of stress cycles a material can withstand before
failure occurs [32]. The primary objective of this investigation is not to precisely determine
the fatigue lifespan of various dental restorations. Rather, the study adopts a broader
methodology. Initially, it seeks to pinpoint the critical element in each dental restoration,
and subsequently, it aims to discern which component endures the greatest/least amount
of stress. Consequently, the research indirectly infers the longevity of different types of
restorations, given that effective fatigue stress is intrinsically linked to the lifecycle of the
component. The graph shows that the screw in the direct-to-implant restoration undergoes
an effective stress that is almost identical to that of the screw attached to the implant in the
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restoration using a transepithelial component. In this case, it is the prosthetic screw (the
upper screw) that suffers a slightly higher stress status. Therefore, the latter would fail in
the event of a sufficiently high fatigue load.

Figure 4. Stress map of the screws of the two dental restorations. (A) Direct to implant. (B) With an
intermediate abutment. Signed normal stress in the vertical axis. + for tension and - for compression.

Figure 5. Effective fatigue stress.
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3.3. Failing Component

Figure 6 shows the failing component of both dental restorations after the application
of a cyclic fatigue load. It is therefore experimentally proven that, in transepithelial-
supported restorations, the fuse changes from being the screw that goes into the implant
(the lower one) to being the prosthetic screw (the upper one).

(A) (B)

Figure 6. Failing component after cyclic fatigue load. (A) INTTUH screw. (B) TTMIR screw.

4. Discussion

In this study, we investigated how the use of a transepithelial component compares to
a direct implant-supported restoration in terms of fatigue behavior. Given that one of the
most common complications in single-unit restorations of implants is screw loosening or
even fracture, it is intriguing to analyze the force distribution when adding an intermediate
component. Additionally, investigating whether using a transepithelial abutment can
prevent the unwanted fracture of the direct implant-to-screw connection, which could
render the implant nonfunctional, is of significant interest.

We demonstrated that the component most likely to fracture is the screw of the
intermediate abutment. In such cases, removing the fractured fragment or, in the worst-
case scenario, the intermediate abutment itself is sufficient. Importantly, the implant
remains uncompromised.

Considering the significance of the preload in preserving the structural and interfacial
integrity of the implant abutment assembly, Honório et al. [23] conducted a study to
evaluate the impact of varying preloads on the stress experienced by the retention screw
and the microgap width of the internal conical connection. They employed finite element
analysis (FEA) with a well-established model for preload assessment. This research shed
light on the optimization of the preload to enhance the performance and longevity of dental
implant components. When the screw-tightening torque was increased from 20 Ncm to 30
Ncm, it led to higher stresses in the abutment screw throughout various phases: before,
during, and after occlusal loads. However, this higher torque also had some interesting
effects, such as smaller microgaps. The higher torque also increased the occlusal load
required to bridge the internal implant space. This could potentially help reduce bacterial
leakage. Interestingly, the study found that the maximum stress in the abutment screw
occurred at its neck on the distal surface. This suggests that the screw is more likely to fail
in this specific region [23], which is consistent with the results obtained in our study.

Furthermore, FEA can be used for sensitivity analysis to study the effects of varying
the material and geometrical parameters, such as the coefficient of friction, the screw
diameter, the screw design, and the length of the implant fixture. Within the range of loads
(10 N–280 N) tested in this FEA study, the gap sizes, especially those within the bridging
zone, may not be large enough for the invasion of bacteria, the size of which can reach
6 μm. Therefore, further studies are needed to correlate the interfacial gap opening and
bacterial microleakage [23].

In a FE study, Jung et al. [19] investigated the effects of the abutment screw preload
on two different implant connection systems. Six three-dimensional finite element models
were created based on various conditions: EO, an external hexagonal connection system
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with preload only; EN, an external hexagonal connection system with occlusal load only
(no preload); EP, an external hexagonal system with both preload and occlusal load; IO,
an internal hexagonal system with preload only; IN, an internal hexagonal system with
occlusal load only; and IP, an internal hexagonal system with both preload and occlusal load.
An 11.3-degree oblique load (100 N) was applied to the crown’s occlusal surface for models
with an occlusal load, and a preload of 825 N was applied to the abutment screw in the
models. The abutment screw experienced the greatest increase in von Mises stress values
under the occlusal load. The stress values ranged from 104.5 MPa (model EN) to 850 MPa
(model EP) and from 37 MPa (model IN) to 674 MPa (model IP). Following the implant,
the abutment showed the next highest stress levels. This study highlights the importance
of considering preload conditions and connection system designs when evaluating the
biomechanical behavior of dental implants. Understanding stress distribution patterns can
contribute to the long-term success of implant-supported restorations [19]. Regardless of
the conditions of the occlusal load, the models with preloads showed higher stress values
than the models without preloads in both the external and internal connection systems. It
seems essential to include the preload condition in finite element analysis, as a preload
applied to the abutment screw influences the stress level in the implant system and bone.

Verri et al. [18] carried out a similar FE study to analyze the stress distributions of
single implant-supported prostheses with different connections (external hexagon EH,
internal hexagon IH, or Morse taper MT) in the anterior region of the maxilla, while
varying the inclination of the applied load (0, 30, and 60 degrees) and the surgical technique
for implant placement (monocortical/conventional, bicortical, and bicortical with nasal
floor elevation) [18].

In this study conducted by Verri et al. [18], the EH implants exhibited higher stress
levels on the fixation screw and implant, ranging from 100 to 600 MPa. However, these
stress values did not necessarily affect the implant viability. The stress primarily indicated
a mechanical tendency to result in issues such as screw loosening or failure, rather than a
biological risk. The study found that the worst situations occurred under 60-degree loading.
It is important to note that implants in clinical practice are typically not subjected to such
large oblique forces. The internal connection implants showed a tendency toward implant-
related problems. However, the amount of stress required to loosen the fixation screw of
an EH implant should be less than the stress needed to fracture titanium. This observation
might explain why EH implants are sometimes associated with more biomechanical issues
than IC implants [18].

4.1. Impact of the Design of the Restoration

Whether prosthetic restorations supported by implants of different sizes and diameters
placed adjacently should be separate or splinted is unclear. While splinted restorations
may offer advantages in terms of stress distribution, individual patient factors and clinical
realities play a significant role. The restoration designs can change the stress levels in
adjacent implants of different lengths and diameters. Kul et al. [21] analyzed the stress
and strain distribution around short and standard implants in the posterior mandible
with splinted and separate crowns. The practical clinical considerations resulting from
this study include the importance of an optimal and stable implant–abutment connection
that plays a crucial role in the long-term success of dental implants because the stress is
reduced. Oblique loads (loads applied at an angle) have a greater moment effect than
purely vertical loads. As the angle between the direction of the oblique load and the
implant axis increases, the moment effect becomes more pronounced. These oblique loads
can significantly influence the stress distribution in implant-supported restorations. If a
standard implant and a short implant are placed adjacently and restored with splinted
crowns, the implants, abutments, and screws may be damaged; therefore, adjacent splinted
implants should be of similar size. However, the perfect fit of the implant–abutment
junction reduces stress, even in these adverse situations [21].
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Other variables that should be taken into account during the manufacture of our
restorations are the retention system (usually either screw- or cement-retained) and the
type of restorative material used, which can also affect the stress distribution. For many
years, metal–ceramic prostheses have been considered by some clinicians to be the gold
standard of rehabilitation with an implant-supported prosthesis. Currently, there is in-
creasing demand for metal-free restorations, such as those consisting of zirconia, as a more
aesthetic rehabilitative treatment option. Lemos et al. [33] evaluated different implant–
abutment connections, retention systems, and restorative materials in single crowns using
3D FEA. There was a higher concentration of stress in the fixation screw for the cemented
prostheses in the external hexagon implants independently from the restorative mate-
rials used (increasing the risk of screw loosening/fracture). Furthermore, it should be
acknowledged that in the event of screw loosening, the solution is more complex than in
the screwed retention systems. Therefore, the combination of an external hexagon implant
and a cement-retained prosthesis should be avoided [33].

Metal–ceramic and zirconia monolithic implant-supported single crowns had similar
biomechanical behaviors in bone tissue and implants and their components. For Lemos
et al., the similarities between the metal–ceramic and zirconia monolithic prostheses may
be attributable to the similar mechanical properties, which may contribute to the sharing of
stress across structures [33].

However, other researchers such as Pumnil et al. [34] present different evidence
for the influence of the material on the transmission of loads. A comparative 3D FEA
study of the stress distribution in the implant, screw, Ti-base, abutment, and restorative
crown between the different customized abutment types has not been evaluated, and
the proper abutment type selection for the implant-supported single crown is still an
ambiguous issue. Therefore, Pumnil et al. [34] introduced a study to investigate the stress
distribution using 3D FEA on the implant, screw, Ti-base, abutment, hybrid–abutment
crown, and restorative crown among different abutment types, as follows: customized
titanium abutment, customized titanium hybrid–abutment crown, customized zirconia
abutment with Ti-base, and customized zirconia hybrid abutment crown with Ti-base.
For all groups, oblique loading tended to generate higher stress values compared to
purely vertical loads. Clinicians should avoid excessive oblique forces to prevent stress-
related complications. Pumnil et al. [34] concluded that the choice of abutment type
significantly impacts the stress distribution in implant-supported restorations. The presence
of a titanium base within a zirconia abutment improved the stress distribution. Titanium
has the ability to absorb stress, contributing to overall stability. This combination is a
favorable option for implant-supported crowns. A customized titanium hybrid–abutment
crown created stress concentration at the screw; thus, this abutment type should be used
cautiously and maintained regularly. In addition, a customized zirconia hybrid–abutment
crown with a titanium base caused stress concentration at the implant, and this abutment
type should be maintained regularly. A thoughtful selection of abutment materials and
diligent maintenance are crucial for successful implant restorations [34].

4.2. Impact of Intermediate Abutments

With regard to the use of intermediate abutments, Zincir et al. [20] compared the stress
and strain values of the direct-to-implant system with the conventional angled multiunit
abutment–implant connection system used in “all on four” rehabilitations in the implant
parts and the surrounding bone using FEM. In the context of axial and oblique forces,
they found that the direct-to-implant systems exhibited greater stress accumulation in the
bone, prosthesis screws, and implants when compared to multiunit abutment–implant
connection systems [20]. These results are in line with those reported in this study.

As seen in the stress map of the screws of the two dental restorations (Figure 5) in the
case of transepithelial-supported restorations, the top screw is the one that would break
in the event of an overload. This prevents the rest of the restoration from being damaged.
This study, based on the previous literature, was performed with the assumption that the
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maximum functional force was 400 N [19,23]. Occlusal loading of 100 N is considered
to correspond with light clenching while loading of 200 N is considered to correspond
with middle clenching [35]. We wanted to understand how stress is distributed within the
system when it faces extreme loads, such as those experienced by bruxism patients. Our
goal was to identify the most vulnerable parts of the system (Figure 4). Additionally, we
observed that in S–N curves (Figure 5), stress on the screws exponentially increases with
load. This observation aligns with the finding that bruxism patients tend to experience
greater mechanical complications compared to non-bruxism individuals [36].

It is worth mentioning that the stress level of the upper screw (Figure 5) indicates
that the fatigue life of the screw of the intermediate abutment would be slightly lower
than in the case of direct-to-implant restoration. However, the difference is minimal; so,
this reduction in fatigue life may not be relevant in the patient’s mouth. In any case, as
mentioned above, the fact that the upper prosthetic screw acts as a fuse serves to protect
the rest of the dental restoration. It is beneficial that the fracture is usually of the abutment
screw, as we have seen in this study. Furthermore, in the case when a repair is needed, this
would be conducted at the tissue level, that is, with the replacement of the upper screw
and possibly the abutment, without touching the implant–abutment connection or the
bone surrounding it. Therefore, these advantages far outweigh the minimal reduction in
fatigue life.

However, there are additional potential benefits. Even if the screw does not break,
when screw loosening occurs, there are biological implications. The microgap at the implant
interface permits fluid passage independently of the implant system. Functional rocking
effects and screw loosening may contribute to increased leakage. Moreover, the clinical
phenomenon of bleeding and malodor, which are attributable to anaerobic bacteria on
the removal of abutments or healing screws, may partly be the result of the effects of
microleakage [37].

When the implant–abutment interface is positioned at the alveolar bone level, it leads
to persistent peri-implant inflammation and significant bone loss. This suggests that the
inflammatory stimulus originates precisely at the implant–abutment interface, and there
is a direct relationship between the extent of the inflammation and the magnitude of the
alveolar bone loss [38].

Abutment screw loosening, as mentioned above, is a common mechanical complica-
tion in dental implants. It occurs primarily because the abutment screw is the weakest
part of the implant system. Stable connections between implant components are crucial for
treatment success. A review by Goodacre et al. [39] revealed that screw loosening occurs
in 8% of cases, and this figure can rise to 45% in single crowns. Additionally, abutment
screw loosening may lead to other complications, including screw fracture, marginal gaps,
peri-implantitis, microbial leakage, crown loosening, and patient discomfort [40].

To mitigate this complication, it is essential to ensure an optimal component fit, mini-
mize the abutment micromovement, reduce the prosthetic misfit, optimize the prosthetic
design and occlusion, and maintain a sustained preload [37].

The use of an intermediate abutment in single–implant restorations offers several
advantages. Firstly, the implant–abutment interface remains better sealed, avoiding dis-
connection during prosthesis fabrication. This inherently reduces contamination and
minimizes microleakage around the implant platform. Additionally, as mechanical over-
load primarily affects the abutment screw, it is more likely to loosen. Importantly, this
loosening occurs away from the bone crest, mitigating potential biological complications
and preventing marginal bone loss.

Although the use of intermediate abutments has been more commonly accepted in
multiple implants, it is not as common in single implants. Not all commercial implant
manufacturers offer this possibility yet. However, following the results of this study, we
can emphasize that, among the other advantages already described regarding the use of
an intermediate abutment, in the event of a fracture of the abutment screw, it would be
possible to remove it and put in a new one. In the worst-case scenario, when trying to
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rescue the fragment of the screw, the abutment could be damaged but not the implant.
Additionally, in the event of screw loosening, it would not happen at the implant–abutment
interface. Consequently, there may be a reduction in biological complications related to
microfiltrations, although research and further investigation are essential to advance our
understanding and to address unanswered questions.

Limitations of the study: Finite element analysis (FEA) has its limitations, and critical
considerations are necessary when interpreting its results. FEA relies on input material
properties, which may not perfectly mimic real-world conditions. Variations in material
behavior can impact simulation outcomes. Clinicians should be cautious when directly
applying FEA findings to clinical practice because it is a virtual model and cannot fully
replicate the complexities of biological tissues. Clinical validation is essential to confirm
the observed biomechanical effects. However, FEA provides valuable insights, and its
findings should be complemented by empirical evidence from clinical studies. Moreover,
our investigation was restricted to a particular brand of implant and a specific material.
However, it is essential to recognize that contemporary clinicians have an array of options
available, including various brands and materials for implants and implant components.
Notably, zirconia and diverse metal combinations are among these alternatives. By ac-
knowledging these limitations, we demonstrate both our awareness of this study’s scope
and our commitment to transparent reporting. Furthermore, we encourage future research
to explore broader material choices and their implications.

Practical clinical applications: With the results obtained in this study, we can affirm
that the use of intermediate abutments may be beneficial when rehabilitating single-unit
implants. The use of these abutments has been relatively common in multiple implant
rehabilitation; however, it has been less common in single-unit implants. The biomechanical
advantages that their use can provide appear to be proven.

Future research directions: Future studies that incorporate even more sophisticated
models are essential. These studies would allow for a comprehensive evaluation of, for
example, the impact of simulating the preload condition in the abutment screw during ad-
vanced finite element analysis (FEA) applications. By considering these factors, researchers
can gain deeper insights into the behavior of implant-supported restorations and enhance
clinical outcomes.

It should be taken into account that this study was limited to the analysis of the
mechanical behavior of a specific transepithelial abutment model. There are transepithelial
abutments with different prosthetic emergences and it is possible that these different
prosthetic platforms would have an influence on the behavior of the prosthetic screw (the
upper screw). This study is proposed as a future line of the current research.

The authors’ objective is to conduct a clinical trial that applies the insights derived
from this study, thereby substantiating its clinical validity.

5. Conclusions

Introducing a transepithelial component into the dental restoration causes the fuse
or critical component to be the upper screw, that is, the one that is mounted on the
transepithelial component, rather than the screw that is mounted on the implant, as is the
case with direct-to-implant restorations. This means that the rest of the dental restoration is
better protected; thus, in the case of the need for restoration, it may be performed at the
tissue level (at the level of the prosthetic platform) instead of the bone level (at the level of
the implant platform). This benefit is achieved without compromising the fatigue behavior
of the dental restoration.
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Abstract: The main objectives of the present prospective clinical study were to evaluate the survival
and success rates of implant-supported zirconia single crowns fabricated with a full digital workflow
for the rehabilitation of mono- and bilateral agenesis of maxillary lateral incisors after 2 years
of clinical function; biological and technical parameters affecting the prosthetic restorations were
recorded, as well as the patient-satisfaction score. Twenty-two patients showing mono- or bilateral
agenesis of the maxillary lateral incisors were included in this study, and a total of 30 narrow-
diameter implants were inserted. Thirty screw-retained monolithic cubic zirconia single crowns with
internal connections were fabricated. Objective outcome evaluations were performed by means of
the Functional Implant Prosthodontic Score, whereas the patient-satisfaction score was evaluated
using Visual Analog Scales. Descriptive statistics were performed and the Kaplan–Meier analysis
was run to analyze time-to-event data. After 2 years of clinical function, the overall FIPS found in
the present study was 9.2, whereas the average patient-satisfaction score was 8.7. The Kaplan–Meier
analysis at the 2-year follow-up reported a cumulative survival rate of 100% and a cumulative success
rate of 93.3%. The implant-prosthetic rehabilitation with a full digital workflow proved to be an
effective and reliable procedure for the functional and aesthetic treatment of the agenesis of maxillary
lateral incisors in the short-term. Clinical investigations with wider sample populations and longer
observational follow-ups could be useful to validate, in the long-term, the clinical outcomes of the
present prospective clinical study.

Keywords: implant-prosthesis; prosthodontics; agenesis; zirconia; dental implant

1. Introduction

Dental agenesis is defined as the absence or failure of formation of a tooth, and
permanent maxillary lateral incisors have been reported to be the teeth most likely to be
missing [1,2]. This condition can affect the Oral Health Related Quality of Life (OHRQoL)
of patients, as it represents peoples’ subjective perspectives regarding various experiences
and symptoms related to oral functions, aesthetic perceptions, and psychological comfort
and self-esteem.

In the literature, the prevalences of maxillary lateral incisor agenesis varied across
population on the basis of race and sex [2,3].

This anomaly was reported to be frequently bilateral and often associated with tooth
ectopias and/or other abnormal dental conditions, such as smaller or peg-shaped teeth on
the contralateral side [2–4].
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In particular, smiles showing agenesis of maxillary lateral incisors were ranked as less
attractive by patients and laypeople, probably because of anatomical differences between
the lateral incisors and canines [5]. The presence of canines, which are more conical,
and the absence of lateral incisors, which are smaller and flat-faced, were considered
disharmonious aspects that were seen as less pleasant in a smile by evaluators [5]. The
lack of maxillary lateral incisors was referred to as a reason of concern to patients for
both functional and aesthetic reasons; therefore, several options were proposed for the
rehabilitation of this condition [5]. The chosen treatment should be the less invasive option
that could satisfy both the functional issues and the aesthetic expectations of patients.
Careful interdisciplinary treatment planning is always advisable, keeping in mind that
improper patient selection could result in unsatisfactory clinical outcomes [4].

If the deciduous maxillary lateral incisors are present in the arch, then a short-term
conservative approach consists of only an esthetic reshaping of the deciduous teeth with
composite resins [6]. Alternatively, canine substitution can be performed by carrying out
a coronal reshaping and resin composite camouflage of the canine to be transformed in
a lateral incisor; however, such a solution may not be completely satisfactory from both
the functional and esthetic point of views. Removable partial dentures (RPDs) are usually
considered interim restorations whereas more invasive prosthetic approaches are based
on adhesive bridges (i.e., Maryland or Rochette bridge), cantilevered restorations, or fixed
dental prostheses (metal-ceramic or all-ceramic FDPs) sustained by the central incisor and
the canine so as to replace the missing maxillary lateral incisor [7].

Nevertheless, according to the literature, patients seem to prefer an interdisciplinary
treatment based on an orthodontic approach to close the edentulous space or conversely
to open it and carry out an implant-prosthetic treatment, as no tooth preparation is re-
quired [8,9]; these can be considered the most conservative and widespread treatments [10],
and the present study focused on this specific treatment option.

As regards implant-prosthetic treatment, narrow-diameter implants were found to be
comparable to standard fixtures in the anterior zone, with users reporting satisfactory cumu-
lative success rates ranging from 84.2% to 100% (mean: 95.2%) [11–13]. Implant-prosthetic
rehabilitations can be performed by means of either conventional or digital workflows.

The use of a digital workflow in daily dental practice is increasing, allowing clini-
cians to optimize chair time and, simultaneously, improving the patients’ comfort and
compliance [14–17]. A full digital workflow involves several aspects such as 3D radio-
graphic acquisition, optical impressions by means of intraoral scanners (IOSs), digital
smile planning and CAD-CAM fabrication of the prostheses by means of milling or 3D
printing. Nowadays, the advantages of digital technologies are well known, including
offering a 3D pre-visualization and planning of the region of interest and reducing working
time, according to the skill and experience of clinical operators [14–16]. Patients seem to
prefer optical impressions, in terms of anxiety, nausea, taste, and discomfort related to
the conventional impression-taking procedure. Furthermore, the digital workflow allows
the avoidance of possible distortions associated with conventional impression materials,
offering the possibility to re-scan a defective area with better acceptance by patients [14–17].

Recent investigations reported satisfactory clinical outcomes in esthetic areas when
implant-prosthetic rehabilitations were carried out following a digital workflow, although
more clinical prospective studies are needed to establish valid protocols [18–20].

The present prospective clinical study was designed to evaluate the 2-year survival
and success rates of implant-supported zirconia single crowns produced with a digital
workflow for the rehabilitation of mono- and bilateral agenesis of maxillary lateral incisors.
Biological (i.e., marginal bone levels and peri-implant soft-tissue conditions) and technical
parameters (i.e., mechanical complications) possibly affecting the prosthetic restorations
were recorded, as well as the patients’ satisfaction scores.
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2. Materials and Methods

The present study was designed as a 2-year prospective clinical study, following the
international guidelines STROBE (STrengthening the Reporting of OBservational studies
in Epidemiology) and respecting the Declaration of Helsinki (2013) or comparable ethical
standards reviewed and approved by the hosting institution. Digital data collected from
patients were protected by means of a password and the access was limited to clinicians
who performed the present study. This study was performed by expert prosthodontists
from the Scientific Unit of Digital Dentistry (SUDD) at the Department of Prosthodontics
of the University “Federico II” of Napoli (Italy) and was authorized by the Institutional
Review Board of the University “Federico II”.

The recruitment of patients was carried out between April and June 2020 according
to the following inclusion criteria established by the literature for implant-supported
prostheses:

- minimum age: 18 years (proven completion of facial growth);
- single edentulous space (mono- or bilateral agenesis of maxillary lateral incisors);
- presence of at least 10 pairs of opposing teeth;
- intact adjacent teeth, restored with functionally and esthetically congruous reconstruc-

tions or restored with prostheses precluding the possibility of adding missing teeth;
- refusal of alternative treatments (i.e., canine replacement, removable prosthesis, adhe-

sive prosthesis, conventional or cantilevered fixed dental prostheses).

In addition, the following exclusion criteria were used:

- symptomatic temporo-mandibular dysfunctions;
- inability to undergo surgical procedures;
- pregnancy or breastfeeding;
- abuse of medication and/or drugs;
- psychosis and/or dysmorphophobia;
- unachievable esthetic expectations;
- poor bone quantity and/or quality (i.e., D3 or D4) or unsatisfactory conditions of the

implant site (as highlighted by clinical and X-ray examinations);
- bone volume in the implant site not sufficient to position a 3.3 mm × 10 mm narrow-

diameter implant;
- mouth opening and/or space between the dental arches insufficient for implant

components (>4 cm);
- incomplete facial growth and/or tooth eruption.

Subjects recruited for this study had to meet all of the inclusion criteria; the meeting
of one or more exclusion criteria made the subject not suitable for this study population.
The included subjects received exhaustive explanations about treatment risks, therapeutic
alternatives, and study aims and design; they expressed their willingness to participate by
signing a written informed consent form.

This study was performed according to the following timeline:

- 0–3 months: patient recruitment;
- 4–10 months: periodontal and orthodontic preparation (if necessary) and implant

surgery;
- 11–12 months: prosthetic finalization and baseline control (T0);
- 24 months: 1-year follow-up;
- 36 months: 2-year follow-up.

Based on the inclusion and exclusion criteria, 22 patients were recruited for the present
study (15 women and 7 men), aged between 18 and 37 years.

Of the subjects recruited for this study, 14 presented monolateral agenesis whereas 8
showed bilateral agenesis of the maxillary lateral incisors (Figure 1).
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Figure 1. Pre-operative intraoral view.

Once recruited for this study, the patients underwent periodontal preparation through
professional oral hygiene and motivation to maintain correct oral hygiene at home with
the help of a dental hygienist. According to the interdisciplinary treatment plan, 9 patients
underwent orthodontic therapy preparatory to implant surgery. At the end of the peri-
odontal and/or orthodontic preparation, the local anatomical conditions were carefully
re-evaluated before proceeding with the surgical placement of the implants.

The surgical and prosthetic planning of the cases were carried out after acquiring the
volumes of the loco-regional anatomy by means of 3D CBCT radiographs and detecting
the morphology of the dental and mucous tissues adjacent to the implant site by means of
intraoral digital optical scans with an IOS system (Trios 4, 3Shape, Copenhagen, Denmark).
The relative DICOM and STL files were imported into specific software that allowed
us to superimpose the digital images, obtaining high fidelity 3D models. These models
were used to create printed surgical templates for the guided surgical positioning of
non-submerged implants.

Thirty non-submerged implants with a narrow diameter of 3.3 mm and a length of
10 mm (NC Bone Level, Straumann, Basel, Switzerland) were inserted by the same experi-
enced oral surgeon. Peri-implant-tissue profile designers (Iphysio, LYRA ETK, Sal-lanches,
France) were used as healing abutments to provide an initial peripheral conditioning of the
transmucosal path (Figures 2 and 3).

 

Figure 2. Buccal view of profile designers used as healing abutments and scan bodies for digital
impression making with IOS to fabricate the temporary prostheses.
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Figure 3. Occlusal view of profile designers used as healing abutments and scan bodies for digital
impression making with IOS to fabricate the temporary prostheses.

Depending on the surgical procedures performed and the local conditions of each
case, the healing and osseointegration period lasted from 3 to 6 months before proceeding
to the prosthetic rehabilitation.

After the healing period, proper osseointegration was checked by means of either
clinical and radiographic examinations; individual X-ray trays were made for each implant
site to standardize radiographic examinations, and they were used in the same position at
each follow-up appointment.

The same experienced prosthodontist performed all of the prosthetic procedures. The
same profile designers that were employed as healing abutments were used as scan bodies
to make digital impressions by means of an IOS system (Figure 4).

 

Figure 4. Digital scanning performed using profile designers.
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By means of CAD-CAM manufacturing, temporary screw-retained single crowns in
polymetylmetacrylate (PMMA) were fabricated to test occlusion, esthetics, and phonetics
and to customize the peri-implant emergence profiles. When necessary, the temporary
restorations were modified by relining with composite resin, in order to optimize the 3D
morphology of the transmucosal path and obtain an optimal emergence profile of the
restorations. After achieving proper shape and volume of the transmucosal paths and
waiting for the maturation and stabilization of peri-implant soft tissues, the triple scan
technique (i.e., temporary in situ, temporary extraoral, scanbody) was used for final digital
impression making with an IOS system as previously described, in order to detect both
the 3D position of the implant and the architecture of the soft tissues as conditioned by the
morphology of the temporary prosthesis (Figures 5 and 6).

 

Figure 5. Occlusal view of peri-implant emergence profiles conditioned by means of screw-retained
temporary single crowns.

 

Figure 6. Buccal view of scan bodies for digital impression making with IOS to fabricate the final
prostheses.

As for the temporary prostheses, CAD-CAM manufacturing was used to fabricate
30 monolithic cubic zirconia crowns (5Y-TZP; GC Initial Zirconia Disks, GC Co., Tokyo,
Japan) that were cemented onto screw-retained implant Ti-bases with internal connection.
Micro-layering with veneering ceramics was made only onto the buccal surfaces, leaving
all of the functional areas (i.e., transmucosal, interproximal, palatal, and incisal) in pol-
ished zirconia, in order to promote epithelial attachment and avoid any possible chipping
(Figure 7).
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Figure 7. Final screw-retained zirconia single crowns.

The restorations were tried on intraorally, carefully verifying the occlusal and inter-
proximal contacts as well as the coupling of the implant-prosthetic components using
standardized intraoral radiographs. After possible occlusal adjustments, the final crowns
were screwed onto the implants with a torque wrench at 25 Ncm and the screw channels
were sealed with teflon tapes and resin composites (Figures 8 and 9).

 

Figure 8. Post-operative intraoral view.

 

Figure 9. Post-operative extraoral view.
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At the baseline and follow-up assessments, the levels of the marginal bone tissues
were recorded clinically by means of peri-implant probing with plastic periodontal probes
in order to damage neither the zirconia of the prosthetic crowns nor the titanium of the
implant necks; moreover, standardized periapical radiographs were taken as previously
described to record the marginal bone levels radiographically (Figure 10) and to use
software allowing overlapping of the radiographic images and collection of the relative
measurements over time.

Figure 10. Standardized periapical radiographs in a case of bilateral agenesis at the baseline. (A) tooth
12 and (B) tooth 22.

The conditions of the peri-implant soft tissues were evaluated qualitatively and quan-
titatively from a clinical point of view by the same expert periodontist.

Any possible mechanical or biological complications affecting implants, crowns,
or peri-implant tissues were recorded. The clinical variables affecting the outcome of
restorations were subjected to an objective evaluation by means of the Functional Implant
Prosthodontic Score (FIPS) [21]. This score can vary from 0 to 10, attributing a numerical
value from 0 (worst) to 2 (best) to 5 clinical parameters as follows (Table 1):

- interproximal conditions (contact areas and papillae);
- occlusion (static and dynamic);
- appearance of the crown (margin and color);
- peri-implant soft tissues (quantity and quality);
- marginal bone tissue (radiographic evaluation).

Table 1. Variables for the objective evaluation of FIPS (Functional Implant Prosthodontic Score) [21].

Variable 0 1 2

Interproximal conditions
(contact areas and papillae)

Major discrepancies
(2x incomplete)

Minor discrepancies
(1x incomplete)

No discrepancy
(2x complete)

Occlusion
(static and dynamic)

Major discrepancies
(precontact)

Minor discrepancies
(infraocclusion) No discrepancy

Appearance of the crown
(margin and color) Major discrepancies (margin) Minor discrepancies (color) No discrepancy

Peri-implant soft tissues
(quantity and quality)

Non-keratinized,
non-adherent

Non-keratinized,
adherent Keratinized, adherent

Marginal bone tissue (RX) Marginal resorption > 1.5 mm Marginal resorption < 1.5 mm No marginal resorption
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Furthermore, the above-mentioned clinical variables were subjectively evaluated by
patients using Visual Analog Scales (VASs) to rank the degree of patients’ satisfaction [22];
such scales allowed patients to express an opinion on the clinical experience and satisfaction
with the restorations received, expressing a vote from 0 (worst) to 10 (best) (Table 2).

Table 2. VAS scale for the subjective assessment of the degree of patients’ satisfaction.

SATISFACTION VISUAL ANALOG SCALE (VAS)

0 10 20 30 40 50 60 70 80 90 100

Not
satisfied

Most
satisfied

Data produced using the VAS and FIPS scales were collected by the same expert
prosthodontist and periodontist who performed this study.

Patients were monitored for a minimum follow-up period of 24 months; controls were
performed at T0, 7 days, 1 month, 3 months, 6 months, 1 year and 2 years.

The recordings of the study variables using FIPS and VASs were carried out at T0 and
at the periodic follow-up controls at 1 and 2 years. The values obtained were statistically
analyzed and cumulative 2-year survival and success rates were calculated according to
the Kaplan–Meier analysis. Two independent curves were analyzed separately. Dedicated
software (SPSS 17, SPSS Inc., Chicago, IL, USA) was used to perform statistical analyses.

3. Results

Twenty-two patients were recruited and a total of 30 narrow-diameter implants were
inserted. Osseointegration was achieved for all of the implants. At 1- and 2-year follow-ups,
non-significant values of marginal bone resorption were found for the implants and optimal
qualitative and quantitative conditions of the peri-implant soft tissues were reported.

After 2 years of clinical function, the average recorded FIPS was 9.2 in bilateral agenesis
(Table 3) and 9.3 in monolateral agenesis (Table 4), respectively. The overall average FIPS
found in the present study was 9.2, showing an optimal functional and esthetic integration
of the prosthetic restorations as well as a fully satisfactory short-term stability.

As regards the subjective evaluation of patients, both the function and esthetics of
the restorations were considered fully satisfactory; in particular, the following scores were
reported according to the VASs evaluation, with an average patient-satisfaction score of 8.7:

- score from 0 to 5: 0 restorations
- score 6: 1 restoration
- score 7: 3 restorations
- score 8: 8 restorations
- score 9: 9 restorations
- score 10: 9 restorations

As regards the survival (i.e., permanence in the oral cavity even in the presence of
minor complications that do not compromise function) and success (i.e., permanence as
delivered in T0) rates of both implants and prosthetic restorations, the Kaplan–Meier analy-
sis at the 2-year follow-up reported a cumulative survival rate of 100% and a cumulative
success rate of 93.3% (Figure 11).

In particular, after 1 year of clinical function, 1 event of mucositis, and 1 unscrewing of
a crown were observed in 2 patients showing bilateral agenesis. No event affected clinical
function; the mucositis was resolved, motivating the patient to increase oral hygiene at
home, whereas the unscrewing was treated by tightening the restoration again at 25 Ncm.
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Both of these drawbacks occurred in patients who did not undergo any orthodontic
preparation. Consequently, cumulative survival and success rates of 100% were recorded
in orthodontic patients, whereas cumulative survival and success rates of 100% and 93.3%,
respectively were recorded in non-orthodontic patients.

Table 3. FIPS of restorations of patients affected by bilateral agenesis.

#
INTER

PROXIMAL
OCCLUSION DESIGN MUCOSA BONE TOTAL

1a 2 2 2 2 2 10

1b 2 2 2 2 2 10

2a 1 1 2 2 2 8

2b 2 1 2 2 2 9

3a 2 2 2 2 2 10

3b 2 2 1 2 1 8

4a 2 2 2 1 2 9

4b 2 2 2 2 2 10

5a 2 1 2 2 2 9

5b 2 2 2 2 2 10

6a 2 2 2 1 1 8

6b 1 2 2 1 1 7

7a 2 2 2 2 2 10

7b 2 2 2 2 2 10

8a 2 2 1 2 2 9

8b 2 2 2 2 2 10

Table 4. FIPS of restorations of patients affected by monolateral agenesis.

#
INTER

PROXIMAL
OCCLUSION DESIGN MUCOSA BONE TOTAL

9 2 2 2 2 2 10

10 1 2 2 2 2 9

11 2 1 2 2 2 9

12 2 2 1 2 2 9

13 2 2 2 2 2 10

14 2 2 2 0 1 7

15 2 2 2 2 2 10

16 2 1 2 1 2 8

17 2 2 2 2 2 10

18 2 2 2 2 2 10

19 2 2 2 2 2 10

20 2 2 1 2 2 9

21 2 2 2 2 2 10

22 2 2 2 2 1 9
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Figure 11. Kaplan–Meier graph showing the cumulative success rate in relation to time.

4. Discussion

The treatment of maxillary lateral incisor agenesis often requires an interdisciplinary
approach. In particular, the implant-prosthetic rehabilitation of this condition is sometimes
preceded by an orthodontic treatment that allows patients to achieve the proper surgical
space to place an implant and obtain the best functional and esthetic outcomes. Further-
more, the implant-prosthetic approach offers a good cost/benefit ratio and is considered
biologically conservative towards the adjacent teeth.

In the present prospective study, all of the implants achieved osseointegration, show-
ing good marginal bone stability and peri-implant soft-tissue response in the short-term.

Previous studies demonstrated satisfactory results in the medium- and long-term for
the implant-prosthetic treatment of maxillary lateral incisor agenesis [23–25]. In particular,
high cumulative survival (95.7%) and success rates (87.1%) were reported after 16 years
of clinical function for implant-supported, all-ceramic cemented crowns used to restore
missing maxillary lateral incisors [24].

Although the implant-prosthetic approach is a well-known treatment option, evidence
of screw-retained implant-prosthetic restorations used to rehabilitate maxillary lateral
incisor agenesis with a full digital workflow are quite scant in the literature.

In the present prospective clinical study, implant-supported, screw-retained cubic
zirconia crowns were used to restore maxillary lateral incisor agenesis, showing optimal
function, esthetic integration and, at the same time, reducing the risk of periimplantitis
related to cementation.

The data collected in the present short-term prospective study confirmed the feasibility
of this treatment option as pointed out by previous investigations [23–25], reporting herein
high cumulative survival (100%) and success rates (93.3%).
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In addition, the high overall FIPS value of 9.2 supported the results of the descriptive
statistics, showing the optimal functional and esthetic integration of the implant-supported
zirconia crowns in the short-term. Patients enrolled in the present prospective study evalu-
ated as highly satisfactory the clinical experience and the restorations received, reporting
an average patient-satisfaction score of 8.7.

These data are consistent with the good objective evaluations obtained using the
FIPS and with the findings from other investigations that demonstrated high levels of
patient satisfaction when treating maxillary lateral incisor agenesis with implant-prosthetic
restorations [26,27]. The authors expect that several factors, such as proper 3D implant
positioning, a conservative design of the surgical flaps, and the correct application of
temporary acrylic resin restorations may have played an important role in obtaining this
result. Furthermore, the use of a digital workflow, in particular for the optical impression,
contributed to the reduction of the discomfort of patients in terms of anxiety, nausea, and
taste, which are usually related to conventional impression.

As reported by previous studies, a full digital workflow could reduce treatment time,
improving each patient’s clinical experience and perception of quality as well as their
psychological comfort and compliance with the treatment. Nowadays, patients require
convenience-oriented treatment timing with reduced chair time and a shortened number
of appointments [28].

From a technical point of view, digital workflows help in simplifying the production
process, reducing human intervention and overcoming different manual fabrication steps;
furthermore the standardization offered by CAD-CAM technologies could contribute to
producing high quality and precise prosthetic restorations [29].

Nevertheless, the present prospective clinical study presented some limitations that
have to be considered in the interpretation of the obtained clinical data; in particular, the
observational period was limited to the short-term (i.e., 2 years), the study population had
a limited number of implant-prosthetic study units (i.e., 30), the study lacked a control
group, and there were implicit limitations in the scales used (VAS and FIPS). Furthermore,
the literature on this topic is quite scant: the present study aimed to provide preliminary
short-term data, in the hope of increasing the number of enrolled patients in the future
and providing long-term data. Further long-term clinical studies and a larger sample size
would be advisable to corroborate the findings of the present clinical investigation and
establish validated protocols.

5. Conclusions

Given the limitations of the present prospective clinical study, in accordance with the
obtained results, the following conclusions can be drawn:

- in the 2-year short-term, both implants and zirconia crowns did not show significant
technical or biological complications, achieving high survival and success rates;

- in standard clinical conditions, the implant-prosthetic rehabilitation can be considered
a viable choice option for the treatment of the agenesis of maxillary lateral incisors.

- as regards the subjective evaluation of patients, both the function and esthetics of the
restorations were considered fully satisfactory.

- an interdisciplinary approach to the treatment plan represents an essential pre-requisite
for achieving functional and esthetic success.
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Abstract: Background/Objectives: Dental implants have emerged as a modern solution for edentu-
lous jaws, showing high success rates. However, the implant’s success often hinges on the patient’s
bone quality and quantity, leading to higher failure rates in poor bone sites. To address this issue,
short implants have become a viable alternative to traditional approaches like bone sinus lifting.
Among these, Bicon® short implants with a plateau design are popular for their increased surface
area, offering potential advantages over threaded implants. Despite their promise, the variability in
patient-specific bone quality remains a critical factor influencing implant success and bone turnover
regulated by bone strains. Excessive strains can lead to bone loss and implant failure according to
Frost’s “Mechanostat” theory. To better understand the implant biomechanical environment, numeri-
cal simulation (FEA) is invaluable for correlating implant and bone parameters with strain fields in
adjacent bone. The goal was to establish key relationships between short implant geometry, bone
quality and quantity, and strain levels in the adjacent bone of patient-dependent elasticity to mitigate
the risk of implant failure by avoiding pathological strains. Methods: Nine Bicon Integra-CP™ im-
plants were chosen. Using CT scans, three-dimensional models of the posterior maxilla were created
in Solidworks 2022 software to represent the most challenging scenario with minimal available bone,
and the implant models were positioned in the jaw with the implant apex supported by the sinus
cortical bone. Outer dimensions of the maxilla segment models were determined based on a prior con-
vergence test. Implants and abutments were considered as a single unit made of titanium alloy. The
bone segments simulated types III/IV bone by different cancellous bone elasticities and by variable
cortical bone elasticity moduli selected based on an experimental data range. Both implants and bone
were treated as linearly elastic and isotropic materials. Boundary conditions were restraining the
disto-mesial and cranial surfaces of the bone segments. The bone–implant assemblies were subjected
to oblique loads, and the bone’s first principal strain fields were analyzed. Maximum strain values
were compared with the “minimum effective strain pathological” threshold of 3000 microstrain to
assess the implant prognosis. Results: Physiological strains ranging from 490 to 3000 microstrain
were observed in the crestal cortical bone, with no excessive strains detected at the implant neck area
across different implant dimensions and cortical bone elasticity. In cancellous bone, maximum strains
were observed at the first fin tip and were influenced by the implant diameter and length, as well
as bone quality and cortical bone elasticity. In the spectrum of modeled bone elasticity and implant
dimensions, increasing implant diameter from 4.5 to 6.0 mm resulted in a reduction in maximum
strains by 34% to 52%, depending on bone type and cortical bone elasticity. Similarly, increasing
implant length from 5.0 to 8.0 mm led to a reduction in maximum strains by 15% to 37%. Additionally,
a two-fold reduction in cancellous bone elasticity modulus (type IV vs. III) corresponded to an
increase in maximum strains by 16% to 59%. Also, maximum strains increased by 86% to 129% due
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to a decrease in patient-dependent cortical bone elasticity from the softest to the most rigid bone.
Conclusions: The findings have practical implications for dental practitioners planning short finned
implants in the posterior maxilla. In cases where the quality of cortical bone is uncertain and bone
height is insufficient, wider 6.0 mm diameter implants should be preferred to mitigate the risk of
pathological strains. Further investigations of cortical bone architecture and elasticity in the posterior
maxilla are recommended to develop comprehensive clinical recommendations considering bone
volume and quality limitations. Such research can potentially enable the placement of narrower
implants in cases of insufficient bone.

Keywords: Frost’s “mechanostat” theory; plateau implant; bone quality; FEA

1. Introduction

The success of dental implants relies on maintaining a stable attachment to the bone
tissue, which is influenced by various factors including bone availability and quality, im-
plant design, and dimensions. Effective remodeling of the bone is essential for supporting
secure anchoring, with bone restructuring being particularly important [1,2].

Although dental implant treatments often have high success rates, long-term success
can be challenged by different biomechanical factors [3]. The posterior maxillary region, in
particular, is at greater risk of failure due to insufficient bone density, reduced bone volume,
and increased masticatory forces, indicating poor bone quality [4,5].

Short implants have emerged as a practical solution in compromised conditions, espe-
cially in the maxillary molar region, eliminating the need for bone grafting and traditional
implant placement [6–8]. Studies suggest that short implants can achieve comparable
success rates to longer ones [9,10]. However, their smaller surface area can lead to in-
creased stress and strain concentrations in the crestal bone compared to conventional
implants [11,12]. To mitigate this issue, the use of wide short implants has been proposed in
cases of insufficient bone height and significantly higher occlusal loads in molar sites. This
approach aims to increase surface area, thereby improving stress and strain distribution in
the adjacent bone, particularly at the critical area of the bone–implant interface.

Plateau implants, introduced in 1985, stand out as a unique type of dental implant
characterized by multiple parallel circular threads known as plateau or fins. Among these,
the Bicon® screwless design, featuring a plateau root-formed body, is widely utilized [13,14].
Notably, it provides 30% more surface area compared to threaded implants of similar size.
These implants are especially recommended for patients with inadequate bone height,
and their short lengths (<8 mm) help eliminate the need for preoperative procedures like
grafting or sinus lifting. The increased surface area of bone–implant contact in plateau
implants reduces stresses and strains by enhancing load transfer along the bone–implant
interface, which is particularly advantageous when bone height is limited.

Plateau implants demonstrate significant efficacy in preventing bone loss, facilitated
by the creation of ‘healing chambers’—hollow spaces between the implant and bone. These
chambers, formed due to the interaction between implant design and drilling dimensions,
promote the development of intramembranous-like woven bone formation [14–16]. These
spaces are initially filled by the blood clot immediately after implantation and gradually
filled by new bone apposition over time.

Numerous studies have investigated the behavior of short implants, examining factors
such as diameter, length, and macrostructure, as well as the bone healing response to differ-
ent implant root shapes and the cumulative survival rates of short implants. The refinement
of plateau root form designs has significantly increased the cumulative survival rate to
over 90%, optimizing biological responses during early endosseous peri-implant healing.

Successful osseointegration of the implant with marginal bone significantly increases
the implant’s load-bearing capacity and bone turnover regulation. However, predicting the
mechanical behavior of the bone–implant interface remains challenging due to variations
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in patient-specific cortical bone elasticity and strength. Bone strains are recognized as
mechanical stimuli that influence bone turnover and maintain mechanical strength through
primary cilia in bone-forming cells [16,17]. This process ensures the adaptation of bone
morphology to functional loads throughout an individual’s life. Biomechanical feedback,
in line with Frost’s “bone mechanostat” hypothesis, regulates the relationship between
bone density and load magnitude, optimizing bone structure through modeling and re-
modeling. According to Frost, when bone strains surpass the “minimum effective strain
pathological” threshold (MESp = 3000 microstrain), microdamages accumulate, leading to
bone failure [18]. To promote peri-implant bone mass, strains should be maintained above
the minimum effective strain modeling threshold (MESm) of 1000–1500 microstrain [19,20].

Predicting treatment success and the longevity of implants hinges on selecting di-
mensions that align with a safe strain spectrum and the available bone quantity. This
process typically involves an initial evaluation of the patient’s jaw bone properties, taking
into account factors like placement site, bone shape, and dimensions. However, it often
overlooks the physical and mechanical properties of bone tissues, which are crucial for
preventing bone resorption. In cases of thin, atrophic bone where the cancellous bone
core lacks reliability as a load-bearing element, understanding the impact of adjacent bone
elasticity on neck area strains becomes paramount. Selecting suitable implants becomes
particularly challenging when dealing with poor bone quality, insufficient volume, and
variations in cortical bone mechanical properties [21].

To address the complex issue of correlating implant geometry and dimensions with
bone properties and strains, computer modeling, specifically, finite element analysis (FEA),
proves invaluable [4,22]. FEA allows for the assessment of strain concentrations in peri-
implant bone, considering factors such as implant shape, dimensions, bone quality, and
quantity [23]. This approach provides a comprehensive understanding of implant biome-
chanics under functional loads, aiding in the selection of appropriate implants for each
unique patient scenario [24].

Several studies have explored finite element (FE) strain analysis in adjacent bone,
examining the biomechanical effects of implant dimensions and bone quality in osseointe-
grated and immediate implants [22,23,25]. However, these studies present a wide range
of strain magnitudes that do not directly correlate with the pathological strain threshold
at the critical area of the bone–implant interface, where maximal strains may trigger bone
loss. As a result, these findings cannot reliably predict implant success or failure or provide
recommendations for implant sizing selection, especially in compromised maxillary cases.

The objective of this study was to use FEA simulation to evaluate the impact of
short finned implants and crestal bone quality/quantity on strain magnitudes in adjacent
cortical bone with patient-variable elasticity. The aim was to characterize bone turnover in
the posterior maxilla and recommend the placement of Bicon Integra-CP™ short plateau
implants based on their post-osseointegration perspective. This assessment sought to
ensure their ability to withstand functional loading and prevent cortical bone loss.

2. Materials and Methods

Nine different geometric designs of Bicon Integra-CP™ implants (Bicon, Boston, MA,
USA) were investigated, varying in length (5.0 mm for S, 6.0 mm for I, and 8.0 mm for L)
and diameter (4.5 mm for N, 5.0 mm for M, and 6.0 mm for W). To model these implants and
abutments, their dimensions and designs were obtained using digital calipers, photographs,
and images captured with a light optic microscope.

To create solid models of posterior maxilla alveolar bone segments, computed to-
mographic (CT) images from unidentified patients were selected from the authors’ CT
database to delineate cortical and cancellous bone contours. Simplified 3D geometry seg-
ments with a length of 40 mm were reconstructed using these CT images in DICOM format
with Solidworks 2022 software (Dassault Systemes SolidWorks Corporation, Waltham,
MA, USA).
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The 3D models of the implants were crestally placed into nine posterior maxilla
segment models including 0.5 mm of crestal cortical bone. They represented type III/IV
bone (classified according to Lekholm and Zarb) simulated by varying the cancellous bone
modulus of elasticity (1.37/0.69 GPa) (see Figure 1).

Figure 1. Maxillary bone segments with nine inserted implants. Oblique loading is applied to the
center of abutment upper surface at 7.0 mm distance from the upper bone margin.

The size of the maxilla segment model was 40 × 13 × 9 mm (length × height × width),
determined based on a previous convergence test. The dimensions were chosen to replicate
the most critical scenario of minimal available bone, necessitating crestal placement as a
necessary compromise.

Implant and bone tissues were considered to be linearly elastic and isotropic, with
homogeneous material volumes. Implants and abutments were treated as a continuous unit
and were assumed to be made of titanium alloy, with a modulus of elasticity of 114 GPa
and a Poisson’s ratio of 0.34 [26]. The Poisson’s ratio for both cortical and cancellous bone
tissues was assumed to be 0.3 [27].

For computer simulation, a spectrum of elasticity moduli representing different levels
of human cortical bone elasticity was selected based on experimental investigations, ranging
from 4.0 to 13.7 GPa [21]. The elasticity moduli were assigned as follows: E1 = 13.7 GPa,
E2 = 12.0 GPa, E3 = 10.0 GPa, E4 = 8.0 GPa, E5 = 6.0 GPa, and E6 = 4.0 GPa.

The boundary conditions involved restraining the disto-mesial surfaces of the bone
segment as well as the cranial surfaces in all models (see Figure 2). Functional loading
of the implant was simulated at the center of a 7 Series Low 0◦ abutment in three dimen-
sions. A mean maximal functional load of 120.9 N was applied obliquely at an angle
of approximately 75◦ to the abutment top surface [28]. The loading components were
determined as 116.3 N in the axial direction, 17.4 N lingually, and 23.8 N disto-mesially.
The last two components represented the resultant vector of a 29.5 N horizontal functional
load acting in the plane of the critical bone–implant interface [24,28,29]. The implants were
assumed to be fully osseointegrated [30].

A numerical analysis of bone–implant models was conducted using FE software
Solidworks Simulation (Dassault Systemes SolidWorks Corporation, Waltham, MA, USA).
A mesh convergence analysis was performed to determine the optimal element size.

The mesh refinement process involved gradually reducing the element sizing from
2.0 mm to 0.010 mm, and the change in the maximum first principal strain in the bone–
implant interface was studied. The maximum strain converged toward a finite value as the
mesh density increased, with a convergence criterion set to less than 2% for the changes in
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the maximal strain of all the elements [31,32]. The analysis was stopped at the FEA size of
0.020 mm. The total number of 3D finite elements ranged from 1,659,134 to 2,000,652, and
the nodes ranged from 2,238,052 to 2,695,410. An example of FE meshing for a 5.0 × 5.0 mm
implant is provided in Figure 3.

Figure 2. Illustration of 3D view of 5.0 × 5.0 mm implant placed in maxillary bone segment with
0.5 mm crestal and sinus cortical bone thickness. Oblique loading is applied at the center of 7 Series
Low 0◦ abutment upper surface at 7.0 mm distance from the upper bone margin. Disto-mesial and
cranial surfaces of the bone segment are restrained.

Figure 3. FE meshing of maxillary bone segment with 0.5 mm crestal and sinus cortical bone and
5.0 × 6.0 mm implant with mapped meshing in the neck area of bone–implant interface. Minimal FE
size is 0.020 mm.
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In the bone–implant assembly strain analysis, first principal strains (FPSs) were chosen
as the measure of bone turnover. FPS localizations in the peri-implant area of the critical
bone–implant interface were studied for 108 bone–implant combinations (9 bone–implant
models × 2 bone types × 6 cortical bone elasticity moduli) to determine maximal FPS
(MFPS). These values were then correlated with 3000 microstrain threshold (MFPSp) to
evaluate implant lifetime prognosis in terms of physiological/pathological bone strains in
the anchorage area [18–20].

3. Results

The distributions of FPS at the bone–implant interface is depicted in Figure 4, while
Figure 5 displays the variation of FPS along the critical bone–implant contact length.

Figure 4. First principal strain localization in the plane of the critical bone–implant interface for the
studied 5.0 × 6.0 mm Bicon SHORT® implant, type IV bone, and six degrees of cortical bone elasticity
corresponding to E1–E6 moduli of elasticity.
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Figure 5. Illustration of first principal strain distribution along the critical line of bone–implant
interface for 5.0 × 5.0 mm (top), 5.0 × 6.0 mm (middle), 5.0 × 8.0 mm (bottom) implants placed into
bone segments of types III (left) and IV (right) bone (EIII = 1.37 GPa and EIV = 0.69 GPa) at E1–E6

degrees of cortical bone elasticity.
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Maximal magnitudes of FPS (MFPSs) were sought, particularly on the surface of
cortical bone, influenced by factors such as implant dimensions, cortical bone elasticity,
and bone quality (Figures 4–7).

The analysis revealed that there were no instances of overstrains (MFPS > 3000 μstrain)
at the implant neck area. Instead, a spectrum of safe maximal MFPS (490–3000 μstrain) was
observed in the crestal cortical bone, with W implants causing strains ranging from 490 to
1860 μstrain and N implants inducing strains from 860 to 3000 μstrain. In cancellous bone,
MFPSs were located at the first fin position, similarly influenced by implant dimensions,
bone quality, and cortical bone elasticity.

Figure 6. Dependence of maximal first principal strains (MFPSs) in cortical bone on its modulus
of elasticity for the spectrum of implants placed into bone segments with 0.5 mm cortical bone
thickness for type III (left) and IV (right) bone and the studied degrees of patient-specific cortical
bone elasticity E1–E6. Red line corresponds to 3000 microstrain of Frost “minimum effective strain
pathological” (MESp).

Figure 7. Cont.
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Figure 7. Dependence of maximal first principal strains (MFPSs) in cortical bone on its modulus of
elasticity for implants of length 5.0 mm (top), 6.0 mm (middle), 8.0 mm (bottom) placed into bone seg-
ments of type III and IV bone and the studied E1–E6 degrees of patient-specific cortical bone elasticity.
Red line corresponds to 3000 microstrain of Frost “minimum effective strain pathological” (MESP).

For a range of cortical bone elasticity (E1–E6) and type III bone, increasing implant
diameter from 4.5 to 6.0 mm resulted in FPS reductions of approximately 50% for S-implants,
47% for I-implants, and 43% for L-implants. In type IV bone under similar conditions, FPS
reductions were around 36%, 40%, and 42% for S-, I-, and L-implants, respectively. These
trends are depicted in Figures 8 and 9.

For the E1–E6 spectrum of cortical bone elasticity and type III bone, MFPS reduction
due to increase in length from 5.0 to 8.0 mm was (23–35) % for N-implants, (17–28)% for M-
implants, and (12–19) % for W-implants. For type IV bone and otherwise same conditions,
the corresponding FPS reduction was (22–34) % for N-implants, (20–29) % for M-implants,
and (34–37) % for W-implants. These findings are illustrated in Figures 10 and 11.
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Figure 8. Maximal first principal strains’ (MFPSs’) dependence on the implants’ diameter increase for
implants of length 5.0 mm (top), 6.0 mm (middle), 8.0 mm (bottom) placed into bone segments of type
III (left) and IV (right) bone and the studied E1–E6 degrees of patient-specific cortical bone elasticity.
Red line corresponds to 3000 microstrain of Frost “minimum effective strain pathological” (MESP).

Bone quality was found to have a substantial impact on the biomechanical state of
cortical bone: for N, M, and W implants, a two-fold reduction in elasticity modulus (0.69
against 1.37 GPa) corresponded to an 18, 22, and 55% MFPS rise for S-implants, 19, 22,
and 34% MFPS rise for I-implants, and 19, 18, and 16% MFPS rise for L-implants. These
data correspond to the E1 level of cortical bone elasticity. For the E2, E3, E4, E5, and E6
levels, the corresponding MFPS rise was as follows: E2 level—18, 21, and 54% (S-implants),
19, 20, and 33% (I-implants), and 19, 19, and 21% (L-implants); E3 level—18, 23, and 53%
(S-implants), 20, 21, and 33% (I-implants), and 19, 19, and 21% (L-implants); E4 level—18,
25, and 56% (S-implants), 20, 22, and 35% (I-implants), and 21, 21, and 22% (L-implants));
E5 level—18, 24, and 58% (S-implants), 21, 25, and 38% (I-implants), and 21, 22, and 23%
(L-implants)); E6 level—22, 25, and 59% (S-implants), 26, 29, and 38% (I-implants), and 24,
24, and 25% (L-implants). The percentage of MFPS rise is illustrated in Figure 12.
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Figure 9. Maximal first principal strain (MFPS) reduction due to the implants’ diameter increase from
4.5 mm to 6.0 mm for the spectrum of implants placed into bone segments of types III and IV bone.

Figure 10. Maximal first principal strain (MFPS) dependence on the implants’ length increase for
implants of diameter 4.5 mm (top), 5.0 mm (middle), 6.0 mm (bottom) placed into bone segments of
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type III (left) and IV (right) bone and the studied E1–E6 degrees of patient-specific cortical bone
elasticity. Red line corresponds to 3000 microstrain of Frost “minimum effective strain pathologi-
cal” (MESp).

Figure 11. Maximal first principal strain (MFPS) reduction due to the implants’ length increase from
4.5 mm to 6.0 mm for the spectrum of implants placed into bone segments of types III and IV bone.

A reduction in cortical bone elasticity caused its significant overstrain: for N-, M-, W-
implants, the MFPS rise due to decrease in cortical bone rigidity (E6 against E1) for type III
bone was 121/122/111, 94/99/101, and 86/94/93% (S-/I-/L-implants). For type IV bone,
cortical bone and implant parameters, the MFPS rise was 129/129/116, 107/110/107, and
94/104/105% (S-/I-/L-implants). The results of an MFPS rise (percentage) are illustrated
in Figure 13.

Figure 12. Impact of bone quality on maximal first principal strain (MFPS) rise in terms of two-fold
reduction in the cancellous bone elasticity modulus (0.69 against 1.37 GPa) for the spectrum of
implants placed into bone segments at E1–E6 degrees of cortical bone elasticity.
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Figure 13. Maximal first principal strain (MFPS) rise due to cortical bone elasticity reduction (E6

against E1).

4. Discussion

Studying the strain fields induced by osseointegrated implants of varying sizes in
the anchorage area of the maxilla, often characterized by insufficient volume and low
quality (types III and IV), is crucial for achieving optimal transfer of functional loads to
marginal bone and ensuring physiological turnover. In compromised conditions like these,
understanding the impact of cortical bone elasticity on neck area strains becomes a priority,
particularly in terms of bone turnover. However, relying solely on clinical and experimental
studies may not fully address the biomechanical response, especially considering patient-
variable bone elasticity on loading transfer. Establishing quantitative relationships between
key influencing parameters such as mechanical stresses and strains in bone, maxillofacial
system geometry and dimensions, material properties, and bone quality, and subsequently
selecting patient-personified implants, requires advanced methods of analysis.

Computer modeling serves as a contemporary in silico approach to comprehending
the biomechanical behavior of implants and implant-supported restorations, as well as
predicting implant lifetime by maintaining tolerable strain concentrations in peri-implant
bone to facilitate adequate bone turnover through viable implant selection [22,23,25,33–37].

Although several finite element (FE) studies have analyzed strain distribution in
adjacent bone concerning implant dimensions and bone quality [25,35,38], their findings
primarily help in refining the parameters of a bone–implant system rather than assessing
the risk of structural failure. While some studies have considered strains in evaluating
bone’s mechanical behavior, they have struggled to establish clear patterns linking specific
implant dimensions, adjacent bone quality, and the origins of pathological bone strains
(see, for example, [16]).

The issues outlined above underscore the objective of this study, wherein we aimed
to establish a methodological framework for selecting viable implants based on finite
element analysis and Frost’s “Mechanostat” theory. This method enables the prediction of
safe strains in adjacent bone by appropriately sizing the implant, considering the quality
and quantity of patient-specific bone. This approach appears more effective than the
conventional clinical procedure, which typically involves a preliminary examination of
the patient’s jaw bone properties, such as placement site, bone shape, and dimensions.
However, this conventional method overlooks the physical and mechanical properties of
bone tissues, which are crucial indicators of potential bone failure.

Therefore, the proposed method offers an advantage in addressing the clinically
significant issue of implant selection, as it theoretically predicts the success of implant
treatment by preventing pathological bone strains. This methodology allows for the
identification of specific requirements regarding both the quality/rigidity of the bone
and the size of the implant necessary for successful placement in a particular patient’s
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bone. Consequently, this lays the groundwork for the development of tailored clinical
recommendations for implant selection.

Despite the abundance of finite element analysis (FEA) studies on bone–implant inter-
action over the past five decades, the reliability and precision of these in silico investigations
are not always beyond dispute. It has been emphasized [39] that FEA studies of biological
structures should ideally undergo experimental validation whenever feasible. Additionally,
it has been suggested [40] that FEA studies should meet minimum requirements, including
comparisons with data from other studies or real-world observations. According to the
American Society of Mechanical Engineers Committee on verification and validation in
computational solid mechanics, verification is defined as “the process of determining that
a computational model accurately represents the underlying mathematical model and
its solution”, while validation is defined as “the process of determining the degree to
which a model is an accurate representation of the real world from the perspective of the
intended uses of the model”. In simple terms, verification is the process of “solving the
equations right”, whereas validation is the process of “solving the right equations” [41].
Given these contentious circumstances, our focus was on ensuring the high accuracy of our
computations. We conducted an adequate mesh convergence test to determine the optimal
element size, thus enhancing the reliability of our results.

Despite the high precision of finite element (FE) analysis, its limitations stem from
the assumptions and simplifications adopted, which directly affect the accuracy of strain
calculations. One major limitation is the design of an adequate 3D bone segment model.
On one hand, it is necessary to eliminate the effects of patient-specific anatomical variations
to ensure the comparability of results across different models [42]. On the other hand, the
difference between the actual anatomic models of maxilla and the 3D computer model
should be minimal [43]. To strike a balance, we first developed 3D models of the maxilla
surrounding Bicon plateau implants by importing CT images to simulate the shape and
dimensions of bone components. Then, minor simplifications were made to create models
that are more comparable and universally applicable in a biomechanical context, consistent
with similar studies in the field [35,42,44,45].

In most studies examining the biomechanical behavior of dental implant systems, the
implant is assumed to be 100% osseointegrated [22,30,35,43,44], with no sliding allowed
between the implant and the bone. In reality, osseointegration does not occur clinically [30,46].
It is highly dependent on bone quality, healing process, and loads applied to the implant
during function [4]. Therefore, deviating from the concept of complete osseointegration in
the present comparative study would have introduced significant uncertainties into the
results, making it impossible to compare them with those of other authors. Hence, the
concept of complete osseointegration was incorporated into the designed algorithm of
numerical analysis.

In our designed models, all structures were assumed to be homogeneous, isotropic,
and linearly elastic, consistent with many contemporary studies in the field [35,44]. How-
ever, clinical reality and material properties differ from these assumptions. Cortical bone,
for example, is transversely isotropic and inhomogeneous; bone anisotropy better reflects
actual clinical conditions [46,47], and it is more appropriate in simulating actual clinical con-
ditions. Undoubtedly, detailed architecture and morphology of each bone layer, if included
in the model, may provide more realistic strain fields and could result in significant local
variations in bone strains. While including detailed architecture and morphology of each
bone layer in the model could provide more realistic strain fields and lead to significant
local variations in bone strains, studies such as Limbert et al.’s micro-CT-based work [48]
have shown that bone strain levels remain within the homeostatic range even when these
variations, partly caused by the trabecular nature of bone, are modeled in detail.

It is worth noting that Frost’s experimental work also does not differentiate for these
effects but provides a general guideline for bone remodeling [18,49]. Considering the
challenges in obtaining adequate anisotropic elastic data and the comparative nature of our
study, we opted for the widely accepted isotropic approach. Like many well-recognized
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studies in the field [35,37,44], our investigation aimed to assess the biomechanical con-
ditions of peri-implant bone behavior. However, it is important to acknowledge that
future finite element models should address these issues, and bone should be analyzed
as anisotropic and nonhomogeneous when more sophisticated approaches are planned to
analyze living tissue behavior under mechanical loading.

To predict potential bone failure and enhance our understanding of the impact of
bone quality and implant dimensions on lifetime prognosis, information on elasticity
modulus is crucial. This parameter plays a fundamental role in assigning bone material
properties to finite element (FE) meshes during model generation and subsequent strain
analysis. While calculating heterogeneous elasticity modulus magnitudes from Digital
Imaging and Communications in Medicine (DICOM) files, containing comprehensive tissue
structure data, would be more appropriate, this capability is currently not widely available
to most clinicians [50]. Therefore, in our study, we opted for an averaged phenomenological
approach based on experimental tests of bone specimens using ultrasonic transmission
techniques or nanoindentation [21]. This approach involves equalizing data across cortical
and cancellous bone volumes and allows for correlation with similar research in the field,
facilitating the generalization of relationships across a wide spectrum of human bone
elasticity modulus variations.

In our study, we improved critical strain calculation by determining the plane of the
critical bone–implant interface based on a preliminary evaluation of strain field contours.
This detail enabled us to assess implant success by comparing maximal principal strain
values with Frost’s MESp threshold for each bone–implant system studied. This approach
seemed more appropriate compared to the study [16], where “overstrain fractions” are
analyzed instead of exact strain data.

Our study focuses solely on static loadings because their duration of application is
brief, classifying them as static forces according to the generally accepted classification in
the mechanics of deformable solids [39]. This approach aligns with most finite element
studies, where static loads simulate not only vertical loads and horizontal forces but also
combined loads (e.g., oblique occlusal forces) to reflect more realistic conditions and obtain
a more accurate mechanical response.

Although dental implants are subjected to both static and repeated (cyclic) loads [22,44,45,51],
our study does not address cyclic loading. In fact, dental implants are subjected not only to
static loads but also to repeated (cyclic) loads [52]. It has been suggested that bone strength
decreases when subjected to cyclic loading, potentially leading to different stress/strain
calculations [53]. However, this aspect falls beyond the scope of our present study.

Despite controversial limitations, the results obtained in terms of critical stress–strain
state location are in agreement with foregoing studies, in which the authors try to under-
stand the biomechanical behavior of implants in living surroundings [25,33–36]. Same as
in our study, the works mentioned above have the limitations of being a finite element
simulation. Similar to their content, we have considered specific situations, like a simplified
3D bone model, standardized bone elasticity and variable quality, average cortical bone
thicknesses, non-axial static loading, completely osseointegrated implants, ranked bone
elasticity moduli, that do not exactly reflect clinical situations. Thus, the values obtained
may not correspond to the clinical behavior of considered implant systems. It is necessary
to contrast these results with those obtained in in vitro and in vivo studies where possible.

The significance of our study lies in our attempt to enhance the understanding of the
fundamental processes involved in load transmission to both bone and implants and to
evaluate the conditions leading to eventual failure due to pathological turnover. Addition-
ally, we aimed to explore the relationships between principal biomechanical parameters of
bone structures and dental system geometry. While our research currently offers modest
clinical recommendations, future systematic studies on the ordered testing of the elastic
and strength properties of cortical and cancellous bone could pave the way for establishing
more robust relationships between the aforementioned parameters and the properties of
the studied structures. This, in turn, will likely reduce clinical discrepancies between the
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results of computer modeling and real clinical practice, reinforcing the significance of
following clinical recommendations for practitioners.

5. Conclusions

According to Frost’s “Mechanostat” theory, strains exceeding MESp (3000 μstrain)
will cause bone failure. In order to produce a peri-implant bone mass increase after the
healing period and avoid bone mass loss, strains should be kept above the MESm threshold
(1000–1500 μstrain). In the present study, Frost’s “Mechanostat” hypothesis was applied to
establish basic relationships between the factors which predetermine implant success in
terms of physiological/pathological bone turnover.

The studied implants were found to be sensitive to the spectrum of the influence factors,
but the analysis revealed that there were no instances of overstrains (MFPS > 3000 μstrain) at
the implant neck area of Bicon Integra-CP™ implants.

The largest effect of implant diameter increase on strain reduction in the type III bone
was found for short implants for all studied levels of cortical bone elasticity and the smallest
for long implants. In Type IV bone, such an effect was nondependent on the implant length.

The effect of increase in implant length on strain reduction was significantly dependent
on bone quality in the case of wide implants where type IV bone provided two times more
effect of strain reduction than type III bone.

A wide implant was the most sensitive to the deterioration of bone quality. It induced
the most rise of bone strains than N and M implants. This trend occurred at all studied
cortical bone elasticity levels, especially for most soft bone.

A significant variation of the cortical bone elasticity induced the most significant
increase in cortical bone strains for all implants and bone types. The larger strain increase
corresponded to narrow implants in both bone types.

The findings are useful for dental practitioners planning short finned implants in the
posterior maxilla. In cases of uncertain cortical bone quality and insufficient bone height,
wider implants from the Bicon Integra-CP™ catalogue should be preferred to mitigate
the risk of pathological strains. Further investigations of cortical bone architecture and
elasticity in the posterior maxilla site are recommended to develop comprehensive clinical
recommendations considering bone volume and quality limitations. Such research can
potentially enable the placement of narrower implants in cases of insufficient bone.
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Abstract: Background: Complete dentures should withstand occlusal forces and wear. However,
over time, dentures can suffer fatigue and develop cracks, chipping, and fractures. Conventional
methods for the fabrication of complete dentures involve injection molding, thermal curing, and
the use of microwaves with polymethyl methacrylate (PMMA)-based materials. These methods
have served well for many years. More recently, the incorporation of computer-aided design and
computer-aided manufacturing (CAD/CAM) to fabricate complete dentures has been shown to
enhance the dentures’ mechanical properties, including resistance to wear and impact strength.
This study aims to investigate the mechanical properties and fracture types of CAD/CAM denture
base materials (both milled and printed) as compared to a novel proprietary method that embeds
a 3D-printed framework within PMMA-milled blocks. The null hypothesis is that incorporating a
3D-printed framework does not affect the mechanical properties of milled PMMA blocks. Methods:
Three groups of bars were fabricated using CAD/CAM methods: printed (P), milled (M), and milled
with a 3D-printed metallic framework reinforcement (M + F). A three-point bending test evaluated
deformation, followed by an impact fracture test for fracture toughness. A descriptive fractographic
analysis assessed the fracture characteristics. A statistical analysis using a paired t-test compared the
differences between the groups. Results: The P group showed more elastic deformation than the M
and M + F groups (p < 0.05). The M + F group achieved a higher fracture toughness as compared to
the M and P groups (p < 0.05). Conclusions: Within the limitations of this experimental study, the
null hypothesis can be rejected. Milled samples with an embedded 3D-printed titanium framework
possess higher resistance to impact than milled samples without frameworks, and printed samples
and milled samples with embedded 3d-printed titanium frameworks present increased flexural
strength and lower elastic deformation as compared to milled samples without frameworks and
printed samples.

Keywords: denture reinforcement; 3D-printed; milling; CAD/CAM; denture base; impact fracture
test; three-point bending test; titanium framework

1. Introduction

Denture base resins should exhibit the necessary strength, fracture toughness, and
dimensional stability to endure forces during function over many years [1,2]. Although
there are different materials for denture base fabrication, PMMA (polymethyl methacrylate)
remains the primary choice due to its aesthetics, ease of processing, cost-effectiveness,
and easiness to repair [3]. However, PMMA based materials also present shortcomings
including the presence of residual monomer, the tendency to exacerbate allergies, variable
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mechanical properties resulting from the method of fabrication, and shrinkage during
setting [4].

A common concern associated with PMMA denture-based prostheses is the fracture
of the denture base or denture teeth, which can result from fabrication defects, improper
design, inadequate fit, bruxism, and the relatively low fracture resistance of the acrylic
resins [5]. Specifically, maxillary fractures result from a combination of fatigue due to
occlusal forces and impact, such as accidental drops on hard surfaces, while around 80%
of mandibular fractures are primarily caused by impact [6]. Regarding the location of the
fractures, maxillary dentures are more susceptible to midline fractures [7–10].

To increase the fracture resistance and flexural strength of denture bases, different
approaches are used, including impact-resistant polymers (by chemical modification)
and reinforcement of the PMMA (nanoparticles/nanotubes, fibers, and metal reinforce-
ments) [11–18]. The use of nanoparticles aims to improve the mechanical properties
of the denture base polymer (specifically resin hardness); however, if the nanoparticles
are non-homogeneously distributed and produce nanoparticles agglomerates, the tough-
ness, flexural strength, and tensile strength are impaired given their uneven dispersion
within the polymer matrix [12,13]. Furthermore, the properties of nanoparticle-reinforced
polymers are influenced by factors such as nanoparticle geometry, form, orientation, sur-
face treatment, and interfacial adhesion with the polymer matrix, which are difficult to
control [14,15]. Additionally, variations in standardization, polymerization cycles, and ma-
nipulation methods can further impair the flexural strength of the nanoparticle-reinforced
polymer [16].

Another option is reinforcing the PMMA with different fibers, such as nylon, polyethy-
lene, polyamide, and glass fibers, which in the laboratory show enhanced flexural strength,
impact strength, and fatigue resistance of the denture bases [17]. However, the literature
indicates that this method is technique-sensitive and presents inconsistent values in its
reinforcing effects [17].

Metal framework reinforcements can be added to complete or partial dentures, offer-
ing certain advantages such as light weight (compared with thick denture bases), increased
patient comfort (due to minimal thickness of the metal framework and less invasion of the
intraoral spaces), high strength, excellent biocompatibility, and increased fracture tough-
ness [18,19]; in addition, metal frameworks can be casted or digitally manufactured [20]. In
general, frameworks can be fabricated by casting methods that use different metallic alloys,
including cobalt–chromium (Co–Cr), titanium (Ti), and gold (Au) [21].

Computer-aided design/computer-assisted manufacturing (CAD/CAM) can be used
for the fabrication of dentures, denture bases, and denture teeth, offering advantages like
simplified workflows, improved patient experiences, and improved mechanical properties
as compared to the conventional fabrication methods [11]. Two CAD/CAM manufacturing
methods are available for fabricating denture bases and denture teeth: 3-D printing and
milling. When comparing printed versus milled CAD/CAM denture base materials, the
3D-printed materials show lower flexural strength [22]. CAD/CAM milled materials
possess better mechanical properties as compared to printed and conventional materials
because their fabrication results in less internal porosity, minimal free monomers, and
higher density per volume area. However, they are exposed to the same risks of fatigue
and impacts experienced by conventional denture materials [22].

Furthermore, CAD/CAM denture materials (3D-printed or milled) exposed to thermo-
cycling have shown impaired hardness, reduced fracture strength, and changes in surface
roughness, thus demonstrating that the material can degrade over time [23], and if the
CAD/CAM materials are exposed to denture cleansers, hardness and fracture toughness
also decrease [24].

Furthermore, in patients with implant overdentures, the thickness of the denture base
over the implants is thinner, and fractures are most found in those areas [25]. Thus, the
insertion of metal frameworks in the denture base could decrease the stress concentration
around the portion of the denture base that surrounds the implant housing [25].
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Recently, AvaDent Digital Denture Solutions (AvaDent®, Scottsdale, AZ, USA) devel-
oped a proprietary method to embed inside the CAD/CAM resin a titanium 3D-printed
framework before the resin is processed and milled. This method combines the possibility
of customizing the 3D-printed framework to almost any ridge configuration. While metal
reinforcement is a recognized strategy for enhancing the fracture toughness of conven-
tional denture bases [18–20], the benefits of integrating a 3D-printed metal framework into
CAD/CAM denture base materials remain unknown. The present study aimed to evaluate
the deformation under the three-point bending test and determine the elastic portion of the
stress/strain curves and the fracture toughness of three denture base materials: 3D-printed
denture base, milled denture base, and milled denture base with an embedded 3D-printed
titanium framework.

2. Materials and Methods

2.1. Experimental Design

This was an experimental, exploratory in vitro study. The sample size was calculated
using the Statsmodels library in Python (ChatGPT4.0). The calculations were based on a
significance level of 0.05, a power of 70%, and an effect size of 0.35. The sample size was
determined as n = 22 samples per group for three experimental groups (Printed, Milled,
and Milled + Reinforcement) for a total of N = 66 samples (Figure 1).

Figure 1. Scheme of the sample distribution. Three groups of 22 samples were fabricated by different
CAD/CAM methods. Two experiments were carried out: a three-point bending test and an impact
fracture test.

2.2. Sample Design

A bar design was created using Tinker CAD (Autodesk Inc., San Rafael, CA, USA) with
the following dimensions: 60 mm-length, 10 mm-width, and 4 mm-thickness. The CAD file
was exported as standard tessellation language (STL) to fabricate the three experimental
groups of samples: Group 1: Milled; Group 2: Printed; and Group 3: Milled + Titanium
framework reinforcement (Figure 2a,b).

To fabricate the milled samples (without and with reinforcement), the STL file was sent
to Avadent (AvaDent®: Scottsdale, AZ, USA), who applied our design to mill the samples
using their proprietary technology. A brief description was provided by the manufacturer
as follows: a 3D-printed framework was designed to the desired geometry and fabricated
by the laser printing of titanium powders. Afterward, the framework was embedded
into liquid resin, and the resin was processed by heat and pressure, which resulted in
the incorporation of the framework into the denture base material pucks. Afterward, the
samples were milled to their final dimensions. Meanwhile, the printed samples were
fabricated on-site using a Form3 3D-printer (Formlabs, Somerville, MA, USA) using OP
(Original Pink) denture base material (Ref. PKG-RS-F2-DB) from Formlabs (Formlabs,
Somerville, MA, USA). The samples were printed with a horizontal orientation of 0◦
parallel to the printing surface. After printing, the supports were removed and the samples
were washed in isopropyl alcohol for 15 min (Form Wash, Formlabs, Somerville, MA, USA),
and post-cured with UV light at 45 ◦C for 30 min (Form Cure, Formlabs, Somerville, MA,
USA). The samples were maintained in a controlled environment at 21 degrees Celsius
with a relative humidity of 30%. To preserve the materials’ maximum strength prior to any

66



Prosthesis 2024, 6

aging or thermocycling, no immersion in water or conditioning was performed before the
mechanical tests.

 
(a) 

 
(b) 

Figure 2. (a) Image showing samples of one bar from each experimental group: Milled (M), Printed
(P), and Milled + Framework (M + F). The white arrows point to the location of the framework
toward the left side of the M + F bar. The photos were obtained using the digital microscope Keyence
VHX-6000, Keyence, Itasca, MN, USA. The magnification is 20×. (b) Image composition showing
one sample of each experimental group observed under a transmitted light microscope, Milled (M),
Printed (P), and Milled + Framework (M + F). The milled samples under transmitted light look
orange and possess more characterization, including the simulated blood vessels, and the M + F
shows the framework. The printed sample is pick and plain without color characterization. The
photos were obtained using the digital microscope Keyence VHX-6000, Keyence, Itasca, MN, USA.
Magnification 20×.

2.3. Deformation (Displacement) and Stress/Strain Curves within the Elastic Area

To evaluate the amount of deformation (displacement) under a standardized compres-
sive force, a three point-bending test was completed using a Dynamic Mechanical Analysis
(DMA-850) from TA Instruments (New Castle, DE, USA). A strain ramp from 0.1% as a
constant rate was applied until the axial force reached the instrument limits of 18 N. The
test was completed at a temperature of 37 ◦C.
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The deformation (displacement under the compressive force) was measured in mi-
crons. In addition, the stress/strain curves for the elastic portion were recorded for all the
groups. Each group consisted of 11 samples, for a total of 33 samples. One sample from
each group was used for calibration purposes. The calibration sample was set in the testing
area, and a repeated axial force of 18 N was applied to verify the reliability of the 0.1%
strain ramp.

2.4. Impact Fracture Test

After the bending tests and stress/strain curves were completed, the remaining 33 sam-
ples were tested using a Tinius Olsen IT-503/504 impact tester machine (Tinius Olsen
Testing Machine Co., Horsham, PA, USA) equipped with a 5.5 J pendulum. Un-notched
impact tests were performed on all the samples to evaluate the energy required to fracture
them. Initially, calibration was necessary to ensure the stabilization of the samples in the
sample holder and to verify that the centers of the samples were aligned with the tip of
the pendulum. The center was identified using a digital caliper, and the location was
marked with a pen. Calibration confirmed that 30 mm was the center of the samples,
coinciding with the pendulum tip. Finally, impact tests were conducted using samples with
the following dimensions: width 10 mm, thickness 4 mm, and length 60 mm. The impact
fracture values were recorded in kJ/m2 (kilojoules per square meter of cross-section)

2.5. Fracture Analysis

To evaluate qualitatively the fracture characteristics of the samples, a digital micro-
scope (Keyence VHX-6000, Keyence, Itasca, MN, USA) and a 3D-laser confocal microscope
(Keyence VK-250, Keyence, Itasca, MN, USA) were used. A fractography analysis was
completed, including the analysis of the impact zone, middle zone, and the side opposite to
the impact, which were evaluated with the digital microscope at different magnifications.
Three different types of fractures (clean, shattered, bent) were observed. A clean fracture
resulted in two fragments that could be matched. A shattered fracture resulted in multiple
fragments that were impossible to match. A bent fracture resulted in two fragments still
connected by the framework.

3. Results

3.1. Stress/Strain Curves within the Elastic Area

A maximum standardized force of 18 N was applied to all the samples. The three-point
bending test showed higher elastic deformation for the printed group as compared to the
other groups (milled and milled with titanium reinforcement). The lowest deformation
occurred in the metal-reinforced milled samples.

Figure 3a shows ten stress/strain curves obtained with the three-point bending test
for the printed (P) group. Initially, the stress increased linearly with the strain, indicating
elastic behavior where the material returns to its original shape when the stress is removed.
The slopes of the curves appear smaller than the milled and milled and reinforced samples.
Some samples of the printed group showed outlier behavior.

Figure 2b shows ten stress/strain curves obtained with the three-point bending test
for the milled (M) group. The curves were linear, demonstrating an elastic behavior, and
the slopes were higher than the printed group.

Figure 3c shows ten stress/strain curves obtained with the three-point bending test
for the milled and reinforced group (M + F). The lowest strain was observed in this group,
in addition, indicating a stiffer group.
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(a) 

 
(b) 

 
(c) 

Figure 3. (a) Stress/strain curves for 10 printed samples. (b) Stress/strain curves for 10 milled
samples. (c) Stress/strain cures for 10 milled and reinforced samples.
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3.2. Deformation

All the samples experienced some elastic deformation under vertical load (displace-
ment). The printed group suffered more elastic deformation than the other groups (milled
and milled with reinforcement). Typically, the printed samples suffered elastic deforma-
tions in the range of 160 μm to 300 μm. The milled samples showed elastic deformations
in the range of 75 μm to 140 μm. The smallest deformation was observed in the milled
samples with reinforcement, with a range of 40 μm to 90 μm. Furthermore, the values were
highly variable for the printed group and homogeneous for the milled groups (Figure 4
and Table 1).

 

Figure 4. Deformation during the three-point bending test was present in all the groups. The
displacement is measured in micrometers, and ten samples are measured per group: P (Printed),
W (milled without reinforcement), F (milled with framework), and P (212 μm) groups. The vertical
dotted lines separate each group (F, W, and P).

Table 1. Elastic deformation for the three groups, including mean, standard deviation, and median
distributions. Additional details and information are included in Supplementary Materials.

Factor N Mean StDev

Printed 10 212.0 129.03
Milled 10 133.01 85.12

Milled + reinforcement 10 74.48 47.57

Statistical Comparisons of the Elastic Deformation

The statistical comparisons showed that milled-with-reinforcement materials were
superior as compared to the milled and printed materials and confirmed that the milled
material is superior to the printed material (Table 2).

Table 2. Statistical comparisons. Differences between means and p values.

Comparisons between
Groups

Difference
of Means

95% CI Adjusted p-Value

Milled Vs Printed −79.0 (−103.9, −54.0) 0.001

Milled + reinforced Vs Printed −137.5 (−162.5,
−112.6) 0.001

Milled + reinforced Vs Milled −58.5 (−83.5, −33.6) 0.002

3.3. Fracture Toughness Analysis

The impact fracture test showed higher fracture toughness for the milled samples
reinforced with metallic frameworks, followed by the milled samples. The lowest values
were observed in the printed group (Table 3).
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Table 3. Descriptive statistics of the fracture toughness of CAD/CAM denture base materials: kJ/m2

(Kilojoules/sectional area).

Groups N Mean StDev

Milled kJ/m2 10 8.634 1.225
Milled + reinforcement kJ/m2 10 15.203 2.244

Printed kJ/m2 10 6.304 2.600

Statistical Comparisons of the Fracture Toughness of CAD/CAM Materials

Statistical analysis showed higher fracture toughness in the milled and reinforced
group as compared to the other groups (milled and printed) (Table 4).

Table 4. Multiple group comparisons: Tukey post-test.

Difference of Levels
Difference of

Means
95% CI Adjusted p-Value

Milled + reinforcement Vs Milled 6.569 (4.968, 8.170) 0.001
Printed Vs Milled −2.330 (−3.931, −0.729) 0.003

Printed Vs Milled + reinforcement −8.899 (−10.499, −7.298) 0.001

3.4. Fractographic Analysis

The type of fracture, the fracture propagation characteristics, and the fracture lines
were different in the milled and in the printed groups. Figure 5 shows samples of each
group immediately after the impact test.

 

Figure 5. Representative photos of printed (P), milled (M), and reinforced samples (F). Different
fractures occurred; the P group showed mainly shattered fractures, the M group showed clean
fractures, and the F group showed a bent fracture (the framework keeps the segments united).

3.4.1. Fracture Analysis Printed Group

The samples exposed to the impact test fractured in multiple pieces, and the fragments
showed multiple fracture lines extending from the impact areas in random directions along
the samples. In addition, multiple sharp edges with different heights were appreciated.
At the area of impact, a dark zone indicated the compression produced by the impact,
and multiple microfractures extended toward the middle zone. The middle zone was less
rough; different fracture faces could be observed that resulted in multiple chipped parts.
The zone opposite to the impact also showed multiple facets in multiple directions; small
and parallel microfracture lines were observed near the surface (Figure 6).
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Figure 6. Printed samples: analysis of the fragments after the impact fracture test. (a) This image
illustrates an overview of one fragment. Multiple shattered zones can be observed. The red arrow
points to the area where the impact occurred. Magnification is 30×. (b) This image shows the impact
zone (darker area) in a close view. Magnification is 100×. (c) This image shows the middle portion
of the sample. Magnification is 100×. (d) This image demonstrates the opposite side to the impact
where the microfractures extend. The red circle illustrates an area with microfractures. Magnification
is 100×.

3.4.2. Fracture Analysis Milled Group

The milled group showed a different fracture pattern. First, the fractures followed
the direction of the impact. Horizontal compression radial bands appeared, extending
from the impact point toward the opposite side. The surfaces of the samples were less
irregular than in the printed group. The samples showed fewer fracture facets. There was
a color change (darkening) observed at the side opposite to the fracture. A closer view
of compression bands showed increased diameters as they progressed to the opposite
side. Some microfractures were observed running perpendicular to the compression
bands. There was not a clear transition between the impact and the middle zone. The
compression bands tended to disappear near the end of the middle zone. In some instances,
microfractures were observed near the facets. Horizontal facets can be observed near the
opposite side. There was a band of microfractures perpendicular to the facets. The surface
was less irregular than at the middle and impact zones (Figure 7).

3.4.3. Fracture Analysis of the Milled-with-Framework Group

The milled group with reinforcement showed a pattern comparable to the milled
group. However, not all samples showed fragment separation after the impact test. Smaller
compression bands were observed, extending from the impact side along the sample. The
impact occurred at the bottom of the samples, and the metal reinforcement could be seen
at the side opposite to the impact (grey circles). In addition, an area compatible with an
opaque or a coating was observed around the metal reinforcement. A close view of the
impact zone showed the smaller size of compression bands as compared to the milled
samples. The red fibers that simulate blood vessels were also observed. A close view of
the impact zone showed the smaller size of the compression bands and their changing
directions. The surface was slightly irregular. There was not a clear fracture orientation.
Some fractures ran perpendicular to the metal reinforcement, then, when the fracture
reached the reinforcement, stopped or disappeared. The layer covering the framework
presented some microfractures in different directions (Figure 8).
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Figure 7. Milled samples without reinforcement. Analysis of the fragments after the impact fracture
test. In general, the fracture is cleaner and not shattered. (a) Overview of one fragment. The red
arrow points to the area where the impact occurred. Compression bands irradiate from the impact
point toward the opposite side. Magnification is 30×. (b) This image shows a close view of the
impact zone. Alternant clear and dark bands can be observed. Magnification is 100×. (c) This image
shows the middle portion of the sample. Also, red filaments (simulating blood vessels) can be seen
embedded in the sample. Magnification is 100×. (d) This image demonstrates the opposite side to
the impact where some microfractures can also be seen. Magnification is 100×.

 

Figure 8. Milled and reinforced samples. Analysis of the fragments after the impact fracture test.
(a), Overview. The red arrow at the base of the sample shows the impact zone. At the top of the
sample the reinforcement can be observed. Some compression bands can be observed. Magnification
is 30×. (b) The red arrow illustrates the impact zone in a close view. Magnification is 100× (c) This
image shows the middle portion of the sample. Magnification is 100×. (d) This image demonstrates
the side opposite to the impact and the framework section. Magnification is 100×.
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4. Discussion

This study aimed to evaluate the elastic deformation, fracture toughness, and frac-
ture characteristics following the impact test of three CAD/CAM denture base materials,
including 3D-printed, milled, and milled with an embedded 3D-printed titanium frame-
work. Our results showed that the milled samples suffered less deformation and possessed
higher fracture toughness as compared to the 3D-printed samples. This is in agreement
with the studies by Fouda et al. [26], who evaluated the flexural strength and hardness of
conventional heat-polymerized acrylic resins, milled resins, and 3D-printed resins used
for the fabrication of denture bases. Their results showed that milled resins possess higher
flexural strength, elastic modulus, and hardness as compared to conventional resins and
3D-printed resins. Valenti et al. [27] evaluated the mechanical properties of 3D-printed
prosthetic materials as compared to milled and conventional materials in in vitro stud-
ies. The materials included ceramics, polymers, and metals. Seventy-six studies were
included, and their analysis concluded that 3D-printed polymeric materials possessed
inferior flexural strength, fracture load, and hardness. Thus, their rigidity and fracture
resistance does not support mastication forces for extended periods. Finally, Prpić et al. [28]
found the lowest flexural strength in 3D-printed denture base samples in comparison to
conventionally manufactured and milled CAD/CAM denture base materials.

If milled CAD/CAM denture base material is mechanically superior to conventional
and 3D-printed denture base materials, why do we need to use reinforcements? Takahashi
et al. [29] completed a comprehensive review of reinforcement in removable prosthodontics
and its impact on the fracture and deformation of the prostheses and the quality of life of the
patients who use them. Specifically, fracture and flexural strength and elastic modulus were
compared in prostheses with and without reinforcement. Their results showed that metal
reinforcements placed in thin and deformable areas effectively improved the mechanical
properties of the prostheses and, indirectly, the patient’s quality of life by reducing the
maintenance and repair of the prostheses. In addition, any material (conventional, milled,
and 3D-printed) exposed to the oral environment for enough time will experience a decrease
in the original values of fracture strength, modulus, and hardness. Therefore, including a
reinforcement will counterbalance for these changes [24,25].

Denture bases with implant attachments, including balls or locators, have been associ-
ated with increased deformation and higher stress around the attachments, indicating the
need for reinforcement in the denture bases [30]. Finally, it seems that the incorporation of
a reinforcement reduces and redistribute the strains on the supporting structures, reducing
the incidence of fractures in implant overdentures [31].

The thickness of our samples, 4 mm, was selected for standardization based on differ-
ent in vitro studies. These studies determined that a thickness of 4 mm exhibited higher
fracture toughness as compared to thicknesses of 3 mm and 2 mm [32]. Furthermore,
CAD/CAM-manufactured samples of different thicknesses were tested to determine the
minimal thickness that can satisfactorily withstand mechanical loads. This study con-
cluded that CAD/CAM denture base resins with a thickness of 2 mm do not exhibit better
mechanical properties as compared to conventional resins. Therefore, reinforcement was
recommended for both types of resins when thicknesses are lower than 4 mm [33]. Given
that in the clinical settings patients often prefer a minimal thickness for the denture base,
the benefits of embedding 3D-printed titanium reinforcement could be applied.

The elastic deformations experienced by the 3D-printed samples resulted in higher
standard deviations. This outcome is attributed more to the intrinsic nature of the 3D-
printed material than to experimental inconsistencies. Printed materials fabricated from
liquid resins possess inherent defects created during the printing process, such as porosity,
layer separation, bubbling, and gaps, all of which adversely affect mechanical strength. In
contrast, the pucks used for milling denture base materials are fabricated under standard-
ized conditions of pressure and temperature, resulting in a denser structure with minimal
porosity and improved mechanical properties [34–36].
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A striking finding of the present study was that the fractures differed between samples.
For example, the 3D-printed samples suffered from shattered fractures and were more
brittle. Meanwhile, the milled samples showed mostly clean fractures, resulting in two or
three pieces, and the milled and reinforced samples showed fractures but not the separation
of the segments.

The limitations of this study include the absence of a control group fabricated by
conventional methods and the omission of evaluation of other thicknesses of denture
base materials. However, we used the printed group as a control to the milled and the
milled-with-reinforced samples. To increase the validity and reproducibility, we followed
ISO standards for the samples used in the mechanical tests. This allowed the comparisons
to be centered on the fabrication method.

4.1. Practical Implications

The results of the present experimental study demonstrate that 3D-printed samples
experience higher elastic deformation. Thus, 3D-printed complete dentures will experience
deformation (flexing) and unstable occlusion under increased axial and non-axial loads
(like these produced through clenching and bruxism). Furthermore, the lack of rigidity of
3D-printed denture bases can result in inefficient or reduced bite force, thus reducing the
chewing efficiency.

In contrast, milled samples with reinforcement, as well as milled samples, exhibit
lower elastic deformation, potentially resulting in more stable occlusion and higher mas-
ticatory efficiency. The resistance to impact fracture is superior in milled samples with a
titanium framework as compared to milled samples without titanium frameworks and
printed samples.

Therefore, based on these results, it is recommended to add a reinforcement method
to any CAD/CAM denture base materials. This is particularly important for 3D-printed
denture base materials. The fracture type of the printed samples was characterized by
shattering, with fractures occurring in multiple directions, multiple fracture facets, material
chipping, and material loss. Clinically, this implies that in the event of an impact, a
3D-printed denture may break into multiple pieces, which could preclude repair.

4.2. Opportunities for Research

Several aspects require further exploration, including the effect of CAD/CAM material
thickness on reinforced versus non-reinforced CAD/CAM denture bases and the mechani-
cal strength of milled denture bases incorporating 3D-printed frameworks with different
thicknesses. It is also necessary to include a control group with conventionally fabricated
denture bases for comparison with both the reinforced and non-reinforced CAD/CAM
denture bases. Additionally, the effect of aging (thermocycling) on the mechanical prop-
erties of reinforced versus non-reinforced CAD/CAM denture base materials should be
evaluated. Finally, it is important to investigate whether the reinforcement material leaches
into the oral environment

5. Conclusions

Within the limitations of this experimental study, the null hypothesis can be rejected.
This study found that milled denture base material, printed denture base material, and
milled denture base material with an embedded metallic framework exhibit different
flexural strength and impact fracture toughness.

Thus, the following can be concluded:
First, milled samples with an embedded 3D-printed titanium framework demonstrate

higher resistance to impact as compared to milled samples without a framework and
printed samples.

Second, milled samples with an embedded 3D-printed titanium framework show
increased flexural strength and lower elastic deformation as compared to milled samples
without a framework and printed samples.

75



Prosthesis 2024, 6

Third, printed denture base material exhibits the lowest resistance to impact and the
lowest flexural strength as compared to milled denture base materials with and without
a framework.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/prosthesis6040053/s1.
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Abstract: The machining of implants and parts for dental prostheses to eliminate biofilm in the
implantoplasty process causes a loss of mechanical properties and also characteristics of the surfaces,
making tissue regeneration difficult. In the present work, treatments consisting of elements that can
reduce infection, such as citric acid and magnesium, together with elements that can improve cell
adhesion and proliferation, such as collagen, are proposed for implant–crown assembly. Titanium,
zirconia, composite (PMMA + feldspar) and cobalt–chromium discs were immersed in four different
solutions: 25% citric acid, 25% citric acid with the addition of collagen 0.25 g/L, 25% citric acid
with the addition of 0.50 g/L and the latter with the addition of 1% Mg (NO3)2. After immersion
was applied for 2 and 10 min, the roughness was determined by interferometric microscopy and
the contact angle (CA) was evaluated. Human fibroblastic and osteoblastic line cells (HFFs and
SaOS-2) were used to determine cell viability and proliferation capacity. Cell binding and cytotoxicity
were determined by resazurin sodium salt assay (Alamar Blue) and cell morphology by confocal
assay (immunofluorescence F-actin (phalloidin)) after 3 days of incubation. For the evaluation of
bacterial activity, the bacterial strains Sptreptococcus gordonii (Gram+) and Pseudomonas aeruginosa
(Gram−) were used. The antibacterial properties of the proposed treatments were determined by
means of the resazurin sodium salt (Alamar Blue) assay after 1 day of incubation. The treatments
considerably decreased the contact angle of the treated samples with respect to the control samples.
The treatments endowed the surfaces of the samples with a hydrophilic/super-hydrophilic character.
The combination of elements proposed for this study provided cell viability greater than 70%;
considering the absence of cytotoxicity, it therefore promotes the adhesion and proliferation of
fibroblasts and osteoblasts. In addition, it also endows the surface with antibacterial characteristics
against from Gram+ and Gram− bacteria without damaging the cells. These results show that this
mouthwash can be useful in oral applications to produce a new passivation layer that favors the
hydrophilicity of the surface and promotes cellular activity for the formation of fibroblasts and
osteoblasts, as well as showing bactericidal activity.

Keywords: citric acid; fibroblasts; osteoblasts; wettability; bactericide effect; mouthwash

1. Introduction

Dental implants have emerged as the preferred solution for restoring both aesthetics
and function lost due to missing teeth, given their high success rates [1–3]. However, along-
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side the rising popularity of dental implants, there has been a corresponding increase in the
occurrence of biological complications, in particular, peri-implantitis, a destructive biofilm-
mediated inflammatory condition characterized by inflammation in the peri-implant con-
nective tissue and progressive loss of supporting bone [4]. Currently, the main challenge
in oral implantology is the bacterial infection of dental implants causing diseases such as
periodontitis and peri-implantitis. This issue results in 24% of dental implants requiring
revision within 10 years of implantation [4,5].

Given the infectious nature of this condition, the primary therapeutic goal is to modify
the environment to promote an aerobic ecosystem, fostering health and stability. In order to
accomplish this, it is vital to disrupt biofilm formation on the surface of the affected implant
and to address any local factors that may have contributed to the onset and progression
of the disease [5]. For this purpose, different surgical and non-surgical measures have
been proposed.

One of the solutions is to replace the infected dental implant with a new one. However,
in some cases, a calcium phosphate filling should be produced for bone regeneration, and
once sufficient bone formation is achieved, the new implant should be placed [6,7]. In other
situations, the removal of the infected implant does not allow for the placement of a new
dental implant because there is not enough space [8,9]. This fact means that the clinician
must extract neighboring teeth to achieve the placement of a new implant. In some cases,
narrow dental implants can be placed to avoid the removal of a healthy tooth [9]. As can
be seen, the techniques are complicated, expensive for the patient, and have long treatment
times [10–13].

This fact makes implantoplasty, which consists of the mechanization of the den-
tal implant and part of its connection with the prosthesis to eliminate biofilm, a viable
treatment option. This approach avoids clinical complications but causes a loss in the
mechanical properties of the implant and the prosthesis. In the case of metal components,
it reduces corrosion resistance and increases the release of ions into the physiological envi-
ronment [14–19]. Figure 1 shows the surfaces of dental implants and prostheses machined
in order to remove biofilm.

Figure 1. Dental implants and abutments treated by implantoplasty. Metallic particles in the tissue
and grinding marks on the titanium surface produced by machining of the samples can be observed.
These marks produce an increase in roughness.

Kotsakis et al. [20] demonstrated that the machining of titanium causes a reduction
in oxygen concentration on the machined surface produced by the inflammation process,
which degrades the protective titanium oxide layer (TiO2) that acts as a passivation layer.
Due to the lack of oxygen, pure titanium is formed and oxidized in a mixed way without
reaching the stoichiometry of TiO2. These so-called mixed oxides have lower corrosion
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resistance and exhibit toxicity that hinders cellular activities, both in fibroblastic and
osteoblastic functions [21,22].

Citric acid treatments, being weak acid treatments, do not chemically attack the tita-
nium as more aggressive agents such as hypochlorous acid do. It has been observed that
treatments with hypochlorous acid and hydrogen peroxide eliminate bacteria very effec-
tively but cause a very significant increase in roughness that favors the rapid recolonization
of bacteria. Other treatments, such as ozone gas, have been used but large doses cannot
be given due to the risk of soft tissue necrosis. Similarly, strong acids are not suitable for
oral treatment, as this acidic composition burns soft and hard tissues. For example, treat-
ments with hydrofluoric acid react with apatites, generating fluorapatite crystals, which
can cause severe pain to the patient [23,24]. These limitations have led to the consider-
ation of citric acid as the best candidate to obtain mouthwashes for clinical application.
In this research, citric acid solutions with weak pH are investigated in order to obtain a
mouthwash solution. Beyond its bactericidal effect due to citric acid, it generates a titanium
oxide layer approximately of 7 nanometers thick, which protects the dental implant from
chemical degradation and electrochemical corrosion. This layer is homogeneous, compact
and stoichiometric, leading to an increase in corrosion resistance and reduced ion release,
as demonstrated by different authors [25,26]. Citric acid treatment favors the bactericidal
character for different types of bacteria, both Gram-positive and Gram-negative. In order
to improve cellular activity, different concentrations of collagen and divalent magnesium
salts were added. These additions have been proven to increase cell adhesion, proliferation
and differentiation [27–29]. The main goal of this research is to develop a solution that
can be applied to patients undergoing implantoplasty, in order to mitigate or reduce the
associated problems of this technique.

The hypothesis of this research is that citric acid solutions with collagen and magne-
sium cations will promote osteoblastic and fibroblastic cell behavior, presenting a bacterici-
dal character in Gram-positive and Gram-negative bacteria.

2. Materials and Methods

2.1. Materials

For this study, 320 discs of 4 different materials were used in a dental implant sys-
tem. The experimental design allowed for determining the number of samples, indicating
15 samples for each biological and microbiological test. The roughness and wettability stud-
ies did not affect the samples. The total was 60 but we incorporated 5 more per experiment
for possible unforeseen events. This meant that there were 80 discs for each material:

• Ti: commercially pure Titanium (Ti), grade 3.
• Zr: zirconia (ZrO2 with 2.5% in weight of yttria) (Y2O3).
• Composite formed by polymethyl methacrylate (PMMA) with feldspar CaAl2Si2O8

with 38% in volume.
• CrCo: the chromium content was 30 wt%, the Mo content was 7 wt% and the W

content was 0.1 wt%; cobalt was the balance.

Eighty discs for each material were supplied by the company SOADCO S.L. (SOADCO,
Escaldes Engordany, Andorra).

Implantoplasty was carried out by the same researcher (JG) using the drilling protocol.
To achieve this, a GENTLEsilence LUX 8000B turbine (KaVo Dental GmbH, Biberach an der
Riß, Germany) under constant irrigation was used; the surface was sequentially modified
with a fine-grained tungsten carbide bur (ref. number H379.314. 014 KOMET; GmbH & Co.
KG, Lemgo, Germany). Tungsten carbide burs are the main tool for the initial shaping of
implant prostheses, with the bur size adjusted to the specific area of treatment. Generally,
larger burs are used on the vestibular and palatal sides, while smaller-diameter burs are
employed in limited-access areas or interproximal spaces. These burs effectively eliminate
implant threads, providing a smooth surface texture. Moreover, to create a refined finish,
a series of polishing drills (from coarse- to fine-grained) are used. The references of the
silicon carbide polishers are (order no. 9608.314.030 KOMET; GmbH & Co. KG, Lemgo,
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Germany) for the coarse-grained and (order no. 9618.314.030 KOMET; GmbH & Co. KG,
Lemgo, Germany) for the fine-grained [30–32]. The disks were sterilized at a temperature
of 121 ◦C for 30 min.

The immersions were performed in four different dissolutions of chemical composi-
tions, as shown in Table 1. The concentration proposed in this study were chosen because
of different previous studies [25,26] that refer to passivation processes with citric acid and
that do not cause irritation to soft tissues when applied. Also, the references on the effect
of collagen and divalent cations, such as magnesium or calcium, made us introduce these
elements in the formulation [23–26,28]. The different materials are immersed in the differ-
ent solutions for 2 and 10 min. These times have been suggested by clinicians estimating
between 2 and 10 min. These values are the most common in treatments with antibiotic
agents and ozone treatments, among others, that are performed on the patient. Ten minutes
is considered the maximum recommended value for the well-being of the patient.

Table 1. Citric-based dissolutions.

Dissolution Chemical Composition

25% Citric acid (AC) Citric acid 25% in volume (v)

25% Citric acid + collagen 250 (AC 250) Citric acid 25% (v) with 0.25 g collagen/L

25% Citric acid + collagen 500 (AC 500) Citric acid 25% (v) with 0.50 g collagen/L

25% Citric acid + collagen 500 + 1% Mg
(AC 500/Mg)

Citric acid 25% (v) with 0.50 g collagen/L and
10% Mg(NO3)2·6H2O

2.2. Roughness Analysis

The smooth and micro-roughened surfaces were analyzed using a white light interfer-
ometer microscope (Wyko NT9300 Optical Profiler, Veeco Instruments, New York, NY, USA)
in vertical scanning interferometry mode. A minimum of three measurements were taken
from three different samples of each series. Approximately 230 imaging frames were used,
enabling rapid and highly accurate measurements of the grooves. Surface analysis covered
areas of 127.7 × 95.8 μm for groove imaging and 63.1 × 47.3 μm for plain regions within
the grooves. Data filtering and analysis were conducted with Wyko Vision 4.10 software
(Veeco Instruments), with a Gaussian filter applied to remove curvature and tilt from every
surface analysis. Sa (average roughness) was measured, which represents the arithmetic
average of the absolute values of the surface deviations from the mean plane [33–35].

2.3. Wettability

The contact angle (CA) was determined to evaluate the surface wettability of the
titanium with treatments except the control for 2 and 10 min of immersion, using 5 samples
per material. The wettability measurements of the samples were measured using the contact
angle system “OCA 15 plus” (Dataphysics Instrument Company, Filderstadt, Germany)
and the results were analyzed with “SCA20” software 123.45 (Dataphysics Instrument
Company, Filderstadt, Germany).

For droplet deposition, a 1 mL “Braun” syringe was employed in a droplet generation
system with micrometer displacement control, allowing for a precise dosing volume of
2 μL at a rate of 1 μL/s. The liquid droplets were backlit with LEDs through ground glass
and the contact angle was measured 5 s after placing the droplets on the surface. MiliQ
water was used for contact angle measurement, which was conducted on both untreated
and treated samples with a “Citric Acid 25% + Collagen 500” solution after 2 and 10 min of
immersion [36].

2.4. Fibroblast Culture

The objective of fibroblast cultures is to indicate the degree of cytocompatibility and
the ease of regenerating soft tissue at the bone–soft tissue interface. This fact is of great
importance for the formation of a biological seal to prevent bacterial leakage. Human
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foreskin fibroblast (Millipore, Billerica, MA, USA) primary cells (HFFs) were cultured in
phenol red-free Dulbecco’s Minimum Essential Medium (DMEM; Invitrogen, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS), L-glutamine (2 mM) and
penicillin/streptomycin (50 U/mL and 50 mg/mL, respectively) at 37 ◦C in a humidified
incubator at 5% CO2, with media changed every 2 days. Cells between the sixth and tenth
passages were used in all the experiments. Subconfluent cells were trypsinized, centrifuged
and seeded at a density of 6 × 103 cells/disc with serum-free DMEM without phenol red
onto different micro-grooved titanium discs in a 48-well microplate with an agarose layer
(in order to prevent cell attachment to the dish). Tissue culture polystyrene (TCPS) and
polished c.p. titanium served as reference substrates. Cellular analyses were performed at
4 h, 24 h and 72 h after seeding.

HFFs were cultured on the different surfaces. Then, cell adhesion and proliferation
were analyzed using Cell Proliferation Reagent WST-1 (Roche Applied Science, Penzberg,
Germany). This colorimetric protocol measures the creation of the formazan dye by cellular
activity. The tetrazolium salts incorporated to the medium are cleaved by mitochondrial
dehydrogenases of living cells, and the resulting soluble formazan dye can be analyzed
spectrophotometrically. There is a direct correlation between the absorbance of the dye
solution and the cell number. Viability was evaluated at the specified culture times by
incubating for 2 h with 1:10 WST-1 in serum-free DMEM without phenol red. The optical
density (OD) at 440 nm of cell supernatant was evaluated with an EL × 800 Universal
Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT, USA). Three different samples
for every surface and two different experiments were measured in parallel. A standard
curve was performed using cell numbers ranging from 3 × 103 to 50 × 103.

Non-viable cells were quantified by means of measurement of released lactate dehy-
drogenase (LDH) enzyme at the specified culture times. For that purpose, the cell-free
culture supernatant was collected, centrifuged at 250× g for 5 min and then analyzed with
Cytotoxicity Detection Kit LDH (Roche Applied Science, Basel, Switzerland) as per the
manufacturer’s instructions. The reduction of tetrazolium salts into the formazan dye by
LDH activity was measured spectrophotometrically at 490 nm. TCPS was used as a low
control sample and lysed cells were utilized as a high control sample (maximum releasable
LDH activity). Three different samples of each series in two experiments were analyzed.

2.5. Osteoblasts Culture

The objective of osteoblast cultures is to determine the degree of osteoblastic cytocom-
patibility and the ease of hard tissue regeneration to achieve bone regeneration and increase
the mechanical fixation of the implant–abutment system to the bone with osseointegration.
For the cell adhesion assay, osteoblastic SaOS-2 cells, a cell line with epithelial morphology
derived from bone, were used. Six to seven cell passages were performed before seeding
the cells onto the study samples. During cell passages, a control of the growth and cell
viability was tested. Cells were initially thawed by gently shaking the cryovial in a 37 ◦C
water bath for 1–2 min. From this point onward, everything was performed under sterile
conditions. Once thawed, the content was transferred to a falcon with 9 mL of culture
medium and centrifuged at 300 G for 3 min. Then, the supernatant was aspirated, and
the pellet was resuspended with 1 mL of cell culture medium. Cells were seeded in flasks
F175 and were kept at 37 ◦C with 5% CO2, with the cell culture medium being changed
2–3 times per week.

The cell culture medium for this cell line consists of McCoy’s 5a Medium Modified with
L-glutamine 1.5 mM and 2200 mg/L sodium bicarbonate. This medium was supplemented
with 15% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S) and 2% sodium
pyruvate solution (NaPyr).

Cell passage was carried out at 90% confluence. Therefore, the cells were detached
from the flasks by removing the medium, washing twice with 5 mL of PBS (37 ◦C) to
remove dead cells, and then adding 5 mL of 0.05% trypsin. The flasks were left in the
incubator at 37 ◦C with 5% CO2 for 2–3 min. Afterward, trypsin was neutralized with
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7 mL of cell culture medium (37 ◦C) and the content was transferred to a Falcon tube and
centrifuged for 5 min at 300 G. The supernatant was then aspirated, and the pellet was
resuspended with cell culture medium. Cell counting with Tripan Blue was then performed.
For this, 10 μL of previously resuspended cells was prepared in an Eppendorf tube and
mixed with Tripan Blue. A volume of 10 μL of the total was transferred to a Neubauer
chamber for counting using phase contrast microscopy. The corresponding calculations
were then carried out [37–39].

A resazurin salt assay (Alamar Blue) was used to assess cell proliferation and cell
viability. The protocol was as follows: 5 mg resazurin salt (Sigma-Aldrich, St. Louis, MO,
USA) was added to 1 mL of PBS, obtaining a stock solution of 5 mg/mL. Then, 100 μL
was transferred to a Falcon tube with 50 mL of cell culture medium, and the solution was
filtered to ensure sterile conditions. The final solution had a concentration of 10 μg/mL.
This solution was protected from light.

After three days of cell culture, the culture medium was removed, and each well was
washed with 500 μL of pre-warmed PBS. Then, 300 μL of 10 μg/mL resazurin solution was
added in each well and incubated at 37 ◦C and 5% CO2 for 3 h. Afterward, 200 μL from
each well was transferred to a 96-well plate, transparent, and finally, the absorbance was
analyzed. The wavelength was of 570 nm and 600 nm, and an Infinite® 200 PRO Multimode
Absorbance Multimode Microplate Reader (TECAN, Männedorf, Switzerland) was used.

2.6. Immunofluorescence

For the immunofluorescence assay, a working solution of actin 488-stained phalloidin
(100 nM) was prepared by diluting 58.8 μL of the 14 μM stock in 8.4 mL of PBS. Additionally,
a DAPI solution was prepared by diluting 10 μL in 10 mL of PBS. Both solutions were
kept at room temperature, without light exposure. A 0.1% Triton-X solution was made by
diluting 1 mL of Triton-X in 9 mL of PBS. The samples were analyzed using the STELLARIS
5 Cryo Confocal Light Microscope.

After three days of cell culture, the culture medium was removed, and cells were
washed with 500 μL of pre-warmed PBS. Then, 350 μL of 4% PFA/PBS was added in
the wells at room temperature, in order to fix the cells. Following fixation, cells were
washed with 500 μL of PBS and then permeabilization was performed using 350 μL of 0.1%
Triton-X/PBS. After 10 min, the cells were washed with 500 μL of PBS and after, 350 μL of
actin 488-stained phalloidin was incorporated.

Cells were then incubated for 30 min at room temperature without light exposure.
After actin staining, cells were washed three times with 500 μL of PBS and cells were
incubated with 350 μL of DAPI solution at room temperature in the dark for 2–3 min.
Finally, they were washed again with 500 μL of PBS and cells were kept with 500 μL of PBS
at 4 ◦C, without light exposure.

2.7. Bacterial Culture

Bacterial cultures were performed to determine the bactericidal capacity of the dif-
ferent solutions studied as a way to prevent bacterial recolonization. Gram+ and Gram−
bacteria were used to see their behavior. The results give us important information for
determining the best solution for oral application. We must take into account a limitation of
this study, which is to determine the behavior with biofilm and not with isolated strains. In
any case, the results allowed for us to characterize the bactericidal capacity of the solutions.
Bacterial assays were performed using two oral pathogens, representing a Gram-negative
and a Gram-positive bacterial strain. Pseudomonas aeruginosa, a Gram-negative bacterial
strain, was sourced from Colección española de cultivos tipo (CECT 110, Valencia, Spain).
For the Gram-positive strain, Streptococcus gordonii were used, and were obtained from
Colección española de cultivos tipo (CECT 804, Valencia, Spain).

A total of six samples (n = 6) were used for the bacterial adhesion test, with three
samples from each study group dedicated to the Gram-positive and three to the Gram-
negative bacteria. Prior to the test, the culture media and material (PBS) were sterilized
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by autoclaving at 121 ◦C for 30 min using autoclave oven SELECTA model Sterilmax
(SELECTA, Abrera, Spain). As previously described, samples were also sterilized by
incubating in alcohol three times for 5 min in sterile culture plates. Afterward, the samples
were exposed to ultraviolet light for another 30 min [40–42].

Agar plates were incubated at 37 ◦C for 24 h. The bacterial inoculum was prepared
by suspending the bacteria in 5 mL of Brain Heart Infusion Broth (BHI) (Sigma Aldrich,
St. Louis, MO, USA) followed by an incubation for 24 h at 37 ◦C. The medium was then
adjusted to an optical density of 0.1 at a wavelength of 600 nm (OD600 = 0.1). For the
bacterial adhesion test, 500 μL of the suspension (OD600 = 0.1) was added to each well
of the culture plate and incubated at 37 ◦C for 1 h, using an incubator oven MEMMERT
BE500 (MEMMERT Gmbh, Scheabach, Germany). All tests were carried out under static
conditions without external stirring.

Then, the samples were rinsed twice with PBS for 5 min each and fixed with a 2.5%
glutaraldehyde solution in PBS for 30 min at 4 ◦C. Following fixation, the glutaraldehyde
solution was removed, and the samples were rinsed three times with PBS for 5 min each.

For viability analysis, a confocal microscope and the LIVE/DEAD Backlight bacterial
viability kit (Thermo Fisher, Barcelona, Spain) were used [35]. A solution was prepared
by mixing 1.5 μL of propidium with 1 mL of PBS. Using a micropipette, a drop of this
solution (approximately 50 μL/sample) was applied to the surface. After incubating at
room temperature without light exposure for 15 min, the samples were rinsed three times
with PBS for 5 min.

The surfaces were then examined by laser scanning microscopy (CLSM). Three images
per sample were captured at 630× magnification. Live and dead bacteria were detected
using a wavelength of 488 nm and 561 nm. This analysis enabled both the assessment
of bacterial viability on each surface and an initial comparison of the of bacterial count
present in the different group of samples.

2.8. Statistical Analysis

Statistical analysis was carried out using the comparative T.TEST (with the Excel
software version 16.0.18025.20104). This was performed between the different groups
at 95% of confidence. Therefore, statistically significant differences are with values of
(p < 0.05).

3. Results

The roughness measurements (Sa) in Table 2, reveal that the different immersion
treatments carried out on the discs increases slightly the roughness, as no statistically
significant differences (p < 0.05) were observed with respect to the control group in Ti and
Zr. However, regarding the roughness for Comp and CrCo, the implantoplasty produces
higher roughness in relation to the control. In these cases, the differences are statistically
significant p < 0.05.

Table 2. Roughness parameters values (Sa) in micrometers of the samples studied. The asterisks (*)
mean differences statistically significant at p < 0.05 for each material and the different treatments. The
double asterisks (**) mean differences statistically significant at p < 0.05 in relation to the values with
single and without asterisks.

Treatment Ti Zr Comp CrCo

As-received 0.15 ± 0.09 * 0.10 ± 0.07 0.12 ± 0.09 * 0.18 ± 0.09 *
Implantoplasty

(Ctrl) 0.25 ± 0.15 * 0.15 ± 0.05 0.28 ± 0.07 ** 0.37 ± 0.10 **

AC 0.33 ± 0.13 ** 0.17 ± 0.08 0.29 ± 0.09 ** 0.40 ± 0.12 **
AC 250 0.30 ± 0.10 ** 0.14 ± 0.09 0.27 ± 0.07 ** 0.43 ± 0.13 **
AC 500 0.25 ± 0.11 ** 0.17 ± 0.05 0.25 ± 0.08 ** 0.44 ± 0.14 **

AC 500/Mg 0.27 ± 0.10 ** 0.18 ± 0.04 0.26 ± 0.09 ** 0.42 ± 0.15 **
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From the roughness results, it can be observed that the implantoplasty generates
a higher roughness than the control samples due to the machining processes (Table 1).
Statistically significant differences can be seen in the surfaces with Ti implantoplasty when
treated with the different citric acid solutions, since they present a slight acid attack that
slightly increases the roughness values. For the other three materials used, the effect of
immersion in the citric acid solution does not cause any statistically significant difference
with the surface of the material that has undergone implantoplasty [32].

Figure 2 shows the results obtained from the surface contact angle measurements
for each material treated with the different solutions for 2 and 10 min. First, the results
obtained from the “Control” samples were only with implantoplasty treatment, but were
only sterilized in an autoclave at 121 ◦C for 30 min. These values show values from 65◦ for
composite to 99◦ for CrCo. These values show a considerable hydrophobic character. Of
the four materials studied, the composite (PMMA) is the most hydrophilic material. On the
other hand, the CrCo alloy has a hydrophobic surface because the contact angle is greater
than 90◦.

Figure 2. Contact angles of the different surfaces without treatment (Ctrl) and with immersion in
different solutions based in citric acid studied. The samples were immersed for 2 and 10 min. The
capital letter shows the statistical difference significance between CrCo, and the others surfaces with
p < 0.05, and the asterisks the statistical difference significance between the immersion treatments
of the CrCo and the other surfaces with p < 0.05. No statistical difference significance was found
between the different times of treatment in any surface.

Secondly, the results obtained from the treated samples, i.e., immersed for 2 and
10 min in the citric acid solutions, show in all cases a very significant decrease in the
contact angle, almost in all cases not exceeding 10◦ of contact angle, which makes the
surfaces super-hydrophilic. The differences between the immersion times of 2 and 10 min
do not show statistically significant differences (p < 0.005) in any of the treated materials.
Moreover, no statistically significant differences are observed in the treated samples in
general except in the case of CrCo. Specifically, CrCo values are around 20◦ while the other
materials (Ti, Comp and Zr) present values around 10◦.

Based on the results between 2 and 10 min, where no significant changes in behavior
were observed, we focused this study on the two-minute immersion treatments. This
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treatment time was selected because this solution is intended to function as a mouthwash,
so the minimum time enhances patient comfort.

The results of the cell cytotoxicity test are presented in Figure 3 for the surface of the
four proposed materials with the five conditions.

Figure 3. Survival percentage of fibroblasts for different treatments. Asterisks mean statistical
differences significance p < 0.05.

Figure 3 shows that all citric acid treatments are cytocompatible, since the survival
of the cultured fibroblast cells exceeds the 70% survival criterion. It can be seen that the
AC + 500 Col and AC + 500 Col + Mg solutions show excellent behavior with fibroblasts.

Figure 4 demonstrates that collagen enhances the adhesion of fibroblasts, as more
fibroblasts are present in this surface. The increase in collagen concentration does not
offer statistically significant differences compared to the CrCo surface. However, it can be
observed that there is a significant difference in the increase in the number of fibroblasts
for the concentration of 500 in comparison to the lower concentration (250). No differences
were observed between the other conditions studied.

An F-actin (phalloidin/DAPI) immunofluorescence assay was performed using a
confocal light microscope in order to determine the presence and distribution of osteoblastic
cells. This allowed for determining whether the material surfaces are favorable to the
adhesion of this cells. Figure 5 shows that Ti and Zr surfaces show good cell viability for
each treatment applied. Regarding the composite surfaces, treatments with 25% citric acid
+ 250 collagen and 25% citric acid + 500 collagen show a reduced number of cells, while the
“Control” sample is the surface with the highest cell density. Regarding the CrCo surfaces,
treatments with the 25% citric acid + 500 collagen and 25% citric acid + 500 collagen + 1%
Mg present a decreased cell adhesion in comparison to the remaining surfaces.
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200 m

Figure 4. Fibroblasts cultured on different surfaces and with different dissolutions observed by
scanning electron microscopy.
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Figure 5. Immunofluorescence tests results of Ti, Zr, composite and CrCo surfaces with the applied
treatments, showing the presence of osteoblastic cells.

Bacterial Culture

Figures 6 and 7 show the results obtained after the Alamar Blue test to determine the
adhesion and bacterial growth on the surfaces proposed for the study for Streptococcus
gordonii (Gram-positive) and Pseudomonas aeruginosa (Gram-negative). Significant bacterial
colonization on all the surfaces in the control treatment can be observed, especially in
the CrCo alloy. In all of them, both Gram-positive and Gram-negative bacteria show a
notable reduction in bacterial activity when using citric acid treatments. It can be seen
that the collagen and magnesium contents do not have a statistically significant effect on
the reduction of bacterial colonization. It can also be seen that the action of citric acid
with collagen causes a CFU reduction around of 75% for Streptococcus gordonii and 80% for
Pseudomonas aeruginosa.
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Figure 6. Quantitative analysis of Streptococcus gordonii (Gram+) for the different treatments and
surfaces. Asterisks mean a statistically significant difference at p < 0.05. There are significant
differences between the control and the four solutions studied for the materials studied. The different
materials do not offer statistically significant differences with the treatments with the citric acid-based
solutions and all of them offer important reductions in bacterial colonies. For the control samples,
composite and CrCo present the worst bacterial behavior.

Figure 7. Quantitative analysis of Pseudomonas aeruginosa (Gram−) for the different treatments and
surfaces. Asterisk means statistical differences significance p < 0.05. There are significant differences
between the control and the four solutions studied for the materials studied in the colonies of
Gram− bacteria. For the control samples, zirconia presents statistically significant differences with
respect to the rest of the materials in relation to bacterial colonization. The different materials do not
offer statistically significant differences among them with the treatments with the citric acid-based
solutions and all of them offer significant reductions in bacterial colonies, but with a lower efficacy
than for the Gram+ bacteria studied.
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4. Discussion

It is well known that rough surfaces promote better cell adhesion, proliferation and
differentiation, especially of osteoblastic cells [36,37]. Surface roughness or treated surfaces
can interfere with cell morphology and orientation [38]. In this project, it is shown how
the two metallic surfaces present greater roughness than the zirconia or the composite. It
is also known that the increase in hydrophilicity favors wettability and, in consequence,
this results in greater protein adsorption, which favors cell activity [43–46]. As has been
observed, Ti presents higher wettability than CrCo, and therefore titanium has favorable
factors for osteoblastic activity. Although CrCo surface exhibits good roughness, it has
lower osteoblastic activity compared to Ti due to its low hydrophilic nature, which does
not favor osteoblastic activity.

Based on the results obtained in the cell cytotoxicity test, it was determined that none
of the treatments proposed for this study presented cytotoxicity for the SaOS-2 osteoblastic
cells in any of the materials studied. Analyzing the values obtained, all of them are in
the “non-cytotoxic” range, as determined by ISO 10993-5 [47]. The aforementioned ISO
establishes that “the reduction of cell viability by more than 30% is considered a cytotoxic
effect” [47]. Our results indicate a reduced adhesion of osteoblastic cells in the presence of
collagen for the composite sample. This fact seems to be due to the lack of anchorage of the
collagen molecules on the surface of the composite. This has been previously described by
other authors, who concluded that the polymeric compound does not favor the adhesion
of the collagen molecule and therefore inhibits the accelerating effect on both fibroblastic
and osteoblastic cell adhesion [48,49].

Collagen is a well-known biomaterial commonly used in films, composites and three-
dimensional matrixes, as it can enhance the recomposition and granulation of tissues, and
also has the ability to act as protection of wounds and tissues against infection. Therefore,
collagen is used as a support material in healing processes, and it is widely used in
dental therapy. Moreover, it is a non-toxic, biodegradable and bioabsorbable material [32].
Also, collagen is the main component of ECM; type I is the most abundant, about 85%,
together with proteins such as laminins, fibronectin and vitronectin. This fact favors
cellular activity and should be a key element in triggering soft tissue formation to achieve a
biological seal at the implant–abutment connection. In an in vivo study, Maria Sartori et al.
investigated the effects of dental implants coated with type I collagen on bone regeneration
and osseointegration in osteopenic rats, in which they found greater mechanical stability
and a higher rate of osseointegration [50]. Other studies have affirmed the ability of type
I collagen to promote osseointegration by stimulating bone formation at the cellular and
molecular level [51]. In all cases, the collagen was dissolved in an acidic solution since it
dissolves in an acid medium, which favors homogeneity and application.

The incorporation of magnesium is due to the fact that it has properties capable of
improving bone bonding if implemented in implant surface modifications. It is currently
used for titanium implant surfaces, providing improved properties. Jiang et al. were able
to decrease Young’s modulus, increase strength and provide improved biocompatibility in
titanium implants. Veronese et al. combined titanium dioxide (TiO2) with magnesium and
obtained anti-inflammatory properties [52]. The inflammatory response plays an important
role in the implantation of dental implants and may help to moderate osteogenesis [53,54].

The application of a citric acid treatment generates a small increase in surface rough-
ness, which leads to an increase in bacterial adherence [55,56], but the acidic character
provided to the sample surfaces prevents or decreases microbiological colonization [57].
The concentration of citric acid is related to the antibacterial action it provides, and thus
causes a reduction in the pH of the extracellular matrices [23–26,28]. It is hypothesized that
the presence of citric acid modifies the permeability of the bacterial membrane, varying the
hydrogen gradient between intracellular and extracellular sites [52]. In addition, it has an
antioxidant capacity to prevent or delay some type of cell damage and also has a negative
effect on mycobacteria [52].
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Focusing on the results of antibacterial activity obtained in Figures 5 and 6, it has been
demonstrated that all treatments show antibacterial activity. In the case of pure titanium, in
addition to the treatment provided, it is capable of forming a biocompatible titanium oxide
layer, providing high resistance to corrosion with an oxidizing character, thus reducing
bacterial activity [21,22,58].

A study has determined the existence of a relationship between wettability and bacte-
rial colonization, based on the hydrophobicity of the surface [59,60]. For example, metallic
surfaces that exhibit a hydrophobic nature result in a higher adhesion of hydrophobic
bacteria. In consequence, lower bacterial adhesion could correlate with an increase in
surface hydrophobicity [36,59]. Magnesium has also been shown to have an antibacterial
effect, which could explain the lower levels of bacterial survival in Mg-containing samples,
although the differences were not statistically significant [52,61].

Finally, of the four treatments studied, the one that stands out most for the osteoin-
tegrative and antibacterial properties provided is the Citric Acid 25% + Collagen 500 +
Magnesium 1%. This has been validated by other studies that show how citric acid provides
good antibacterial properties without damaging osteoblastic cells. Moreover, this is aligned
with collagen and magnesium biological function, as collagen is the main component of the
extracellular matrix capable of improving tissue recomposition, and magnesium improve
bone union and presents antibacterial properties.

The action of citric acid in increasing surface hydrophilicity, producing a stable tita-
nium oxide layer and bactericidal character improves systems based on strong acids or
bases or ozone flux treatments. Firstly, because it does not improve the surface properties of
titanium and in many cases, it affects its roughness or causes the incorporation of hydrogen
into the titanium, which can cause the so-called hydrogen embrittlement. Moreover, in the
case of treatment with citric acid-based solutions, it does not affect the health of the soft
tissues. Finally, collagen can be dissolved in an acidic medium and can be incorporated
into the solution in order to increase cell adhesion as well as to have a synergistic effect
with divalent magnesium cations.

This work is preliminary but served in preparing cytocompatible citric acid-based
solutions that favor both fibroblastic and osteoblastic cell activity and are clearly bactericidal
against both Gram-positive and Gram-negative bacteria. However, concentrations should
be optimized to improve cellular and bactericidal response. This study should be carried
out in dental biofilm to complete the studies of two strains that are common in the mouth
but do not respond reliably to what occurs in the mouth [62–65]. This study should be
completed with in vivo studies with infection and to evaluate disinfection, as well as
possible tissue regeneration in dental implants that have undergone implantoplasty. It is
important to obtain a product that helps disinfection and favors bone growth for the new
osseointegration of the implant, as well as the formation of a biological seal produced by
the regeneration of the soft tissue [66,67]. Implantoplasty also faces other challenges such
as the effect of the small particles, with different sizes and materials, that are present in the
biological bed and present a toxic nature. Further studies should address this issue.

5. Conclusions

This contribution studies one of the most common materials in dental implant with
prosthesis. The results verified the significant decrease in the contact angle for titanium,
zirconia and PMMA composite with feldspar. Specifically, the values decreased from 70
to 15 and for CrCo from 100 to 25. All treatments showed that an increase in wettability
causes higher cellular activity. Moreover, all treatments demonstrated cytocompatibility
and good osteoblastic behavior. This suggests a promising solution for the regeneration of
soft and hard tissues around the dental implant and the biological seal during prosthesis.
It has been demonstrated that the different solutions have a strong bactericidal effect on
both Streptococcus gordonii (Gram+) and Pseudomonas aeruginosa (Gram−) strains, reducing
colonies around 72% and 64%, respectively. From the results obtained, the mouthwash
with the best cellular activity and bactericidal capacity is the citric acid solution with
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500 collagen and 1% magnesium. Although the in vitro results of this preliminary study
are encouraging, further in vivo tests are needed before clinical application.
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Abstract: Objectives: The study’s objective was to evaluate the accuracy of dynamic
computer-assisted surgical implant placement systems during practical training on fresh
defrozen cephali. Methods: Three defrozen cephali with terminal dentition received a
total of 26 implants (15 4.3 × 13 mm and 11 4.3 × 13 mm, Nobel Biocare Service AG
(Zrich-Flughafen Switzerland)) following a standardized protocol: a digital scanning and
planning protocol followed by dynamic navigation surgery (X-Guide, X-Nav Technologies,
LLC, Lansdale, PA, USA). All surgical interventions were performed by two surgeons:
a senior oral surgeon (OE) with more than 5 years of implant dentistry experience and
a non-experienced surgeon (NE). Results: Different linear and angular measurements
(i.e., deviation shoulder point; deviation tip point; depth deviation shoulder point; depth
deviation tip point; B/L and M/D angular deviations) were calculated in duplicate to
estimate the discrepancy of the virtual digital planning with respect to the real clinical
scenario. The differences between the two operators were also explored. The results of the
bivariate analysis detected clinical negligible differences between the operators, without any
statistically significant differences for all investigated parameters (p > 0.05). Conclusions:

The preliminary positive findings of this pilot study suggest that the investigated dynamic
navigation system could be a viable and safe technique for implant surgery and may offer
additional safety benefits to non-experienced operators, despite the required learning.

Keywords: dental implants; dynamic computer-assisted surgery; computer-guided
implantology; navigation systems

1. Introduction

It was widely reported that, despite the decrease over the last two decades of the
prevalence of tooth loss, edentulism is still a global prevalent condition with differences
among countries, age groups, and socioeconomic status [1]. Consequently, to overcome this
problem, during the last three decades, the use of implant-supported oral rehabilitations
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has become the standard of care dramatically improving individuals’ chewing function,
esthetics, and patient-reported quality of life (PRQoL) [2,3].

From a diagnostic point of view, the implementation of cone beam computed tomog-
raphy (CBCT) imaging prior to dental implant has increased significantly in recent years
with documented advantages such as a decrease in radiation exposure compared with
conventional computed tomography [4,5]. However, implant placement might present
some clinical challenges, such as the presence of narrow ridges and slim margins and the
need for preserving critical anatomical structures (i.e., mandibular nerve) [6]. In this respect,
the use of pre-operative planning including CBCTs do represent a crucial step to minimize
complications and maximize proper 3-D implant placement [7]. From a technical aspect,
recent developments have allowed the use of voxel sizes down to tenths of a millimeter
and the ability to visualize and measure anatomic structures in all spatial dimensions [5,8].
From a descriptive point of view, computer-assisted surgical (CAS) implant placement
systems were the first to be introduced. Such systems can be categorized as either static
or dynamic [5,9]. In the first clinical scenario, CAS systems use a drill within templates
with embedded sleeves, which could be placed on the neighboring side of the surgical site
to facilitate the transferring of the position of implant planning [10,11]. These templates
could be supported by teeth, mucosa, or bone, helping conduct implants in an optimal
position [10,12]. The reliability of this procedure has been clinically proven [10,13–15].
However, several studies have already shown that different factors could influence the
accuracy of static CAS, e.g., the fabrication technology of surgical guides, the axial accuracy
of the sleeves’ housings, the lack of direct visual contact with the surgical site, intraoral
positioning, and template fixation [10,16–19].

Static CAS systems use guides fabricated with a computer-aided design (CAD/CAM)
based on 3D scans of the patient [5,9,19]. It is essential to highlight the differences in
terms of digital impression accuracy on full-arch implant rehabilitations depending on the
timing; in fact, immediate post-surgical intraoral digital scans may show a higher risk of
imprecision than those obtained after tissue healing [20].

In contrast, dynamic CAS systems track the patient and surgical instruments and
present real-time positional and guidance feedback on a computer display [5,16].

To improve these two technologies, the use of dynamic navigation systems was de-
veloped based on “motion-tracking technology”, which tracks the position of the surgical
site and drill real-time behaviors combined to the patient’s presurgical CBCT [10,21–23].
In addition, during implant placement, tracking cameras are in use to continuously mon-
itor the attached marker on the patient’s jaw and surgical handpiece. This procedure is
displayed in real-time on a screen superimposed on implant planning. Therefore, from a
clinical perspective, any potential deviation of the implant and drill axis could be controlled
and corrected [10,24]. Furthermore, the real-time monitoring of the procedure allows the
surgeon to modify virtual planning during surgery [10,15].

Nevertheless, it is clinical experience that dynamic CAS requires higher training and
experience than static CAS [25]. In this respect, considering the increasing use of dCAS
among oral surgeons, and although previous investigations evaluated several factors in
the accuracy of implant placement, there is a lack of evidence on the role of the surgeon’s
experience in the use of such technology and surgery accuracy [25,26].

To the best of the authors’ knowledge, this study is the first cadaver study evaluat-
ing the influence of operator’s experience on the accuracy of implant placement using
dCAS. The primary aim was to investigate differences in terms of implant placement
accuracy between expert and non-expert operators by evaluating discrepancies super-
imposing pre-operative and post-operative CBCT, measuring linear (mm) and angular
(degrees) deviations.
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2. Materials and Methods

2.1. Study Design

This pilot study evaluated the accuracy of implant placement using dCAS during
practical training on fresh defrozen cephali. The samples were donated by individuals for
scientific purposes and official laboratory permission to work on the cadavers was obtained
from the Italian competent authority. This study was conducted according to the revised
guidelines of the Declaration of Helsinki and did not require any ethical approval.

For this study, surgical sessions were performed on adult fresh defrozen cephalus,
fixed with 10% formalin. Three partial edentulous cadavers with terminal dentition were
selected to be treated with conventional implants.

The operators had different degrees of experience: one (NE) was a senior oral surgery
resident at University of Turin, with implant dentistry experience of more than 5 years,
while the second (OE) was a non-experienced oral surgeon (less than 5 years of clinical
experience in implant dentistry).

2.2. Inclusion Criteria

The following inclusion criteria were used: (1) the absence of macroscopic pathology
in the bony regions of the maxilla and mandible; (2) at least 3 residual teeth, required for the
positioning and stabilization of thermoplastic devices (clip) with 3 radiopaque fiducials (X-
Clip, X-Nav Technologies, Lansdale, PA, USA) during CBCT scan and surgical procedures.

2.3. Scanning and Planning Protocol

In this case, considering that fresh defrozen cephali had terminal dentition with
>3 stable adjacent teeth and located in an area of the dental arch that did not violate the
implant milling, a fiducial-based registration protocol was performed.

This protocol involves, before the acquisition of the pre-operative CBCT scan, placing
a thermoplastic clip with three radiopaque fiducials (X-Clip, X-Nav Technologies) on the
remaining teeth of the dental arch involved in the implant surgery (Figure 1).

 

Figure 1. X-Clip placement on the fresh defrozen cephalus.

Then, a CBCT scans (NNT—Medical Suite®; NewTom, Imola, Italy) was per-
formed with the following set up: 110 Kv, 1.94 mA, 3.6 s, 685.41 DAP (mGy×m2),
100 × 140 FOV (mm) (Figure 2).
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Figure 2. Representation of CBCT scan processing.

The digital information (.dicom data set) was uploaded to the dynamic navigation
planning system (DTX StudioTM Implant 3.4.3.3, Nobel Biocare AB, 402 26 Vasta Hamn-
gatan 1, 411 17 Göteborg, Sweden).

This software allowed us to define the arch, nerve mapping, and implant planning
through MPR (multiplanar reformation). We used it to plan the ideal implant placement,
which was identical to the implant placed in the cadavers (diameter, apical diameter, length,
shape), thanks to an implant library contained on DTX.

Files from intraoral scanners were superimposed on a DICOM data set and the com-
bined images allowed us to plan, with the osseous, dental, and soft tissue structures visible
along with the patient’s occlusion, prosthetic-guided implant placement (Figure 3).

 

Figure 3. Example of implant placement planning.

When starting the planning, a panoramic curve for the arch is drawn on the axial plane
of the patient’s scan, and the inferior alveolar nerve also can be identified and referenced
on the mandible.

Once the surgical plan was defined, the data set was exported by DTX (DTX StudioTM
Implant 3.4.3.3, Nobel Biocare AB, 402 26 Vasta Hamngatan 1, 411 17 Göteborg, Sweden)
and imported as an .stl file into the DN software.
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A total of 26 implants were successfully placed by the two operators. At the end
of the surgical interventions, a post-operative CBCT scan was taken to perform the
accuracy evaluation.

2.4. Calibration Sessions and Surgical Procedures

Each surgeon performed a surgical session after five days of training, which included
training on manikins, mentoring with over-the-shoulder observation and hands-on mentor-
ing. No surgery was performed prior to the assurance of a high level of agreement between
the two operators.

Before the initiation of this study, all practitioners received standard hands-on training
for virtual planning with implant treatment planning software (DTX StudioTM Implant
3.4.3.3, Nobel Biocare AB, 402 26 Vasta Hamngatan 1, 411 17 Göteborg, Sweden) and
surgical procedure simulation with the navigation system to achieve minimal proficiency.

All implants were positioned using a dynamic navigation surgery system (X-Guide, X-
Nav Technologies). Depending on the implant site characteristics, conventional (with flap)
or flapless surgical procedure was performed. Standardized implants were placed in all
cases (15 NobelReplace Conical Connection 4.3 × 13 mm in mandible and 11 NobelActive
TiUltra 4.3 × 13 mm in maxilla, Nobel Biocare, Zürich-Flughafen, Switzerland).

Prior to each surgical procedure, the clip was mounted on the teeth in the same
position as CBCT scanning and attached fiducial markers and the cylinder of the attached
patient tracking matrix, extraorally oriented. Likewise, the handpiece, patient tracking
array, and drills were calibrated. All these instruments must be within the line of sight of
the overhead stereo cameras to be tracked on the monitor.

Calibration of the surgical handpiece was performed before the surgical acts. Hand-
piece calibration relates the geometry of the handpiece tracking array to the drill axis and
CBCT fiducials, hence providing a link between the pre-operative planning coordinate
system and a trackable coordinate system. After calibration, the operators performed
the surgery. Real-time checks were performed through patient’s CBCT anatomy, and the
implant coordinates were pre-planned to guarantee the accuracy of the tracking, all using
the navigation screen on the monitor (Figure 4).

 

Figure 4. Real-time monitoring of implant placement.

If necessary, changes in the plan were made during surgical acts, including implant
size, length, width, shape, and positioning, to achieve an accurate implant position.

Dynamic reference frame calibration relates the geometry of the patient-tracking array
to the CT fiducials (i.e., three radiopaque fiducials of thermoplastic clip placed during
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CBCT). This provides a link between the pre-operative planning coordinate system and a
trackable coordinate system. The stereo-tracking system simultaneously triangulated each
tracking array to determine their precise position and orientation in a common coordinate
frame. In combination with the calibrations, this real-time link allowed the drill’s body and
tip to be related.

The patient dynamic reference frames included the clip with the connected patient-
tracking cylinder. It was placed onto the teeth in the same location for CBCT acquisition.
The tracking software algorithm triangulated the 2 arrays continuously. Two live video
windows allowed the surgical team to obtain virtual feedback from the navigation system
to visualize site preparation and monitor the quality of tracking in the surgical field volume.

2.5. Accuracy Analysis

The evaluated outcome variables were previously described [5]. After surgery, post-
operative CBCT was performed with the same FOV and resolution of the pre-operative
CBCT (110 Kv, 1.94 mA, 3.6 s, 685.41 DAP (mGy×m2), 100 × 140 FOV (mm)), to compare
deviations between the planned and placed implants.

The accuracy of the implant placement of the two operators was assessed by super-
imposing the pre-operative virtual surgical plan and the post-operative CBCT scan and
quantifying deviations of the delivered implant from the planned position and orientation.
The same methodology proposed and validated by Block MS. et al. and Jorba-García A.
et al. was implemented [25,27].

The DICOM images of the post-operative CT were uploaded in a dedicated software.
To obtain very precise results, the implants were planned and superimposed on placed

implants to perfectly replicate the morphology of the implants (centroid apex and shoulder,
and their spatial coordinates).

The accuracy was assessed overlapping the post-operative CT scan (with placed
implants) with the pre-operative one (with planned implants). The accuracy evaluation
involved angular and linear (coronal, apical, and depth) deviations. The DICOM images
of the post-operative CT were uploaded in a dedicated software (NobelGuide validation
study tool in DTX Studio Implant 3.6). A segmentation based on tissue density was carried
out to separate implants from the surrounding bone.

The STL files of the maxillary and mandible bone with the planned implants obtained
from the pre-operative CBCT were uploaded into the software. The superimposition of the
pre-operative and post-operative CT images was achieved by using the best-fit alignment
tool. The planned and inserted implants were considered as cones with a base and a
centroid apex and shoulder and their spatial coordinates (the center of the base and the
apex) were registered by using DTX and were exported in an Excel sheet to calculate
coronal, apical, depth, and angular deviations.

A mathematical algorithm was used on the presurgical case with the plan, the post-
surgical case with the virtual implant overlaid on the actual implant, and the meshed
CBCT scans to calculate angular and positional deviations between the planned and actual
implant positions in 3 dimensions.

The following deviations (mean ± standard deviation) from the virtual plan were
calculated and listed in Figure 5:

• Mesiodistal (M/D) Angular Deviation: The mesiodistal angle between the vertical
axes of the planned and placed implants.

• Buccolingual (B/L) Angular Deviation: The buccolingual angle between the vertical
axes of the planned and placed implants.

• Deviation Shoulder Point (mm): A 2-dimensional distance between the shoulder
centroids of the planned and placed implants.
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• Deviation Tip Point (mm): A 2-dimensional distance between the apex centroids of
the planned and placed implants.

• Depth Deviation Shoulder Point (mm): Depth distance between the shoulder centroids
of the planned and placed implants on the z-axis.

• Depth Deviation Tip Point (mm): Depth distance between the apex centroids of the
planned and placed implants on the z-axis.

Figure 5. Representation of positional and angular deviations: first two images illustrate positional
deviations; third image illustrate exemplification of angular deviations (M/D and B/L).

For each parameter, the mean of the two measurements performed by the two blinded
and previously calibrated operators (Cohen’s kappa coefficient = 0.72) was calculated and
used for statistical analysis.

2.6. Statistical Analysis

To ensure objectivity and avoid bias, the operator variable was anonymized and a
blinded external statistician, independent of the research team, conducted the data analysis.
A database was created using Microsoft Excel (Microsoft, Redmond, WA, USA) for data
recording and management.

Statistical analysis was performed using Stata (StataCorp LLC, College Station, TX,
USA). The distribution of all continuous numerical variables was assessed using the
Skewness/Kurtosis test for normality (sktest in Stata). Descriptive statistics were reported
for each variable as mean, standard deviation (SD), median, and interquantile range as
none of the variables satisfied the assumption of normality. Data were stratified according
to operator experience level (i.e., experienced or non-experienced) as the primary outcome,
and the jaw (maxilla or mandible) position (anterior or posterior). Statistical differences
between the groups were evaluated using the Wilcoxon–Mann–Whitney test for non-
parametric comparisons. A p-value < 0.05 was considered the threshold for statistical
significance.

3. Results

A total of twenty-six implants were placed and analyzed in three fresh defrozen
cephali, without deviations from the original digital surgical planning. All specimens were
available for analysis since no intra-surgical complications were recorded.

Table 1 shows the deviation from the virtual plan of the main outcomes for each
surgeon, in terms of mean, standard deviation (SD), median, and interquantile range of all
placed implants and apex linear (shoulder, apex and depth) and angular deviations (M/D,
B/L) stratified according to the analyzed variables.
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Table 1. Results of main outcome variables for expert surgeon (OE), non-experienced surgeon (NE),
and overall.

Group Stats N

Deviation
Shoulder

Point
(mm)

Deviation
Tip Point

(mm)

Depth
Deviation
Shoulder

Point (mm)

Depth
Deviation
Tip Point

(mm)

B/L
Angular

Deviation
(Grades)

M/D
Angular

Deviation
(Grades)

OE

Mean

13

3.08 2.38 1.02 1.03 3.34 3.75

SD 1.95 1.85 1.05 1.04 2.23 5.97

p50 2.41 1.61 0.49 0.53 3.6 1.8

IQR 2.43 1.96 1.22 1.22 3.5 2.8

NE

Mean

13

2.91 2.53 1.02 1.03 3.34 3.75

SD 3.08 3.36 1.05 1.04 2.23 5.97

p50 1.48 1.46 0.7 0.68 2.4 2.3

IQR 1.57 1.38 0.55 0.51 4.2 3.8

p-value 0.23 0.52 0.98 0.88 0.78 0.54

TOTAL

Mean

13

3 2.45 0.88 0.86 3.76 3.38

SD 2.53 2.66 0.81 0.80 2.97 4.44

p50 1.94 1.60 0.62 0.66 3 2.15

IQR 2.82 1.58 0.65 0.63 3.6 3

Data (mean values) with respect to the stratification according to jaw (i.e., maxilla vs.
mandible) and position (i.e., anterior vs. posterior) are reported in Tables 2 and 3.

Table 2. Results of secondary outcome variables for site and overall.

Site Stats N

Deviation
Shoulder

Point
(mm)

Deviation
Tip Point

(mm)

Depth
Deviation
Shoulder

Point (mm)

Depth
Deviation
Tip Point

(mm)

B/L
Angular

Deviation
(Grades)

M/D
Angular

Deviation
(Grades)

Mand

Mean

15

2.80 2.53 0.64 0.65 2.79 1.79

SD 3.05 3.40 0.63 0.63 1.87 1.20

p50 1.73 1.29 0.42 0.44 2.3 1.8

IQR 1.25 0.7 0.65 0.59 3.1 1.5

Max

Mean

11

3.27 2.36 1.20 1.15 5.08 5.53

SD 1.67 1.22 0.94 0.92 3.71 6.29

p50 3.48 1.85 0.92 0.83 4.1 5.1

IQR 3.42 1.94 1.37 0.93 6.3 3.9

p-value 0.17 0.15 0.14 0.10 0.12 0.018 *
* Indixates Statistically significant difference.

Analyzing the results regarding the role of the surgeon’s experience, expert and non-
expert surgeons showed an analogous accuracy during implant placement for each variable
studied, so deviations were negligible (p > 0.05) in all outcomes. Details of all recorded
data are listed in Tables 1–3.
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Table 3. Results of secondary outcome variables for position and overall.

Position Stats N

Deviation
Shoulder

Point
(mm)

Deviation
Tip Point

(mm)

Depth
Deviation
Shoulder

Point (mm)

Depth
Deviation
Tip Point

(mm)

B/L
Angular

Deviation
(Grades)

M/D
Angular

Deviation
(Grades)

Ant

Mean

13

2.92 1.83 0.78 0.78 4.59 2.93

SD 1.51 0.99 0.65 0.59 3.39 1.81

p50 2.62 1.61 0.49 0.64 4.4 2.6

IQR 2.26 1.58 0.55 0.59 3.6 2.6

Post

Mean

13

3.07 3.08 0.97 0.94 2.93 3.82

SD 3.32 3.59 0.96 0.97 2.31 2.31

p50 1.68 1.6 0.7 0.68 2.4 2

IQR 1.4 1.21 0.65 0.57 2.3 2.3

p-value 0.23 0.63 0.74 0.94 0.18 0.50

4. Discussion

To the best of the authors’ knowledge, this is the first cadaver pilot study investigating
the influence of surgeons’ experience on the accuracy of implant placement using dCAS.
The goal of the present study was to assess the potential differences between the operators’
experiences and the definite outcomes: implant placement accuracy.

Since the introduction of three-dimensional imaging and visualization software before
implant placement in the 1990s and the further introduction of dynamic navigation in the
2000s, the majority of recent research has been conducted on computer-assisted guidance
to create the most accurate device for prosthetic-guided implant placement [28].

In this context, the goal of the present study was to investigate the association between
surgeons’ experiences and implant placement accuracy. The findings revealed encouraging
results concerning the role of surgeons’ experiences. Specifically, unexperienced surgeons
showed higher performance than those with more experience in terms of linear and angular
deviations during navigated implant placement, but no significant differences were found
for any variables evaluated between the two operators (p > 0.05).

These results may seem counterintuitive, as one would typically expect higher accu-
racy from experienced surgeons because, with this surgical system, they might further
improve their implant placement accuracy [29]. However, a possible reason could be that
unexperienced surgeons adhered more strictly to the dynamic navigation system’s guid-
ance because of their short surgical experience, resulting in similar precision. In contrast,
experienced surgeons may have relied more on their prior experience, which could have
led to slight deviations from the system’s guidance [30].

In light of the obtained descriptive results of this study, the outcomes aimed to evaluate
the depth accuracy, requiring a more detailed analysis, as shown by the overall mean
deviation at tip depth (0.86 mm—SD 0.79) and shoulder depth (0.88 mm—SD 0.81). It is a
large discrepancy from the planning that is unacceptable in critical anatomical areas where
the inferior alveolar nerve is at risk [31].

Consequently, a risk of implant deviation still exists with the navigation system due to
the errors that might be generated during the workflow steps of image acquisition, tracking
clip stability, registration and calibration, and errors when overlaying the two CBCT scans,
as reported by prior studies [9,25,32–34].

Thus, in the authors’ opinions, for other surgical approaches, a 2 mm safety margin
should be applied to all important anatomical structures in presurgical planning [25]. From
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a clinical perspective, it should be recalled that the application of such a margin might raise
some questions on the overall reliability of navigation systems. In other words, the clinical
question, “Does this tool help implant placement in complex cases?”, remains open.

When comparing the presented results with those available in the literature, it should
be underlined that an in vitro study by Jorba-Garcià et al. revealed negligible differences
between two operators (p > 0.05) using a dynamic navigation system. Consequently, the
outcomes evaluated in the present cadaver study are in accordance with this paper [25].
Similarly, Pellegrino et al. showed an analogous implant placement accuracy between four
operators with different grades of implant surgery experience, resulting in not statistically
significant differences in the majority of the evaluated outcomes in terms of two/three-
dimensional deviations [35].

Furthermore, Wang et al. investigated three different approaches (i.e., free hand,
sCAS, and dCAS) and showed that experienced vs. non-experienced operators had an
analogous accuracy, and differences between operators were not statistically significant
(p > 0.05) [34,36].

Finally, Sun et al. and Wu et al. showed that the surgeons’ experience levels did not
influence implant placement accuracy with dCAS [37,38].

All cited studies revealed partially lower linear and angular deviations than the
present study, but such results should be interpreted with more caution because the data
concerning the accuracy of dCAS are obtained during in vitro trainings (i.e., using artificial
models), which can lead to higher accuracy in comparison to real clinical scenarios, such as
fresh defrozen cephalus [9,25,39,40].

In addition, a direct comparison with the pre-clinical scenario with respect to the type
of implant placement (i.e., flapless vs. open surgery) might be an important confounding
factor requiring further investigation.

Although the dynamic navigation system offers excellent accuracy, its application
is limited in clinical practice mainly because of the required learning curve, the risk of
inaccurate implant placement, as mentioned above, due to system error, and the high cost
of the device. It represents a large economic investment for oral surgeons, which includes
the cost per single case of fiducial clips, markers, and plates [25,36,41,42].

Despite the limitations, the present results can be considered promising positive
preliminary results acting as a starting point for future clinical research with a larger
sample size. Moreover, an important aspect that should be investigated is a bivariate
analysis considering the implant planning (i.e., the gold-standard) and each operator’s
effective implant placement.

5. Conclusions

Within the limitations of this study in terms of sample size and clinical parameters
evaluated (such as bone density), the present findings suggest that dynamic computer-
assisted surgical implant placement systems could be a viable and safe technique for
implant surgery by any operator, independently of surgical experience.

Based on the obtained results, this system might offer additional clinical benefits to an
unexperienced operator, despite the required learning curve and the cost originated by the
initial investment.
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Abstract: Background/Objectives: The purpose of this in vitro study was to evaluate and compare
the internal adaptation and cement film thickness of cast-gold custom post and core (CPC), three-
dimensionally (3D)-printed titanium (Ti) CPC, and milled Ti CPC. Methods: Forty-eight 3D printed
resin models, simulating a tooth prepared to receive a CPC, were fabricated. Models were randomly
assigned to one of three groups (n = 16 per group): (A) cast-gold CPC (control group), (B) 3D-printed
Ti CPC, and (C) milled Ti CPC. Following the manufacturing of CPCs, each CPC was cemented using
dual-cure polymerizing resin cement. Then, each model/post-and-core assembly was sectioned at
the coronal, middle, and apical thirds of the post at a specific point. Each section was photographed
using a microscope in a standardized setting (25×). The pixel count for cement surface area was
calculated for each image using Adobe Photoshop software. Descriptive statistics of the mean and
standard deviation of the cement film thickness around posts were calculated. Kruskal–Wallis and
Dwass–Steel–Critchlow–Fligner tests were used for statistical analysis, with a significance level of
α = 0.05. Results: Pairwise comparisons in the coronal section revealed a statistically significant
difference (p < 0.05) between groups A and B and groups B and C. In the middle section, there was
a statistically significant difference (p < 0.05) between groups A and B only. In the apical section,
there was a statistically significant difference (p < 0.05) between all groups. Conclusions: Within
the limitation of the present study, neither 3D printed nor milled Ti CPC could achieve comparable
cement film thickness to cast-gold CPC in all three sections. Cast-gold CPC cement film thickness
was found to be more reduced and consistent, thus having superior internal adaptation to 3D-printed
and milled Ti CPCs.

Keywords: post and core; adaptation; CAD/CAM; 3D printing; milling

1. Introduction

Multiple factors have been associated with the success of post and core when restoring
endodontically treated teeth. These factors include the amount of remaining tooth structure
(structural integrity), the composition of the post material, the modulus of elasticity of
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the post alloy, post diameter, cement layer thickness, and the length of the post [1–4].
Cast-gold custom post and core (CPC) has been considered the “gold standard” in CPC
restorations due to its superior long-term success rate [5–7]. However, due to higher
fabrication costs, to reduce chair time, and to simplify the restorative procedure, alternative
treatment modalities to CPC have been developed. This has resulted in the use of less
expensive metal alloys, prefabricated posts, and core buildups with either amalgam or
composite resin materials [3–6,8].

With the advancement of computer-aided design and computer-aided manufacturing
(CAD/CAM) technology, potential inaccuracies in the dental casting technique have been
eliminated with the introduction of milling and 3-dimensional (3D) printing [9–14]. The
application of titanium (Ti) alloy has been successful in multiple aspects of dentistry, with
very promising clinical outcomes. This has been made possible with the advancements
in CAD/CAM dental technology. The favorable mechanical and physical properties of Ti
allow for both milling and printing methods of fabrication. When comparing CAD/CAM
technologies to conventional methods, CAD/CAM technologies have been reported to
reduce manufacturing time and inter-operator errors, and improve the overall efficiency of
dental treatment. Another advantage of 3D printing is that material waste can potentially
be kept to a minimum [13,14].

The clinical success of custom posts could be significantly impacted by adaptation
and cement film thickness [15]. Cement film thickness uniformity is an essential factor
when considering stress distribution. A less than ideal adaptation of the post can lead to
an excessively thick cement layer, which is a negative factor for the long-term success of
post-and-core treatment and correlates with higher frequencies of post debonding [16,17].
A minimum and uniform cement layer indicates that the post is well adapted to the canal
space [18], thereby enhancing tooth fracture resistance [19] and reducing the risk for post
debonding [20]. A poorly adapted post could increase the risk of tooth fracture [21] and
microleakage [20], which can progress to cause marginal discoloration [22], secondary
caries [23,24], and even compromise the apical seal [25].

The objective of this study is to evaluate and compare the internal adaptation of
cast-gold CPC, 3D-printed Ti alloy CPC, and milled Ti alloy CPC. The null hypothesis was
that no difference between cast-gold CPC, 3D-printed Ti alloy CPC, and milled Ti alloy
CPC in regard to internal adaptation and cement film thickness will be found.

2. Materials and Methods

For the purpose of standardization in this study, a digital light processing (DLP) 3D
printer (NextDent 5100; NextDent, Soesterberg, The Netherlands) was used to print 48 resin
models. These models were made to simulate a tooth that was prepared to receive a CPC.
Each tooth model was 36 mm in height, with post space occupying the coronal 8 mm,
with a taper of 6 degrees, while maintaining a ferrule of 2 mm in height and 1 mm in
width circumferentially (Figure 1). An impression was made for each model using a light
body polyvinyl siloxane (PVS) impression material (Examix, GC America Inc., Alsip, IL,
USA). PVS impression material was mixed and injected into the post space. To ensure an
accurate impression of the post space, a plastic Para-post system pattern (ParaPost XP;
Coltene/Whaledent Inc., Cuyahoga Falls, OH, USA) was inserted, followed by a sectional
impression tray that was loaded with the heavy-body PVS material (Examix, GC America
Inc., Alsip, IL, USA). The sectional tray was painted with tray adhesive material (VPS Tray
Adhesive; 3M ESPE, St. Paul, MN, USA) prior to injecting the heavy-body PVS, and was
left to dry for 7 min. Models were randomly assigned to one of three groups: (A) cast-gold
CPC, which served as the control group, (B) 3D-printed titanium CPC, and (C) milled
titanium CPC.
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Figure 1. The standardized resin model design and dimensions, which simulate a tooth prepared to
receive a CPC.

For group A, the cast-gold CPC group, impressions were poured in type V dental
stone (Die-Keen; Whip Mix Corp, KY, USA). Cast-gold CPCs were then fabricated using
pattern resin (GC Pattern Resin; GC America Inc., Alsip, IL, USA). Following post space
lubrication using petroleum jelly (Vaseline, Uniliver, NJ, USA), the plastic Para-post system
pattern (ParaPost XP; Coltene/Whaledent Inc., Cuyahoga Falls, OH, USA) was layered
with pattern resin, and an impression of the post space was captured. The core was built
with the same material. The prepared patterns for the cast-gold CPCs were then invested
in suitable investment material (Beauty-Cast; Whip Mix, Louisville, KY, USA) without a
ring liner and cast in Type-III gold alloy (Jensen Dental, North Haven, CT, USA).

For group B, the 3D-printed titanium alloy CPC group, impressions were scanned
(3Shape D900L; 3Shape, Copenhagen, Denmark) and the obtained standard tessellation
language (STL) files were used for designing and generating CAM files (Dental System;
3Shape, Copenhagen, Denmark) for printing the titanium (Ti-6Al-4V alloy) CPCs through
direct metal laser sintering (DMLS) technology (Renovis Surgical Technologies, Redlands,
CA, USA). The same technique for fabricating group B was used to fabricate group C, the
milled titanium alloy (Ti-6Al-4V alloy) CPCs, except that the generated STL files were sent
out for milling the titanium CPCs (Core3dcentres, Las Vegas, NV, USA) (Figures 2 and 3).

Figure 2. Schematic diagram of study material and methods.
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(A) (B) (C) 

Figure 3. A representative sample of group (A): cast-gold CPC; group (B): 3D-printed Ti alloy CPC;
and group (C): milled Ti alloy CPC, respectively.

All CPCs were evaluated visually and by using a dental explorer along the margin for
full seating. Aerosol indicator spray (Occlude; Pascal Company Inc., Bellevue, WA, USA)
was used to check for premature contacts that prevented the complete seating of the post,
and adjustments were made using a fine diamond bur under copious water irrigation. Each
adjustment was made as a single uniform stroke over the high spot, and it was repeated
until the indicator spray mark appeared homogenous with the other parts of the post. The
number of adjustments needed to achieve complete seating was recorded for each group.

Before cementation, airborne particle abrasion was performed using 250 μm Al2O3
(Renfert, St. Charles, IL, USA) particles under a pressure of 0.4 MPa, which was followed
by cleaning using 70% ethanol. Cementation was completed using dual-cure polymerizing
resin cement (Relyx Unicem; 3M ESPE, St. Paul, MN, USA). Cement mixing was achieved
following manufacturer instructions (3M ESPE, St. Paul, MN, USA). All posts were coated
with the cement. Cement was also extruded into the canal space by using a syringe with a
0.36 mm capillary tip (Ultradent Products Inc., South Jordan, UT, USA). Posts were then
introduced gently into the canals with a gentle rocking motion to decrease hydrostatic
pressure and to ensure complete seating. Once complete seating had been achieved, firm
finger pressure was applied by one operator (AA). Excess cement was cleaned around the
margin, and light polymerization was performed with a light-emitting diode (LED) light
(VALO; Ultradent Products Inc., South Jordan, UT, USA) for 20 s on each surface.

Then, 24 h following cementation, all models were sectioned at 3 specific levels
representing coronal, middle, and apical thirds of the post. To ensure consistency in
sectioning, all models were mounted in the same position and sectioned with a low-speed
saw machine (Techcut 4; Allied high tech products Inc., Compton, CA, USA) using 0.3 mm
thickness diamond saw blades (Covington engineering, Meridian, ID, USA). A total of
5 diamond saw blades were used for sectioning. Each blade was used for sectioning
9 samples, 3 from each group, in an ordered fashion in which a different group was
sectioned with each new blade. Sections were created horizontally under water cooling at
levels of 1, 4, and 7 mm from the resin model margin, dividing the resin model/post-and-
core assembly into 4 sections, of which the middle 2 sections were of the same separation
dimension of 3 mm. The first of the two sectioned resin model/post assembly was used for
measurements of the coronal and middle sections, and the second for the apical section
measurements (Figure 4). Blue dye (2% methylene blue, Polysciences, Inc., Warrington, PA,
USA) was used to stain the sectioned model/post-and-core assembly for 1 min, and then
each was dried carefully with absorbent paper.

111



Prosthesis 2024, 6

Figure 4. A scheme representing the resin model/post-and-core assembly and sectioning levels.

A light microscope (SteREO; ZEISS, Oberkochen, Germany) was used at 2.5× objective
magnification and 10× eyepiece magnification, and images of these sections were captured
using a digital single-lens reflex (DSLR) camera (EOS Rebel T6s; Canon, Tokyo, Japan).
To ensure standardization, all microscope and camera settings were fixed. A stand was
designed, 3D-printed (Form2, Formlabs Inc., Somerville, MA, USA) and then fixated on
the microscope platform to ensure all sections were placed in the same position on the
microscope platform and to keep the microscope settings the same throughout all sample
measurements.

Measurements on the images of the cement surface area were made by a blinded
examiner (SB) using image editing software (Photoshop; Adobe Systems Ltd., San Jose,
CA, USA) by using the “pen tool” and “make path” options (Figures 5 and 6). The total
surface area was marked, and the number of pixels recorded from the histogram option for
each section. Descriptive statistics of the mean and standard deviation of the cement film
thickness around posts, represented in pixel count, were calculated.

 

Figure 5. A representative sample of group B obtained using a light microscope at 2.5× objective
magnification and 10× eyepiece magnification. The cement surface area was marked using image
editing software (Photoshop; Adobe Systems Ltd., San Jose, CA, USA).
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Figure 6. Microscopic images of the coronal section of representative samples of cast-gold CPC,
3D-printed Ti alloy CPC, and milled Ti alloy CPC, respectively, highlighting the cement space.

Statistical analysis was performed using Jamovi [26] and R Core [27] software. A
Kruskal–Wallis test was used to compare the three groups. The Dwass–Steel–Critchlow–
Fligner method was used for pairwise comparison. All tests were performed with a
significance level of α = 0.05.

3. Results

To achieve full CPC seating prior to cementation, group C required the greatest number
of adjustments, ranging from 2 to 14 times. Group A adjustments ranged from nought
to five times, and group B adjustments ranged from nought to three times. The mean
and standard deviation values for CPC adaptation in each group for each section were
calculated (Table 1). The Kruskal–Wallis test revealed a statistically significant difference
among all groups in the coronal (χ2 33.1, df 2, p < 0.001, ε2 0.705), middle (χ2 16.2, df 2,
p < 0.001, ε2 0.345), and apical (χ2 35.4, df 2, p < 0.001, ε2 0.753) sections.

Table 1. Means ± standard deviations of pixel count for all groups.

Groups Group A * Group B # Group C ˆ

Coronal 10,451 ± 4701 a 26,044 ± 4464 13,992 ± 4344 a

Middle 11,412 ± 8164 30,458 ± 21,955 b 23,337 ± 8860 b

Apical 17,737 ± 6391 51,106 ± 5949 31,193 ± 9609
Data within rows followed by the same superscript letter are not significantly different (p > 0.05). * Group A:
cast-gold custom post and core (CPC); # group B: 3D-printed Ti alloy CPC; ˆ group C: milled Ti alloy CPC.

For the coronal section, pairwise comparisons revealed a statistically significant dif-
ference (p < 0.001) between groups A and B. Also, there was a statistically significant
difference (p < 0.001) between groups B and C. No statistically significant differences were
found (p = 0.113) between groups A and C (Table 1). For the middle sections, pairwise com-
parisons revealed statistically significant differences between groups A and B (p < 0.001)
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and groups A and C (p = 0.006). There was no statistically significant difference (p > 0.05)
between groups B and C (Table 1). For the apical section, pairwise comparisons revealed
statistically significant differences (p < 0.001) among all groups (Table 1).

4. Discussion

Based on the findings of the present study, the null hypothesis was rejected. Neither
3D-printed nor milled Ti CPC could achieve comparable cement film thickness to cast-gold
CPC in all three sections. Most in vitro post-and-core studies have used extracted teeth for
the testing of examined variables, such as adaptation, retention, and fracture resistance [2–6].
However, to eliminate the added anatomical variations between extracted teeth, 3D-printed
resin models were used in this study. This was possible through advancements in additive
manufacturing and CAD/CAM technology capable of producing accurate and reliable
models for dental workflow [28,29].

Other studies have used pixel counts for the calculation and comparison of surface
areas of shapes with irregular configurations [30,31]. This method can produce accurate
results under two conditions: first, the camera position and setting must be standardized;
second, all samples must be positioned at a standardized location and distance from the
camera. These conditions were uniformly applied in the present study.

For restoring endodontically treated teeth, CPC offers superior adaptation and fit [32],
improved resistance to rotational forces [33], and higher success rates [5,6] when com-
pared to prefabricated posts. Cast-gold CPC has been proven to have long-term success
rates [5–7], high fracture resistance [34], high corrosion and tarnish resistance, biocompati-
bility [35], and casting predictability [36]. Hence, cast-gold CPC is still considered the “gold
standard” for restoring endodontically treated teeth [5,6,36], and was chosen to serve as the
control group in the current study. However, like any restorative material, cast-gold CPC
has some disadvantages that might influence clinicians to seek alternative materials. These
disadvantages include higher cost, increased fabrication time, limitations with translucent
higher esthetic restorations, and unfavorable failure patterns [32].

When used as a restorative material for endodontically treated teeth, titanium has the
following advantages: high corrosion resistance, very low allergenic potential, low toxicity,
and high biocompatibility. All of these will eventually result in a favorable biological
response [37,38]. Also, the modulus of elasticity of CPC manufactured from Ti alloys is
lower than predominantly base metal alloys and zirconia CPC [35]. This can result in
superior fracture resistance and a more favorable failure pattern for teeth restored with
milled Ti alloy or 3D-printed CPC. Furthermore, titanium’s color can be altered through
anodization, which could be advantageous in esthetic situations [39].

The American Society for Testing and Materials (ASTM) [40] classifies commercially
pure titanium (CP Ti) into four grades based on the concentration of impurities. Of these,
grade I is the purest and grade IV is the least pure. As CP Ti impurity concentration in-
creases, its mechanical properties will improve. However, due to its overall low mechanical
properties, CP Ti bio-medical utilization is limited to situations where high strength is not
required. Ti alloys were developed to overcome CP Ti mechanical properties and maintain
their favorable biological response. Ti-6Al-4V alloy is the most widely used Ti alloy for
medical and dental applications due to its superior mechanical properties and long-term
success, and therefore it was used in the current study [35,41].

Results from this study showed that the mean for cement film thickness around cast-
gold CPC was less than that of the other two groups. Also, the standard deviation was more
uniform, which indicates the reproducibility of the cement film thickness between cast-gold
CPC samples in all sections. When compared to 3D-printed Ti CPC, cast-gold CPC had
significantly lower cement film thickness (p < 0.05), and therefore superior adaptation in
all three sections examined. When compared to milled Ti CPC, cast-gold CPC showed
significantly lower cement film thickness in the apical and middle sections (p < 0.05), but
there was no significant difference in the coronal section (p > 0.05). However, the authors
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suggest interpreting this finding with caution due to the fact that milled Ti CPCs needed
more adjustments to achieve full seating.

Milled Ti CPC had significantly lower cement film thickness (p < 0.05) in the coronal
and apical sections than 3D-printed Ti CPC, and this can be interpreted to mean that milling
is superior to 3D printing in the manufacturing of CPC, in terms of post adaptation, but
it requires more adjustments to achieve full seating. This finding is highlighted in the
apical section measurements, where 3D-printed Ti CPC showed very consistent and large
cement film thickness results in all of its samples. This observation could offer a better
understanding of the limitations of Ti 3D printing technology with finer detail production.
In an attempt to reduce human errors and maximize the validity of this study, finishing
and polishing was not performed for the samples since these procedures could improve
the fit of CPC and influence the outcome of the study. The only necessary adjustments
to achieve full seating were completed by a single examiner to eliminate inter-examiner
variations. Among all groups, the milled Ti CPC group showed the worst initial fit for all
samples, and required considerable adjustments, ranging from 2 to 14 times, to achieve
full seating. In comparison, the cast-gold CPC group adjustment range was nought to
five times, and the 3D-printed Ti CPC group adjustment range was nought to three times,
suggesting that even though milled Ti CPC showed better results compared to 3D-printed
Ti CPC, its clinical application might be less appealing due to the extended chairside time
that will be required for necessary adjustments.

Liu et al. [42] performed a similar study comparing the internal adaptation of cobalt–
chromium (Co-Cr) posts manufactured by conventional casting, milling, and 3D printing,
and they concluded that milled and 3D-printed posts are a suitable replacement for con-
ventionally casted posts. Their findings contrast with the findings of the present study,
with the adaptation of 3D-printed and milled CPC. This might be attributed to casting
inaccuracies that could be introduced to Co-Cr alloys, which have been reported to be
greater than those of gold alloys [43]. Various studies have investigated the adaptation
of dental restorations produced through CAD/CAM technology [44–49]. However, this
is not the case for CPCs, mainly due to difficulties in evaluating the adaptation of CPC
using conventional techniques and the complexity of production of conventional CPC as
the comparison counterpart.

The limitations of this study include using one design for the resin models, the
adaptation being evaluated in three sections only, and the samples, for the purpose of stan-
dardization, being 3D-printed models and not natural teeth. Also, the control group was
fabricated through conventional methods while the experimental groups were fabricated
fully digitally, which led to the involvement of different manufacturers to fabricate the
samples. The authors recommend additional studies evaluating the adaptation of CPC
using emerging technologies, micro-CT for instance, that could produce more accurate
results. Furthermore, the authors recommend more comprehensive comparative research
about the new available materials for prefabrication and CPC and the correlations between
retention, fracture resistance, and adaptation. Finally, the authors suggest the utilization of
a single facility to produce the examined materials, since this will allow for better control
and provide reliable future study outcomes.

5. Conclusions

Within the limitations of the present study, gold-cast CPC showed a more consistent
and reduced cement film thickness and, hence, superior internal adaptation, compared
to 3D-printed and milled Ti CPC. Among all groups, milled Ti CPC had the lowest initial
adaptation and 3D-printed Ti CPC had the lowest final adaptation. In vitro studies with
even larger sample sizes are required to confirm and correlate conclusions from this study
and to test its clinical relevance.
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Abstract: Objectives: The disinfection of fabricated prostheses is crucial to prevent cross-
infection between dental laboratories and clinics. However, there is a lack of information
about the effects of chemical disinfection on 3D-printed denture base resins. This study
aimed to evaluate the impact of different disinfectants on the flexural strength, elastic
modulus, micro-hardness, surface roughness (Ra), and change in color of 3D-printed and
conventional heat-polymerized (HP) denture base resins (DBRs). Methods: A total of
240 specimens (80 bar-shaped (64 × 10 × 3.3 mm) and 160 disk-shaped (10 × 2 mm))
were made from HP and 3D-printed DBRs. For each resin, the specimens were divided
into four groups (n = 10) according to the disinfectant solution. One remained in water
without disinfection as a control group, while the other three groups were disinfected
using 1% sodium hypochlorite, 2% glutaraldehyde, or 10% Micro 10+ for 30 min. The
flexural strength, elastic modulus, micro-hardness, Ra, and color change were measured.
The collected data were statistically analyzed using a two-way ANOVA and Tukey’s post
hoc test (α = 0.05). Results: A significant decrease in flexural strength, elastic modulus, and
hardness was found with sodium hypochlorite (p < 0.05). When comparing the resins per
solution, the 3D-printed resin showed a significant decrease in flexural strength, elastic
modulus, and hardness compared with PMMA (p < 0.001), while no change was found in
the Ra of both resins with all disinfectants (p > 0.05). Disinfecting with sodium hypochlorite
resulted in a significant increase in color change for both resins (p < 0.05); however, all the
changes were within clinically acceptable limits. Sodium hypochlorite showed the highest
color change, while 2% glutaraldehyde and 10% Micro 10+ showed no significant changes
in the tested properties (p > 0.05). Conclusions: Neither resin showed a change in surface
roughness with immersion in disinfectants. Sodium hypochlorite had an adverse effect on
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the flexural properties, hardness, and change in color of the PMMA and 3D-printed DBRs,
while the other disinfectants had no effect on the tested properties.

Keywords: 3D printing; disinfectants; mechanical testing; surface properties; denture base;
acrylic resin

1. Introduction

Edentulism, or complete tooth loss, is a very challenging condition that has a nega-
tive impact on quality of life [1]. Complete denture (CD) fabrication is the conventional
rehabilitation of edentulism and is still a feasible treatment strategy [1,2]. The material
of choice for CD fabrication is polymethylmethacrylate (PMMA), and this is attributed to
the following reasons: first, it has a lower cost compared to other options; second, it has
superior physical and mechanical properties, with an excellent esthetic appearance; and
finally, it affords better manipulation and handling for any dental technician [3]. On the
other hand, this material reveals some dimensional and color changes, with a possibility of
fracture in spite of its mechanical and physical properties; moreover, a CD, if not properly
cleaned and maintained by the patient, can cause Candidal infection or even tissue abra-
sions and irritation [4]. One major factor that could really affect the mechanical and esthetic
properties of this material is surface and subsurface voids [5]. Thus, paying attention to
and obtaining superior surface characteristics during denture fabrication can pave the way
for better esthetics and higher longevity of the denture base [2].

Digital technology has become increasingly popular in several dental specialties
in recent years. Nevertheless, the use of digital tools, materials, and computer-aided
design and computer-assisted manufacturing (CAD/CAM) in the design and production of
dental prostheses has helped to lessen the workload for dental technicians and dentists [6].
Two methods have been designed for denture fabrication: the subtractive method, in
which the denture is milled from a prefabricated resin disc, and the additive method,
in which the denture is built up by three-dimensional printing (3D printing) using fluid
resins [3]. The benefits of 3D-printed dentures include shorter production times, more
accuracy, lower costs, fewer patient visits, and greater patient comfort [7]. The primary
disadvantages of subtraction procedures are the high cost and waste of milling machines,
burs, and restorative materials, as well as the device’s restricted motion range to make
complicated forms [8].

Different types of technologies for denture fabrication have been reported, such as
stereolithography (SLA), digital light projection (DLP), and photopolymer jetting (Poly-
Jet) [9]. Among these methods, DLP is considered to be superior when compared to the
others because of its lower material consumption, faster speed, and greater precision [10].
In term of the fabrication method effect, 3D-printed DBRs show comparable properties to
conventional PMMA [3], while 3D-printed DBRs show superior properties compared to
PMMA regarding accuracy, fit, and adaptability; therefore, 3D printing is recommended for
DBR fabrication [5]. According to a recent review report, printed dentures have problems
with strength, color stability, and stainability; however, these issues could be resolved
by using new materials and modifying existing technology [11]. With growing evidence
supporting the benefits of 3D printing technologies, several studies have been conducted
to assess the performance of dentures printed with different printing technologies. In
terms of strength, 3D-printed dentures show low strength but are still within the ISO
recommendations [12]; in addition, they also have poor surface properties [4,11,13]. To
obtain the benefits from additive technologies with optimum properties, controlling the
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printing factors (pre-printing, printing, and/or post-printing parameters) is suggested [14].
By modifications to these parameters, improvements in strength, surface properties, and
antimicrobial efficacy were achieved [8,14,15].

Prosthetics produced in dental laboratories are vulnerable to microbial contamination
during the manufacturing process [16]. Consequently, various contamination sources
are reported, including contact with contaminated hands, felt disks and pumice used in
the polishing process, and machines and equipment used for denture base resin (DBR)
fabrication. Additionally, the fabrication process involves several steps, most of which are
conducted in a laboratory environment with the risk of prosthesis contamination [17,18].
Other sources of contamination include when the prosthesis is returned from the dental
office for repair, relining, or rebasing after patient use [19]. According to the literature,
significant microbiological cross-contamination can occur when transferring prostheses
between dental offices and dental laboratories [18]. Therefore, less attention has been paid
to disinfecting dentures; instead, the focus should be on preventing cross-contamination
through infection-control procedures, including the barrier technique, sterilization, and
disinfection of the dental office and its equipment. A dental prosthesis provides a conduit
for organisms to be transferred from patients to laboratory and dental staff [19,20]. Dentures
must be disinfected to prevent cross-contamination and enhance cleanliness. If proper
disinfection measures are not followed, the dental office–prosthesis laboratory connection
could be a cross-infection conduit [18].

Several disinfectants have been suggested at different concentrations and durations
with variations in disinfection level [16]. However, suitable disinfection should be effective
without deteriorating the prosthesis structures and properties [21]. Among the common
disinfectants, sodium-hypochlorite- and glutaraldehyde-based disinfectants are often used
in dentistry, and aldehyde-free disinfectants are commonly used for complete microbial
elimination from disinfected prostheses [16,22–24].

Because the restorations are exposed to temperature changes and functional stress
during their clinical service, reversible elastic deformation, irreversible plastic deformation,
and fracture [9] are all possible outcomes of residual stresses created by these dynamic
changes [25]. Furthermore, a full denture’s color stability may be reduced by its surface
roughness [8]. CD discoloration may be a sign of aging and material degradation [25],
which may ultimately necessitate denture replacement [7].

Before considering 3D-printed dentures as a good substitute for traditional PMMA
dentures, their mechanical, physical, and cosmetic qualities should be carefully examined.
Therefore, the present in vitro study aimed to evaluate and compare the flexural strength,
modulus of elasticity, micro-hardness, surface roughness, and change in color of heat-
polymerized acrylic resin with that of 3D-printed resin after disinfections with various
chemical disinfectants. The null hypothesis was that the disinfectants would not affect the
tested properties of the tested DBRs.

2. Materials and Methods

2.1. Specimen Preparation

The sample size calculation revealed that n = 10 was sufficient to detect effect sizes for
the main effects and pairwise comparisons, with the power level set at 80% and 95% confi-
dence [26]. According to each test specification, specimens were fabricated with different
dimensions; for flexural properties, rectangular specimens (64 × 10 × 3.3 ± 0.2 mm), while
surface and color changes were tested using disk-shaped (10 × 2 mm) specimens.

The test specimens were designed using a software program (SolidWorks version 2024,
Dassault Systèmes SolidWorks Corp., Aix-en-Provence, France) and saved as a standard
tessellation language (STL). The STL was used to mill the specimens from milling wax
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blocks (Duo Cad; FSM Dental, Ankara, Türkiye), which were placed inside a metal flask
or (split stainless-steel mold with metal slots of required dimensions) produced to obtain
PMMA (Temdent Classic; Schütz Dental GmbH, Rosbach, Germany) specimens [27]. As
instructed by the manufacturer, the PMMA was hand-blended and packed into the mold
followed by polymerization as a conventional method.

For 3D-printed resin, an STL file was used to print 3D-printed specimens. The spec-
imens were printed vertically with 100 μm thick layers (z-direction angulated 90◦ to the
printing direction) with a digital light processing printer (D30 II, Rapid Shape, Heimsheim,
Germany) using a fluid resin (FREEPRINT denture, Detax, Ettlingen, Germany) [28]. Fol-
lowing printing, the specimens were post-cured from all sides for 20 min using ultraviolet
light (385 nm) with UV-A type 3 in a light box (type E0202; Yizhet, Shenzhen, China) and
cleaned with 99% isopropyl alcohol for 5 min as per the manufacturer’s instructions. Silicon
carbide paper grit P1200 (Paper SiC P1200; Struers GmbH, Rosbach, Germany) was then
used to grind all the manufactured specimens to their final dimensions. A digital caliper
(Digimatic Micrometer, Mitutoyo, Kanagawa, Japan) was used to validate the specimen
dimensions to the closest ±0.02 mm after they had been ground. The approved specimens
were then kept for 48 h in distilled water at 37 ◦C [29].

2.2. Specimen Disinfection Procedures

The prepared specimens (for each main group, conventional and 3D-printed resins)
were randomly divided into four groups (n = 10). One was immersed in water as a control,
while the other three groups were disinfected using 1% sodium hypochlorite, 2% glutaralde-
hyde, and 10% Micro 10+ for a specified time based on immersion protocols (Table 1).

Table 1. Immersion solutions.

Solution Composition Immersion Protocol

Glutaraldehyde
An organic compound with the formula

(CH2)3(CHO)2. The molecule consists of a five-carbon
chain doubly terminated with formyl groups.

20 min immersion in at least a 2% solution of
glutaraldehyde at room temperature.

Sodium
Hypochlorite

0.5%
Sodium hypochlorite solution, 1% active chlorine.

Solution of 5.25% sodium
hypochlorite (1:5 dilution) diluted to obtain 1%

sodium hypochlorite by adding 50 mL of sodium
hypochlorite to 200 mL of water with

iImmersion for 10 min at room temperature.

Micro 10+

Micro 10+ is an aldehyde-free concentrated solution.
A total of 100 g of Micro 10+ contains 9 g of

alkylbenzyldimethylammonium chloride, amphoteric
and non-ionic surfactants, complexant, corrosion

inhibitor, and additives.

Very economical 2% dilution.
Contact time: 15 min.

2.3. Specimen Testing

The flexure strength and elastic modulus were assessed using a three-point bending
test. A load cell with a 5 kN capacity and a 1 mm/min cross-head speed was used to
apply the load until the specimen fractured using a universal testing machine (Instron
Industrial Products, Model 3345). Stress–strain curves were generated using software
(Instron® Bluehill Lite Software, Norwood, MA, USA). The limiting stress at which failure
occurs is represented by the flexural strength (FS), calculated using Equation (1):

FS (ó) = 3F (L)/2wh2 (1)

Here, F is the maximum load at the point of fracture, L is the span, w is the width of
the sample, and h is its height. The modulus of elasticity was calculated mathematically

122



Prosthesis 2025, 7, 24

from the stress–strain curve obtained during the flexural strength test. The modulus of
elasticity (MPa) = stress/strain within the elastic portion [30].

Surface roughness (Ra) measurements were measured on the disk specimens, and a
USB digital surface profile gauge (Elcometer 224/2, Elcometer Instruments, Manchester,
England) was used to assess surface roughness. The roughness (Ra, μm) was generated as
the arithmetic mean between the peaks and valleys recorded after the profilometer needle
had scanned a span of 2 mm in length, with a cut-off of 0.25 mm, to optimize filtering and
surface undulation. Each surface was read five times, starting from three different positions
and always with the needle scanning the specimen’s geometric center. The mean roughness
of each specimen was determined as the average of the five values.

The micro-hardness (VHN) was assessed using a Vickers hardness tester (ZHU 2.5,
Zwick/Roell GmbH, Ulm, Germany). The load was applied using a Vickers indenter with
a speed of 1 mm/min at the contact point and a dwell time of 2 s at the loading point. For
each specimen, three readings at different points on the specimen surfaces were conducted,
followed by an average calculation per specimen.

For color changes (ΔEab), a reflective spectrophotometer (X-Rite, model RM200QC)
was used to measure the colors of all the disk specimens after fabrication and after treatment.
The aperture size was set at 4 mm, and the specimens were precisely positioned in relation
to the device. Measurements were made against the CIE standard illuminant D65 against a
white background using the CIE L*a*b* color space. Equation (2) was used to assess the
specimen color changes:

ΔEab = (ΔL*2 + Δa*2 + Δb*2)
1
2

(2)

Here, L* = lightness (0–100), a* = the red/green axis, and b* = the yellow/blue
axis [31]. The National Bureau of Standards (NBS) was used as a reference for the color
change comparison and calculated using the following equation: NBS = ΔEab × 0.92. A
material is deemed esthetically and clinically acceptable when NBS units fall within the
range of 3.7 NBS units. Differences exceeding 3.7 NBS units are classified as a “mismatch”
and viewed as clinically unacceptable [31–33].

The data was statistically analyzed using SPSS v28 (IBM, Armonk, NY, USA). The
Shapiro-Wilk test and histograms were used to evaluate the normal distribution of data.
Data were presented as mean and standard deviation (SD) and were analyzed using a
two-way ANOVA test (for the combined effect of disinfectant and material type) followed
by a post hoc analysis (Tukey’s) test. The significance level was set at p < 0.05.

3. Results

Table 2 summarizes the mean values, SD, and significance for the groups regarding
flexural strength, elastic modulus, hardness, and surface roughness. For PMMA, a signifi-
cant difference was found when comparing the disinfectants (p = 0.04). For the pairwise
comparison, a significant decrease in flexural strength with sodium hypochlorite (p < 0.05)
was found compared with the other solutions, while no significant difference was found
between water, glutaraldehyde, and Micro 10+ (p > 0.05). For the 3D-printed DBRs, no
significant differences were found between the tested groups (p = 0.640). When compar-
ing resins per solution, the 3D-printed resin showed a significant decrease in flexural
strength (p < 0.001), and the highest flexural strengths were recorded with water immersion
(101.3 ± 4.00 and 89.3 ± 3.22 MPa for PMMA and 3D-printed resin, respectively).

For both resins, immersion in disinfectant did not produce a significant difference
in the elastic modulus compared to water immersion (p > 0.05), except with sodium
hypochlorite, which showed a significant decrease in the elastic modulus (p < 0.05). When
comparing resin based on the immersion solution, the 3D-printed resin showed a signifi-
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cantly decreased elastic modulus compared with PMMA, and the highest elastic moduli
were reported for water immersion (2954.3 ± 93.77 and 2208.5 ± 87.27 MPa for PMMA and
3D-printed DBRs, respectively).

Table 2. Mean value and significance between groups of both resins with different disinfectants,
showing effects for flexural strength, elastic modulus, hardness, and surface roughness properties.

Tested Properties Immersion Solution

Resins
Mean ± SD

Heat-Polymerized 3D-Printed p Value

Flexural strength (MPa)

Water 101.3 ± 4.00 a 89.3 ± 3.22 a 0.000 *

Glutaraldehyde 99.4 ± 2.244 a 86.7 ± 3.76 a 0.000 *

Sodium Hypochlorite 91.5 ± 2.87 82.7 ± 1.61 0.000 *

Micro 10+ 98.1 ± 2.91 a 86.9 ± 3.17 a 0.000 *

p value 0.020 * 0.04 *

Elastic modulus (MPa)

Water 2954.3 ± 93.77 a 2208.5 ± 87.27 a 0.000 *

Glutaraldehyde 2920.8 ± 94.4 a 2182.5 ± 92.94 a 0.000 *

Sodium Hypochlorite 2514.4 ± 98.71 1975.5 ± 69.12 0.000 *

Micro 10+ 2854.6 ± 123.99 a 2105.5 ± 143.06 a 0.000 *

p value 0.032 * 0.010 *

Hardness (VHN)

Water 17.38 ± 0.35 a 16.8 ± 0.44 a 0.73

Glutaraldehyde 17.25 ± 0.33 a 16.58 ± 0.47 a 0.08

Sodium Hypochlorite 14.02 ± 0.39 13.27 ± 0.31 0.10

Micro 10+ 17.11 ± 0.25 a 16.52 ± 0.41 a 0.53

p value 0.03 * 0.04 *

Roughness (Ra, μm)

Water 0.155 ± 0.035 0.399 ± 0.029 0.000 *

Glutaraldehyde 0.159 ± 0.026 0.405 ± 0.035 0.000 *

Sodium Hypochlorite 0.167 ± 0.014 0.414 ± 0.032 0.000 *

Micro 10+ 0.160 ± 0.015 0.411 ± 0.032 0.000 *

p value 0.174 0.091

* Significant at p value < 0.05. Same small letter vertically per column indicates insignificant difference pair-
wise comparison.

For both resins, immersion in disinfectant showed no significant difference in hardness
compared to water immersion (p > 0.05), except with sodium hypochlorite, which showed
a significant decrease in hardness (p < 0.05), leading to the lowest hardnesses (14.02 ± 0.39
and 13.27 ± 0.31 VHN for PMMA and 3D-printed resin, respectively). When comparing
the resins based on the immersion solution, the 3D-printed resin showed insignificantly
low hardnesses compared with PMMA (p > 0.05).

The immersion of the PMMA and 3D-printed DBRs in disinfectant showed no signifi-
cant difference in surface roughness (p = 0.174 and p = 0.091 for PMMA and 3D-printed
DBRs, respectively). When comparing the resins based on the immersion solution, the
3D-printed resin showed a significantly increased surface roughness (p < 0.001).

Table 3 shows the mean values, SD, and significance of the color changes. Immersion
of the specimens in sodium hypochlorite significantly increased the color change compared
with glutaraldehyde and Micro 10+ (p < 0.05), with no significant difference in color change
between glutaraldehyde and Micro 10+ (p > 0.05). When comparing the resins based on the
immersion solution, no significant differences were found in the color change between the
PMMA and 3D-printed DBRs (p > 0.05). The highest NBS value (1.04) was recorded with
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sodium hypochlorite, which was lower than 3.7, revealing that all changes were within the
clinically acceptable value.

Table 3. Change in color (ΔEab) of tested resins after disinfectants.

Immersion Solutions

Resin and NBS Unit
Mean ± SD

Heat-Polymerized NBS 3D-Printed NBS p Value

Glutaraldehyde 0.61 ± 0.09 a 0.56 0.68 ± 0.10 a 0.62 0.30

Sodium Hypochlorite 1.13 ± 0.09 1.04 1.67 ± 0.06 1.53 0.09

Micro 10+ 0.71 ± 0.06 a 0.65 0.78 ± 0.09 a 0.71 0.11

p value 0.001 * 0.001 *
* p < 0.05 set as significant level. Same small letter vertically per column indicates insignificant difference pairwise
comparison. The National Bureau of Standards (NBS) values deemed esthetically and clinically acceptable when
falling within the range of 3.7, while values greater than 3.7 are classified as a mismatch (clinically unacceptable).

4. Discussion

This study was conducted to investigate the effect of chemical disinfectants on the
flexural strength, elastic modulus, hardness, surface roughness, and change in color of
3D-printed DBRs compared with PMMA DBRs. The null hypothesis was partially rejected,
as all the disinfectant solutions significantly impacted all the tested properties except
roughness, which showed no significant change.

Denture disinfection is a mandatory process to avoid cross-contamination between
dental offices and dental laboratories where the prosthesis is fabricated, adjusted, repaired,
and rebased [16,34,35]. With advanced technology for removable prosthesis fabrication, no
study has investigated the effect of the disinfection process on the properties of 3D-printed
DBRs. Thus, one 3D-printed resin was selected for investigation in the present study
compared with one conventional PMMA DBR. Two commonly used disinfectant solutions
were selected, sodium hypochlorite and glutaraldehyde, as well as one aldehyde-free
disinfectant (Micro 10+), and the three selected disinfectants have strong antimicrobial
activities [36]. An infection-control procedure designed to avoid cross-contamination
was assessed in preliminary studies [36,37]. The findings showed that 4% chlorhexidine
gluconate solutions and sodium hypochlorite solutions reduced the microbial growth on
the dentures in 10 min [36,37].

The literature reports significant fluctuation in the use of several disinfectants regarding
concentration and duration [16,20]. The most appropriate disinfectant should meet most of
the ideal agent’s criteria while retaining the prosthesis structure [21]. Sodium hypochlorite
is a commonly used disinfectant and has a wide range of activity within a short disinfectant
period [17,18]. Rodrigues et al. and Salvia et al. reported immersion in sodium hypochlorite
containing 2% active chloride for 30 min as the most efficient approach for disinfecting acrylic
resin prostheses [38,39]. Furthermore, Chau et al. [23] reported strong disinfectant activities of
1% sodium hypochlorite in removing microbes from denture surfaces. Despite its effectiveness
as a disinfectant, sodium hypochlorite has numerous disadvantages, including corrosion of
metal surfaces and irritation [22]. Glutaraldehyde-based disinfectants are frequently used
and recommended for instrument disinfection [21]. The literature describes glutaraldehyde’s
high antibacterial activity, and its efficiency varies with the exposure time [24]. However,
glutaraldehyde-based solutions should be used for an appropriate time due to the reported
toxicity with prolonged immersion [18].

Because acrylic resins are hydrophilic, they can absorb solvents and water, triggering
hydrolysis and the emergence of acrylic regions with unique optical characteristics when the
absorbed liquids diffuse into the polymer network [6,34]. DBR immersion in glutaraldehyde
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and Micro 10+ did not affect the flexural strength, while sodium hypochlorite decreased
it. This is consistent with previous studies [40,41] reporting a decrease in the flexural
strength of DBRs after immersion in 1% NaOCl. This decline is due to the sorption of the
NaOCl aqueous solution and its active chlorine content. The absorbed solution acts as a
plasticizing agent, which could be pivotal in altering the chemical structure [42]. Moreover,
the pendant monomer solubility increased due to its active chlorine, which facilitated the
increase in the leachability of the remaining monomer. This was replaced with greater
solution sorption [43], which is regarded as the key factor controlling the strength and
surface integrity of DBRs [1].

When comparing the PMMA and 3D-printed resins based on the immersion solution,
the 3D-printed resin showed low strength. This is consistent with Prpic’ et al. [3], who
reported a high flexural strength of conventional compared with 3D-printed DBRs. The
decreased strength of 3D-printed resins may be attributed to the painting method (layer-
by-layer), with apparent weak bonding between successive printed layers [3,5,14,44]. In
addition to the direction of the printed layer in relation to the direction of the load applied,
which was parallel to the layer direction when the specimen was vertically printed [14],
another reason was attributed to the degree of conversion of photo-polymerized 3D-printed
resins, as reported in a previous study, compared with conventional PMMA. As the degree
of conversion decreased, the residual monomer increased, adversely affecting the strength
of the printed object [3,5,44,45]. Additionally, the poor strength of the 3D-printed resins
after disinfectant immersion was exaggerated due to the chemical composition of the
disinfectant [46]. With immersion in solution, the resin absorbs water and the absorbed
water acts as a plasticizer, affecting the mechanical properties [14,44]. A previous study [6]
compared the water sorption of 3D-printed DBRs with conventional ones and reported an
increase in water sorption with 3D-printed DBRs. This could also explain why the flexural
strength decreased after immersion in disinfectant solution.

According to ISO-20795-1:2013 [12], a flexural strength above 65 MPa and an elastic
modulus above 2000 MPa are clinically acceptable. In this context, the elastic modulus
was found to be a measure of the resins’ rigidity or flexibility; a higher elastic modulus
denotes a more rigid material [17]. To distribute the load evenly and reduce the danger
of breakage, denture base materials should have flexibility and rigidity to withstand
stresses [27]. In this case, the flexural strength was mirrored by the resins’ elastic moduli,
with the heat-polymerized (HP) resin having a higher elastic modulus than the 3D-printed
resins. This outcome is consistent with the findings of Fouda et al. [46], who examined
the elastic modulus of HP and 3D-printed resins and found that the former had a lower
elastic modulus. With effervescent pills, the HP and 3D-printed resins’ elastic moduli
dropped; however, with NaOCl, they dropped precipitously. The water and chemical
uptake during submersion in these disinfectant solutions may explain this observation.
Comparisons with earlier research are problematic, since no studies have assessed the
impact of denture cleaners on 3D-printed resins’ elastic moduli. However, the low modulus
may be interpreted similarly to the flexural strength because both were tested under the
same load, direction, and conditions and were reported as flexural characteristics [34].

A material’s hardness is a crucial characteristic. A DBR’s surface hardness indicates
how much the pressures involved in mastication can be resisted. Although hardness is
evaluated in numerous ways, the most practical means to determine a material’s hardness
is measuring its resistance to indentation [47]. A logical definition of hardness might then
be the “resistance of a material to indentation”; thus, greater indentation indicates softer
material [47]. It has been reported that resin immersion in disinfectant solutions weakens
the secondary bond between the polymeric chains of the acrylic resins [47]. Shen et al. [35]
discovered that all the resins they tested had a soft surface after being subjected to a
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glutaraldehyde alkaline disinfection solution with a phenolic buffer for at least 2 h. In a
subsequent study [48], a surprising change in hardness was discovered after immersing
specimens in glutaraldehyde for 7 days. Ma et al. [49] discovered that a phenolic-based
disinfectant induced surface weakening of resins after 30 min of immersion.

The hardnesses of both resins were significantly decreased during immersion in
sodium hypochlorite. In addition to the effect of disinfectants on the surface, the absorbed
fluid with effective components penetrated the polymeric chains, altering the bonding and
acting as a plasticizer, affecting the mechanical properties of resins and material deforma-
tion under mechanical testing [1,26,41]. The negative effect of sodium hypochlorite on both
denture resins is consistent with previous studies [26,41,50] reporting a significant decrease
in the hardness of 3D-printed and heat-polymerized resins after immersion in sodium
hypochlorite. This is consistent with Asad et al. [48], who discovered a decrease in hard-
ness. During the polymerization step, various amounts of residual monomer persist in the
acrylic resin [51] and may function as a plasticizer, reducing the mechanical characteristics
of polymerized resins [52–54]. Simultaneously, acrylic resins absorb water molecules [52,55].
Likewise, the remaining monomer can progressively leak into storage solutions, reducing
the hardness of acrylic resins [23,53] that additionally serve as plasticizers, diminishing the
mechanical strength of DBRs [56]. Von Fraunhofer and Suchatlampong [57] investigated
the indentation resistance of denture base polymers and discovered that storage in water
caused mellowing of the surface in heat-polymerized acrylic resins.

Regarding roughness analysis after immersion in solutions, the current study showed
no significant difference in surface roughness between the tested specimens compared
to the control group. This is consistent with a review [58] of the effect of disinfectants
on the roughness of DBRs, and most of the reviewed studies reported the same findings
with different disinfectant solutions. Moreover, Fotovat et al. [34] found that disinfectants
produced no change in the surface roughness of 3D-printed resins. Shen et al. [35] found
that glutaraldehyde-based disinfectants caused no apparent surface alteration with the
standard alkaline formulation.

The present study found statistically significant differences in surface roughness be-
tween the heat-polymerized and 3D-printed acrylic for all disinfection methods. The
increased roughness of the 3D-printed resins may be attributed to the orientation of the
printed layers producing a stepwise effect, being perpendicular to the profilometer scan.
With thermal cycling, the temperature accelerated water sorption and increased water
absorption. The absorbed water moved the layers apart, impacting the surface irregular-
ity [15,44,59]. The type and curing method of acrylic resin have been consistently reported
to significantly influence surface changes after chemical disinfection because component
elution may directly impact Ra [58]. Photo-polymerized resins produce more elution than
heat-polymerized resins. Heat-polymerized materials have higher monomer-to-polymer
conversion rates and a lower residual monomer content [60,61]. The clinical threshold
for microbial adhesion is 0.2 μm, and microbial adhesion increased above this thresh-
old [44,62]. The PMMA values were less than the clinical threshold, while all 3D-printed
DBRs exceeded this value.

Fotovat et al. compared conventional and 3D-printed resins after immersion in dif-
ferent disinfectants and reported a significant difference in color change between resins.
They attributed that change to the difference in composition (filler contents) and printing
technologies (layer-by-layer) [63]. Within the category of 3D-printed resins, this component
may be pivotal in the observed rise in color change [34]. This finding is consistent with
our finding that no significant difference existed between the resins based on disinfectant
immersion. This difference in variation could be due to the immersion time and color
calculation method, as well as the resin materials used. The change in color of both resins
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was significantly altered with immersion in sodium hypochlorite compared to glutaralde-
hyde and Micro 10+. The color change with sodium hypochlorite was consistent with
Carvalho et al. [64] and Rocha et al. [25], who found a significant increase in the change in
color of PMMA after immersion in sodium hypochlorite. This was consistent with previous
studies [19,50,65] confirming the pronounced color change with sodium hypochlorite over
other disinfectants. The color changes were attributed to disinfectant solvents permeating
the polymer network, expanding the intermolecular spaces. Subsequently, this process
resulted in exchanges of internal and external pigments, alterations in the polymer ma-
trix, and the chemical degradation and dissolution of their compounds, leading to color
changes [30,63,65]. A previous study [66] reported that sodium hypochlorite exhibited
whitening of resins through the oxidation of resin surfaces, consistent with the finding
of the present study. Conversely, another study [67] disagreed with the present study,
finding that the color steadiness of DBRs was enhanced following immersion in 2% alkaline
glutaraldehyde as well as 0.5% sodium hypochlorite solution. These variations in results
are attributed to differences in material type and immersion time.

Despite the color changes with sodium hypochlorite, all changes fell within the clini-
cally acceptable value for color changes based on the NBS value. Regarding the thresholds
established in the study by Fotovat et al. [34], the color change observed in all three
groups was deemed clinically acceptable. This may be due to the immersion time com-
pared to other studies reporting noticeable color changes after immersion for a prolonged
time [26,34,68]. Finally, the conventional denture bases outperformed the 3D-printed bases
in color stability. Specifically, sodium hypochlorite caused substantially more color change
than the other disinfectants. Among all groups, the conventional DBR samples immersed
in glutaraldehyde and Micro 10+ showed the least color change.

Regarding disinfectant solutions, regardless of material type, sodium hypochlorite
adversely affected the tested properties. Although sodium hypochlorite showed a strong
antimicrobial effect, other disinfectants could be recommended as alternatives, as these
showed antimicrobial effectiveness without adverse effects on the strength, surface, and
color properties. Regarding resin type, although PMMA showed superior performances
to the 3D-printed DBRs, all values were within the clinically acceptable range except
the roughness of the 3D-printed resins, which exceeded the clinical threshold. Clinically,
glutaraldehyde and Micro 10+ could be recommended as disinfectants in dental laboratories
and dental offices to control infections and overcome cross-contamination.

The use of bar- and disk-shaped specimens rather than a denture configuration and
the duration of immersion for each disinfectant solution are the two limitations of this study.
Other limitations are this study’s in vitro nature, the restriction to specimens fabricated
in the laboratory, and the absence of aged specimens returned to the laboratory for repair
or modification after patient use for a prolonged time. Therefore, different disinfectant
effects on a real denture base with different immersion times should be investigated in
future studies. Additionally, aging specimens using thermal cycling in chewing simulators
representing the specimens’ return from the clinic to the laboratory for repair or adjustment
are required in future investigations.

5. Conclusions

The disinfectant type affects the properties of DBRs. Sodium hypochlorite has adverse
effects on the flexural strength, elastic modulus, hardness, and change in color of PMMA
and 3D-printed DBRs. Conversely, other disinfectants do not affect the tested properties.
Based on the findings of the present study, glutaraldehyde and Micro 10+ could be recom-
mended for DBR disinfection to overcome cross-contamination between dental laboratories
and dental offices.
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Abstract: Introduction: Mandibular complete dentures often pose challenges due to
anatomical and functional limitations. Impression techniques, including functional, mu-
costatic, compressive, selective pressure, and neutral zone methods, play a crucial role in
achieving stability and retention. In 1999, Abe introduced the Suction Effective Mandibular
Complete Denture (SEMCD) technique, revolutionizing mandibular denture retention by
incorporating functional extensions and achieving a peripheral seal even in the presence
of mobile soft tissues. Case report: An 87-year-old male presented to a private dental
clinic with the chief complaint that his current lower complete denture lacked retention
and stability. Intraoral examination revealed a severely resorbed mandibular edentulous
ridge with movable retromolar pads and a prominent spongy lingual area. This case report
describes the integration of Abe’s concepts into a digital workflow, using a single-step
intraoral scanning technique and digital design software to fabricate a mandibular denture
with enhanced retention and stability. Conclusions: This approach minimizes the number
of clinical steps involved, improves patient comfort, and achieves predictable outcomes,
highlighting the utility of digital technologies in modern prosthodontics.

Keywords: digital denture; suction denture; complete dentures; intraoral scans

1. Introduction

Achieving acceptable stability and retention with mandibular complete dentures
presents significant challenges. Specific issues such as high tongue mobility, insufficient
residual ridge height, movable retromolar pads, and anatomical structures that change
size when the patient opens or closes their mouth complicate the use of mandibular
dentures [1,2].

Definitive impressions for complete dentures play a crucial role in treatment success
and can be classified into techniques such as neutral zone, mucostatic, mucocompressive,
selective pressure, and functional. Among these, functional techniques aim to capture the
dynamic relationship between soft tissues and the denture base, enhancing retention and
stability during function [3–5].

In 1999, Abe introduced an innovative functional impression technique and new
concepts regarding the correct extension of the prosthesis that revolutionized denture
fitting by ensuring a peripheral seal even with mobile soft tissues at the denture’s base.
This method, known for its high predictability, enabled mandibular dentures to restore
function and masticatory capacity, significantly improving patients’ quality of life, all
without requiring surgical procedures [6].

Advancements in technology have significantly transformed the fabrication of com-
plete dentures, offering more efficient and precise methods than traditional approaches. The

Prosthesis 2025, 7, 29 https://doi.org/10.3390/prosthesis7020029
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integration of computer-aided design (CAD) and computer-aided manufacturing (CAM)
has enabled the creation of digital complete dentures with a high degree of accuracy and
repeatability [7]. The use of intraoral scanners (IOS) has significantly improved the patient
experience by eliminating the need for physical impressions, which can be uncomfortable
and less accurate [8].

The purpose of this report is to describe a technique for fabricating mandibular
dentures with increased retention, utilizing a single-step scanning technique combined
with Abe’s concepts for both the intraoral scanning process and the design of the prosthesis
extension.

2. Materials and Methods

An 87-year-old male presented to a private dental clinic with the chief complaint
that his current lower complete denture, which he had worn for approximately two years,
lacked retention and stability, making it difficult for him to eat and speak. The patient’s
medical history was non-contributory, with no contraindications for dental treatment.

Intraoral examination revealed a severely resorbed mandibular edentulous ridge with
movable retromolar pads and a prominent spongy lingual area (Figure 1). The existing
denture exhibited excessive movement of the mandibular base during functional activities,
with teeth positioned in suboptimal locations.

Figure 1. Intraoral view of the edentulous mandible.

The patient was presented with several treatment options, including implant overden-
tures, implant-supported fixed prostheses, and new complete dentures. However, he opted
for a new mandibular complete denture, emphasizing his preference for a design closely
resembling his current prosthesis and expressing his intention to use it temporarily while
deciding whether to pursue implant treatment at a later date.

During the first appointment, an intraoral scanner (Aoralscan 3, Shining 3D,
Hangzhou, China) was used to scan the patient’s existing dentures in occlusion. Although
the dentures lacked adequate stability, they provided a reference for the patient’s vertical
dimension of occlusion. This process not only facilitated the capture of the antagonist
but also preserved the vertical dimension, eliminating the need for an additional appoint-
ment. In cases where the patient does not have existing dentures, it would be necessary to
schedule an extra visit to design and print bases with wax rims to obtain an occlusal record.

To perform the mandibular scan, an intraoral retractor for edentulous arches (Lo Russo
Retractors, Vallesaccarda, Italy) was employed (Figure 2). The patient was instructed to
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keep their mandible slightly closed, in a resting position, while the scan was performed
following a specific strategy: starting posteriorly and proceeding along the occlusal aspect
of the ridge to the opposite side, subsequently returning along the palatal or lingual aspect,
and finally scanning the buccal aspect (Figure 3).

Figure 2. Intraoral retractor used for scanning edentulous arches.

Figure 3. Intraoral scan of the edentulous mandible.

Once the mandibular scan was completed, the scanner software automatically aligned
the scan with the reference of the patient’s existing dentures due to similarities in their
surface geometry. If automatic alignment is not feasible because the existing denture lacks
sufficient extension, it may be necessary to reline the denture using an impression material
or a relining material. This adjustment enables proper matching, which can be performed
through various methods, either directly in the scanner software or later in the design
software. The scan files were subsequently exported to design software (DentalCAD 3.2
Elefsina, Exocad GmbH, Darmstadt, Germany) to create the prosthesis.

For this design, the outline was carefully extended to fully cover the retromolar pad,
avoid interference with Someya’s sinew string, reach the deepest point of the buccal shelf,
relieve pressure on the buccal frenum, and extend two millimeters beyond the mylohyoid
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ridge. The teeth were positioned based on the patient’s request, using the previous denture
as a reference (Figure 4).

  
(a) (b) 

Figure 4. Digital design of the denture: (a) extension of the denture covering the entirety of the
retromolar papilla, avoiding Someya’s sinew string, extending to the deepest point of the buccal shelf,
relieving the buccal frenum, and extending two millimeters beyond the mylohyoid ridge; (b) final
design of the denture.

The final denture base was printed using pink base resin (Denture Base Resin, Form-
labs, Somerville, MA, USA), and the teeth were printed with denture teeth resin (Denture
Teeth Resin A2, Formlabs, Somerville, MA, USA). The prosthesis was then assembled,
finished, and polished (Figure 5).

  
(a) (b) 

Figure 5. The 3D-printed mandibular denture: (a) intaglio surface of the denture and (b) frontal view
of the denture.

At the second appointment, the patient received the final denture, which fit well and
restored his masticatory function. He reported satisfaction with the comfort, stability, and
esthetics of the new denture (Figure 6). He was instructed to attend regular follow-up
appointments to monitor and maintain the functionality and comfort of the prosthesis. At
the first follow-up visit, a minor adjustment was made to a small area of the denture’s
intaglio surface to alleviate slight pressure. During follow-up appointments at one and
four months, the patient reported high satisfaction with both function and esthetics.
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Figure 6. Intraoral view of the mandibular complete denture.

3. Discussion

The advent of digital technologies in dentistry has significantly transformed the fabri-
cation of complete dentures, introducing more efficient and precise methods compared to
traditional techniques [9]. Conventional impression methods have long been considered
the gold standard for obtaining accurate anatomical records; however, they present limita-
tions such as patient discomfort, potential for tissue distortion, and challenges in capturing
dynamic anatomical structures, especially in the mandibular arch [10].

IOS have emerged as valuable alternatives, offering efficient and reproducible means
of capturing oral anatomy while enhancing patient comfort. Studies have demonstrated
that digital scans obtained via IOS can capture fine anatomical details without the distortion
associated with conventional impression materials, a critical factor for achieving optimal
fit in mandibular complete dentures, particularly in patients with compromised residual
ridges or mobile soft tissues [11].

Despite these advantages, achieving an effective peripheral seal—a crucial element
for the retention and stability of complete dentures—remains a challenge with digital
impressions. The development of refined scanning protocols and techniques has addressed
many of these obstacles, improving clinical predictability [12]. Utilizing IOS as a primary
record before definitive impressions allows for precise planning and iterative adjustments
of prosthetic designs, reducing clinical time and the number of appointments required [13].
The implementation of specific scanning strategies is essential to ensure accurate and
functional digital impressions [14–17]. Techniques such as employing intraoral retractors
to stabilize soft tissues and systematically capturing critical anatomical landmarks—such
as the retromolar pad and buccal shelf—have enhanced the quality and clinical utility of
digital records [18].

Jiro Abe’s Suction Effective Mandibular Complete Denture (SEMCD) technique revo-
lutionized the concept of achieving a peripheral seal in mandibular dentures by accounting
for the dynamic nature of soft tissues. The key concepts of SEMCD involve capturing tissue
dynamics by recognizing the dimensional changes in the retromolar area when the mouth
opens or closes. Abe emphasized taking impressions with the mouth closed to ensure that
the prosthesis aligns accurately with the tissues during function, as impressions taken with
the mouth open can lead to discrepancies between the prosthesis and posterior tissues,
compromising the peripheral seal and suction effectiveness. Additionally, extending the
denture 2 to 3 mm beyond the mylohyoid ridge increases stability during functional move-
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ments by engaging additional tissue support. Relieving pressure in the area of Someya’s
sinew string—a tendinous structure located in the floor of the mouth near the retromolar
pad—is crucial. This anatomical feature plays a key role in regulating the movement of the
buccal mucosa and maintaining the posterior seal of the oral vestibule [19]. It appears as a
sinew-like band of connective tissue that stabilizes the mucosal tissues during functional
movements, such as mastication. Failure to account for this structure during prosthesis
design can cause discomfort, impair tissue function, and lead to prosthesis dislodgement
during mastication, compromising patient comfort and prosthetic stability (Figure 7).

 

Figure 7. Intraoral view of Someya’s sinew string on the right side of the mandibular arch.

In the present case, Abe’s SEMCD principles were integrated into a digital workflow
by considering three key elements: the use of an intraoral retractor to scan edentulous
arches, performing the scan with the mandible in a proper resting position, and ensuring
the ideal extension of the prosthesis. The intraoral retractor provided optimal soft tissue
stabilization and visibility, enabling accurate execution of the scanning strategy. By per-
forming the intraoral scan with the patient maintaining a mandibular resting position, the
functional dimensions of the soft tissues were captured, improving the accuracy of the
digital impression (Figure 8). Additionally, the digital prosthesis design was extended
beyond the mylohyoid ridge, and pressure was relieved in the area of Someya’s sinew
string, replicating the functional extensions described by Abe and optimizing the stability
and retention of the final denture [20].

(a) (b) 

Figure 8. Difference in scans of the retromolar area with the patient’s mouth open and closed: (a) scan
of the retromolar area with the mouth closed and (b) scan of the retromolar area with the mouth open.
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Retention is a critical factor in the success of mandibular dentures. Studies comparing
the force required to dislodge mandibular overdentures have shown that ball attachments
require approximately 0.655 kg, implant bar attachments require 1.677 kg, and magnet
attachments require 0.370 kg for removal [21]. In this case, dental floss and a dynamometer
(Digital Force Gauge, Mxmoonfree, Hangzhou, China) were used to measure the retention
of the denture. The dental floss was tied to the prosthesis, which was then inserted into
the patient’s mouth. The patient was in-structed to swallow to ensure proper seating of
the denture. Afterward, the hook of the dynamometer was attached to the dental floss,
and the patient was asked to open their mouth. Once the mouth was open, a vertical
force was applied to measure the amount of force required to dislodge the prosthesis. The
digitally fabricated mandibular complete denture required 0.31 kg of force for dislodgement
(Figure 9). Although the retention force achieved is slightly lower than that of some
attachment systems, this approach offers a viable treatment option for edentulous patients.

 
Figure 9. Maximum force required to remove the prosthesis using a dynamometer.

Incorporating SEMCD concepts into a digital workflow is both feasible and beneficial.
The digital replication of functional extensions allows for high precision in prosthesis
fabrication, potentially leading to improved clinical outcomes. Moreover, this method
eliminates the need for physical impressions and models, streamlining the fabrication
process and enhancing patient comfort. Due to the nature of the present article, further
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clinical studies are necessary to compare the impact of scanning edentulous mandibles
with open or closed mouth techniques on long-term denture retention and stability.

4. Conclusions

The integration of Abe’s principles into a digital workflow enhances the retention and
stability of mandibular complete dentures while minimizing the number of clinical steps
involved. The results of this study demonstrate that digital technologies can effectively
replicate established functional concepts, providing a precise and efficient solution for the
rehabilitation of edentulous patients.
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Abstract: Introduction: Polymethylmethacrylate (PMMA) is the most widely used denture base
material due to its favourable properties. Several studies have tested the incorporation of anti-
infective agents into PMMA as a strategy to prevent biofilm growth on the denture surface. This
systematic review aims to evaluate the efficacy of incorporating inorganic antimicrobial particles
into denture base resins in preventing antimicrobial growth, thereby identifying the most effective
agents for enhancing PMMA’s antimicrobial properties. Materials and methods: This systematic
review followed the PRISMA guidelines, and the research protocol was registered in PROSPERO.
The search was performed by using Medical Subject Headings and free text combined with Boolean
operators in PubMed/Medline® and in Cochrane® and a free text combination in Web of Science®

Core Collection. Data regarding the inorganic particles studied, their antimicrobial effect, and the
type of samples produced were collected and analysed. Results: After screening, a total of fifteen
studies were included in this review. Most samples were disk-shaped and of varying sizes, and the
most tested microbial strain was Candida albicans. Silver was the most used antimicrobial particle,
followed by gold, titanium, and copper. Conclusions: Overall, incorporating inorganic particles
into PMMA has produced promising antimicrobial results, depending on the concentration. Due
to the high heterogeneity observed in the samples, more studies are recommended, particularly
clinical trials.

Keywords: anti-infective agents; nanoparticles; polymethyl methacrylate; denture bases; inorganic
particles

1. Introduction

The oral microbiota is massively diverse, allowing different pathogenic species to estab-
lish metabolic communications, which is frequently observed between Streptococcus mutans
(S. mutans) and C. albicans [1,2]. Several pathologies, such as denture stomatitis, tooth
decay, and periodontal disease, are caused by fungi and bacteria that can severely affect the
patient’s health. Candida albicans, e.g., is regarded as the most prevalent fungus associated
with the development of Candida-Associated Denture Stomatitis (CADS) in the palatal
mucosa of denture wearers [1–4], while bacteria, such as streptococci and lactobacilli, are
more associated with tooth decay [5]. Denture hygiene with antifungal disinfectants fails at
removing C. albicans that has infiltrated the denture resin, thus allowing the permanence of
biofilm [6]. Consequently, there is a growing need of measures to prevent biofilm formation.

Heat-cured PMMA requires heat energy to activate the initiator [2,7], being moulded
into denture bases through a flask–pack–press technique [7]. Due to the usual presence of
oral microbiota inside denture resin, several studies have tested the incorporation of antimi-
crobial particles. Natural products (specifically chitosan), chemical compounds (such as
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nystatin and chlorhexidine), organic extracts (namely, tea tree oil and thymoquinone), and
inorganic particles present promising antimicrobial properties, as they causing cell death in
microorganisms and preventing the adherence of bacteria and fungi [4,8,9]. Nanoparticles,
such as silver (Ag), copper (Cu), and gold (Au), present antimicrobial properties that make
them ideal inorganic particles to incorporate into denture base resins [8,9].

This systematic review aims to compare the antimicrobial properties of incorporating
different inorganic antimicrobial agents into denture base heat-cured resin against conven-
tional PMMA while assessing the resulting efficacy in preventing associated pathogenesis.
Therefore, we intend to determine the inorganic agent that presents the best antimicrobial
properties when incorporated into PMMA.

2. Materials and Methods

This systematic review follows the Preferred Reporting Items for Systematic Reviews
and Meta-Analysis (PRISMA) guidelines [10,11], and the research question was formulated
based on the PICO template (Population, Intervention, Comparison, and Outcome) [12]:
“Does the incorporation of inorganic antimicrobial particles (I) into heat-cured denture
base resins (P) result in enhanced antimicrobial properties (O) compared to conventional
heat-cured resins (C)?” The research protocol was registered in PROSPERO (International
Prospective Register of Systematic Reviews) on 3 January 2024 (ID CRD42024496013).

2.1. Information Sources and Search Strategy

The search, which included studies published from 2019 until January 2024, was
conducted within the databases PubMed/Medline®, Cochrane®, and Web of Science® Core
Collection. The research equation in PubMed/Medline® was determined by using MeSH
terms (Medical Subject Headings) and free text terms, namely, dentures, acrylic resins, and
antimicrobials, connected through Boolean operators such as “AND” and “OR”. Therefore,
the following equation was obtained:

(((“Dentures” [MeSH]) OR (“Denture Bases” [MeSH]) OR (“Dental Prosthesis” [Mesh])
OR (dental prostheses) OR (denture) OR (denture base) OR (Prostheses, Dental) OR (Dental
Prostheses) OR (Prosthesis, Dental)) AND ((“Acrylic Resins” [MeSH]) OR (resin) OR
(pmma) OR (polymethylmethacrylate) OR (denture base material)) AND ((“Anti-Infective
Agents” [MeSH]) OR (“Cariostatic Agents” [MeSH]) OR (anti-cariogenic) OR (cariostatic)
OR (antibiotic) OR (antimicrobial) OR (antibacterial) OR (antifungal) OR (anti-infective))).

In Cochrane®, the research strategy started by searching for each MeSH term (“Den-
tures”, “Denture Bases”, “Dental Prosthesis”, “Acrylic Resins”, “Anti-Infective Agents”,
and “Cariostatic Agents”) individually. Following this step, the MeSH terms were com-
bined with related free text terms, obtaining three different search lines: “Dentures” OR
“Denture Bases” OR “Dental Prosthesis” OR (dental prostheses) OR (denture) OR (denture
base) OR (Prostheses, Dental) OR (Dental Prostheses) OR (Prosthesis, Dental); “Acrylic
Resins” OR (resin) OR (pmma) OR (polymethylmethacrylate) OR (denture base material);
“Anti-Infective Agents” OR “Cariostatic Agents” OR (anti-cariogenic) OR (cariostatic) OR
(antibiotic) OR (antimicrobial) OR (antibacterial) OR (antifungal) OR (anti-infective). Fi-
nally, a final search line was used to combine the three searches by using the Boolean
operator AND.

Also, the Web of Science® database was used in this research. Free text terms combined
with Boolean operators were used withing the following equation: ALL = (((Dentures)
OR (Denture Bases) OR (Dental Prosthesis) OR (dental prostheses) OR (denture) OR
(denture base) OR (Prostheses, Dental) OR (Dental Prostheses) OR (Prosthesis, Dental))
AND ((Acrylic Resins) OR (resin) OR (pmma) OR (polymethylmethacrylate) OR (denture
base material)) AND ((Anti-Infective Agents) OR (cardiostatic Agents) OR (anti-cariogenic)
OR (cardiostatic) OR (antibiotic) OR (antimicrobial) OR (antibacterial) OR (antifungal) OR
(anti-infective))).
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2.2. Study Selection

Inclusion criteria were defined, aiming to include in vitro studies published after
2019 that focused on denture materials, specifically heat-cured PMMA, modified with
inorganic antimicrobials. The studies were required to present a minimum of 5 samples to
be included in the review. Database filters such as Books and documents, Meta-analysis,
Review, and Systematic review were used for exclusion of results in PubMed/Medline®;
in the Web of Science® Core Collection, the filters Article and Early Access were used for
inclusion and Review Article and Proceeding Paper for exclusion of results, while the filter
Trials was used in Cochrane®. The remaining studies were imported into a Microsoft©

Excel spreadsheet, where duplicates and studies published before 2019 were removed.
The screening was conducted by two independent investigators (M.L. and P.F.), beginning
with a selection based on the title and then by abstract. A final screening, based on full-
text reading, was performed, where all exclusions were justified. To evaluate inter-rater
reliability during screening, Cohen’s kappa statistic was adopted and determined for each
step in the selection.

2.3. Data Extraction and Quality Assessment

A Microsoft© Excel version 2408 with Office 365 preadsheet was prepared, where the
data extracted from each study were recorded. These variables included information such
as title, author, year, country, journal, resin brand, resin processing, sample number, shape
and size, inorganic antimicrobial incorporated, concentrations of antimicrobial, control
group, microorganisms tested, results, and conclusions.

The Checklist for Quasi-Experimental Studies (Non-Randomized Experimental Stud-
ies) from the Joanna Briggs Institute was used to evaluate the methodology and determine
the quality of the selected studies. This checklist is composed of the following nine ques-
tions, with four possible answers, i.e., “yes”, “no”, “unclear”, and “not applicable”:

1. Is it clear in the study what is the “cause” and what is the “effect” (i.e., there is no
confusion about which variable comes first)?

2. Were the participants included in any comparisons similar?
3. Were the participants included in any comparisons receiving similar treatment/care,

other than the exposure or intervention of interest?
4. Was there a control group?
5. Were there multiple measurements of the outcome both pre- and post-intervention/exposure?
6. Was follow-up complete and if not, were differences between groups in terms of their

follow-up adequately described and analysed?
7. Were the outcomes of participants included in any comparisons measured in the same way?
8. Were outcomes measured in a reliable way?
9. Was appropriate statistical analysis used?

The risk of bias was evaluated and analysed by counting the total number of affirma-
tive answers and dividing by the total number of questions. The resulting fraction was
then converted into a percentage and interpreted as seen in the article by Paes et al. [13],
who considered that a percentage between 0% and 49% represented a high risk of bias.
Following this author, a value ranging from 50% to 69% could be interpreted as a moderate
risk of bias, and a percentage superior to or equal to 70% was defined as a low risk of bias.

3. Results

As shown in the PRISMA flow diagram depicted in Figure 1, the initial database
search resulted in 2645 articles, of which 1821 were removed with database filters. The
remaining articles were imported into a Microsoft© Excel spreadsheet, where studies
with a publication year before 2019 and duplicates were removed, leaving 246 articles.
The screening was performed, firstly based on the title and then on abstract reading,
obtaining almost perfect agreement, with calculated k values of approximately 0.93 and
0.96, respectively. The full texts of twenty-five studies were read, leading to the exclusion
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of ten articles due to study characteristics and sample preparation, resulting in an almost
perfect inter-rater agreement and a value of k reaching 0.92.

Figure 1. PRISMA flow diagram.

3.1. Study Characteristics

Fifteen studies, identified and detailed in Table 1, were selected for inclusion in the
current review. Following quality evaluation, it was determined that fourteen of the fifteen
included studies present a low risk of bias, while a moderate risk of bias was calculated
for one study [14]. While most questions received affirmative responses, the question
“Was follow-up complete and if not, were differences between groups in terms of their
follow-up adequately described and analysed?” was deemed not applicable for all the
included studies. On the other hand, the questions “Were there multiple measurements of
the outcome both pre- and post-intervention/exposure?” and “Was appropriate statistical
analysis used?” were marked as unclear in three and one article, respectively.

Most publications were published in 2021, followed by 2023. Considering the regional
distribution of the studies, there were different prevalence rates of each continent, with
a higher frequency of publications from Asia, followed by South America and Europe.

Table 2 depicts information about the acrylic resins tested and the sample prepara-
tion employed in each study, including the different sizes, particle concentrations, and
microorganisms tested. The methodology employed while preparing the samples varied
depending on the microbial strain the authors aimed to neutralise and the antimicrobial
particle tested. Therefore, the samples prepared in each study presented different sizes and
shapes, being moulded as disks, the most frequent, or coupons. While there was a high
diversity in the inorganic particles incorporated, with sizes ranging from 5 nm to 150 nm,
silver was the most common antimicrobial tested. By using pure PMMA as a control
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group, different concentrations were analysed, spanning from 0.015% to 20%, with a higher
frequency of samples modified with a particle concentration of 5%. The antimicrobial
tests were performed against various microbial strains, fungi, and bacteria, with higher
incidence of Candida albicans.

Table 1. Included studies.

No. Country 1st Author, Year Title Journal

1 [15] Italy De Matteis V, 2019
Silver Nanoparticles Addition in Poly(Methyl
Methacrylate) Dental Matrix: Topographic and

Antimycotic Studies
Int J Mol Sci

2 [16] Brazil Souza Neto FN, 2019 Effect of synthetic colloidal nanoparticles in
acrylic resin of dental use Eur Polym J

3 [17] India Gopalakrishnan S, 2020
Development of biocompatible and

biofilm-resistant silver-poly(methylmethacrylate)
nanocomposites for stomatognathic rehabilitation

Int J Polym Mater Polym Biomater

4 [18] Iran Giti R, 2021

Antimicrobial Activity of Thermocycled
Polymethyl Methacrylate Resin Reinforced

with Titanium Dioxide and Copper
Oxide Nanoparticles

Int J Dent

5 [19] Brazil Pinheiro MCR, 2021
Thermopolymerized Acrylic Resin Immersed or

Incorporated with Silver Nanoparticle:
Microbiological, Cytotoxic and Mechanical Effect

Mat Res

6 [20] Saudi Arabia Alzayyat ST, 2021
Antifungal Efficacy and Physical Properties of

Poly(methylmethacrylate) Denture Base Material
Reinforced with SiO(2)Nanoparticles

J Prosthodont

7 [21] Brazil Takamiya AS, 2021
Biocompatible silver nanoparticles incorporated

in acrylic resin for dental application inhibit
Candida albicans biofilm

Mater Sci Eng C Mater Biol Appl

8 [22] Saudi Arabia Fouda SM, 2021

Effect of Low Nanodiamond Concentrations and
Polymerization Techniques on Physical

Properties and Antifungal Activities of Denture
Base Resin

Polymers (Basel)

9 [23] Iraq Hazim RH, 2021
The Effect of Tellurium Oxide Micro

Particles Incorporation into PMMA on
Candida albicans Adherence

J Res Med Dent Sci

10 [24] Serbia Ivanovic V, 2022 Unraveling the Antibiofilm Activity of a New
Nanogold Resin for Dentures and Epithesis Pharmaceutics

11 [25] Serbia Gligorijevic N, 2022 Antimicrobial Properties of Silver-Modified
Denture Base Resins Nanomaterials (Basel)

12 [26] Saudi Arabia Ismaeil MA, 2023
Antifungal Effect of Acrylic Resin Denture Base
Containing Different Types of Nanomaterials:

A Comparative Study
J Int Oral Health

13 [27] Brazil Teixeira ABV, 2023
Adhesion of biofilm, surface characteristics, and
mechanical properties of antimicrobial denture

base resin
J Adv Prosthodont

14 [14] Slovenia Marić I, 2023 Antifungal Effect of Polymethyl Methacrylate
Resin Base with Embedded Au Nanoparticles Nanomaterials (Basel)

15 [28] Chile Correa S, 2024 Development of novel antimicrobial acrylic
denture modified with copper nanoparticles J Prosthodont Res

Figure 2 illustrates the prevalence and size (in nanometres) of nanoparticles incorpo-
rated into PMMA for each study. As observed in Figure 2a, while a great diversity in the
antimicrobials tested in each study is evident, some particles were more prevalent than
others. Over half of the studies [15–17,19,21,25–27] tested the incorporation into heat-cured
PMMA of a compound containing silver, such as silver vanadate [27] or silver chloride [25].
Following silver, gold [14,24], titanium [18,26], and copper [18,28] were the most common
inorganic antimicrobials, being tested in two articles each. Figure 2b illustrates the nanopar-
ticle sizes incorporated into PMMA for each study, with bars indicating the ranges and
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lines representing the mean and exact values specified in the articles. To improve clarity
and readability, the dimensions of silver chloride in the study by Gligorijevic et al. [25]
were not represented in the chart, due to a significative deviation from the average range,
while the two studies that did not specify the sizes [22,23] were also excluded from the
graph. Therefore, a total of thirteen studies are illustrated in the chart, representing a total
of fifteen inorganic compounds.

Table 2. Heat-cured PMMA samples used in antimicrobial tests.

No. PMMA Samples (mm) Particle Size Concentration (%) Microorganism

1
Paladon® 65

(Kulzer)
Gemany

Disk
Ø ≈ 20

Ag
20 nm ± 3 3; 3.5 C. albicans

2
Lucitone® 550

(Dentsply® Ind. e Com. Ltd.a.)
Brazil

Coupon
60 × 10 × 3

Ag
7.6 nm ± 2.3 0.05; 0.5; 5 C. glabrata

3 Alfa Aesar.
USA Not specified Ag

<100 nm 1; 2; 5;10 S. mutans; C. albicans

4
SR Triplex Hot

(Ivoclar Vivadent®)
Liechtenstein

150 (30 per group)
disk

10 × 2

CuO
40 nm

2.5; 7.5

C. albicans;
C. dubliniensis; S.

mutans; S. sobrinus; S.
salivarius; S. sanguis

TiO2
17 nm

5
Vipicril

(Vipi® Ind. e Com. Ltd.a.)
Brazil

108 (27 per group)
disk

15 × 2

Ag
50 nm 1; 2.5; 5 C. albicans

6
Major Base 20

(Major Prodotti Dentari SPA®)
Italy

50 (10 per group)
disk

15 × 2

SiO2
15 nm 0.05; 0.25; 0.5; 1 C. albicans

7
Lucitone® 550

(Dentsply® Ind. e Com. Ltd.a.)
Brazil

63 (9 per group)
disk

10 × 3

Ag
5/10 nm 0.05; 0.5; 5 C. albicans

8
Major base 20

(Major Prodotti Dentari SPA®)
Italy

80 (20 per group)
disk

15 × 2
ND 0.1; 0.25; 0.5 C. albicans

9 Not identified
25 (5 per group)

disk
10 × 2

TeO 1; 3; 5; 7 C. albicans

10
PMMA Biogal®

(Galenika)
Serbia

48- 24 (6 per species)
24 (control)

disk
5 × 2

Au
69.4 nm ± 12.42 2 S. aureus; E. coli;

C. albicans; S. mitis

11
SR Triplex Hot

(Ivoclar Vivadent®)
Liechtenstein

375 (75 per group)
disk

10 × 2

Ag
<100 nm 2; 5; 10

S. aureus; C. albicans
AgCl
1 μm 10

12
Major base, Trevalon/Universal Clear

(Dentsply® Ind. e Com. Ltd.a.)
Germany

100 (20 per group)
disk

10 × 2

Ag
40 nm

0.5; 1 C. albicans
TiO2

50 nm

13 Classic Dental Articles Ltd.a.
Brazil

9
Disk
9 × 1

AgVO3
Wires: Ø = 150 nm

Particles: 25 nm
2.5; 5; 10 C. albicans; C. glabrata;

S. mutans

14 Ivoclar Vivadent®

Liechtenstein
Coupon

10 × 10 × 3
Au
11 20 C. albicans

15
Acryl BH

(GDF)
Germany

Disk
10 × 4

Cu
30 to 150

0.015; 0.045; 0.055;
0.06; 0.068

C. albicans; S. mutans;
A. actinomycetemcomitans;

S. aureus

Ag—silver; AgCl—silver chloride; AgVO3—silver vanadate; Au—gold; Cu—copper; CuO—copper oxide;
ND—nanodiamond; SiO2—silicon dioxide; TeO—tellurium oxide; TiO2—titanium dioxide.

The selected studies aimed to test the antimicrobial properties of incorporating differ-
ent inorganic particles in PMMA. Therefore, each study employed various tests, attempting
to achieve the most credible results, with the colony-forming unit (CFU) assay being the
most frequent. Table 3 displays the assays and time intervals used to attest the effectiveness
of the different concentrations tested and the results obtained.
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(a) (b) 

Figure 2. Antimicrobial particles: (a) inorganic antimicrobials tested and respective incidence;
(b) range of tested particle sizes per study and antimicrobial (nm).

Table 3. Effectiveness of different PMMA modifications.

No. Particle Tests Microorganism Best Effect Worst Effect

1 Silver (Ag)

Viability
CFU assay

C. albicans

3.5% Ag 3% Ag

Circularity
SEM assay 3.5% Ag -

Control

Area covered
Colonization assay 3.5% Ag -

Control

2 Silver (Ag)

CFU assay

C. glabrata

No statistically relevant difference

Biomass reduction
CV assay 0.05% Ag 0.5% Ag

Metabolic activity reduction
XTT assay 0.05% Ag 5% Ag

Micrographs of biofilms 0.05% Ag
0.5% Ag 5% Ag

3 Silver (Ag)

Cell count S. mutans 10% Ag 1% Ag

CFU assay C. albicans 10% Ag 1% Ag

Fluorescent
microscopy S. mutans PMMA/Ag -

Control

4
Copper oxide (CuO)
Titanium dioxide (TiO2)

Optical density

C. albicans 7.5% TiO2 2.5% TiO2

C. dubliniensis
7.5% CuO 2.5% TiO2

S. mutans

S. sobrinus 7.5% CuO 2.5% CuO

S. salivarius 7.5% TiO2 2.5% TiO2

S. sanguis 7.5% CuO 2.5% TiO2
2.5% CuO

Biofilm inhibition

C. albicans 7.5% TiO2 2.5% TiO2

C. dubliniensis 7.5% CuO 2.5% TiO2

S. mutans 7.5% CuO 7.5% TiO2

S. sobrinus 7.5% CuO 2.5% CuO

S. salivarius 7.5% TiO2 2.5% TiO2

S. sanguis 7.5% CuO 2.5% CuO

5 Silver (Ag) Viability assay
Absorbance C. albicans 1% Ag 2.5% Ag

5% Ag

6 Silicon dioxide (SiO2)
Direct culture

C. albicans
1% SiO2

0.05% SiO2
0.25% SiO2

Slide count
(CFU/mL) 1% SiO2 0.05% SiO2
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Table 3. Cont.

No. Particle Tests Microorganism Best Effect Worst Effect

7 Silver (Ag) CFU assay C. albicans 0.5% Ag
0.05% Ag 5% Ag

8 Diamond (ND) CFU assay C. albicans 0.5% ND 0.1% ND

9 Tellurium oxide (TeO) Adherence test C. albicans 5% TeO
7% TeO 1% TeO

10 Gold (Au)

CFU assay on discs

S. aureus

2% Au
-

Control

E. coli

C. albicans

S. mitis

MTT assay

S. aureus

E. coli

C. albicans

S. mitis

SEM assay

S. aureus

E. col

C. albicans

S. mitis

CFU assay in the surrounding medium

S. aureus

No statistically relevant difference
E. coli

C. albicans

S. mitis

11 Silver (Ag)

Inhibition zone

S. aureus 10% Ag
10% AgCl 2% Ag

C. albicans 10% AgCl
10% Ag

2% Ag
5% Ag

CFU assay
S. aureus 10% Ag

10% AgCl
5% Ag

2% Ag
C. albicans

Microdilution method
Minimum inhibitory concentrations

S. aureus

10% AgCl 10% Ag
C. albicans

Microdilution method
Minimum microbicidal concentrations

S. aureus

C. albicans

12 Silver (Ag)
Titanium dioxide (TiO2)

Disc diffusion
Antifungal activity

C. albicans

1% Ag
1% TiO2
0.5% Ag

0.5% TiO2

Elution test
Colony counts

1% Ag
0.5% Ag
1% TiO2

0.5% TiO2

13 Silver vanadate
(AgVO3)

CFU assay

C. albicans
In multispecies biofilm

-
Control

10% AgVO3
5% AgVO3

2.5% AgVO3

C. glabrata
In multispecies biofilm

10% AgVO3 2.5% AgVO3
S. mutans
In multispecies biofilm

Metabolic activity

Multispecies biofilm:
C. albicans
C. glabrata
S. mutans

-
Control 10% AgVO3

14 Gold (Au) Yeast adhesion C. albicans 20% Au -
Control

15 Copper (Cu)

CFU assay
C. albicans

0.045% Cu 0.068% Cu

SEM assay 0.045% Cu -
Control

Surface inhibitory capacity

A.
actinomycetemcomitans

0.045% Cu -S. aureus

C. albicans

S. mutans
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3.1.1. Fungi

Candida albicans was cultured in fourteen out of the fifteen included studies, excluding
the study by Souza Neto et al. [16]. Silver vanadate, proposed by Teixeira et al. [27], was
discovered to favour C. albicans growth. Ivanovic et al. [24] and Marić et al. [14] concluded
that gold provided favourable results against yeast, while titanium dioxide was compared
with silver and copper in the studies by Ismaeil and Ebrahim [26] and Giti et al. [18].
The incorporation of nanodiamond (ND) (proposed by Fouda et al. [22]), silicon dioxide
(SiO2) (by Alzayyat et al. [20]), and tellurium oxide (TeO) (by Hazim and Fatalla [23]) led
to improved antimicrobial properties at higher concentrations of inorganic antimicrobial.
Overall, four studies [15,17,25,26] reported higher antimicrobial activity of Ag nanoparticles
against C. albicans when incorporated at higher concentrations, while two studies [19,21]
reported the inverse, with lower concentrations presenting the best antifungal effects.

For Candida glabrata, Souza Neto et al. [16] found that although there were no sta-
tistically relevant differences in the CFU results across the three concentrations, PMMA
modified with lower concentrations of silver, specifically 0.5% in the micrographs of biofilm
and 0.05% in the three assays, presented better antimicrobial effects. In contrast, using
higher concentrations of silver, particularly 0.5% in the CV assay and 5% in the other tests,
to modify resin proved to be less effective in preventing cell growth and biofilm formation.
Teixeira et al. [27] reported an increase in the effectivity of silver vanadate at the highest
concentration. For Candida dubliniensis, however, copper was proven to be more effective
than TiO2, with concentration-dependent efficacy, according to Giti et al. [18].

3.1.2. Bacteria

Four studies cultured Streptococcus mutans, obtaining an increase in antibacterial activ-
ity when higher concentrations of silver [17] or silver vanadate [27] were incorporated, as
opposed to lower concentrations, which, in the case of AgVO3, tended to favour growth.
While the incorporation of gold resulted in the observation of small bacterial conglom-
erates [24], Correa et al. [28] concluded that copper presented favourable antimicrobial
properties against S. mutans and Aggregatibacter actinomycetemcomitans [28].

Modifying PMMA with 2% Au reduced Staphylococcus aureus colonies to small con-
glomerates [24], with promising results in surface inhibitory capacity [28]. A higher
antibacterial effect was detected at higher concentrations of Ag, as observed in the study by
Gligorijevic et al. [25]. Higher antimicrobial efficacy of AgCl over Ag particles against both
C. albicans and S. aureus was observed in the microdilution tests [25]. The incorporation
of gold resulted in dispersed cells and chains of Streptococcus mitis and Escherichia coli in
the modified PMMA [24]. Giti et al. [18] reported that 7.5% CuO was the most effective
modification against both Streptococcus sobrinus and Streptococcus sanguis, while 7.5% TiO2
provided the best antibacterial properties against Streptococcus salivarius.

4. Discussion

Several authors have studied the effect of incorporating chemicals and particles in
PMMA and the resulting antimicrobial properties of the modified resin. Therefore, this
systematic review aimed to determine which particle provided the best results in preventing
the adherence of microorganisms to the denture and subsequent pathologies.

Six of the fifteen studies included in this review were published in 2021, while a single
article was published in 2020 and one in 2024. The studies were published in Asia, South
America, and Europe, with a noticeable absence of studies published in North America,
Africa, and Oceania, potentially resulting from lack of research within these regions or
concerns regarding cytotoxicity. There was a great diversity in sample sizes and shapes,
with disk-shaped samples being the most frequent, most of which presented a thickness of
2 mm and varying diameters.

Antimicrobial particles varied in size from 5 nm to 150 nm, a broader range than the
10 nm to 100 nm observed in the study by Garcia et al. [29]. Silver was the most prevalent
inorganic particle in antimicrobial tests, a trend also noted by Garcia et al. 2021 [29] and
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An et al. 2023 [30]. The concentrations of nanoparticles tested ranged from 0% to 30%
in the study by Garcia et al. 2021 [29]. Similarly, the studies in this review used control
groups with unmodified PMMA, while modified samples had concentrations from 0.015%
to 20%. Methods of incorporating particles into the denture resin varied, with some authors
mixing particles with the monomer and others with the polymer, underscoring the need
for a cautious comparison of the results.

Similar to what was observed by Garcia et al. [29], the CFU assay was the antimicro-
bial test performed at the highest frequency. However, CFU assays do not detect dead,
culturable, or inactive cells, only measuring culturable live cells [31]. C. albicans was the
strain tested in most of the studies, a tendency also observed by An et al. [30], which can be
explained by this species being the most prevalent fungi in the oral cavity, presenting higher
incidence in the palatal mucosa of denture wearers [32], often resulting in the development
of Candida-Associated Denture Stomatitis due to the constant friction against the denture
base [1,3]. Bacterial species such as Streptococcus mutans and Lactobacillus acidophilus are
associated with tooth decay, due to bacteria-induced enamel demineralization [5].

The effect of pure silver particles against C. albicans was tested in four studies [15,17,19,21],
resulting in different outcomes. De Matteis et al. [15] and Gopalakrishnan et al. [17] concluded
that the antimicrobial properties were enhanced with higher concentrations of Ag, a tendency
also observed by Adam and Khan [33], who found a correlation between higher concentrations of
Ag nanoparticles and the lower values obtained in the CFU assays performed. On the other hand,
Pinheiro et al. [19] and Takamiya et al. [21] reached an opposing conclusion, obtaining better
antimicrobial results at lower silver concentrations, while the highest concentrations proved
ineffective in some tests [21]. Most of the studies that prepared silver particles measured between
20 nm and 100 observed a concentration-dependent increase in effectiveness. The exception
was the study by Pinheiro et al. [19], where the results did not present a statistically significant
difference, which the author justified as a possible result from the bigger size of the particles and
the incorporation into PMMA preventing the release of silver into the environment.

As evidenced in the studies by Fouda et al. [22] and Hazim and Fatalla [23], nanodiamond
and tellurium provided favourable results against yeast. Similarly, Alzayyat et al. [20] ob-
served that silicon dioxide provided concentration-dependant effectiveness against C. albicans.
Ivanovic et al. [24] and Marić et al. [14] concluded that gold presented promising antimicro-
bial properties, although Ivanovic et al. [24] did not find a statistically significant difference
in the cell count of the surrounding medium, indicating a possible lack of antimicrobial
release. Giti et al. [18] demonstrated that copper oxide provided better properties against
Candida dubliniensis when compared with titanium dioxide.

Two authors, Souza Neto et al. [16] and Teixeira et al. [27], tested the effectiveness of
silver particles and silver vanadate against Candida glabrata strains. Souza Neto et al. [16]
concluded that higher concentrations of silver resulted in worse antimicrobial proper-
ties against the strain, while the CFU assay resulted in no statistically significant dif-
ference for any of the concentrations. The author justified these findings by explain-
ing that instead of forming a homogeneous dispersion, higher concentrations of silver
formed agglomerates when mixed with PMMA, a tendency observed by An et al. [30] and
Yudaev et al. [34]. Gopalakrishnan et al. [17] concluded that PMMA modified with silver
nanoparticles provided higher antibacterial activity, while the incorporation of copper
particles, as evident in the studies by Giti et al. [18] and Correa et al. [28], led to favourable
antimicrobial properties.

Ivanovic et al. [24] obtained good antimicrobial properties against both Streptococcus mitis
and Staphylococcus aureus when incorporating gold into PMMA, although no relevant effect
was observed in the medium surrounding the modified samples. Copper proved effective
against S. aureus in the study by Correa et al. [28], while silver and silver chloride presented
similarly favourable antibacterial properties in the CFU and inhibition zone assays performed
by Gligorijevic et al. [25]

Similarly to what was observed in the other bacterial and fungal strains, the study
by Ivanovic et al. [24] obtained different CFU results on the discs modified with gold,
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which proved to be effective in reducing Escherichia coli cell count, and on the surrounding
medium, where the difference was not statistically relevant. Correa et al. [28] examined the
difference in surface inhibitory capacity between PMMA modified with copper and pure
PMMA against a strain of Aggregatibacter actinomycetemcomitans, obtaining a favourable
result in the inhibition tests with the modified resin.

Despite the filters and criteria applied, there was a great difference in the methodology
and the morphology of the samples tested in the various studies, which was also noted
in the studies by Garcia et al. [29] and Adam and Khan [33]. This lack of homogeneity
complicates the organization of the findings and the elaboration of an effective comparison,
as the differences observed may be a result of the different methodologies applied during
sample preparation instead of the concentrations tested.

While performing the initial research, a notably low number of clinical studies were
observed. The great variation between oral and in vitro conditions further increases the
need for in vivo and clinical tests, as the laboratorial environment is incapable of perfectly
replicating the oral conditions and possible interactions with oral microbiota. Additionally,
as observed in the article by De Matteis et al. [15], colour changes may occur. Therefore,
it is necessary to evaluate the effect of the incorporation of particles such as silver on the
physical properties and aesthetics.

Even though this systematic review focused on the antimicrobial properties, other
properties are also essential to providing the best functionality and biocompatibility, as
stated by Garcia et al. [29] and Bangera et al. [35]. Adam and Khan [33] also found a low
number of clinical trials, stating that clinical studies are required to assess the effect of
modified PMMA on Candida-Associated Denture Stomatitis. Due to concerns regarding
the toxicity of the particles, namely, silver, as acknowledged by Garcia et al. [29], biocom-
patibility tests must be performed to guarantee the safety of incorporating these particles.

5. Conclusions

Almost all the inorganic antimicrobials presented promising properties against the
tested strains. Therefore, to answer the main question that prompted this review, modified
PMMA did exhibit better antimicrobial properties than pure PMMA. However, it is not
possible to declare a particle as the most efficient, due to the high heterogeneity in the sam-
ples and antimicrobial tests performed in the studies. Additionally, few authors compare
different particles in the same test, which would have facilitated a comparison of the effects.
More tests are necessary, especially in vivo studies and clinical trials, as the oral environ-
ment and microbiota are vastly different from in vitro strains. Likewise, biocompatibility
tests are needed to evaluate the possibility of contact allergies and toxicity resulting from
the incorporation of metallic particles into denture bases. It is important to analyse the
effect of PMMA modifications on multispecies biofilms, to assess the interactions between
different pathogenic strains in the presence of inorganic antimicrobials and their effect on
the effectiveness of the modified resin.
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Abstract: Background: This case report addresses the challenges of integrating orthodontic
and prosthodontic treatment, particularly in clear aligner cases. The study introduces a
novel milled-provisional crown with attachment (M-PCA) technique designed to enhance
treatment efficacy and reduce orthodontic attachment debonding, a common issue in clear
aligner therapy. Case Report: This is a case report that presents a 49-year-old female
patient seeking orthodontic treatment for Class III malocclusion along with periodontal
and prosthodontic challenges. The treatment plan involved a multidisciplinary approach,
including using M-PCA for temporization during clear aligner therapy. Conclusions: The
M-PCA approach demonstrated promising results, with no reported complications such
as orthodontic attachment debonding throughout the treatment period. This innovation
offers a significant advantage in managing orthodontic cases requiring provisional crowns,
ensuring retention, and facilitating orthodontic treatment.

Keywords: orthodontic tooth movement; provisional crown; clear aligners; attachments;
multidisciplinary treatment

1. Introduction

Orthodontic treatment conservatively enhances functionality, occlusion, and appear-
ance [1,2]. Clear aligners are a new generation of orthodontic treatment and were designed
to treat mild to moderate crowding [3]. Orthodontists claim it has achieved successful
outcomes with more complex malocclusions [4]. Nowadays, it is one of the most popular
and frequently used treatment options among orthodontists [3]. Compared to conventional
orthodontics, clear aligners have shown superior esthetics, lower demineralization, and
minimal soft tissue irritation [5,6]. Another advantage of the clear aligner option is digi-
tal planning. The software can let patients view the simulated smile and final proposed
treatment during treatment planning [7]. It has been shown that clear aligners are more
commonly used in adult patients for their esthetic advantage over fixed orthodontic ap-
pliances [8]. It was also reported that it is a better option for the gingiva, as clear aligners
have fewer periodontal indices measurements compared to other appliances [9]. With the
increase in periodontal diseases reaching 50% in several countries [10], clear aligners can
be a better choice in some cases.

On the other hand, clear aligners may initially cause speech articulation issues, dis-
comfort, and increased salivation [11]. In some situations, clear aligners may fail to achieve
buccal torque of the posterior teeth, significant rotation correction, or significant vertical
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movement [11]. In addition, the bodily movement of the teeth can be a significant limitation
in clear aligner extraction cases [11].

Like conventional orthodontic appliances, clear aligners’ success depends on sev-
eral factors, such as the duration of treatment. On average, the treatment duration of
clear aligners for mild crowding takes 13 months to resolve, moderate crowding takes
15 months, and severe crowding takes around 17 months [12]. Clear aligners incorporate
composite attachments during that time to increase their efficacy and predictability [13].
Unfortunately, there are reports of increased loss of these attachments at regular intervals
during orthodontic treatment, reaching a prevalence of more than 60% [14]. Orthodontic
attachment debonding can be related to several contributing factors, such as the frequency
of aligner removal, occlusal forces introduced by mastication, and aligner wearing time [14].
In addition to their efficacy, some of these attachments are commonly used to deliver force
to a specific part of the tooth to cause the orthodontic tooth movement necessary and to
provide a better-controlled tooth movement depending on the software algorithm [15].
Other attachments are designed to retain the aligners on the teeth [15].

Provisional crowns are encountered in orthodontic cases that involve multidisciplinary
approaches [16]. Fixed Partial Dentures (FPDs) and crowns are commonly found in adult
patients who seek orthodontic treatment [17]. In some clinical situations, the existing fixed
prostheses must be replaced due to biological, mechanical, or esthetic complications. The
replacement of the defective prosthesis usually occurs during the first phase of treatment,
in which the abutment tooth is temporized by provisional restoration. With clear aligner ap-
pliances, bonding attachments to provisional crowns come with challenges [18]. Therefore,
this novel approach was developed to combine the attachment and provisional crown as
one milled unit to overcome these challenges. This case report aims to present the workflow
for the use of a Milled-Provisional Crown with Attachment (M-PCA) and its associated
clinical outcomes.

2. Case Report

2.1. Case Presentation

A 49-year-old Saudi female patient came to the orthodontic faculty clinics at Imam
Abdulrahman bin Faisal University Dental Hospital with a complaint: “My teeth are
crooked, and I would like to correct them”. Her medical history showed no significant
findings. Her dental history showed multiple restorations and missing teeth. Upon clinical
examination, multiple caries lesions, generalized calculus deposition, generalized gingival
recession, a missing tooth (#3), two 3-unit FPDs on teeth #2, X, 4, & 13, X, 15, crowns
on teeth #12, 19, 20, and 30, Class I malocclusion, an overjet range from 0 to 1 mm, a
shallow overbite of 0–1 mm, a shifted lower midline of 1 mm, 3 mm upper crowding,
and 1 mm lower crowding were found. The lateral cephalometric radiograph suggested a
normodivergent pattern, with a Class III skeletal relation complicated by the retrognathic
maxilla and proclined upper and lower incisors (Figures 1A–E and 2A,B).

The orthodontic diagnosis was Class III malocclusion due to retrognathic maxilla
complicated with mild lower crowding and reverse overjet.

In Phase I, a standard treatment planning protocol was used to fabricate M-PCA
prostheses. This was followed by a free gingival graft on the maxillary anterior teeth and
orthodontic treatment using a clear aligner (comprehensive Invisalign® treatment).
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Figure 1. The initial intraoral photographs before restorability assessments: (A) right occlusion;
(B) front occlusion; (C) left occlusion; (D) maxillary occlusion; (E) mandibular occlusion.

Figure 2. Radiographs taken before orthodontic treatment: (A) orthopantomography (OPG) taken
during the initial visit and (B) a lateral cephalometric radiograph before the start of treatment.

2.2. M-PCA Design and Technique Description

The patient was referred to the prosthodontics faculty clinics to assess crowns, FPDs,
and caries control. After the prosthodontic evaluation, tooth #4 was unrestorable, defective
FPDs on #2, X, 4, and #13, X, 15, and several defective crowns needed to be removed.
Abutment teeth #2, 13, 14, 15, 18, and 19 were selected for M-PCA units. The technique
used for the fabrication of the M-PCA can be summarized as follows:

1. Obtain a digital impression of the abutment teeth using an intraoral scanner (Trios
3®, 3Shape, Copenhagen, Denmark) (Figure 3A,B), and then export the impression as
standard tessellation language (STL) files.

2. Open a new job order in the CAD software program (Exocad DentalCAD Version 3.1,
Exocad GmbH, Darmstadt, Germany), and then select the abutment teeth and their
antagonist (Figure 3C).
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Figure 3. The process for fabricating M-PCA utilizing digital dentistry: (A) maxillary digital
model; (B) mandibular digital model; (C) selecting the abutment teeth that will receive M-PCA
and their antagonist.

3. After that, use the anatomical crown option under the crowns and copings for material
configuration, select acrylic/PMMA for the material option, and select the other
options and parameters, as seen in Figure 4.

 

Figure 4. A screenshot of the Exocad software shows the proper options for M-PCA fabrication.

4. Import the STL scan files of the maxillary and mandibular arches (Figure 5A), and
then adjust the scan data orientation for them (Figure 5B).

5. Use the margin line detection feature to detect the margins of all abutment teeth
(Figure 5C).
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Figure 5. Screenshots of the Exocad software show (A) importing of digital impressions; (B) scan
data orientation; and (C) marginal line detection.

6. Modify the cement gap from the crown bottoms menu and set it to “no cement gap”
for the marginal area and “0.1 mm” for the remaining structure (Figure 6A).
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7. From the tooth placement option, perform digital teeth wax-up using a digital library
(Figure 6B), and then adjust the axial contour, proximal contact, and occlusion using
the free-forming feature (Figure 6C).

Figure 6. Screenshots of the Exocad software show: (A) cement gap setting; (B) digital teeth wax-up;
(C) modification of the teeth wax-up.
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8. From the drop menu, select add/remove mesh (Figure 7A), and then select the attach-
ment tab (Figure 7B). Add the proper dimensions of the attachment (2 mm × 3 mm),
as shown in Figure 7B.

 
Figure 7. Screenshots of the Exocad software show: (A) option used to add the attachments for the
teeth wax-up; (B) parameters and measurements of the attachment; (C) final M-PCA designs.
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9. Rotate the attachment towards the gingival area to mimic the horizontal gingivally
beveled attachment (Figure 7B).

10. At the end, check the final M-PCA design to ensure that the proper contour, proximal
contact, occlusion, and shape and location of the attachment have been achieved
(Figure 7C).

11. Transfer the virtual design to a milling machine (Zenotec T1, Wieland, Germany),
and then use a monolayer Poly-(methyl methacrylate) (PMMA) disk to fabricate the
M-PCA units.

12. After the clinical evaluation of the M-PCA units, perform an air abrasion treatment of
the intaglio (inner) surface, and then cement the M-PCA units with an adhesive resin
cement (RelyX Unicem, 3M ESPE, St. Paul, MN, USA).

2.3. Periodontic and Orthodontic Treatment Progress

After cementation of the M-PCA units, the patient was referred to the periodontics
faculty clinics to evaluate the periodontium, extract tooth #4, and manage the recession
with a free gingival graft (Figure 8A–E).

Figure 8. Intraoral photographs after caries and periodontal clearance with M-PCA cemented to
abutment teeth: (A) right occlusion; (B) front occlusion; (C) left occlusion; (D) maxillary occlusion;
(E) mandibular occlusion.

Three months later, the patient was scanned for Invisalign® treatment (Align Technol-
ogy, Santa Clara, CA, USA) (Figure 9A–E).

The patient was seen for visit 1 for transitional aligners 1–3 (3 weeks). At visit 2,
an IPR of 0.3 for mandibular anterior teeth was performed, and aligners 4–15 (12 weeks)
were provided. In visit 3, aligners 16–27 (12 weeks) were given, followed by 28–39 (12
weeks) at visit 4. The patient was instructed to change aligners weekly. Teeth tracking
was satisfactory at each visit, with no emergency incidents or attachment breakage, and
aligners adapted well to the M-PCA (Figure 10A–E).
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Figure 9. Intraoral scans for clear aligner: (A) right occlusion; (B) front occlusion; (C) left occlusion;
(D) maxillary occlusion; (E) mandibular occlusion.

Figure 10. Intraoral photographs after orthodontic treatment: (A) right occlusion; (B) front occlusion;
(C) left occlusion; (D) maxillary occlusion; (E) mandibular occlusion.

3. Discussion

The demand for adult orthodontic treatment utilizing clear aligner therapy is increas-
ing [3]. However, multiple restorations, such as ceramic crowns and FPDs, pose difficulties
for orthodontists regarding this age group. Currently, various esthetic restorations and
bonding procedures are available [19,20]. Therefore, orthodontists struggle to find the
optimal surface conditioning and bonding techniques for ceramics that produce strong
attachment bonds without affecting the ceramic’s surface after debonding [21,22]. One
of the critical factors for the success of any orthodontic treatment is the retention of the
orthodontic appliances on the teeth throughout the treatment. Increased incidence of
breakage or detachment of the orthodontic appliance can negatively affect the overall
success [23].

In clear aligner therapy, attachments are considered a crucial auxiliary device to
deliver forces from the aligner to the tooth crown and root. These attachments are a force
transducer that help improve clear aligners’ biomechanics [24]. They are made of direct
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composite resin attached to the tooth surface [24]. With the aid of a computer program,
attachments are automatically positioned in specific locations on teeth. They regulate
the force’s application point, direction, and amount applied [25]. Aligner attachments
come in different forms that help retain teeth and enable greater control of specific tooth
movements [26]. Thus, the primary factors determining the attachment’s effectiveness and
aligner fitting are its positioning and configuration [26]. Nevertheless, the material used
plays a crucial role, since it should remain in the patient’s mouth throughout orthodontic
therapy and must maintain its features over time. Indubitably, these auxiliary components’
mechanical and physical properties are significantly impacted by the material selection [27].

This case report presents a novel dental technique that outlines a method for fabricat-
ing M-PCA as a single unit. The attachment design aims to replicate retentive, gingivally
beveled attachments as well as vertical and horizontal attachments. The selection of attach-
ments was based on the necessity for tooth movement and to create/manage a force system.
In this case report, a horizontal gingivally beveled attachment measuring (2 × 3 mm) was
utilized in all M-PCA.

Digital dental workflows are user- and patient-friendly, delivering predictable, accu-
rate, and effective treatment modalities [28,29]. This case report highlighted the opportunity
to use Computer-Aided Design and Computer-Aided Manufacturing (CAD-CAM) to fab-
ricate the M-PCA for clear aligner therapy. The results clearly show that the accuracy
and adaptation of the M-PCA units used were clinically acceptable. This report provided
information that may help the practitioner overcome the difficulties and challenges during
bonding attachments on provisional crowns. The bonding time was also reduced, as this
step was entirely eliminated during bonding at the attachments visit. Furthermore, the
extra flush, discrepancy, and ill-fitting issues were eliminated using this technique.

In clinical settings, several factors contribute to early attachment failure in terms of
debonding, shape changes, and loss of aligner fit [14]. Orthodontic attachment debonding
can result in significant clinical issues that may increase the likelihood of treatment failure,
lengthen treatment times, and require more follow-up visits [30]. Orthodontic attachment
debonding can occur due to bond failure or patient negligence, influenced by operator-
related, patient-related, and clinical factors [14]. Operator factors involve the bonding
materials and protocols, while patient factors include the frequency of aligner removal [14].
Clinical variables encompass the attachment’s location, number, and shape, with molar
attachments being the most prone to loss due to increased forces during aligner use [14].

Several investigations evaluated the bond strength of conventional brackets to differ-
ent restorative materials, such as dental ceramic [31], composite [32], amalgam [33], gold
alloy [34], and PMMA [35]. It was reported that the bond strength of conventional stainless
steel brackets to provisional crowns can tolerate orthodontic tooth movement using me-
chanical surface treatment [35]. For that reason, it was recommended to perform surface
treatments, such as sandblasting of provisional crowns, to achieve clinically successful
bonding and reduce bracket breakage during orthodontic therapy [35].

In clear aligner therapy, efforts have been conducted to improve the bonding of
direct composite attachment [21,36]. Alsaud et al. evaluated the effect of different surface
treatments of composite attachments bonded to lithium disilicate ceramics [21]. When the
dislocation force outweighs the bonding force, the attachment will quickly be lost from the
tooth surface. The dislocation force on the attachments will increase each time the patient
places or removes the aligner [37].

A recent in vitro study by Shahin et al. [38] evaluated 3D-printed provisional crowns
with attachments as one unit to overcome the debonding of orthodontic attachments. In
this case report, milled-provisional PMMA crowns were used; with this novel technique,
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there was no emergency or breakdown of the crown attachment throughout the treatment.
Moreover, the aligners were perfectly adapted to the M-PCA.

Since composite attachments are a crucial part of clear aligner therapy, it is vital to
meticulously replicate them to preserve their integrity throughout the treatment [24]. The
curing process can significantly impact the morphology and resistance of attachments,
as in all other polymerization phases [39]. Nevertheless, the polymerization shrinkage
factor is eliminated in this case by using M-PCA. After one year of bonding, the attachment
deterioration rate was reported to be 14.79% for flowable composite material, while 9.70%
was reported for packable composite [40]. In this case, all M-PCA had no damage or change
in the shape and size during the “10 months” treatment time.

As reported, clear aligner patients have higher esthetic demands [41]. In addition
to orthodontic attachment debonding, attachment discoloration can cause dissatisfaction
during orthodontic treatment [42]. Studies have shown that surface roughness influences
the staining of resin composites [43–46]. In this case report, M-PCA use showed good color
stability throughout the treatment.

A systematic review confirmed that treatment with clear aligners results in better
periodontal health [9]. In this case, the patient’s periodontal health was optimal throughout
the orthodontic treatment, and no periodontal breakdown was noticed, especially around
the M-PCA abutments.

In summary, this report defined the areas of new methods that can be adopted for
many clear aligner providers, especially in adult patients. However, some limitations are
associated, such as the use of only one attachment design and dimension and one type of
milled provisional restoration. Future in vitro and in vivo studies should be conducted to
evaluate this concept using different attachment designs, dimensions, and materials. In ad-
dition, these types of attachments’ performance (wear, color change, bacterial accumulation)
should be investigated to simulate prolonged clinical usage.

4. Conclusions

This case showed a substantial potential for attachment modality in provisional crowns
during orthodontic treatment. M-PCA can be used as a type of provisional crown where
clear aligners are to be used. Using this method, the M-PCA was able to overcome most
of the challenges encountered during orthodontic treatment. The emergency visit was
eliminated, and aligners were found to be tracking exceptionally at each visit. The color
stability and attachment durability (shape and size) were well maintained. Moreover, this
paper defines and describes new and unique methods that can be adopted by many clear
aligner providers, especially in adult patients. However, the M-PCA concept needs to be
investigated further.
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Abstract: Background: Denture stomatitis is an inflammatory condition involving swelling and
redness of the oral mucosa beneath a denture. Among various available treatments, zinc oxide
nanoparticles (ZnONPs) and nano-wire nanostructures have been suggested as potential future
therapies. However, there is a lack of information in the literature about the effectiveness of ZnONPs
regarding microbial adhesion to different denture base resins. Here, we review studies on the effect
of ZnONP use on microbial adhesion to denture base resins to answer the following study question:
“Does incorporating ZnONPs into denture base resins reduce microbial adhesion?” Methods: Follow-
ing the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines,
an electronic and manual search ranging from Jan 2000 to May 2024 was performed using PubMed,
Web of Science, and Scopus databases to answer the study question. All full-length English-language
articles investigating the effects of ZnO nanostructures on Candida albicans adhesion to polymethyl
methacrylate (PMMA) denture base resins were included. The extracted data were tabulated for
qualitative and quantitative analysis of the included studies. Results: Of the 479 studies reviewed,
7 studies successfully met the eligibility criteria. All included studies utilized PMMA as the denture
base material with different polymerization methods. C. albicans was the most extensively studied
microbial species, with various count methods used. Six studies concluded a statistically significant
impact of ZnONPs on decreasing C. albicans adhesion to the denture base. However, one study
reported the opposite. Conclusions: Incorporating ZnONPs into PMMA denture base resin has a
positive impact on reducing C. albicans adherence and could be recommended for denture stomatitis
treatment. However, further studies are needed to cover the notable gap in data regarding the safety
and effectiveness of ZnO nanostructures.

Keywords: complete denture; microbial adhesion; PRISMA 2020; zinc oxide nanoparticle

1. Introduction

The denture base is that part of the prosthesis that carries the artificial teeth and rests
on the mucous-bone support. Typically either resin- or metal-based, the denture base
should have adequate physical, mechanical, esthetic, and biocompatibility properties [1].
Polymethyl methacrylate (PMMA) is the most used and recommended material for pros-
thetic fabrication [1,2]. PMMA offers a good esthetic, resembling the natural gingiva, and
it is lightweight for patient comfort, cost-effective, easy to fabricate or repair, and highly
biocompatible. However, limitations include low strength, risking fractures if dropped or
subjected to heavy forces; fluid absorption, causing bad odor, discoloration, and bacterial
overgrowth; polymerization-related shrinkage, affecting retention and stability; and, finally,
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a lack of thermal sensitivity compared to natural oral structures [3–5]. Different modi-
fication and fabrication techniques are recommended to overcome the disadvantages of
traditional acrylic resins. To improve strength, high-impact acrylic (PMMA with additional
rubber or fibers) can be used. Incorporating nanoparticles can enhance denture strength
and esthetics and reduce bulkiness [2]. New fabrication methods, such as digital fabrication
using CAD/CAM (computer-aided design/computer-aided manufacturing) techniques,
improve control over denture design; this can lead to enhanced fit, durability, strength, and
density while reducing production time and error [1,3].

The surface properties of denture base materials affect the esthetics and success of
dentures, ultimately impacting the quality of life of the patient [3–5]. Surface roughness
is a contributing factor to stomatitis, alongside poor hygiene, medications, and poor
autoimmune resistance of the patient [3]. Inflamed and red oral mucosa beneath the
denture is called denture stomatitis, and it is usually painless and asymptomatic. However,
mucosal bleeding, taste alteration, and a burning sensation can develop [6]. The disease
is multi-factorial, and it can develop from poor fit of the denture, poor denture hygiene,
and wearing the denture at night [7,8]. Candida albicans is the principal pathogen causing
denture stomatitis. Treatment options include anti-fungal agents, such as nystatin or
miconazole, and laser therapy [9,10]. Several measures have been suggested to reduce the
occurrence of denture stomatitis, including improved fabrication of dentures, improved
oral hygiene, and the removal of dentures overnight, as well as the modification of denture
bases with antifungal agents [11,12].

Nanotechnology is an area of science concerned with developing and producing
extremely small tools and machines through the arrangement of atoms. Nanostructures
include nanoparticles (NPs) and nanorods, and they are promising agents for antimicrobial
applications [13]. They are mostly considered biocompatible due to the phagocytic activity
of human cells against the particles. Nanotechnology could be used to deliver biocom-
patible therapeutic agents while reducing the development of resistance against regular
anti-fungal therapies, which is the major drawback of common antimicrobial agents [14].

The nanostructure of zinc oxide (ZnO) is known for its ability to continuously release
metal ions for up to two months; these ions are capable of reducing C. albicans growth [4].
Several studies have demonstrated the anti-fungal activity of ZnO nanoparticles (ZnONPs)
added to PMMA in reducing the adherence of C. albicans [15,16]. ZnONPs increase the
contact angle when incorporated into acrylic resin, thus increasing the hydrophobicity
by increasing the roughness and modifying the surface energy. A hydrophobic surface is
beneficial in applications requiring water resistance and in reducing microbial formation
and supporting self-cleaning properties [17].

Although previous studies have investigated the capabilities of ZnO nanostructures,
there is still a gap regarding the implementation of these nanocomposites as denture base
resins, their antimicrobial properties, and their potential for reducing denture stomatitis.
In addition, no previous review has been conducted to assess the performance of denture
bases containing ZnO nanostructures. There remains a lack of information in the literature
concerning the effectiveness of ZnONPs on microbial adhesion to different denture base
resins. This review therefore focused on the effect of ZnONPs on microbial adhesion to
denture base resins to address the question “Does incorporating ZnONPs into denture base
resins reduce denture stomatitis”?

2. Materials and Methods

A systematic review was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines (Figure 1) and structured
according to the PICO method: the population consisted of PMMA denture base resins,
the intervention was the addition of ZnONPs, the control was unmodified resins, and the
outcome was microbial adhesion. This approach produced the following study question:
“Does incorporating ZnONPs into denture base resins reduce microbial adhesion”?
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To address the study question, the following keywords were used: PMMA, denture
base, denture stomatitis, microbial adhesion, C. albicans adhesion and/or ZnONP, nanopar-
ticles, nano-size, or nanostructure. The keywords were used to search the databases
according to the inclusion and exclusion criteria. The inclusion criteria were in vitro studies
written in English, full-length original articles, use of denture base resins, investigation of
microbial adhesion, and use of ZnONPs. The exclusion criteria included documents where
only the abstract was available, review articles, and studies not investigating denture base
resins (such as those using soft liners).

An electronic search in databases (Web of Science and Scopus) was performed followed
by manual searches for any additional articles meeting the inclusion criteria published
from January 2000 to May 2024. Data extraction was conducted in three stages: (1) review
of titles; (2) review of abstracts; and (3) review of full texts. Two reviewers (N.M.M.
and N.S.A.) independently reviewed and analyzed the articles according to the inclusion
criteria. Any discrepancies were analyzed by other reviewers (M.S.A. and M.M.G.) to
resolve the issue. Data were extracted and tabulated according to items detailed in Table 1.
Due to the variations in the included studies in terms of methodology, specimen shape,
ZnONP content, salinization processes, testing methods, and aging procedures, it was not
appropriate to conduct a meta-analysis. Therefore, the included articles were qualitatively
analyzed and described.

Figure 1. PRISMA flow chart of the study selection process.

Quality Assessment and Risk of Bias of Included Studies

The included studies were analyzed for quality assessment and risk of bias by two
independent reviewers (N.M. and M.A.). Each article was evaluated using a risk of bias tool
(the modified Consolidated Standards of Reporting Trials (CONSORT)) consisting of seven
parameters and items, described in Table 2. A “yes” was assigned when the parameter
was reported in the text, and a “no” if the information was absent or unclear. The risk of
bias was classified according to the sum of “yes” marks received as follows: 1–3, high; 4–5,
medium; 6–7, low risk of bias [18].
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Table 2. Quality assessment and risk of bias considering the aspects reported in the Materials and
Methods sections.

Ref.
Sample Size
Calculation

Sample Ran-
domization

Control
Group

Stating Clear
Testing
Method

Statistical
Analyses

Carried Out

Reliable
Analytical
Methods

Blinding of
Evaluators

Risk of
Bias

[19] Yes No Yes Yes Yes Yes No Medium

[20] Yes No Yes Yes Yes Yes No Medium

[21] No No Yes Yes Yes Yes No Medium

[22] Yes Yes Yes Yes Yes Yes No Low

[23] Yes No Yes Yes Yes No No Medium

[24] Yes Yes Yes Yes Yes Yes No Low

[25] No No Yes Yes Yes Yes No Medium

3. Results

Out of 479 studies identified, 7 [19–25] met the inclusion criteria and examined the ef-
fect of adding ZnO nanostructures to denture base resins on microbial adhesion, as detailed
in Table 1. All studies used PMMA acrylic denture bases and employed various polymeriza-
tion methods [19–25]. Specifically, six studies used heat-polymerized PMMA [19–25], while
one study used auto-polymerized PMMA [24]. Six studies incorporated ZnONPs, and one
study used ZnO nanorods [23]. Nanoparticle sizes ranged from 25 to 60 nm [19–23,25] and
were not specified in one study [24].

In all included studies, ZnONP concentrations were represented as percentages [19–22,24],
except for one study that used parts per million (ppm) [23]. All studies used unmodified
material as a control [19–25]. Two studies applied a concentration of 0.2% by weight
(wt) [19,20]. For experimental groups, Cierech et al. used 2.5, 5, and 7.5% by wt. [21], while
Kamonkhantikul et al. tested concentrations of 1.25, 2.5, and 5% by wt. [22]. Apip et al.
used 250, 500, and 1000 ppm [23], and Anwander et al. tested 0.1, 0.2, 0.4, and 0.8% by
wt. [24]. Raj et al. used various concentrations: 1, 2, 5, 10, and 15% by wt. [25].

Treatment of the ZnONPs varied across studies, thus potentially impacting the ef-
fects on the denture base. In studies by Cierech et al., ZnONPs were treated through
sedimentation—washing the material three times with deionized water, and then cen-
trifuging and freeze-drying it [19–21]. Kamonkhantikul et al. applied salinization to the
ZnONPs [22], while Apip et al. used ZnO nanowires [23]. Two studies did not mention
ZnONP treatment methods [24–28].

In six studies, ZnONPs were added to the liquid monomer [18–22,24], while in An-
wander et al., they were added to the powder polymer [24]. Specimen sizes also varied:
Cierech et al. used 10 × 10 × 2 mm specimens [19,20], and four studies used different
sizes [21–25]. For storage conditions, three studies stored samples in deionized water
at different temperatures [20,23,24], while the remaining studies did not specify storage
environments [19,20,22,25].

For microbial specimens, all included studies used a reference strain of C. albicans [19–25].
Three studies used C. albicans 14053 [12–14], three used C. albicans ATCC 10231 [23–25], and
one used C. albicans ATCC 90028 [22].

All included studies evaluated four key factors: antifungal properties, surface rough-
ness, density, and morphological changes of the microbes [19,20,22–25]. To examine
nanopowder morphology, a scanning electron microscope (SEM) (Ultra Plus; Carl Zeiss
Meditec AG, Jena, Germany) and a sputter coater (SCD 005/CEA 035, BAL-TEC, Switzer-
land) were used, with an InLens detector for imaging. The InLens detector allowed for
the identification of surface contaminants. Density measurements were performed using a
helium pycnometer (AccuPyc II 1340, Micromeritics, USA) following an in-house protocol.
Surface roughness was measured using a Dektak XT stylus profiler. One study, however,
focused on cytotoxicity release rather than roughness or density [21].
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Various methods were used for microbial count assessment, including colony-forming
units (CFU) [19,20,22], transmission electron microscopy (TEM) [23], energy-dispersive X-
ray (EDX) microscopy [23], and light microscopy [25]. All studies concluded that ZnONPs
enhanced antimicrobial properties against C. albicans [19–23,25], except one, which could
not statistically demonstrate the impact of commercially available ZnO material on reducing
biofilm adhesion [24].

Quality assessment

This review consists of two articles with a low risk of bias and five with a medium
risk, as illustrated in Table 2 and Figure 2. None of the studies used blinded evaluators, but
all stated their methods clearly.

Figure 2. Risk of bias tool.

Different supportive findings, such as SEM and TEM [19–21,23,25], were used to
analyze existing colonies on the specimen surface. Some showed colonies with different
morphologies and a fully mature biofilm with a multilayered network of microbes and
hyphae, while others showed damage to cells [23,25].

4. Discussion

ZnONPs are widely recognized for their multifunctionality, transparency, and stabil-
ity, making them effective inorganic fillers [19–21]. When incorporated into a polymer,
ZnONPs significantly enhance mechanical properties, such as tensile and impact strengths,
as well as optical properties, contributing to a more esthetically favorable material [21].
Additionally, ZnONPs exhibit potent antimicrobial activity effective against a broad spec-
trum of microorganisms, including both Gram-negative and Gram-positive bacteria [22].
Owing to these attributes, ZnONPs have been selected as a reinforcing agent for denture
base materials. Their incorporation results in improved mechanical strength, abrasion re-
sistance, and antimicrobial properties, particularly anticandidal effects, while maintaining
the biocompatibility of the denture base. These properties highlight the significant promise
of ZnONPs in the development of advanced dental materials [25].

To counter C. albicans adhesion to PMMA surfaces, various approaches can be em-
ployed. These include the addition of bioactive glass, which decreases the C. albicans count
at a concentration of 5% [26]. Other studies have investigated different nanoparticles and
their antimicrobial effects, such as silver nanoparticles (AgNPs), titanium dioxide nanopar-
ticles (TiONPs), and zirconium dioxide nanoparticles (ZrO2NPs) [27,28]. Additionally, the
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application of topical cleaning agents or antifungal medications can help reduce biofilm
formation. Various oral antifungal agents, including fluconazole, nystatin, amphotericin B,
miconazole, ketoconazole, itraconazole, and clotrimazole, are recommended for treating
denture stomatitis [26].

The findings of this review confirm the anti-adhesive activity of ZnO against C. albicans
at a minimum inhibitory concentration of 0.75 mg/mL [19]. There was no difference
in the morphology of HeLa cells treated with ZnONPs reported in a study by Cierech
et al. and the structure of the cell monolayer between the control group and the cells
treated with lower ZnONP concentrations (1–30 mg/L). However, in higher concentrations
(50 mg), morphological changes (polygonal, flat cells turned spherical) were observed,
but the structure of the monolayer remained unaffected (no gaps between adjacent cells,
cells adhering to each other). Adherence was varied in cells treated with 100 mg/L of
ZnONPs [21]. The use of ZnONPs reduces C. albicans adhesion, which in turn decreases
the incidence of denture stomatitis [19–25]. In another study of a mono-species biofilm
consisting of C. albicans, significantly fewer adherent cells (measured by relative absorbance
values) were identified after 44 h compared to 20 h of biofilm formation in the denture [24].
Less adherence indicates a lesser risk of C. albicans infection.

ZnONPs have been examined for their effects on C. albicans adhesion. The studies
included here conclude that there is an action of these nanoparticles on cell adherence to
the acrylic surface. Specifically, the papers focus on the effect of different concentrations of
ZnONPs incorporated into PMMA and how this influences microbial biofilm integrity and
pathogen adherence [21–25]. Their results indicate that lower concentrations (30–50 mg/L)
do not affect cell adhesion, while higher concentrations (100 mg/L) do [21]. This indicates
that ZnONPs can enhance the surface properties of acrylic resins by inhibiting bacterial
adherence and preventing biofilm formation at certain concentrations [21].

The antimicrobial effects of the materials can be affected by different factors, including
nanoparticle concentration, shape (e.g., nanoparticles versus nanowires), and the method
of introduction to the resin [24]. PMMA loaded with nanoparticle concentrations ranging
from 100 to 250 ppm suggests an inverse relationship between microbial adhesion and
nanoparticle concentration, as confirmed through SEM. This imaging method provides
visual confirmation of the reduction of adherence, showing fewer fungal cells adhered to the
surfaces of the ZnO-modified PMMA compared to controls. Furthermore, ZnO nanowires
(ZnO-NWs) at high concentrations (up to 500–1000 ppm) show a role in impairing fungal
adherence. Reports suggest a dose-dependent relationship, with greater reductions in
adherence associated with higher concentrations of ZnO [23].

The anti-fungal effect of nanoparticles can be mediated through several mechanisms
of action [29]. However, studies investigating the mechanisms of action of ZnONPs in
particular are limited. However, the main reported mechanism of action excreted by
ZnO on C. albicans is the release of metal ions and the formation of reactive oxidative
species (ROS). The interaction of these two substances with the cell membrane leads to the
inhibition of cell wall synthesis, cell signaling, enzyme activities, ribosome distribution,
and DNA damage, the inactivation of protein synthesis, and molecular changes in cell
proteins [15].

ZnONPs have the ability to reinforce the mechanical properties of denture bases [30].
Augmenting any material brings the advantages of the added material. However, adverse
effects can also be associated with augmentation [30]. This can include brittleness in the
case of high concentrations of ZnONPs. In addition, the color stability of denture bases
can be influenced by nanoparticle incorporation as a result of the interaction between
ZnONPs and the polymer, thus decreasing PMMA translucency [31]. The clinical use of
ZnONPs in denture bases requires further study to ensure homogeneity, microbiological
efficacy, mechanical strength, and biocompatibility [19]. Assessing ZnO’s potential for
mucosal irritation and its long-term effects is essential [20,30,31]. Despite ZnO’s promise
in preventing denture stomatitis, clinical trials are required to validate its safety and
effectiveness [19,20,23,24].
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The effect of ZnONPs on denture base wettability is often measured based on the
contact angle. This angle affects how easily microbes can adhere to and spread across a
surface. When ZnONPs are added to a PMMA, they often increase the surface roughness
and alter the material by increasing the hydrophobicity through a higher contact angle. A
higher contact angle therefore means a reduction in microbial adhesion and a surface less
prone to retaining the moisture that helps plaque accumulation. Higher surface roughness
tends to trap air between the surface and moisture, which increases the contact angle and
reduces the area in contact with water (and, by extension, microorganisms). ZnO nanorods
embedded in materials can achieve superhydrophobicity, with contact angles exceeding
160◦, leading to reduced microbial adhesion and overgrowth [19,24,32].

The number of studies addressing this topic is limited, making it hard to write a
high-quality comprehensive review. The quality of the review was also limited by two of
the included publications having a high risk of bias. There is a lack of data regarding the
long-term impact of ZnONPs on pathogens and human health. No clinical studies have
been conducted to give more reliable information. This study focused only on the addition
of ZnONPs to PMMA; all included studies were in vitro, with no clinical trials. Further
studies are therefore needed to investigate ZnONP addition in different dental materials
and the long-term related effects, and in vivo studies are recommended.

5. Conclusions

This review suggests that adding ZnONPs to denture base resins can help reduce
denture stomatitis. The concentration and even distribution of ZnONPs are essential
for effectiveness due to their impact on antimicrobial properties. However, all of the
reviewed studies were conducted in vitro, with no clinical trials available. Future research,
especially using clinical trials, is needed to confirm the effectiveness and safety of ZnONPs
in real-world use with different dental materials.
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Abstract: Dental rehabilitation with implants is a clinical reality in clinical practice. The Interproximal
Contact Loss (ICL) between implant-supported prostheses adjacent to natural teeth is a relatively
common occurrence. This systematic review and meta-analysis aims to evaluate the possible clinical
effects of the periodontium regarding the ICL between teeth and implanted-supported prostheses.
We also identified the main ICL assessment tools described in the literature. This study was registered
on the PROSPERO (CRD42023446235), was based on the PICO strategy, and followed the PRISMA
guidelines. An electronic search was carried out in the PubMed, B-on, Google Scholar, and Web
of Science databases without setting a time limit for publications. Only systematic reviews and
comparative clinical trials were included and analyzed. Nineteen publications were eligible for
meta-analysis, with thirteen retrospective and six prospective clinical trials. A total of 2047 patients
and 7319 prostheses in function were evaluated, and ICL was found in 51% with a confidence interval
of 0.40 to 0.61. As ICL assessment tools, dental floss was used in 65%, matrices were used in 30%,
and X-ray images were used in 5% of cases. The clinical follow-up ranged from 1 to 21 years, with
50% between 1 and 3 years, 25% between 3 and 10 years, and 25% between 10 and 21 years. ICL
was found to occur more frequently in the mandible. No statistically significant difference existed
between the anterior (55%) and posterior (47%) oral regions. On the mesial surface, ICL ranged from
13% to 81.4%, possibly due to the different follow-up periods and the diversity of methods used in
the assessment. No differences were found for ICL between single or multiple implanted-supported
prostheses. Food impaction was the most common effect of ICL and was more prevalent on the
implant-supported prosthesis’s mesial surface in the mandible’s posterior region. There was evidence
of peri-implant mucositis but without progression to peri-implantitis, and the form of retention or
the number of elements was not relevant.

Keywords: dental implant; implant-supported prosthesis; loss of proximal contact; loss of interproximal
contact; open contact; adjacent to natural tooth; food impaction

1. Introduction

Natural teeth show physiological tooth migration and movements that occur from
tooth eruption, including functional inclination in the alveolus and the possibility of
adapting to physiological and/or functional needs, whether horizontally, vertically, or
rotationally. Occlusion is an important factor in maintaining interproximal contact surfaces
and the physiological homeostasis of the periodontium [1,2].

The periodontal ligament keeps the tooth in union with the bone, allowing physio-
logical movement. In contrast to teeth, implants have direct contact with the bone and
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are not subject to the mobility experienced by teeth. In implant rehabilitation, whether
single or multiple, when adjacent to a natural tooth, this difference in behavior between
the mobility of the tooth and the immobility or ankylosis of the implant is evident [3–5].
Figure 1a shows the relationship between an implant located in position 35 and perfect
harmony in interproximal contact between the implant prosthesis and the adjacent natural
teeth, with a healthy peri-implant and periodontal region.

Figure 1. (a) Relationship between implant in position 35 and contact between implant prosthesis
and adjacent natural teeth. The healthy peri-implant and periodontal regions are shown in the black
circle. (b) Implant in position 35, interproximal contact loss (ICL) between prosthesis on implant and
natural tooth with food impaction, caries in 34, and loss of gingival volume are visible.

The space opening induced by the implant-supported prosthesis adjacent to the natural
tooth, also known as Interproximal Contact Loss (ICL), represents a typical clinical situation
and has been reported in the literature, especially in systematic reviews, retrospective
clinical studies, prospective publications, clinical case reports, and some classifications
have been proposed [6,7]. Some ICL complications, such as Food Impaction (FI), caries
lesions in the adjacent tooth, gingival inflammation, periodontal changes, and, in some
studies, loss of bone support, have been reported. Various methods have been proposed to
assess the measurement of the interproximal contact or ICL [8,9].

In order to prevent the installation and/or progression of those alterations, it is
necessary to perform the monitoring of the interproximal space over time and adjust
the alterations as soon as possible [10,11]. It is important to highlight the need for the
evaluation of diagnostic and treatment methods in order to avoid ICL triggering and
prevent its occurrence. This is shown in Figure 1b: Due to the lack of a contact point on
the mesial face of the implant prosthesis adjacent to the natural tooth, Food Impaction (FI)
can occur, causing damage to the gingival tissue and promoting demineralization of the
tooth with the deposition of decayed tissue and the appearance of changes in the gingival
mucosa that can evolve and generate bone loss in the damaged area [11–15].

For those purposes, this study aims to evaluate the possible clinical effects of the
periodontium on the ICL between teeth and implanted-supported prostheses and also to
identify the main ICL assessment tools described in the literature.

2. Materials and Methods

This systematic study formulated the research question, “Does the interproximal contact
loss influence the outcomes for periodontium and other clinical effects?”, based on the
PICO model: Population—patients who received single or multiple implanted-supported
prothesis adjacent to natural teeth, Intervention—assessment tools to evaluate and compare
interproximal spaces between natural teeth and prostheses on implants, Comparison or
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Control—interproximal spaces between natural teeth, and Outcome—clinical effects for the
peri-implant and periodontal tissues of the probable loss interproximal contact between the
natural tooth when adjacent to implanted-supported prosthesis over time. The following null
hypothesis was formulated: the loss of proximal contact between the natural tooth and the
prosthesis on implants has no clinical effects on the periodontium. This systematic review
was registered on the International Prospective Register of Systematic Reviews (PROSPERO,
CRD42023446235) and followed the PRISMA guidelines as described in Figure 2 [16].

Figure 2. PRISMA flowchart of the strategy used in the literature search.

2.1. Inclusion Criteria, Exclusion Criteria and Eligibility

Prospective and retrospective observational clinical studies in humans with a follow-
up of at least 1 year, with the presence of implant-supported dental crowns adjacent to
natural teeth, were considered, which included assessment tools for the determination of
interproximal space/contact, measurement of the contact gap, location of the gap in the
oral cavity (maxilla, mandible, anterior, and/or posterior oral region), type of rehabilitation
retention and number of prostheses (single or multiple), and clinical effects of the ICL. We
excluded experimental laboratory studies, animal studies, case reports, and studies that
did not include clinical data with follow-up for at least one year.

2.2. Search Strategies

Searches were carried out using the electronic databases PubMed/MEDLINE, B-on,
Google Scholar, and Web of Science. The search strategy was conducted by two examiners
(JCN and GB), and data collection was based on keywords and the Boolean operators
“AND” and “OR”: (dental implant or dental implants or implant-supported prosthesis)
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and “(loss of proximal contact or loss of interproximal contact or open contact or adjacent
to natural tooth)” and “(food impaction)”.

2.3. Selection and Evaluation of Studies

The Rayyan online platform was used to manage the references [17]. After selection,
the articles were screened, and duplicates were excluded by the two examiners. The
titles were then read, and the exclusions were made. The abstracts were read by the
two examiners (JCN and GB), and when there were discrepancies, a third examiner (BL)
was consulted. Potentially eligible texts were read by both researchers (JCN and GB), and
at all stages, the Rayyan software was blinded (https://rayyan-ios.soft112.com accessed
on 16 May 2024). The JCN researcher was responsible for deciding whether to include
or exclude articles, and the second researcher (GB) was responsible for reviewing the
information. Using the snowball technique, new articles were included after reading the
bibliographical references of the articles selected for analysis. After this stage, the selected
articles were exported to the Mendeley desktop 2.93.0 version.

Two thousand and twenty-one publications were collected, which, after excluding
duplicates, resulted in 376 eligible papers. After reading the title, 78 studies were selected
for evaluation of the abstract, and then a total of 30 publications were excluded. A total of
48 articles were identified for full-text reading. In addition, 10 publications were excluded
(Table 1) because 2 were case reports with no follow-up period, 3 did not mention the num-
ber of implants placed, and 5 studies were laboratory comparisons using finite elements
and superimposed models with no clinical evidence (Figure 2).

Table 1. Exclusion criteria and number of studies excluded after reading the manuscripts.

Exclusion Criteria Number of Studies Excluded

Clinical data < 1 year follow up 2
Case reports without number of implants 3
Experimental laboratory studies 5
Animal studies 0

With the final reading of the articles by the two researchers (JCN and GB), 3 additional
articles were included in the review as a result of reading the bibliographical references
in the publications analyzed (ICL classification, systematic review, comparative clinical
study). Thus, 41 studies were included in this systematic review, according to the PRISMA
flowchart illustrated in Figure 2. The recommended methodology was used for the meta-
analysis [16]. The CONSORT checklist, in Table 2, was used for the qualitative assessment
of the studies [17].

The quality of the articles published by CONSORT criteria was assessed as Poor when
they had a score of less than 10.50, Average when they had a score between 10.50 and 21,
Good when they had a score between 22 and 31.50, and Excellent when they scored between
31.50 and 43 of the items analyzed [18]. Of the articles selected, 75% met the criteria between
16 and 21 (15 articles) and were therefore classified as average quality, while 25% scored
between 22 and 31.50 (five articles) considered as good quality. It is important to point out
that the fulfillment of the constant items showed that the risk of bias of the articles met the
requirements for the strategy to be between average and good quality.

3. Results

The characteristics of the thirteen retrospective and six prospective studies evaluated are
described in Table 3. A total of 2047 patients were described, except for the study [18] which did
not provide information on the number of participants, with a total of 7319 restorations evaluated.

The meta-analysis results highlighted an effect size of 51% (confidence interval between
0.40 and 0.61) and heterogeneity: I2 = 99%, τ2 = 0.84, p < 0.01. However, two studies [1,18]
showed extreme values of 13 and 85% (Figure 3).
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Two studies did not report whether the implants were placed in the maxilla or
mandible [8,19], and in another two studies, they were placed only in the mandible [20,21].
Another 15 studies reported the placement of implants in the maxilla or mandible in the
same patient [1,7,22–34].

Table 2. Checklist for analyzing the methodology and risk of bias of the studies analyzed based
on CONSORT (Consolidated Standards of Reporting Trial). The cross-marked studies (×) show
compliance with the parameter assessed; blank cells represent non-compliance with the item analyzed.
The omitted parameters 1b, 2b, 4a, 4b, 5, 12a, 14a, 14b, 19, 20, 21, and 22 shows compliance in all
studies analyzed.

Study/Criteria 1a 2a 3a 3b 6a 6b 7a 7b 8a 8b 9 10 11a 11b 12b 13a 13b 15 16 17a 17b 18 23 24 25

[1] Yen et al. (2020) × × × ×
[7] Byun et al. (2015) × × × × × × ×
[8] Bombolaki et al. (2020) × × × × × ×
[14] Varthis et al. (2015) × × × × × ×
[15] Saber et al. (2020) × × × × × ×
[19] French et al. (2019) × × × × × ×
[20] Latimer et al. (2020) × × × × × × × × × × × ×
[22] Chanthassan et al. (2020) × × × × × × × × ×
[23] Wong et al. (2015) × × × × × × ×
[24] Liang et al. (2020) × × × × × × × × ×
[25] Shi et al. (2019) × × × × × × × × × × × × ×
[26] Wei et al. (2008) × × × ×
[27] Koori et al. (2010) × × × × × × × ×
[28] Pang et al. (2017) × × × × × × × × × ×
[29] Wolfart et al. (2021) × × × × × × × × × × ×
[30] Manicone et al. (2021) × × × × × × ×
[31] Jeong and Chang (2015) × × × × × × ×
[32] Abduo et al. (2021) × × × × × × × × × × × ×
[33] Ren et al. (2016) × × × × × × × ×
[34] Kandathilparambil et al. (2020) × × × × × × × ×

Figure 3. Forest plots: total cumulative results of events and number of prostheses installed from
13 retrospective and 6 prospective clinical studies evaluated by meta-analysis. The green diamond
and solid line represent the results of all studies together [1,7,8,14,15,19,22–34].
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The implants supported single and/or multiple prostheses. Ten studies with single
prostheses [8,18,19,22,25,28–32] and the other nine did not distinguish whether the implants
supported were single/multiple crowns [1,7,18,25,26,33,34]. In the meta-analysis, a result of
50% was obtained for single prostheses (confidence interval 0.38 to 0.62) and heterogeneity:
I2 = 91%, τ2 = 0.52, p < 0.01. The analysis of single-multiple prostheses showed a result
of 52% (confidence interval 0.35 to 0.69) and heterogeneity: I2 = 99%, τ2 = 1.15, p < 0.01
(Figure 4).

Figure 4. Forest plots: Analysis of loss of contact point according to the number of prostheses per
implant. This is demonstrated by the graph in sub-division by Single/multiple (S-M) in 9 studies
and Single (S) Prostheses in another 10 studies. The green diamond and solid line represent the
results of all studies together, while the red diamonds and dotted lines represent each group’s
results [1,7,8,14,15,19,22–34].

As for implant location, in the anterior (A) or posterior (P) intra-oral region, nine stud-
ies reported placement in A-P [1,7,14,15,19,24,26,33,34], while ten studies were identified
for the P region [8,22,25,27–32]. The results for region P were 47% (confidence interval
0.36 to 0.59) and heterogeneity: I2 = 95%, τ2 = 0.51, p < 0.01. In the publications that did
not distinguish between A and P, the result was 55% (confidence interval 0.37 to 0.71) and
heterogeneity: I2 = 99%, τ2 = 1.12, p < 0.01 (Figure 5).

For the type of retention, whether screw-retained (SR) or cement-retained (CR),
three studies were found with screw-retained prostheses [8,28,30]. However, thirteen did
not detail whether they were cement-retained or screw-retained [1,15,18,19,22,25,26,29,31,32],
and another three did not report the type of retention used [7,33,34]. In the meta-analysis,
for SR prostheses, we found a result of 37% (confidence interval 0.26 to 0.50) and heterogene-
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ity: I2 = 77%, τ2 = 0.13, p < 0.01. In the CR analysis, we found a result of 55% (confidence
interval 0.40 to 0.68) and heterogeneity: I2 = 99%, τ2 = 1.06, p < 0.01. Meta-analysis was
also carried out on publications that did not report the type of retention and found a result
of 48% (confidence interval 0.39 to 0.58) and heterogeneity: I2 = 77%, τ2 = 0.08, p < 0.01,
results in Figure 6.

Figure 5. Forest plots: Analysis of loss of contact point according to the location of the prostheses.
Demonstrated by graphs in subgroups by Antero-Posterior (AP) location in 9 studies and Posterior (P)
in another 10 studies. The green diamond and solid line represent the results of all studies together,
while the red diamonds and dotted lines represent each group’s results [1,7,8,14,15,19,22–34].

To measure the interproximal space/contact, several methods as assessment tools were
registered in 11 publications. Dental floss was the most validated [7,8,14,18,19,22,26,28,31,
32,34] in 8 studies used metal matrix with different thicknesses [20,25,29,33,34]. In addition,
3 apical radiography images were taken [1,18,30], and 1 study used superimposition
comparisons of digitalized models over time [35]. There was also a combination of more
than one assessment tool [15,18,20,36], and in all of the studies, radiographs were used
for follow-up at the control returns after the interproximal spaces had been closed. Since
there were several ways to assess the interproximal space (the opening of the interproximal
contact point), the meta-analysis of this variable was not carried out.

Various studies also recorded the time elapsed between the placement of the dental
prosthesis and the interproximal opening space between the implant-supported prothesis
and the adjacent tooth, which ranged from three months [32,33] to more than five years [7,24]
or even ten years [19,27,35] or more, after installation [8,14,19]. A progressive increase in
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this opened space was observed over the time between installation and detection of the
alteration [26,34].

Figure 6. Forest plots: Analysis of loss of contact point according to the type of retention of the
prostheses. Demonstrated by the graph in subgroups of cement-retained prostheses (CR), observed
in 13 studies; retained by screws (SR) in 3 studies; no information regarding the type of retention in
3 studies. The green diamond and solid line represent the results of all studies together, while the red
diamonds and dotted lines represent each group’s results [1,7,8,14,15,19,22–34].

Food Impaction (FI) is known as a condition that influences and changes the gingival
tissues. No gingival modifications were found in 12 studies [1,8,15,23,31–34]. Of the seven
studies in which gingival conditions varied, six found gingival alterations [14,19,22,25,36],
and one study found bone alterations [7]. In the meta-analysis, periodontal and peri-
implant conditions were shown in 7 publications as alterations ranging from mucositis to
loss of bone insertion, with biological variations of 60% (confidence interval 0.45 to 0.73)
and heterogeneity: I2 = 99%, τ2 = 0.63, p < 0.01. In the other 12 publications, which reported
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no biological variations, a value of 45% was obtained (confidence interval 0.33 to 0.59) and
heterogeneity: I2 = 96%, τ2 = 0.83, p < 0.01 (Figure 7).

Figure 7. Forest plots: Analysis of subgroups in terms of loss of contact points and the occurrence
of biological changes or no biological changes, subdividing the studies into two subgroups and
demonstrating the proximity of both to the graph’s central diamond. The green diamond and solid
line represent the results of all studies together, while the red diamonds and dotted lines represent
each group’s results [1,7,8,14,15,19,22–34].

The clinical follow-up time varied between 1 and 21 years, and six trials recorded a
follow-up of up to 3 years [23,28,29,32–34], seven studies between 3 and 10 years [1,8,19,23,
27,28,30] and another five publications [7,15,18,24,31] between 10 and 21 years of recall.

4. Discussion

Evaluating the periodontal and peri-implant consequences of ICL is important once it
can be highly correlated with multiple aspects, such as the location of the prosthesis, type
of retention, number of elements, time elapsed, and opening of interproximal space on
periodontal health area.

In the present analysis, for the occurrence of ICL regarding location and type of
retention, no changes were found for clinical effects in the region and for trigger changes in
the periodontal or peri-implant area or even for the patient’s general comfort [14,19,31].

Figure 3 highlighted the studies [1,7,24,25,29] that were outside the confidence interval
of this analysis. Also, other studies [15,18,30] revealed a deviation from the confidence
interval between 0.4 and 0.6.
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4.1. Evaluation of Interproximal Contact Loss (ICL)

The assessment of ICL was carried out using different assessment tools, which pre-
vented the authors from carrying out the meta-analysis. The methods varied from den-
tal flossing, X-ray image evaluation, matrix strips of different dimensions, and clinical
evaluation by routine examinations [3] or according to patients’ reports [20,21]. Large
discrepancies in the diagnosis (between 13% and 66%) were found in some studies [1,28],
which can be explained by the lack of protocol for the analysis of resistance to the passage
of dental floss of different thicknesses (50 to 70 μm) as used as the main tool for ICL de-
tection [10,18,20,22,28,37]. Other studies qualified passage with minimal or no resistance
to passage [7,8]; other studies scored this dental floss resistance with numbers 0, 1, 2,
3 [24,30,33] or with the letters a, b, and c [31,32].

The ICL was also measured using metallic strips [23,26,27,34,38] with a thickness
variation of 0.1 to 0.5 mm as a tool to better measure the interproximal mesial–distal (M-
D) space distance; an apical–coronal [20] metallic wire of different thicknesses was also
used [18]. Dental floss was used to detect ICL and, at the same time, used to overlay the
scanned models. This methodology was important to assess changes that occurred not only
in the mesiodistal direction but also in other directions [3].

In the X-ray image evaluation, the measurement was carried out by checking the
contact between the dental crowns and also in the follow-up after corrections. This tool
assessed the bone measurement, which was taken from the implant shoulder (platform)
to the bone crest closest to the implant, without detailing whether the implants were
Bone Level or Tissue Level [1,14,15,19,37,39,40]. It is important to highlight the distortions
that radiographic image evaluations can generate due to the difficulty of calibration and
measuring the same position when repeating the technique.

Visual clinical assessment was carried out in all analyzed publications. The wide
variation in ICL assessment methods may explain the discrepancies found in 13% [1],
23% [41], 65% [23], or even 78% in one reported trial [18]. The importance of establishing a
standardized methodology for evaluating ICL is highlighted so that the results are more
faithful and, possibly, have a smaller margin of distortion. It is also essential to perform
some recommendations to the patient on the possibility of ICL occurrence, the clinical signs,
and the need to return to the dentist for evaluation, which must be part of the guidelines
and good practices in the prosthetic rehabilitations and delivery protocol.

4.2. Food Impaction (FI)

FI was found in all studies where ICL was evaluated, with confirmation of FI re-
ported by the patients between 32% and 56% [20] of the studied populations [14,18,22,37].
However, in the studies in which there was no FI reported by the patients [7], gingival
changes were still observed, such as mucositis and peri-implant changes [8,15,19,22,42].
The importance of monitoring these changes is reiterated, and if the change occurs, it must
be monitored according to the loss of supporting tissue; observation may be necessary [11]
in case of limited tissue loss or clinical return for evaluation and correction of cases of
peri-implant disease [11,38,43] (Figure 1b).

If changes occur without loss of supporting tissue, this should only be monitored [11].
The patient must be warned of the possibility of FI occurrence and the need for periodic
clinical monitoring in order to evaluate and adjust where cavities and peri-implant disease
may be present [10,11,38,43]. It is still well observed that AI was the main cause in the
development of cavities on the distal surfaces of the teeth when they were adjacent to the
implant and highlights the need for information about this fact to the patient to justify
strategies to prevent the development of carious lesions, such as fluorides, adequate
brushing, flossing and the use of silver diamine fluoride [44].

4.3. Factors for Interproximal Contact Loss (ICL)

The contact surfaces must be correctly distributed in the buccal-palatal/lingual and
apical–coronal directions for the correct performance of gingival protection functions,
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maintenance of the interproximal space [2,4] and assistance in the correct transmission
of occlusal force to the bone region [10,26]. Incorrect interproximal surface contact or
anatomical contouring were reported as predictive for ICL [1,6,7,9,10,15,22–24,29,37,41].

In a finite element study, it was detected that the correct anatomical contour of the
interproximal surface contact contributed to better load distribution on the adjacent tooth
and the implanted-supported dental crown [4]. The mesial region of the prosthesis over
the implant was the most affected by the ICL [7,8,14,15,18,20,22,24,27,28,30,34]; however, a
high variation was detected, from 10% [34] to 78% [14].

Regarding the location of the implant in the dental arch, ICL occurred in the maxilla
from 14% [19] to 30% [8], but it was more frequently detected in the posterior region of
the mandible, which ranged from 15% [1] to 54% [20]. It should be noted that in some
publications, only the posterior region (P) of the mandible was analyzed [33,34]. In other
studies, there was no distinction regarding the intra-oral region (A or P). Some studies that
analyzed [1,14,30] the AP subgroups and those that [22,24,25,29] were carried out in the P
subgroup were outside the diamond confidence limit and stood out.

Occlusion seems to be fundamental for the stability of the interproximal surface
contact [1,3,5,9,10,14,18], highlighting the anterior force component [10,19,27] and the
occlusion distribution with the antagonist arch [7,10,24,26]. An important finding was that
the ICL between single or multiple prostheses, when adjacent to the natural tooth, varied
between 16% and 75% [15,20]. The studies highlighted the use of single retention [18,32] and
those that did not distinguish whether the prostheses were single or multiple [1,18,24,30]
but were outside the confidence interval of 0.35 to 0.69.

The time elapsed between the placement of the prosthesis and the detection of the
interproximal space was very variable, being the earliest at 3 months [18,22] and may
increase over time [7,8]. On the other hand, it can be activated later, 8 or more years after
the prosthesis connection [19]. No differences were found for the type of retention, as
prostheses retained by cement or by screws [29], and the occurrence of ICL. However, it
was also reported that for those retained by screws, they were easier to maintain; it was
easier to reestablish the correct interproximal contact, and they could be restored even with
the prosthesis or the adjacent tooth [18,28,37].

Patient age was another topic analyzed in this systematic review [36,38] and high-
lighted as a determining factor for the establishment of ICL, except in [23], which relates the
loss of attachment to be aggravated with advancing age and increased tooth mobility. Some
studies analyzed the influence of gender and found that males had a higher prevalence of
ICL [1,5,6,15].

4.4. Clinical Effects of Interproximal Contact Loss (ICL)

The main effect reported in ICL was FI; some publications directly stated a relationship.
It was detected prior to the evaluation by some patients due to discomfort, and in some
cases by filling a questionnaire relating to pain symptoms affecting quality of life [15,19,37].
However, other trial results [20,22,23] showed little perception of FI noted by the patient.

The consequences of FI on the gingival tissues near the tooth or implant-supported
prosthesis are not very clear in the literature [1,8,14,26,32,37]. However, inflammation of the
periodontal and peri-implant regions was detected by probing the periodontal groove and
peri-implant [7,18,19,22,24,26,30,34]. Patients who presented bone loss between the natural
tooth and the implanted-supported prosthesis may have an increased risk for ICL [42]. In
this meta-analysis, the group with biological changes resulted in 60% and a range from
45% to 73% with a randomized effect of I2 = 99%, τ2 = 0.63, p < 0.01. However, it should be
highlighted that the study [14] was outside the edge of the diamond on the chart. For the
group where no biological variations occurred, the meta-analysis resulted in 45% and a
range of 33% to 59% with a randomized effect of I2 = 99%, τ2 = 0.84, p < 0.01, but it should
be noted that the study [1] was left out of the diamond graph in Figure 7.

It is important to educate the patient regarding the need for correct hygiene with
dental floss [33]. Some publications have shown the development of carious lesions in the
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natural tooth adjacent to the prosthesis over the implant [2,6,8,10,14,19,22,40,44]. Although
ICL was more prevalent in the mesial region of the implant prosthesis than in the distal
region, there was an important variation between the literature analyzed as the divergence
of results was relevant in the mesial region from 4.1% [39] to 85.4% [15] and distally with a
variation of 2.3% [1] to 38.9% [34].

The diversity of interproximal space/contact assessment tools and methods may
explain some discrepancies regarding the type of prosthesis retention (screwed or cemented)
and as not being related to the ICL occurrence [1,5,10,15,20,23]. There has not yet been
confirmation of the influence of the type of retention on the occurrence of ICL [14,18,19,
22,25,26,29,31,32,35,36,41]. The diversity in contact point assessment methods and the
discrepancy regarding the type of prosthesis retention may explain the lack of correlation
between the types of retention and the ICL, according to the meta-analysis result of 55%,
confidence interval from 0.40 to 0.68 (p < 0.01); in contrast to only three studies that mention
screw-retained prostheses [8,28,38] with a range of 37% (0.26 to 0.50) p < 0.01. Three
publications stand out in that they do not mention the type of retention applied [7,26,27].

Important arguments were made in [33] so that the retention is screwed, aiming to
facilitate the ICL reconstruction, either with light-cured resins [11] or with ceramic additions
to the prostheses [10] or, even, through the reconstruction of the adjacent tooth with resin
or with inlays/onlays [9]. Correct reconstruction of the interproximal surface contact is
essential for reestablishing periodontium homeostasis, for patient comfort, and for the
rehabilitation performance over time (Figure 8).

 

Figure 8. Implant in position 35, removal of caries, and reconstruction of interproximal contact loss
(ICL) between prosthesis on implant adjacent to natural tooth. Note the deficient periodontal space.

An important finding reported [34] the impact of using an occlusal splint (2 mm
thick) on the incidence of ICL. The study revealed that the group that did not utilize a
containment drip had the highest incidence of ICL at 30%, whereas the group that used
a containment drip saw a lower incidence of 15% during the study period. These results
suggest promising avenues for future research in this area.

The occurrence of ICL in various locations in the oral cavity was analyzed, both in the
maxilla and mandible, being mostly found in the mandible in the posterior region in the
mesial portion of the prosthesis over the implant [35,36,38]. However, in the meta-analysis,
the P region with 47% (0.36 to 0.59) with p < 0.01 demonstrates three studies [31,32,38] that
escaped the confidence interval of the diamond chart (0.36 to 0.59). Furthermore, 55% (0.37
to 0.71) of the publications did not distinguish between Anterior and Posterior locations
with p < 0.01, and four studies in this region [1,14,15,30] served outside the confidence
interval (0.37 to 0.73) of the diamond chart.
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Several hypotheses have been discussed in the literature regarding the ICL occur-
rence being the most accepted, the passive eruption of the teeth [3,7,10], the continuous
growth of the face [10,19], and the anterior force component [1,10,26], as well as the ex-
cess/direction of the load that can cause mesialization and/or movement of the tooth [31].
Those considerations should be observed when monitoring each of the cases. To reduce the
possibility of ICL, reconstruction and correct adjustment of contact points are essential for
adequate occlusal load distribution to the tooth and bone tissue, as well as to the implant
and underlying region, promoting homeostasis in those fields [2,6,24,37] and minimizing
the occurrence of ICL [4,5], a greater adjustment or tightening of the surface contact is also
recommended [33]. Tooth wear surfaces due to passive eruption must be observed, and the
neutralization of the anterior load component should be monitorized [10].

Due to the high prevalence of ICL, it is always recommended that implant prostheses
be retained with screws to facilitate the reconstruction of contact in the region, whether
by adding them to the tooth or to the prosthesis. Some authors [27] also suggested the
inclusion in recommendations to patients that ICL is a predictable event that could occur at
any time, with the need for monitoring and/or reconstruction.

5. Conclusions

This review assessed the clinical effects of Interproximal Contact Loss (ICL), the impact
of the type of prosthesis retention, the number of prosthetic elements, and the anterior
or posterior positioning of the rehabilitation. Additionally, the primary assessment tools
described in clinical trials for detecting ICL and measuring interproximal space/contact
over time were examined.

ICL occurrence was found to be a complex phenomenon influenced by multiple factors.
Changes were most frequently observed on the mesial surface of the implant prosthesis,
particularly in the posterior mandibular region. In the anterior region, the earliest instances
were detected at 3 months. Subsequent ICL frequency tendency increased over time. ICL
played a role in food impaction, leading to tissue changes (mucositis) that could progress
to peri-implantitis, making it a risk factor for gingival and periodontal conditions.

Factors such as continuous tooth movement, anterior load distribution, and occlusal
contact were identified as significant contributors to ICL, particularly on the mesial surface
of implant-supported prostheses. While the use of an occlusal splint may not prevent ICL,
it can help mitigate some of the clinical effects when ICL occurs.

Due to the multiplicity of assessment tools and methods, new calibration and protocols
are required to develop and standardize clinical and research evaluation of ICL, allowing
reliable and early detection of interproximal space.
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Abstract: This manuscript introduces a novel two-step technique for fabricating mobile dentures
post-extraction to streamline prosthodontic rehabilitation. The study utilizes various materials,
including dental polymers, metals, ceramics, and composite materials, each chosen for their unique
properties that contribute to the final prosthesis’s functionality, durability, and esthetics. The detailed
procedure involves an initial occlusal registration immediately following tooth extraction, capturing
precise occlusal relationships and a comprehensive dental impression. This approach reduces clinical
visits and leverages optimal alveolar ridge morphology. The expected results highlight the efficiency
of the technique, reducing treatment time without compromising quality and potentially improving
patient satisfaction and prosthodontic outcomes. This innovative method conclusively promises
rapid, efficient, and patient-centered dental rehabilitation, emphasizing the need for future research
to validate its effectiveness and explore long-term outcomes.

Keywords: dentures; complete; dental impression materials; dental prosthesis design; patient care
planning; prosthodontics; dental materials

1. Introduction

1.1. Background

The fabrication of mobile dentures following dental extractions is a cornerstone in
prosthodontic rehabilitation, aiming to restore masticatory function, esthetics, and overall
quality of life [1]. Removable prosthodontics are a treatment option for patients who have
lost one or more teeth. Fixed prosthodontics, such as bridges and crowns, are cemented
or screwed to the patient’s existing teeth or dental implants, offering a non-removable
solution that closely replicates the natural appearance and function genuine teeth. This
approach ensures excellent stability and efficiency in chewing, contributing positively to
oral health. However, fixed prosthodontics often require the alteration or preparation of
adjacent healthy teeth, which can lead to potential long-term dental issues and necessitates
a complex and rigorous maintenance regimen to prevent problems such as decay under
the prosthetic or periodontal disease at the abutment sites. On the other hand, removable
prosthodontics, like complete and partial dentures, provide a versatile and less invasive
alternative that is generally more cost-effective and easier for patients to manage in daily
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cleaning and maintenance. Despite these benefits, they might lack the stability and comfort
of fixed alternatives, as they can move during speech or eating, potentially leading to sore
spots and diminished patient satisfaction. Removable options also typically require more
frequent adjustments to accommodate changes in the oral cavity, adding to their long-term
upkeep. Deciding between fixed and removable prosthodontics depends on several patient-
specific factors, including the condition of remaining teeth, preference for permanence
versus flexibility, esthetic considerations, and financial constraints. Each option presents
unique advantages and challenges that should be carefully considered regarding the
patient’s lifestyle, expectations, and overall oral health goals [2]. Removable prosthodontics
are made of a base material, such as acrylic resin, that supports artificial teeth. Removable
prosthodontics can be either complete or partial. Complete dentures replace all teeth in
an arch, while partial dentures replace only some of the teeth. Manufacturing removable
prosthodontics is a complex process involving several steps [3]. Traditional protocols for
denture fabrication typically involve multiple clinical and laboratory steps, often extending
over several weeks or even months. This time-consuming process can be a significant source
of distress for patients, prolonging the adjustment and adaptation to the new prosthesis. In
recent years, there has been a paradigm shift towards minimizing the number of clinical
visits and reducing the overall treatment time without compromising the quality of the
prosthodontic outcome [4,5].

During the realization of dentures, the pre-clinician diagnostic phases are essential.
Initially, a comprehensive oral examination is conducted to assess the patient’s systemic and
oral health, including the condition of any remaining teeth, the health of the oral mucosa,
and the anatomical features of the jaw and oral cavity. This could lead to instrumental ex-
aminations, like radiography, to evaluate the periodontal status of residual teeth. Carefully
analyzing the soft and hard tissues to highlight anomalies, such as exostoses or mandibular
tori, is essential. Subsequently, we can proceed with the joint evaluation of the patient,
highlighting the presence of temporomandibular anomalies. To evaluate the peri-oral soft
tissues, we must consider the high esthetic value of a removable prosthetic rehabilitation.
The importance of a thorough diagnosis and analysis of temporomandibular disease (TMD)
in patients before the realization of removable dentures cannot be overstated. Accurate
assessment of the temporomandibular joint (TMJ) and its function is crucial because TMD
can significantly impact the overall success and functionality of the dentures. Patients with
undiagnosed or untreated TMD may experience increased discomfort and complications
with their prosthesis due to the added strain on their compromised joint structures [6]. This
can lead to improper fitting of the denture, increased wear and damage, and decreased
patient satisfaction and quality of life. Only after assessing the patient’s psychological
state and being sure of their acceptance of a removable rehabilitation will it be possible to
proceed to the subsequent phases [6,7].

This is followed by detailed dental impressions, which serve as the primary models
for creating the dentures. Precise measurements of the maxillary and mandibular arches
are taken to establish the spatial relationship between the two, ensuring that the dentures
will align correctly during mastication. Additionally, esthetic considerations such as the
color, size, and shape of the prosthetic teeth are decided in consultation with the patient,
aiming to mimic natural teeth as closely as possible. This meticulous preparation phase is
vital for crafting a functional, comfortable, and esthetically pleasing dental prosthesis that
meets the specific needs and expectations of the patient.

This technique focuses on possibly rehabilitating an edentulous patient in the shortest
possible time to avoid functional and esthetic discomfort. Studies such as those by Jogezai
et al. have explored immediate loading protocols, emphasizing the importance of rapid
rehabilitation in enhancing patient satisfaction and treatment acceptance [8]. However, the
need for a concise yet comprehensive protocol for mobile denture fabrication, especially
following dental extractions, remains a subject of clinical interest and scientific inquiry [9,10].
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1.2. Materials Used in Removable Prosthesis Fabrication

Fabricating removable dental prostheses involves various materials, each selected
for specific properties contributing to the final product’s functionality, durability, and
esthetics. The primary materials include dental polymers, metals, ceramics, and composite
materials [11–15].

1.2.1. Dental Polymers

Polymethylmethacrylate (PMMA) is a widely used material for denture bases. It is
chosen for its ease of manipulation, acceptable color stability, and compatibility with the oral
environment. PMMA’s properties include good esthetic qualities, such as translucency and
color options that mimic natural gum tissue, and adequate mechanical strength. However,
it can be prone to fracture under high impact and may undergo dimensional changes over
time due to water absorption [16,17].

1.2.2. Metals

Metals used in removable prostheses include cobalt–chrome alloys, stainless steel, and
sometimes gold. These materials are used mainly in the framework of partial dentures
or for clasps and attachments. Metals offer high strength, rigidity, and resistance to
wear and deformation, which are crucial for the structural integrity of partial dentures.
Cobalt–chrome alloys are particularly valued for their favorable mechanical properties,
biocompatibility, and minimal allergic potential [18].

1.2.3. Ceramics

Ceramic materials, such as porcelain, are sometimes used for artificial teeth in dentures
due to their exceptional esthetic qualities, including color stability and resistance to wear.
Porcelain teeth provide a high degree of natural appearance due to their translucency and
color-matching capabilities. However, their brittleness and the potential for abrasion to
opposing natural teeth limit their use [19,20].

1.2.4. Composite Materials

Dental composites are increasingly being used for artificial teeth and modifications
or repairs to dentures. These materials offer an excellent balance between esthetics and
mechanical properties, with improved wear resistance compared to acrylic teeth and better
impact strength than porcelain. Composites can be easily adjusted and polished, making
them ideal for intraoral modifications [21–23].

1.2.5. Soft Liners

Soft liner materials, including silicone-based materials and soft acrylics, are used to
improve the comfort of dentures, especially in cases with bony undercuts or sensitive
tissues. These materials can absorb masticatory forces, reducing pressure points and
improving the distribution of occlusal loads [24].

1.3. Articulators

Articulators in prosthodontics are mechanical devices used for simulating the tem-
poromandibular joint and jaw movements, aiding in the accurate fabrication of dental
prostheses, including mobile dentures. There are several types, ranging from simple to
highly complex:

1. Non-adjustable or simple articulators can replicate basic opening and closing move-
ments. They are used for simple restorations that do not require extensive occlusal detailing.

2. Semi-adjustable articulators can simulate more natural jaw movements, including
lateral and protrusive movements. They are used for more complex restorations, balancing
functionality and cost.

3. Fully adjustable articulators: These replicate the full range of mandibular move-
ments and can be customized to match the patient’s specific jaw movements, which are

196



Prosthesis 2024, 6

recorded via face-bow transfers and other measurements. They are used for the most com-
plex and precise dental restorations, including high-end mobile dentures, where occlusal
harmony and function are crucial.

4. Virtual or digital articulators: with the advancement of digital dentistry, virtual
articulation software simulates jaw movements digitally, allowing for precise design and
fabrication of dentures using CAD/CAM technologies [25–27].

Each type of articulator has its specific use, depending on the complexity of the dental
prosthesis being fabricated and the level of occlusal detail required.

1.4. Aim

The present manuscript introduces a novel two-step technique aimed at streamlin-
ing the process of mobile denture fabrication post-extraction, potentially redefining the
conventional timelines and procedures of removable prosthodontics. Its primary aim is
to reduce the number of clinical visits required, thus enhancing patient satisfaction and
potentially improving prosthodontic outcomes. By integrating occlusal registration and
immediate impression techniques immediately post-extraction, the technique captures
optimal alveolar ridge morphology, which is crucial for the functional and esthetic success
of the dentures. This approach promises to maintain high standards of care and streamline
the overall treatment timeline, offering a more efficient and patient-centered approach to
prosthodontic rehabilitation.

2. Materials and Equipment

In standard procedures, the realization of a removable prosthodontic appliance is
a meticulous multi-step process, combining clinical assessments and dental laboratory
techniques to create a functional and esthetically pleasing dental prosthesis. A detailed
patient evaluation and preliminary impressions are initially obtained to develop diagnostic
models. These models help in the accurate planning of the prosthesis. Following this,
definitive impressions are made using specialized materials to capture an exact negative
of the oral structures used to create master casts. Subsequent steps involve recording the
jaw’s relations to establish the spatial relationship between the maxillary and mandibular
arches, which is crucial for the correct alignment of prosthetic teeth. Artificial teeth are then
selected and arranged based on esthetic and functional criteria, ensuring that they mimic
natural teeth as closely as possible in size, shape, and color. A trial insertion follows, where
a wax model of the denture set is tested within the patient’s mouth, allowing for necessary
adjustments before the final processing. This phase transitions into the processing and
finishing of the denture, where the wax model is converted into the actual prosthesis using
materials like acrylic resin. After thorough polishing and refinements, the prosthesis is
ready for delivery. The final steps include post-insertion adjustments to optimize comfort
and functionality, ensuring the integration of the prosthesis into the patient’s daily life.
This comprehensive approach strives to restore the patient’s masticatory function and
esthetics. It emphasizes minimizing clinic visits and enhancing overall treatment efficiency,
underscoring the evolution of modern prosthodontics toward patient-centered care [5,28].

The proposed technique for mobile denture fabrication encompasses two pivotal steps
that are strategically designed to optimize clinical efficiency while ensuring prosthetic
precision and patient comfort using standard materials (Table 1) (Figures 1–5).

Table 1. The first column shows the different phases. The second column shows the detailed
procedures. The third column shows the main author of each procedure.

Phase 1: Occlusal registration and
initial impressions

Occlusal registration immediately
post-extraction (Figure 1b)

In-office phaseAlginate dental impression following
tooth extraction (Figure 1c,d)
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Table 1. Cont.

Phase 2: Prosthesis assembly and
adjustment

Mounting and first assembly of the
prosthesis (Figure 2) Dental technician phase

Further adjustments and final assembly
(Figure 2) In-office phase

Final impressions and prosthesis
completion (Figures 3 and 4)

In-office phase and delivery to dental
technician for finalization

Delivery and post-delivery adjustments
(Figure 5) In-office phase

 

Figure 1. (a) Intraoral photo of the patient at the first appointment in the pre-dental extraction
phase. (b) Centric registration with red wax in the pre-extraction phase. (c) The patient undergoes an
alginate impression of the dental arches. (d) Cleaned and disinfected impressions are ready to be
sent to the dental laboratory.

Figure 2. (a) Dental models in plaster and red wax with first centric registration. (b) Dental models
mounted in articulator front view. (c) Dental models mounted in articulator lateral view.
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Figure 3. (a) Test teeth with resin base in position; the wax rims in the lateral posterior sector are
evident. The functional and esthetic test is satisfactory, considering the single step up to this point.
(b) Relining the resin base with polysulfide material is performed with trial assembly and simulta-
neous occlusal and mucosal functionalization (heated wax rims). (c) Resin base with polymerized
material, front view. (d) Resin base with polymerized material, palatal view.

 

Figure 4. (a) The assembly of the new plaster model obtained in the definitive articulator shows that
the dental technician has already assembled the teeth in the lateral posterior sectors. (b) Occlusal
view of the resin base with relining material (polysulphide) during the creation of the definitive
model. (c) Completed removable total prosthesis, right side view. (d) Completed removable total
prosthesis, left lateral view.
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Figure 5. (a) Completed removable total prosthesis, front view. (b,c) Delivered denture.

3. Detailed Procedures

The patient comes to our observation requesting a removable rehabilitation of the
upper arch. Patient ASA2 has no contraindications to the treatment and does not complain
of painful symptoms in the oral cavity. He does not report any anomalies, noises, or pain
during chewing attributed to TMJ pathologies. Upon intraoral physical examination, the
patient presents with several root residues in the upper arch. The lower arch presents
a condition of oligodontia and does not require treatment. In the first step, an occlusal
registration is performed immediately following the extraction of the designated teeth.
This step is crucial for capturing the precise occlusal relationships and vertical dimensions
of occlusion, which are fundamental for the functional success of the prosthesis. The
occlusal registration is conducted during the same appointment as the extraction of the
teeth, thereby reducing the number of clinical visits. If the patient is already edentulous
or his vertical height is significantly altered, following this protocol will be much more
difficult. This is followed by an alginate dental impression immediately after extracting
the remaining teeth. This approach not only streamlines the clinical workflow but also
capitalizes on the residual alveolar ridge morphology before significant resorption occurs,
a concept supported by studies emphasizing the importance of immediate impressions in
capturing the optimal ridge anatomy [29].

It is necessary to report as much information as possible on the first wax block, such
as the midline and the smile line. At this point, the dental technician can mount the plaster
models obtained from our dental impressions in the articulator. This assembly will follow
the occlusal registration obtained through the first wax mark; this will allow the dental
technician to carry out a first assembly of the teeth on the resin base of the prosthesis, using
the front sector only, respecting the color taken during the first session.

The dental technician will create a wax base on the plaster model obtained to assemble
the dental elements blocked in wax. However, a wax rim will remain in the posterior and
lateral posterior sectors, which will be used for occlusal registration during the second
step [30].

Having obtained this rigid resin base with the teeth of the frontal sector mounted, it
will be possible to proceed with carrying out all the esthetic and phonetic tests, evaluating
the function of the canine and incisor guides and, above all, the median and canine line
from an esthetic point of view. A precise and reliable centric position will be obtained
by heating the wax rims of the posterior sector and bringing the patient into the centric
position. If the teeth in the frontal sector are not congruent with the occlusion, they will
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be adapted, or if this is not possible, the protocol will start again with a new wax rim
positioned on the resin base once the teeth have been removed.

Having ensured the absence of any pain reported by the patient during the tests and
a stable position of the resin base on the palate, it will be possible to proceed with the
precision impression that will be functionalized with polysulphide-based pastes [31–34].
Polysulfides are hydrophobic elastomers of natural origin with a relatively low cost, excel-
lent tear resistance, and viscoelastic characteristics. They also have a long polymerization
time, which allows the detection of secondary mucodynamic impressions in totally or
partially edentulous patients. It is a material often criticized for its difficult processing and
organoleptic characteristics. The poor dimensional stability of the material requires the
technician to pour the impressions within 30 min of removal from the oral cavity [35].

The impression material is then kneaded and placed on the resin base, closing the
patient in a centric position and functionalizing the soft tissues (mucosa of the lips and the
genials). The resin base with the polymerized impression material can be removed, and the
patient can proceed to the last delivery step.

The prosthesis can thus be delivered following an occlusal and esthetic check. The post-
extraction mucous membranes and alveoli will not yet have reached complete maturation
and healing, but this allows the patient to have a full set of teeth and restore function and
esthetics within a few days.

4. Expected Results

4.1. Clinical Implications

The choice of material for a removable prosthesis has significant implications for clini-
cal outcomes. Dentists must consider the patient’s specific needs, including the condition of
the oral tissues, masticatory efficiency, esthetic preferences, and any allergies or sensitivities.
The longevity and success of a removable prosthesis also depend on proper maintenance
by the patient, including regular cleaning and avoiding practices that could damage the
prosthesis, such as using it to open bottles or chewing hard foods.

Creating a removable prosthodontic with standard protocols involves meticulously
detailed procedures that span several critical steps designed to ensure that the prosthesis
meets both functional and esthetic requirements for the patient. This process typically
encompasses the following:

1. Patient evaluation and preliminary impressions: initial consultation and assessment
of the patient’s oral health status are conducted, followed by taking preliminary impressions
of the arches to create diagnostic models;

2. Definitive impressions and master cast fabrication: this entails using more precise
impression materials to capture detailed oral structures to create master casts;

3. Jaw relation records: this entails determining and recording the spatial relationship
between the upper and lower jaws to guide the proper alignment of the denture teeth;

4. Selection and arrangement of denture teeth: the appropriate size, shape, and color of
artificial teeth are chosen based on esthetic and occlusal requirements, and this is followed
by their precise arrangement;

5. Trial insertion: this is a test fitting of the denture with the arranged teeth set in wax,
allowing for adjustments in esthetics and occlusion before final processing;

6. Processing and finishing: this is the conversion of the wax denture into its final form
by replacing the wax with a denture base material, usually acrylic resin, which is followed
by polishing and finishing touches;

7. Delivery and post-insertion adjustments: the finished denture is handed to the
patient, followed by making necessary adjustments to enhance comfort and function,
ensuring satisfactory integration into the oral cavity [36–38].

Each step requires detailed attention to technical and clinical details, ensuring that
the final prosthesis meets the patient’s function, comfort, and appearance needs. From
a clinical perspective, this approach significantly reduces the number of patient visits re-
quired, directly enhancing patient convenience and satisfaction. Financially, by optimizing
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materials and reducing chair time, the technique potentially lowers the overall cost of den-
ture fabrication for patients. For clinicians, the technique offers a more efficient workflow,
allowing for rapid prosthodontic rehabilitation while maintaining high standards of care.
This innovative method redefines conventional timelines and procedures in removable
prosthodontics, emphasizing efficiency and patient-centered care.

4.2. Literature Discussions

The innovative two-step technique for mobile denture fabrication presents a significant
advancement in removable prosthodontics, potentially setting a new standard for efficiency
and patient-centered care. One of the most notable advantages of this technique is the
reduction in the number of clinical visits, which directly correlates with patient convenience
and satisfaction. Additionally, by performing the impression immediately post-extraction,
the technique harnesses the most favorable ridge anatomy, potentially enhancing the stabil-
ity and retention of the final denture. The strategic timing of the occlusal registration also
ensures that the vertical dimension of the occlusion is accurately captured, a crucial deter-
minant of the functional and esthetic success of the prosthesis. However, it is imperative
to consider this technique’s potential limitations and challenges. The condensed timeline
necessitates meticulous clinical execution and may leave limited room for error correction.
The immediate post-extraction phase is also characterized by tissue inflammation and
healing dynamics, which may introduce variables that could impact the final denture fit
and comfort. Comparative studies, such as those by Heartwell et al. [39], have emphasized
the importance of considering the biological and healing factors in immediate denture
protocols. Therefore, while the proposed two-step protocol offers substantial benefits, it
requires a high level of clinical expertise and a thorough understanding of the biological
processes involved in post-extraction healing.

Cherkashin BF et al. [40] developed a protocol for setting artificial teeth in completely
removable prosthodontics without bite ridge landmarks based on comprehensive dentistry
literature and clinical experience, leading to more efficient prosthesis fabrication for pa-
tients with complete secondary dementia. Von Stein-Lausnitz M et al. [41] conducted a
double-blinded randomized controlled trial to assess the impact of face-bow registration on
occlusal parameters in complete denture remounting, revealing no substantial differences
between face-bow and mean setting methods in changing the vertical dimension [42].
Steinmassl PA et al. [43] evaluated various CAD/CAM denture systems, highlighting
these technologies’ potential to reduce patient visits and improve denture adaptation,
with each system offering unique advantages based on the dentist’s expertise and patient
needs. Alhallak KR et al. [44] review the use of 3D printing technologies for manufacturing
removable prosthodontics, focusing on advantages like time efficiency, satisfying clinical
outcomes, and securing patient records while noting challenges such as material strength,
esthetics, and biocompatibility, urging further studies. Suzuki Y et al. [45] analyze the
laboratory efficiency of additive manufacturing for removable prosthodontic frameworks,
comparing surface roughness, fitness accuracy, and retentive forces with conventional
methods, finding areas where additive manufacturing falls short or matches traditional
techniques. Davda K et al. [46] investigated the trueness and precision of copy denture
templates made via conventional and 3D printing methods, finding that 3D-printed tem-
plates significantly improved trueness and accuracy over traditional methods, highlighting
the potential of 3D printing in dental prosthetics. Bilgin MS et al. [47] review CAD/CAM
and rapid prototyping technologies for removable prosthodontic fabrication, covering
technological advancements, techniques, and the transition towards digital planning and
manufacturing while noting current limitations and the need for technical expertise in tra-
ditional methods. In their clinical study, Lo Russo et al. assessed the accuracy of a two-step
scanning strategy for intraoral scans of edentulous mandibular arches, comparing these
with conventional polysulfide impressions. The results showed no significant distortion
or differences in 3D deviations when comparing the scans to the impressions, indicating
the reliability of the two-step scanning method. However, the analysis revealed significant
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regional variations, although these did not differ significantly between corresponding
regions on both arch sides [48].

Accurate diagnosis and thorough analysis of temporomandibular disorders (TMDs)
are essential before the fabrication of removable dentures. TMDs can significantly affect
dentures’ masticatory function, comfort, and overall success. The temporomandibular
joint (TMJ) acts as a crucial interface in the biomechanics of mastication, which is directly
influenced by the occlusal dynamics introduced by dentures [49]. In a systematic review,
Nimonkar et al. [50] critically examine five peer-reviewed articles selected based on tem-
poromandibular disease and removable dentures. These articles suggest that complete
dentures, particularly when carefully designed to restore the vertical dimension and proper
occlusal relationships, can significantly alleviate TMD symptoms in edentulous patients.
Despite the inherent limitations of the data due to study heterogeneity, the findings ad-
vocate for the therapeutic role of complete dentures in potentially reversing TMD-related
manifestations, enhancing masticatory function, and improving overall quality of life for
edentulous individuals. The discussions within the review emphasize the necessity for
well-fabricated dentures and highlight that while current studies support the benefits
of dentures in TMD management, further high-quality randomized clinical trials are re-
quired to solidify these findings and optimize treatment protocols. This review provides a
foundational perspective on the intersection of prosthodontics and temporomandibular
health, pointing towards a nuanced understanding of the biomechanical and rehabilitative
interactions facilitated by complete dentures in managing TMDs [49–51].

The two-step technique described herein for fabricating mobile dentures immediately
post-extraction is designed to address current challenges in prosthodontic rehabilitation,
particularly the need for rapid restoration of function and esthetics with minimal clinic
visits. This technique leverages advanced material selection and streamlined clinical
procedures to optimize treatment outcomes and patient satisfaction. In daily dental practice,
the introduction of this technique has the potential to significantly influence the approach
to denture fabrication. By reducing the number of patient visits and treatment duration,
dental practitioners can enhance the efficiency of their practice and patient throughput.
The materials used, including dental polymers, metals, ceramics, and composites, are
selected for their durability, esthetic qualities, and biocompatibility, ensuring that the final
prosthesis meets both functional and esthetic requirements [16,48].

It is crucial to understand that the success of this innovative technique hinges not
only on the materials and technologies used but also on the meticulous execution of
clinical and laboratory steps. The educational takeaway is the importance of a thorough
understanding of material properties and the appropriate application of clinical techniques
to optimize the outcome of the prosthesis. The two-step technique offers a rapid, efficient
solution compared to traditional methods. However, it requires precise execution and
coordination between the dental team and laboratory technicians. The primary limitation
is the dependency on the clinician’s skill and the patient’s oral condition at the time of
extraction, which can vary widely and affect the fit and function of the immediate denture.

In contrast, digital techniques, such as CAD/CAM and 3D printing, provide high
precision and reproducibility without the same level of operator dependency. These
methods allow for the creation of dentures with consistent quality and fit utilizing digital
impressions that can be archived and reused for future prostheses. However, digital
methods can be cost-prohibitive and require significant investments in technology and
training. The aspect of sustainability in prosthodontic practices, particularly through the
selection of materials and techniques, is increasingly important [13,14,29,36,51]. Moreover,
the durability of the selected materials reduces the frequency of prosthesis replacement,
thereby decreasing waste and promoting sustainability in dental practice.

4.3. Limitations

The technique presented here has different limitations, some absolute and some
relative to the case. Those relating to the case are linked to the fact that the patient does
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not have intact dental elements but only root residues. Therefore, this could make occlusal
registration more difficult. Furthermore, the patient is partially edentulous in the posterior
sectors of the lower arch, which could facilitate delivery. Regarding the absolute limits, we
must consider the need for a specific learning curve to carry out this technique. Materials
such as polysulfide-based pastes are complex in their use and functionalization. The wax
block must always be created first and used at the first meeting by the clinician. Suppose
there are many extractions to be performed. In that case, it is necessary to record the
occlusion in such a way as to obtain contact with both the mucosa and the teeth, then
record the centricity after several extractions. The first dental assembly is highly operator-
dependent and may not be suitable for the second step. The resin base with the dental test
remains inside the resin, which is positioned in the flask.

5. Conclusions

The novel two-step technique for mobile denture fabrication post-extraction marks
a significant leap forward in removable prosthodontics. By consolidating the clinical
steps and harnessing the immediate post-extraction phase for impression and occlusal
registration, this technique offers a promising avenue for rapid, efficient, and patient-
centric prosthodontic rehabilitation. The reduction in clinical visits and the strategic use of
immediate post-extraction tissue morphology underscore the patient-centered approach
of this technique. However, the success of this innovative method hinges on meticulous
clinical execution and a profound understanding of tissue dynamics post-extraction. Future
research and clinical trials are warranted to validate this technique further, explore its
long-term outcomes, and establish its position in the repertoire of prosthodontic treatment
options. The potential for integrating advanced materials and technologies such as CAD
and 3D printing into this technique could also be investigated, which would further
enhance the precision and customization of dentures, particularly in terms of occlusal
registration. This technique’s possibilities to redefine the standards of care in removable
prosthodontics are immense, promising a new era of efficiency and patient satisfaction in
dental rehabilitation.
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Abstract: Patients with Kennedy Class I are usually treated with clasp-retained removable partial
dentures (RPDs) as the prosthetic gold standard. For additional stabilization of the RPD, clinicians are
often confronted with the question of secondary implant placement, which requires the fabrication
of new prostheses. This case report is part of an ongoing multi-center randomized controlled study
(RCT) investigating conventional RPDs without and with supplementary implants. A design of
the RPD framework, including matrix housings, is crucial to enable subsequent implant retention
or support. Ultra-short implants (Straumann TL 4.1 × 4 mm) offer the opportunity for additional
support and retention in the edentulous posterior region, where bone availability is often reduced.
This future-oriented and minimally invasive approach with virtual treatment planning and guided
implant surgery offers the possibility of simplified functional and cost-effective aftercare.

Keywords: prosthodontics; removable dental prosthesis; clasp-retained removable partial dentures;
dental implant; computer-aided implant surgery (CAIS); patient-reported outcome measures (PROM);
randomized controlled study (RCT)

1. Introduction

Population demographics show that overall edentulism is decreasing in the aging
population due to improved prophylaxis and care, while the proportion of partially eden-
tulous individuals is increasing as a result of longer life expectancy, increasing population
aging, and the fact that more teeth are retained at older age due to improved oral health
care and prevention [1–5].

Posterior molars are more likely to be lost than anterior teeth [1,5], resulting in re-
maining anterior dentition with bilateral edentulous posterior areas typically classified as
Kennedy Class I [6]. The prosthetic gold standard for the treatment of cases with bilateral
free-end situations are removable partial dentures (RPDs) with clasps, not at least due
to the fact that fixed restorations with dental implants are often considered too costly,
time-consuming, and invasive, particularly when additional augmentative measures are
required [4]. In contrast, RPD treatment is minimally invasive, cost-effective, and patients
can be provided with dentures in a timely manner [2–4].

RPDs with clasps in a Kennedy Class I situation are often associated with technical or
biological complications due to the lack of posterior support [7] and frequent requirement of
adjustments such as relining or fracture repair [8]. For instance, in a prospective study over
2 years, clasp-supported RPDs in Kennedy Class I situations showed partial non-occlusion
in 35% of prostheses at 6 months, which increased to over 50% at 2 years in function [9].
In this context, various groups of authors reported that the reduction in residual ridge
height is closely related to edentulism and denture use [10], and that non-denture wearers
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tend to have more residual edentulous ridge tissue compared to denture wearers. [11]. In
a retrospective study of Kennedy Class II patients (unilateral free-end) using cone-beam
computed tomography (CBCT) analyses, vertical and horizontal alveolar bone resorption
in the edentulous sites was higher in RPD wearers than in patients without RPDs [12].
Thus, the alveolar ridge in the saddle region appears to be more susceptible to resorption
due to the pressure load exerted by the prosthetic saddle. It can therefore be expected that
improperly fitted RPDs will transfer even more unfavorable forces to the alveolar ridge,
which may lead to further progression of resorption of the residual ridge [4].

A retrospective study reported that approximately 40% of partial dentures are no
longer in use within 5 years [13] because of factors such as socio-demographics, pain, and
esthetics [2]. Several reviews relate this to incorrect or inaccurate planning and execution in
the fabrication of RPDs [2,4]. Considering that the number of partially edentulous patients
will increase and that not every patient will receive fixed implant restorations for financial
reasons or due to other factors such as a loss of several teeth and/or severe soft and hard
tissue loss, it is necessary to give more importance to the topic of RPD [2,4]. Therefore, to
optimize general RPD and minimize potentially damaging forces on abutment teeth and
supporting tissues, at a minimum, the improved planning of denture design in conjunction
with accurate assessment of tooth status, positions, and preparation, as well as patient
education, consistent follow-up, and further development of new fabrication technologies
and materials are required [2].

Provided that the RPD saddles are extended to rest at the retromolar pads, alveolar
ridge resorption due to non-physiological loading is deemed to be minimized [14] Addi-
tional implants in the posterior region of RPDs, also known as implant-assisted removable
partial dentures (IARPDs), have been described to improve function and stability [5,15].
According to a recent systematic review, conversion from conventional RPDs to IARPDs by
subsequent implant placement and integration into the prosthesis, lead to an improvement
in overall oral function (mastication, pronunciation, and esthetics) in partially edentu-
lous Class I mandibular Kennedy patients. There was also a significant improvement in
patient-reported outcome measures (PROMs), particularly in the field of physical pain and
psychological impairment, and masticatory performance improved significantly in terms
of maximum bite force, active occlusal contact area and mandibular jaw movement [16].
Another recent systematic review also reported that IARPDs showed favorable clinical out-
comes and significantly higher patient satisfaction than before treatment and compared to
conventional RPDs [17]. According to this review, stud attachments were most commonly
used in IARPDs, and the different attachment systems did not affect implant survival or
patient satisfaction [17]. However, both reviews addressed a lack of high-quality long-term
RCT studies and a need for an IARPD treatment protocol based on well-structured, long-
term clinical trials, in which implant location, type, and size, as well as type of attachment,
metal framework design, and surgical and loading protocols are determined [16,17].

In light of these findings, a multicenter RCT was designed to evaluate the effect
of additional implants in Kennedy Class I patients in terms of PROMs and cost–benefit
analyses comparing maintenance care costs (initially and during long-term follow-up) for
the treatment of partially edentulous patients with two additional posterior implants using
two types of attachments that either support or retain RPDs. The case report presented
here is part of this ongoing multicenter study and is intended to illustrate the clinical
digital workflow and technical protocol for restoring a Kennedy Class I situation with a
conventional RPD taking into account direct or later implant placement using ultra-short
implants for additional support or retention in the posterior region.

2. Detailed Case Description

A 52-year-old male patient introduced himself to the University Center for Dental
Medicine Basel (UZB) with the request for a prosthetic rehabilitation. He was in general
good health, had never smoked, and related previous tooth loss to caries lesions. Initial
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periodontal and radiographic screening revealed healthy conditions of the remaining
dentition with severe tooth wear and a collapsed bite (Figure 1).

 

Figure 1. Clinical situation before treatment.

Due to the complex intermaxillary situation requiring an increase in the vertical
dimension of occlusion (VDO), an overdenture prosthesis with anterior post copings and a
clasp at the intact left premolar was planned in the maxilla, while a clasp-retained RPD was
indicated in the mandible. The intact anterior dentition in the mandible determined the
occlusal plane, and the increase in VDO was planned in the maxilla, which was restored
first providing a diagnostic set-up in the mandible. For the RDP in the mandible, intraoral
scans with and without the set-up were analyzed with a software program (3Shape Dental
Manager, Copenhagen, Denmark), which enabled an exact planning of the prosthesis
path of insertion and the position of the retentive clasp undercuts at the abutment teeth.
This digital analysis replaced the traditional way with mounting casts in a surveyor to
determine the path of insertion and undercuts at the abutment teeth (Figure 2a,b). Required
occlusal rest cavities were prepared and a new intraoral scan was taken, which in turn
was incorporated into the further planning. The RPD was then designed in the planning
software and configured with 2 clasps at the most distal abutment teeth and an extension
of the bilateral saddles to ensure support on the retromolar pads. In addition, the housings
in the metal framework were scheduled for later implant healing abutments or retention
elements in the area of the second molars (Figure 2c).
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Figure 2. (a,b) Planning tooth preparations for three clasp retentions, of which only the two most
distal abutment teeth were restored with clasps, (c) final removable partial denture with housings for
future implant retention or support (arrows).

At the same time, two implants were planned using the coDiagnostiX® software (Ver-
sion 10.7.0, Straumann AG, Basel, Switzerland). Therefore, the intraoral scan of the analog
tooth set-up (Figure 3) or a virtual set-up of the previously planned denture design were
imported for orientation. This scan of the set-up and the intraoral scan of the mandible
without set-up were overlaid with the CBCT data (Figure 3). By switching between the
prosthetic planning software (3Shape Dental Manager, version 2.21.2.2 (2021-1), Copen-
hagen, Denmark) and the implant planning software (coDiagnostiX®, Straumann AG,
Basel, Switzerland), the implant axes and positions were aligned according to the path
of insertion of the RPD, and the housings in the virtual RPD were planned accordingly.
Subsequently, the surgical guide for navigated implant placement was fabricated by 3D
printing (Rapidshape P-Series, Straumann AG; Basel, Switzerland).

 

Figure 3. Digital planning of implants in the second molar region.

Implant placement was performed fully guided with the printed surgical guide
(Figure 4a). Two ultra-short tissue-level implants with a diameter of 4.1 mm and 4 mm
intraosseous length (Straumann AG, Basel) were inserted in the posterior molar region
(Figure 4b) and left for submerged healing; in the case of an existing interims prosthesis,
the saddles have to be relieved in the wound area (Figure 4c).
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Figure 4. (a) Surgical guide in place, (b) guided preparation of implant site, (c) implant in place for
submerged healing, (d) selection of height of retention elements according to mucosal height and
vertical space, (e) retention elements connected, (f) view from basal with matrices fixed in the RPD,
(g) radiographs after abutment connection; the markings on the implants indicate the 4 mm length
of the intraosseous part and 1.8 mm of the polished part, which is placed at the level of the soft
tissue margin.

When the fully navigated implant placement corresponded to the virtual implant
planning, the virtually planned prosthesis was fabricated using a chromium-cobalt restora-
tion by a milling process in a high precision milling machine (PFM 4024-5D, Primacon,
Peissenberg, Germany) completed with denture teeth and the prostheses saddle. The RPD
was incorporated after completion of wound healing approximately 3 weeks after surgery.
In the event of significant manual corrections of the implant position, a new intraoral scan
or an analog impression has to be taken to visualize the approximate implant position. The
virtual RPD planning can be adjusted accordingly, and the prosthesis fabricated.

Following a 3-month submerged implant healing period, abutment connection was
conducted, and retention elements were inserted (Novaloc, Straumann; Figure 4d–g). The
height of the elements were selected taking into account the height of the mucosal peri-
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implant tissues and the vertical space (Figure 4d). Matrices were fixed in the RPD using
self-curing methylmethacrylate resin (Unifast Trad, GC Europe AG, Luzern, Switzerland)
(Figure 4f). The patient’s perception of the RPD before and after connection to the implant
was assessed with questionnaires on function, stability, and satisfaction [18]; the OHIP-
G14 and masticatory performance with a color mixing ability test [19]. Based on these,
the patient indicated a beneficial impact on his perception and function after prosthetic
rehabilitation with implant retention. Figure 5 shows the patient’s completed prosthetic
restoration in both jaws (Figure 5) and Figure 6 provides an overview of the patient’s
clinical treatment schedule (Figure 6).

Figure 5. Clinical situation after prosthetic rehabilitation. (*) Illustration of the cleaning ability in the
proximal space distal to the abutment tooth with an interdental brush.

 

Figure 6. Overview of the patient’s clinical treatment schedule (simplified from the original study
protocol).
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3. Discussion

The presented case report described a partially edentulous Class I Kennedy patient
restored with an RPD and a fully guided surgical protocol using ultra-short implants in the
posterior regions.

The advanced atrophy of the mandibular alveolar crest can be challenging in clinical
practice due to lack of bone and proximity to anatomically vulnerable structures such as
the nervus alveolaris inferior in the mid-posterior part of the mandible or the sinus in the
posterior part of the maxilla. The use of ultrashort implants simplifies implant placement
because invasive bone augmentation procedure is usually not required, and burden and
costs are reduced, while still providing the benefit of support or retention of the RPD.
Furthermore, in the case of technical or biological complications, the ultra-short implant
design simplifies implant removal if required, keeping the intervention minimally invasive
and enable a back-off strategy at any point of therapy [20,21]. The tissue-level implant
design initially intended for an unsubmerged healing protocol seems to be advantageous
due to the ease of maintenance, particularly in the posterior regions, which are difficult to
access for personal oral hygiene [22]. The use of ultra-short 4 mm implants are primarily
considered in severely reduced alveolar ridges. Certainly, the described concept of IARPD
can also be implemented if according to implant planning longer implants are feasible
without further bone augmentation.

The long-term performance of the ultra-short implants used in this study remains to
be evaluated during follow-up. In a study using IARPDs in Kennedy Class I situations, in
which 6-mm-long and 4.1-mm-wide implants were used together with longer and narrower
implants, the mean marginal bone loss (MBL) after one year of function was reported
1.10+/−0.53 mm for the 6mm long implants [23], which is critical for ultra-short implants.
In this study, free-end saddles were retained on 4 implants with locators, of which the
posterior ones measured 6 mm length [23]. According to a finite element analysis study,
implants in IARPDs are subjected to high stresses, which is why it was recommended
to reduce stress by, among other things, using more than one implant to support a free
end saddle [24]. No data from clinical studies with IARPDs are available reporting about
the retention elements applied in the current ongoing study. Using healing abutments
for RPD support, their loosening has been frequently reported as a common technical
complication, which can be easily remedied [16]. The most important issue seems to be
that the alveolar ridge remains more stable with the implant in situ. In case of implant loss,
posterior ultra-short implants can be easily replaced at the same or an adjacent distal site.
To enable implant replacement and avoiding subsequent prosthesis remake, an extended
housing should be incorporated into the metal framework in the saddle area during initial
IARPD fabrication. Even when the patient is against an IARPD treatment and prefers a
simple RPD at the beginning, it still may be beneficial to incorporate a wide housing in
the framework to enable implant placement at a later timepoint without weakening the
prosthesis stability.

Treatment in the present case was performed according to the described protocol
without any significant deviation, i.e., solely based on the intraoral scans, the virtual
prosthesis and implant planning, with fully navigated implant insertion and subsequent
prosthesis fabrication using a digitally milled chromium-cobalt restoration completed with
denture teeth. The prosthesis could be inserted and subsequently “connected” with the
retention elements selected intraorally according to the height of the healed peri-implant
mucosal tissues and the available vertical space, and matrices inserted chairside.

Patient-centered outcomes were measured with the Oral Health Impact Profile (OHIP)
and the assessment of chewing efficiency and evaluation of implant survival/success
will be followed up over five years in function. As this study is still ongoing, the long-
term results of all the included patients are to be awaited. Nonetheless, this specific case
showed promising results in terms of patients’ perception of function and oral health
(OHQoL-G14) comparing conventional RDPs to implant-supported RDPs with retentive
components in posterior sites of Kennedy Class I or, as in other examined individuals in
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this study, with implant healing abutments for prosthesis support. Personal oral hygiene
was easily conducted with and without the prostheses in place (Figure 5,*) and the amount
of maintenance care requirements were rated as low.
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Abstract: Aims: this study aims to investigate the impact of simulated skin color and the use
of fiducial markers on the accuracy of 3D facial scans, comparing two types of structured light
scanners under constant ambient lighting conditions. Materials and Methods: Three mannequins
with different skin colors—black, white, and pink—were scanned using two light based hand-held
scanners (infrared light and blue-light). Each mannequin was scanned with and without fiducial
markers placed on defined anatomical landmarks. A total of one hundred thirty-two scans were
performed and converted into standard tessellation language (STL) files. STL files from each scanner
were compared to their respective control scans using point cloud comparison software. Accuracy
was evaluated based on root mean square (RMS) values. Descriptive statistics summarized the data,
and a t-test was performed to assess differences in RMS values between scans with and without
fiducial markers for each scanner type. Results: The infrared light scanner showed the highest
accuracy for the white mannequin, as evidenced by lower RMS values compared to the pink and
black mannequins. Adding fiducial markers significantly enhanced scan accuracy for the pink and
black mannequins. The blue-light scanner achieved accuracy for the white and pink mannequins
comparable to that of the infrared scanner. However, it was unable to scan the black mannequin,
even with the use of markers. Conclusions: Within the limitations of this study, simulated skin color
significantly affects the accuracy of facial 3D scans. Scans of lighter (white) tones demonstrate higher
accuracy compared to darker tones. Fiducial markers enhance the accuracy for an infrared scanner;
however, a blue-light scanner is unable to capture dark simulated skin, even with the addition of
fiducial markers.

Keywords: face scanning; accuracy; skin tone

1. Introduction

Surface scanning technology plays a vital role in fields such as dentistry, cosmetics,
construction, manufacturing, and inspections, as well as in identity verification proto-
cols [1,2]. Surface scanners have been shown to provide acceptable accuracy compared to
other methods [3]. In dentistry, surface scanners (intraoral and facial) are widely used in
prosthodontics, orthodontics, and oral surgery [4]. Specifically, 3D facial scanners provide
precise reconstructions of oral and facial features and textures [1], enhance patient satis-
faction, enable personalized outcomes, and support the manufacturing of highly accurate
prostheses [5].

The accuracy of facial scanning depends on various parameters, including the type
of scanner and scanning conditions [6–18]. Applied to face scanning, stationary scanners
offer higher accuracy than handheld scanners [11], as the movement associated with the
handheld scanner and the movement of the patient’s face (micro-movements of facial
muscles and whole head macro-movements) can lead to less reliable models [12]. In
relation to the scanning conditions, the longer it takes for a person to be scanned, the higher
the likelihood of information becoming conflicting [7,8].

Facial scanning can be achieved using various techniques, including photogrammetry,
photographs, video, and light-based 3D scanning. Light-based scanners use different light
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sources, such as white, blue, or infrared light [16,17]. Different types of light-based scanners
offer unique advantages. White light scanners are generally safer for the eyes and are
effective at capturing structures with irregular surfaces. In contrast, blue light scanners
provide higher precision and capture fine details more accurately but require eye protection
due to potential risks, such as cataracts or macular degeneration, if used without proper
safeguards [17,18]

Besides the type of light, the way light interacts with an object is also a major factor
when addressing light conditions. Light works by carrying energy to a material and,
once reached, the energy will be transferred to that material [14]. Once the energy has
reached an object, absorption and reflection occur based on the type of material the light
has interacted with. Black or darker colors are recognized to be great absorbers of light,
while lighter colors are known to reflect light. For example, black objects are known to
perfectly absorb light containing many different wavelengths [15]. When light is absorbed
instead of reflected it contributes to the formation of far fewer shadows and less recognition
of edges and corners. On the contrary, lighter backgrounds are well known to reflect light
and create a well-defined edge or shadow. This concept of edges and shade matching being
easily definable when scanning is vastly important to ensure an accurate final result [19].
A parameter that until now has not been investigated but which may influence a scan’s
accuracy is the scanned surface’s color. This parameter is relevant because the color of
the scanned object interacts with the light source either by reflecting or absorbing it, thus
potentially affecting the accuracy of the scanner [20].

In a recent study, Varda et al., 2022, evaluated the influence of ambient light and
object color on the 3D scanning process. In their study, the authors scanned two identical
geometrical samples, one white and one black, using two three-dimensional scanners and
four variations in the ambient light [21]. Their study showed that both scanners possessed
similar accuracy, and white objects were more consistently scanned than black objects [21].
Building on these findings, this study aims to investigate the impact of simulated skin
color and the use of fiducial markers on the accuracy of 3D facial scans, comparing two
types of light-based scanners (infrared light vs. blue light) under constant ambient lighting
conditions. The null hypothesis is that neither skin color, the presence of markers, nor the
type of scanner has any effect on scanner accuracy.

2. Materials and Methods

2.1. Groups and Sample Size

Mannequin heads with three different simulated skin tones—dark (black mannequin),
very light (white mannequin), and medium (pink mannequin)—were used in this in vitro
study. The black mannequin model ref# HTC, the white mannequin ref# Style 3, and
the pink mannequin ref# Meahus, were procured online from www.amazon.com. The
black and white mannequins were made of styrofoam, while the pink mannequin was
constructed from silicone rubber. The dimensions of the silicone mannequin were slightly
larger than those of the styrofoam mannequins. Facial scanning was performed using two
protocols: the first without fiducial markers (control group, C) and the second with fiducial
markers (test group, T). For the scans with fiducial markers, nine markers were placed at
anatomically significant landmarks: exocanthion (right and left), cheilion (right and left),
pogonion, philtrum, helical crus of the ears (right and left), and the glabella (Figure 1).

The sample size was determined using the Raosoft sample size calculator http://www.
raosoft.com/samplesize.html (accessed on 10 March 2024) to achieve 80% statistical power,
with a 7% margin of error and an effect size of 0.5. This analysis indicated that 132 scans
were needed (66 per scanner type). For each scanner, thirty-three scans were conducted
with fiducial markers (test group) and thirty-three without markers (control group). Each
skin tone (black, white, and pink) was represented equally with eleven scans per skin tone.
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Figure 1. Frontal and a lateral view of the mannequin heads with fiducial markers placed. Nine
locations were marked: left and right exocanthion, left and right cheilion, the pogonion, the philtrum,
the right and left helical crus of the ears, and the glabella.

2.2. Scanning Procedure and Post-Processing

The mannequins were placed on a Revopoint Dual-Axis Turntable stand (Revopoint,
Shenzhen, China). With a rotational speed/20 s per full rotation (Figure 2).

Figure 2. A red arrow pointing to the rotating base/platform placed below each mannequin.

Scanning was conducted using two types of light-based scanners. The first scanner,
the POP-3 Plus® Portable 3D scanner (Revopoint, Shenzhen, China), utilizes dual-camera
infrared structured light, providing an accuracy of 0.05 mm and a resolution of 0.08 mm.
The second scanner, the Seal® 3D scanner (3D-Maker Pro, Shenzhen, China), is a portable
24-bit color scanner based on blue structured light, with an accuracy of 0.02 mm and a
resolution of 0.07 mm (Figure 3).

Figure 3. Scanners used in this experiment. The image shows the infrared light scanner (a) and the
blue light scanner (b) mounted on a tripod.

Each scanner was mounted on a tripod for stability during the scanning process, while
each mannequin head was placed on the rotational stand at a fixed distance of 22 inches
(55.88 cm) from the scanner (Figure 4).
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Figure 4. Setting scanning distance. The image shows one of the mannequin heads on the rotational
base, a meter with the set distance, and the camera mounted in the tripod.

Calibration was conducted for each scanner by scanning each mannequin head
10 times, using various scanning options, such as unique shapes, dark object, face mode,
and body mode, and high resolution for both scanners. This iterative process was used to
optimize the final scanning parameters, which included high accuracy, feature tracking,
and general object mode, with color scanning enabled. The duration of each scan was
set for two complete rotations of the head, capturing approximately 900 to 1000 frames
for each completed scan. Following the completion of scans, image post-processing was
conducted using the designated software for each scanner: RevoScan 5 Version 4.3.2 (Revo-
point, Shenzhen, China) for the POP-3 Plus® scanner (Revopoint, Shenzhen, China), and
JMStudio-MAC-2.3.5 (3D-Maker Pro, Shenzhen, China) for the Seal® 3D scanner (3D-Maker
Pro, Shenzhen, China). The post-processing included Digital Trimming, Fusion, Isolation,
Overlap, Smooth, Simplify, Mesh, Fill Holes, Texture Mapping, and File export.

• Digital trimming: Reduced noise and redundant information.
• Fusion: Merged all captured data into a single unified model.
• Isolation: Removed unrelated/background data not connected to the main model.
• Overlap: Detected and eliminated overlapping data points.
• Smooth: Removed noise and duplicated data to create a cleaner model.
• Simplify: Compressed the data to reduce the overall file size.
• Mesh: Enhanced the model’s quality by controlling point density and detail.
• Fill Holes: Repaired areas with missing data to ensure uniformity.
• Texture Mapping: Helped replicate surface textures.
• File export: Files were exported as standard tessellation language (STL) for compara-

tive evaluation of point clouds.
• Eleven evaluations were completed without markers and eleven evaluations were

completed with markers for each mannequin group for each scanner. For a total of
one hundred and thirty-two evaluations.

2.3. Global Deviations

Global deviations between scans were assessed using the open-access surface-matching
software CloudCompare Version 2.13.0 Kharkiv (https://www.cloudcompare.org/main.html,
accessed on 1 June 2024). For each experimental group, a designated reference scan was
compared to all other scans within the same group to evaluate deviations.

STL files (control scan and comparison scans) were imported into CloudCompare
software. The models were aligned using the ‘Best Alignment’ tool, and three points were
identified on each STL file to achieve finer registration. Cloud registration was employed
with parameters set as follows: RMS difference of 1 × 10−5, final overlap of 100%, and a
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maximum thread count of 7/8. Distances between the STL models were then calculated by
selecting the reference, comparing models, and using the ‘Compute Stat. Parameters’ tool.
This tool provided RMS (root mean square) values and generated merged STL files with
a color-coded scalar field, visually highlighting areas of deviation between the reference
and compared models. The RMS value expressed in millimeters was used to evaluate the
accuracy of the scans.

Descriptive statistics including mean, standard deviations, and margin of error were
presented for all the groups. Box plots were used to illustrate the findings of all groups.
Paired t-tests were completed to determine intra-group differences between scanners com-
pleted with and without markers. To determine the statistical significance was determined
when p < 0.05.

2.4. CRIS Guidelines

In this experimental in vitro study, the Checklist for Reporting In Vitro Studies (CRIS)
guidelines were implemented to improve the quality of the reported data [22]. According
to the CRIS guidelines, sample size calculation must be described, meaningful difference
between groups must be presented, sample preparation and handling must be described,
sample allocation and statistical analysis must be described.

3. Results

Cloud comparisons showed small deviation for scanners obtained on white mannequins
compared to pink and black mannequins and improved accuracy for scans completed with
fiducial markers compared to scans completed without fiducial markers (Figures 5–7).

Figure 5. Illustrative images of white mannequin heads showing scans overlaid on the control scan.
The left image includes fiducial markers, while the right image does not. The color scale represents
the RMS values, indicating the accuracy of the scans. Best accuracy of all groups achieved with the
white mannequins.

Figure 6. Illustrative images of pink mannequin heads with scans overlaid on the control scan. The
left image includes fiducial markers, while the right image does not. The color scale represents
the RMS values, indicating scan accuracy. Accuracy on pink mannequins was lower than on white
mannequins but higher than on black mannequins.
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Figure 7. Illustrative images of black mannequin heads with scans overlaid on the control scan. The
left image includes fiducial markers, while the right image does not. The color scale represents the
RMS values, indicating scan accuracy. Accuracy on black mannequins was the lowest of all groups
(white and pink).

The infrared scanner showed better accuracy for white and pink mannequins and
lower accuracy for black mannequin scans. The accuracy for pink and black mannequins
improved when markers were used (Figure 8).

Figure 8. Infrared scanner. Box-plot comparison of RMS values for object color scans in white (W),
pink (P), and black (B) mannequins with (T) and without markers (C). The asterisk (*) represents
outlier.

The blue-light scanner demonstrated lower scanning accuracy. White and pink man-
nequins showed a behavior comparable to the infrared scanner, it was unable to capture
scans of the black mannequins. Errors such as “object not detected”, “out of sight”, “too
close”, and blank measurements were consistently recorded during attempts to scan black
mannequins, regardless of the presence of fiducial markers (Figure 9).

3.1. Global Deviations for the Infrared Scanner in Mannequins with and Without Markers

The white mannequin group with markers (RedWT) had lower RMS and lower
standard deviation (0.17753 ± 0.02781) compared to the white group with markers (RedWC)
(0.1977 ± 0.0317). The pink mannequin with markers (RedPT) (0.13542 ± 0.01310) had lower
RMS and lower standard deviation compared to the pink mannequin without markers
(RedPC) (0.3612 ± 0.1685). The black mannequin with markers (RedBT) showed lower
RMS and lower standard deviations (0.3417 ± 0.0506) compared with the black mannequin
without markers (RedBC) (0.5902 ± 0.1063) (Table 1).
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Figure 9. Blue-light Scanner. Box-plot comparison of RMS values for object color scans in white (W),
pink (P), and black (B) mannequins with (T) and without markers (C). The asterisk (*) represents
outlier.

Table 1. Descriptive statistics of RMS values for object color scans for infrared scanner on white (W),
pink (P), and black (B) mannequins with (T) and without markers (C).

Group N Mean StDev 95% Cl

RedWT (Test) 10 0.1977 0.0317 (0.1779, 0.2175)

RedWC (Control) 10 0.17753 0.02781 (0.15771, 0.19734)

RedPT (Test) 10 0.13542 0.01310 (0.05602, 0.21482)

RedPC (Control) 10 0.3612 0.1685 (0.2818, 0.4406)

RedBT (Test) 10 0.3417 0.0506 (0.2864, 0.3970)

RedBC (Control) 10 0.5902 0.1063 (0.5349, 0.6455)

3.2. Global Deviations for the Blue-Light Scanner in Mannequins with and Without Markers

The white mannequin group with markers (BlueWT) showed lower RMS
(0.8280 ± 0.45934) compared to the white group with markers (BlueWC) (1.19940 ± 0.330039).
The pink mannequin with markers (BluePT) (2.26478 ± 1.0608) had lower RMS compared to
the pink mannequin without markers (BluePC) (2.98472 ± 0.381317). Scanning of the black
mannequin with or without markers was not possible (Table 2).

Table 2. Descriptive statistics of RMS values for object color scans for blue-light scanner on white
(W), pink (P), and black (B) mannequins with (T) and without markers (C).

Group N Mean StDev 95% Cl

BlueWT (Test) 10 0.8280 0.45934 (0.1965, 1.9653)

BlueWC (Control) 10 1.19940 0.330039 (0.55231, 1.5223)

BluePT (Test) 10 2.26478 1.0608 (1.4749, 4.4803)

BluePC (Control) 10 2.98472 0.381317 (2.15074, 3.45292)

BlueBT (Test) 10 - - -

BlueBC (Control) 10 - - -

3.3. Statistical Comparison of Infrared Scans with and Without Markers

Paired t-test showed no differences in the RMS values of white mannequin with or
without markers p > 0.05. Meanwhile, there were statistically significant differences in the
pink mannequins and black mannequins with and without markers p < 0.05 (Table 3).
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Table 3. T-value and P-value comparisons of RMS values for white (W), pink (P), and black (B)
colored objects with (D) and without markers (C).

Samples T-Value Adjusted p-Value

InfraRedWC (Control) vs. RedWT (Test) −1.36 0.207

InfraRedPC (Control) vs. RedPT (Test) 4.23 0.001

InfraRedBC (Control) vs. RedBT (Test) 6.67 0.001

3.4. Statistical Comparison of Blue-Light Scans with and Without Markers

The paired t-test revealed no significant differences in the RMS values for the white
mannequin scanned with or without fiducial markers (p > 0.05). Similarly, no differences
were found in the RMS values for the pink mannequin scanned with and without markers
(p > 0.05). Due to the lack of data, comparisons were not possible for the black mannequin
(Table 4).

Table 4. T-value and P-value comparisons of RMS values in white (W), pink (P), and black (B) object
color with (D) and without markers (C).

Samples T-Value Adjusted p-Value

BlueWC (Control) vs. BlueWT (Test) −1.81 0.148

BluePC (Control) vs. BluePT (Test) −1.88 0.092

BlueBC (Control) vs. BlueBT (Test) - -

4. Discussion

This study aimed to assess the effects of simulated skin color and fiducial marker use
on the accuracy of 3D facial scans, comparing the performance of two light-based scanners
(infrared light vs. blue light). Findings demonstrated that scans of simulated white skin
achieved higher accuracy than those of simulated pink and black skin. Furthermore, the
addition of fiducial markers significantly enhanced scan accuracy for simulated pink and
black skin but had minimal impact on simulated white skin with the infrared scanner.
Notably, the blue-light scanner showed lower accuracy than the infrared scanner and was
unable to capture scans of the black mannequin head, even with fiducial markers. Thus,
the null hypothesis was partially rejected.

These findings can be attributed to the optical properties of light interaction with
different colors. Light is predominantly reflected from white surfaces, partially reflected
from pink surfaces, and absorbed by black surfaces [20,22]. Allred et al. [20] demonstrated
that lighter colors reflect more light, while darker colors reflect less, establishing a direct
correlation between color and light reflection. Similarly, Bai et al. [23] found that darker
materials, such as black carbon, absorb more light compared to lighter materials like
elemental carbon. Their study, using thermal–optical carbon analyzers, showed that black
carbon exhibited higher absorption values for both visible and infrared light. An additional
explanation for the higher scanning accuracy observed in white mannequins compared to
darker ones is the influence of ambient light on the scanning process [19]. White surfaces
are more prone to creating shadows, which correlate with variations in depth and height,
potentially contributing to the increased accuracy of scans from mannequins with simulated
white skin.

The accuracies obtained in our study for the simulated white (RMS 0.177 ± 0.02), pink
(RMS 0.361 ± 0.168), and black (RMS 0.590 ± 0.106) skin colors were significantly higher
than those reported by Özsoy et al. [24] (RMS 0.78 to 3.42). These discrepancies are due to
differences in experimental design. Özsoy et al.’s study involved real patients exhibiting
various facial expressions and utilized different face scanning technologies, which may
have contributed to the observed variations in accuracy.

Our study demonstrated higher accuracy compared to the findings of Knoops et al. [25],
who evaluated three different scanning technologies: a full-body MRI scanner, a handheld
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scanner with two cameras, and a scanner equipped with a camera, infrared sensor, and
two infrared lights, all compared against a dedicated facial scanner (structured light with
three cameras). The reported RMS values for the MRI scanner, general surface scanner,
and infrared-based camera were 1.11 ± 0.33, 0.71 ± 0.28, and 1.33 ± 0.46, respectively. The
discrepancies between our study and theirs can be attributed to factors such as patient
movement during scanning and the inherent differences in scanner technologies employed.

In this study, fiducial markers were utilized to assess their impact on scanning accuracy
across different simulated skin tones. Our findings indicate that using markers significantly
enhanced accuracy for the pink and black mannequins. This aligns with the results of Egri
et al. (2022) [26], who investigated the effect of fiducial markers on surfaces of varying
colors. They observed that markers improved scanning accuracy, particularly on dark
backgrounds, due to the increased number of identifiable landmarks and the enhanced
contrast between the markers and the surface. These findings support the notion that
fiducial markers can serve as effective reference points, especially when scanning darker
surfaces, where inherent contrast is limited.

In this study, nine facial landmarks were identified using fiducial markers, which
were easily visible due to their distinct black and silver colors. From an optics standpoint,
the high contrast between the markers and the skin surface enhanced their detectability
by the scanner. This increased the number of reference points beyond the natural surface
topography of the face, improving the scanner’s triangulation accuracy. The stark contrast
provided a clearer optical signal, reducing potential errors in capturing facial geometry
and leading to more precise measurements [27]. As discussed previously, this study
demonstrated that fiducial markers improved scanning accuracy for darker skin tones but
had minimal impact on lighter skin tones. This is consistent with the findings of Varda
et al. [21], who reported higher accuracy for scans of lighter-colored objects, although
they did not provide an explanation for this observation. We hypothesize that lighter
surfaces reflect more light, producing higher-quality data and sufficient accuracy without
the need for additional markers. Conversely, darker skin tones absorb more light, resulting
in reduced data capture. The use of fiducial markers on darker surfaces likely increased
both the quantity and quality of reflected data, thereby enhancing scan accuracy.

In the present study, mannequin heads were used because they reduced confounding
variables like facial movement [6,7]. Also, when scanning human subjects, if the time
required to complete a scanner is longer, the likelihood of inaccuracies increases [4,5].
Furthermore, by using mannequin heads, the variable of the head position and movement
were eliminated as a source of error [9].

An intriguing finding of this study is the inability of the blue-light-based scanner
to effectively capture the black mannequin, while the infrared light scanner successfully
accomplished this task. Infrared light, operating within the near-infrared spectrum (ap-
proximately 750 to 1400 nanometers), penetrates surfaces more deeply and experiences less
absorption by dark materials, resulting in greater reflection. This property makes infrared
light more effective for scanning objects with darker colors, including black [28]. In contrast,
blue light, with wavelengths between 450 and 495 nanometers, is ideal for capturing fine
surface details due to its shorter wavelength. However, blue light is more readily absorbed
by dark surfaces, such as black, leading to diminished reflection and potential data loss
during scanning [29], which could explain the lower accuracy of the blue-light scanner
compared to the infrared-light scanner on darker surfaces.

This study has several limitations. First, the use of mannequins representing only
three standardized skin tones, rather than real patients with diverse facial features and
a broad spectrum of skin tones. While the mannequins provided realistic contours and
anatomical landmarks, they lacked the complex characteristics of human skin, such as color
variability, porosity, hair, and sweat. This controlled environment likely resulted in higher
accuracy compared to what would be achieved with human subjects. However, the use of
mannequins allowed for consistent and reproducible measurements, potentially mitigating
some of the variability and inaccuracies associated with live facial scanning.
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We recognize that the accuracy of 3D face scanners across different human skin tones
requires additional investigation. Classifying human skin color presents unique challenges
due to the variability in pigmentation, UV exposure, and superficial blood vessels, which
can differ significantly even within the same individual. To minimize variability, we
selected three basic colors for mannequins—white, pink, and black—representing very light,
intermediate, and dark tones according to the individual typology angle (ITA) classification;
thus, in this study, we covered half of six potential ranges of skin color [30].

This study has several strengths. First, the use of mannequins effectively eliminates
head movements and micromovements of facial muscles, which can significantly impair the
overall accuracy of the scanning process. Second, the incorporation of a rotating platform
ensured a consistent speed of rotation for each sample, thereby standardizing the scanning
procedure. Furthermore, this study is the first to evaluate the impact of simulated skin
color on the accuracy of facial scanning, a critical factor in minimizing errors during facial
scanning and the creation of virtual patient models.

Further studies to evaluate other scanners and scanning methods on different sim-
ulated skin tones and real patient faces are necessary. The clinical implications of this
study are that non-white skin tones will benefit from the use of fiducial markers to achieve
higher accuracy.

5. Conclusions

Within the limitations of this experimental in vitro study, it can be concluded that
the color of the skin influences the accuracy of 3D-surface scans. White simulated skin
produces higher accuracy scans and darker simulated skin colors produce lower accuracy
scans. The incorporation of fiducial markers improves the accuracy of scans completed on
darker skin colors, and infrared light scanners are more efficient for scanning black surfaces
than blue-light scanners.
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Abstract: Background/Objectives: With advancements in technology, three-dimensional
(3D) printing has become widely used, offering many advantages. Recently, 3D printing
has been utilized for the fabrication of permanent crowns. However, there is still a need
for more information regarding the technology, materials, and factors that may affect the
properties of 3D-printed permanent crowns. Methods: This review was conducted to
collect and assess information regarding the performance of 3D printing technology for
permanent crown fabrication. An electronic search was performed using various search
engines (Scopus, PubMed, Google Scholar) up to December 2024, yielding 123 articles.
After screening, 24 articles that specifically investigated 3D-printed crowns were included.
Results: Based on the findings, two categories of materials for 3D-printed permanent
crowns were identified: ceramic-based and resin-based. Among the technologies used,
digital light processing (DLP) was the most common, reported in 11 studies, followed
by stereolithography (SLA) in 7 studies, and lithography-based ceramic manufacturing
(LCM) in 4 studies. Conclusions: Ceramic-based crowns demonstrated higher performance
compared to resin-based crowns. However, resin-based crowns were found to be clinically
acceptable. Ceramic-based crowns are recommended for permanent crown fabrication,
while resin-based crowns require further investigation to address the limitations of the
materials and technologies used.

Keywords: 3D printing; additive manufacturing; digital dentistry; zirconia crowns;resin crowns;
prosthetic accuracy; mechanical properties; marginal fit; dental CAD/CAM; prosthodontics

1. Introduction

In the last few years, dentistry has seen considerable technological breakthroughs,
with digital technologies transforming different parts of dental practice [1]. Among these
advancements, three-dimensional (3D) printing has emerged as a transformative tech-
nology, opening up new options for manufacturing dental prostheses, especially those
constructed of ceramic-based and resin-based materials [2]. Dental crowns have long been
essential to restorative dentistry, protecting, strengthening, and improving the appear-
ance of damaged or compromised teeth [3]. Traditionally, dental crown production has
relied on labor-intensive techniques such as impression-taking, model-making, and manual
craftsmanship [3]. Dental restorations are produced through three primary methods: con-
ventional techniques, subtractive manufacturing (milling), and additive manufacturing (3D
printing) [4]. Traditional techniques, including lost-wax casting, heat-pressed ceramics, and
hand-layered porcelain, are labor-intensive and include several stages, such as wax pattern
creation, investment, casting, and sintering [4]. These techniques yield superior restorations,
but they are labor-intensive, reliant on the operator’s skill, and susceptible to dimensional
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mistakes [5]. CNC milling, a subtractive manufacturing technique, established a digital
workflow that markedly enhanced precision, consistency, and productivity [6]. Milling
employs pre-sintered zirconia or resin blocks, which are shaped with high-speed burs. Due
to the dense microstructure of the milled material [7], this technology has shown high
accuracy (trueness ~10–50 μm) and better mechanical properties. Nevertheless, milling
produces considerable material waste, tool degradation, and constraints in geometric
intricacy [8]. Additive manufacturing (3D printing) constructs restorations incrementally,
facilitating intricate designs, optimal material utilization, and mass customization [9].

While computer-aided design and computer-aided manufacturing (CAD/CAM) tech-
nologies have significantly improved the efficiency and precision of dental crown fabrica-
tion in recent decades [10], additive manufacturing is emerging as another tool that offers
further opportunities for customization and material efficiency [11]. However, these tech-
nologies also present challenges, including the need for specialized software, proprietary
systems limited to specific manufacturers, and material constraints such as the handling of
zirconia-based ceramics. New advancements in dental crowns provide improved accuracy,
personalization, and efficiency compared to older procedures [12].

Three-dimensional printing, also known as additive manufacturing, is the process
of making 3D items layer by layer using digital models. Dentistry frequently uses this
technology to create dental prostheses like crowns, bridges, and dentures [2], as well as
surgical guides and orthodontic appliances [11]. The process starts with digital scanning of
the patient’s oral cavity, followed by the use of computer-aided design (CAD) software to
design the crown. The digital model is subsequently transformed into a physical object
utilizing various 3D printing technologies, such as stereolithography (SLA), digital light
processing (DLP), and selective laser sintering [12,13].

Three-dimensional printing in dentistry has various advantages over traditional ap-
proaches. For starters, it enables the exact manufacturing of dental crowns with complex
geometries that would be difficult or impossible to create using traditional methods [14].
This precision leads to better-fitting crowns, which can enhance patient comfort and lessen
the need for dental modifications. Furthermore, 3D printing is typically faster and more
efficient than traditional manufacturing procedures, allowing dentists to perform same-
day crowns in some circumstances [15]. New technologies have led to the suggestion
of innovative materials for 3D-printed crown fabrication, which fall into two categories:
ceramic-based and resin-based. Dental materials used in crown fabrication are categorized
according to worldwide criteria to guarantee quality and safety. Ceramic crowns are chiefly
governed by ISO 6872, which delineates the standards for dental ceramics, encompassing
their strength and translucency [16]. ISO 10477 describes the mechanical and physical prop-
erties of polymer-based materials used in both permanent and temporary restorations [7].
This is where resin-based crowns fit in. These categories establish defined criteria for
assessing the appropriateness of 3D-printed items for clinical use.

Ceramic crowns are composed of advanced ceramic materials; these crowns have
become increasingly popular in restorative dentistry [17]. Ceramic crowns offer exceptional
esthetic benefits, closely mimicking the natural appearance of teeth through their remark-
able translucency and color-matching capabilities [18]. Their biocompatibility is a signifi-
cant advantage, with minimal risk of allergic reactions and excellent tissue tolerance [19].
Clinically, these crowns allow for more conservative tooth preparation, preserving more
of the natural tooth structure compared to traditional alternatives [20]. Despite their nu-
merous benefits, ceramic crowns present several challenges. The primary concern is their
higher cost, which can be substantially pricier than traditional crown materials [21]. Me-
chanical limitations include a greater propensity for chipping or fracturing, particularly in
areas of high occlusal stress [22,23].
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Polymer-based crowns are dental restorative devices fabricated from advanced syn-
thetic materials, offering an alternative approach to traditional crown fabrication [24,25].
These crowns utilize high-performance polymeric materials designed to address specific
clinical challenges in dental crowns. Their lightweight nature and reduced weight com-
pared to ceramic or metal crowns provide improved patient comfort and reduced stress
on the underlying tooth structure [26]. However, their mechanical properties are gen-
erally inferior to ceramic or metal-based alternatives, with reduced hardness and wear
resistance [23]. Long-term durability remains a concern, as polymeric materials may demon-
strate higher susceptibility to degradation, discoloration, and dimensional changes under
oral environmental conditions [27].

The use of 3D printing to produce definitive crowns has also been linked to higher
patient satisfaction. Patients appreciate the ability to swiftly generate custom-fitted crowns
that match the color and feel of their natural teeth [14]. Furthermore, the flexibility of 3D
printing allows for simple alterations and modifications, ensuring that the final crown suits
each patient’s individual requirements [28].

As 3D printing technologies improve, several critical features must be thoroughly
investigated to determine their suitability for clinical use [29]. These include the precision
and fit of 3D-printed crowns, their mechanical qualities and longevity, surface characteris-
tics and esthetic outcomes, and overall clinical performance [30]. Furthermore, factors such
as manufacturing efficiency, cost implications, and the complexity of integrating these tech-
nologies into dental practices play a crucial role in their widespread adoption [31]. However,
using 3D printing technology in dental crown production presents some obstacles [32].

This literature review provides a thorough review of the present state of 3D printing
technologies for ceramic-based and polymer-based crown materials and fabrications. By
evaluating recent studies and breakthroughs in this sector, we want to better understand
the possible benefits, limitations, and future possibilities of these technologies. This review
will look at various topics, including the accuracy and fit of 3D-printed crowns, their
mechanical qualities, clinical performance, and manufacturing issues.

2. Materials and Methods

2.1. Search Strategy

A comprehensive literature search was conducted using the following electronic
databases: PubMed/MEDLINE, Scopus, Web of Science, and Google Scholar. The search
was limited to articles published in English from January 2014 to December 2024 to focus
on the most recent developments in the 3D printing field. The search terms used included
combinations of keywords such as “3D printing”, “dentistry”, “ceramic-based crowns”,
“resin-based crowns”, “additive manufacturing”, “dental crowns”, “definitive crowns”,
and “Milling”.

2.2. Inclusion and Exclusion Criteria

The inclusion criteria include original research (in vitro and clinical studies); reported
3D printing technologies for fabricating ceramic or resin-based crowns; studies evaluating
the accuracy, fit, mechanical properties, or clinical performance of 3D-printed crowns;
and full-text articles available in the English language only. Excluded studies were case
reports, opinion articles, or conference abstracts; studies focusing solely on other dental
applications of 3D printing (e.g., surgical guides, orthodontic appliances); and articles are
not published in peer-reviewed journals or in English.

An initial search yielded 453 articles, from which 330 duplicates were removed. After
screening 123 articles, 62 were excluded for being unrelated to permanent crowns. A total
of 38 full-text articles were assessed for eligibility, leading to the exclusion of 14 studies
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due to irrelevance or unmet criteria. Ultimately, 24 full-text studies were included in this
review (Figure 1).

Figure 1. Flowchart illustrating the study selection process.

2.3. Data Extraction

A standardized data extraction form was created in Excel to collect relevant informa-
tion from each included study. The following data were extracted in Table S1

Study characteristics (authors, year of publication, study design).
3D printing technology used.
Material(s) studied (zirconia, dental resin-based, or both).
Outcome measures (e.g., accuracy, fit, mechanical properties, clinical performance).
Key findings.
Strengths and limitations of the study.

2.4. Data Synthesis

The extracted data were synthesized to provide a comprehensive overview of the cur-
rent state of research on 3D-printed ceramic-based and resin-based crowns. The synthesis
involved summarizing the key findings, comparing the results across studies, and identify-
ing common themes and discrepancies. The findings were categorized into key themes:
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accuracy and fit, mechanical properties, clinical performance, surface characteristics and
esthetics, manufacturing efficiency, and others. The results were synthesized within each
theme to identify trends, consistencies, and discrepancies across studies.

3. Results

This review analyzed multiple studies on the application of 3D printing technologies
for fabricating ceramic-based and resin-based dental crowns. The detailed characteristics
of the included articles are presented in Table S1.

3.1. Printing Technologies

Approximately 11 out of 24 of the studies utilized DLP as the 3D printing technology,
followed by SLA in 7 studies and lithography-based ceramic manufacturing (LCM) in
4 studies. The remaining studies reported using various other technologies: nanoparticle
jetting (NPJ) in 1 study and inkjet printing in 1 study.

3.2. Crown Materials

A total of 15 studies used ceramic-based crown material, 7 studies used resin-
based crown material, and 2 studies reported using both ceramic-based and resin-based
crown materials.

3.3. Properties Investigated

The results from the selected studies can be categorized and discussed into several
vital areas, including accuracy and fitness, mechanical properties, clinical performance,
surface characteristics and esthetics, and manufacturing efficiency.

3.4. Accuracy and Fit

Several studies have evaluated the precision and fit of 3D-printed ceramic-based
crowns. A study discovered that 3D-printed ceramic-based crowns had comparable
trueness and a better fit than milled crowns [33]. Another study found that 3D-printed
monolithic ceramic-based crowns had higher precision and better margin quality than
conventional approaches [34]. This fits with what Revilla-León et al. found, which was
that the fit of 3D-printed temporary dental crowns on the outside and inside was good
enough for clinical use [35]. Different studies, like those by Refaie et al. and Lerner et al.,
which found bigger marginal gaps or lower trueness in 3D-printed crowns, show that there
is still room for improvement [36,37]. According to a study, 3D-printed ceramic veneers
were just as good at marginal adaptation (95 μm) and production accuracy (26 μm) as
traditional methods [38].

For dental resin-based crowns, the authors discovered that ceramic-filled 3D-printed
resin-based crowns fit and were just as accurate as traditionally made crowns, which
suggests that they could be used in clinical settings [39]. Li et al. conducted a comparative
analysis utilizing the 3D deviation and adaptation approach and discovered that SLAs with
occlusal full-supporting structures demonstrated higher external 3D trueness and clinically
acceptable performance than pillar supports [40].

The heterogeneity in results among research underscores the necessity for measuring
methodology standardization, as underlined by Nawafleh et al. in their systematic review
of crown margin measurements [41]. Future studies should concentrate on optimizing
printing parameters and post-processing processes to ensure excellent accuracy and fitness.

3.5. Mechanical Properties

The mechanical integrity of 3D-printed crowns is crucial to their long-term clinical
effectiveness. Several studies have focused on the mechanical qualities of 3D-printed

231



Prosthesis 2025, 7, 35

crowns. A study discovered that both 3D-printed ceramic-based crowns and composite
crowns had the right amount of fracture resistance. However, 3D-printed ceramic-based
crowns were less reliable than milled ceramic-based crowns because they had flaws in the
material [42]. This observation is reinforced by another study where two short-term clinical
trials found no mechanical or biological complications with 3D-printed yttrium-stabilized
tetragonal zirconia polycrystal (3Y-TZP) ceramic-based crowns [43]. A study discovered
that milled ceramic-based crowns had stronger fracture resistance than 3D-printed crowns,
but both groups produced clinically acceptable results [36]. This is consistent with a
study that found the mechanical properties of 3D-printed dental ceramics were generally
lower than those of conventionally produced ceramics [30]. When glued to ceramic-based
abutments that are supported by implants, Zandinejad et al. found that there was no
significant difference in how easily the crowns broke between those that were milled and
those that were made with additive manufacturing [44,45].

The physical and mechanical properties of three-dimensionally printed crowns can be
affected by the layer thickness, which can interfere with the choice of the 3D-printed resin-
based solution for a desired clinical outcome [46]. Three-dimensionally printed materials
may be suitable for long-term crowns, such as inlays, onlays, and laminate veneers, despite
the observed decrease in mechanical properties after aging [47]. Another study also stated
that 3D-printed composite resins have mechanical qualities comparable to commercially
available composite resins [48]. It is possible that screw-retained, implant-supported crowns
made from the tested definitive composite resin-based crowns could be good alternatives
for premolar implant-supported crowns [49]. It was found that 3D-printed crowns were
as true on the outside, inside, marginal area, and inside of the teeth’s biting surface as
CAD-CAM crowns, which means they met the standards for trueness [50]. Researchers
compared fracture strength and hardness, reporting that milled materials’ fracture strength
increased with thickness, while 3D-printed materials’ fracture strength varied [51].

3.6. Clinical Performance

In a short-term pilot study, Kao et al. looked at 3D-printed zirconia crowns made with
selective laser melting (SLM) for restoring back teeth [52]. Over a 24-week follow-up period,
the study reported that 100% of the crowns received satisfactory grades based on the quality
evaluation system of the Modified California Dental Association. The crowns demonstrated
excellent marginal adaptation and no adverse periodontal effects, despite minor increases
in plaque and gingival indices during the early weeks. Three-dimensionally printed resin-
based crowns performed similarly clinically to stainless steel crowns in primary molar
crowns, with better esthetics and patient satisfaction [14]. However, as emphasized by
Alharbi et al., long-term clinical trials are still required to properly prove the efficacy
of 3D-printed dental restorations [30]. Another one-year recall study reported on the
clinical performance of 3D-printed dental restorations, indicating that while short-term
results are promising, randomized controlled studies with longer follow-up periods are
crucially needed [53].

3.7. Surface Characteristics and Esthetics

Çakmak et al. evaluated different polishing techniques and found that coffee thermal
cycling affected the surface roughness and stainability of the materials [54]. They recom-
mended considering the polishing technique and material type to optimize the esthetic
dental crown. In terms of esthetics, researchers compared the color stability and translu-
cency of 3D-printed crowns with those of conventionally constructed ceramic crowns [55].
Another study compared multiple printing technologies and materials, providing a com-
prehensive understanding of their performance and finding variations in surface roughness
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and color stability [56]. This fluctuation is comparable with the findings of Chavali et al.,
who discovered that the rough surface of 3D-printed dental materials can vary greatly
depending on printing conditions and post-processing processes [57].

Raszewski et al. (2023) and Shishehian et al. (2023) both show how important it
is to prepare the surface of 3D-printed dental restorations before they are used to keep
their color [58,59]. Both studies found that unpolished surfaces were highly susceptible to
discoloration when exposed to common staining agents, such as coffee, tea, and orange juice.
Polished surfaces, on the other hand, exhibited significantly better resistance to staining,
highlighting the importance of proper polishing and curing to ensure long-lasting esthetic
outcomes in clinical applications. The influence of material type and thickness on fracture
resistance was observed. Recommendations for clinical practice include considering the
material properties and thickness when selecting materials for dental crowns to enhance
durability [60]. In another study, they additively manufactured resin-based crowns and
found them more susceptible to simulated brushing and coffee thermal cycling than other
materials [61]. Future studies should focus on refining these characteristics to achieve
consistent, high-quality surface finishes.

3.8. Manufacturing Efficiency

Several studies have shown that 3D printing has the potential to reduce material waste
compared to traditional milling technologies [12,62]. This conclusion is consistent with a
comprehensive review by Dawood et al., who highlighted the potential of 3D printing to
revolutionize dental manufacturing processes [2]. The increasing interest in 3D printing
technologies highlights their significant potential in the future of implant dentistry [63].
These technologies offer benefits such as high material efficiency, the capability to create
intricate geometric shapes, and the production of customized components from CAD files,
making them a viable alternative for generating dental implants. Detailed cost–benefit eval-
uations are required to properly comprehend the economic ramifications of incorporating
3D printing technologies into dental practices [64].

3.9. Implications for Different Crown Materials

The review identifies unique patterns in ceramic-based and resin-based crowns. While
3D-printed ceramic-based crowns show potential, they still struggle to match the mechani-
cal qualities of milled ceramic-based ones. This conclusion is congruent with the findings
of Li et al., who highlighted the improved mechanical qualities of traditionally treated
ceramic-based crowns [40]. In contrast, 3D-printed resin-based crowns, particularly for
pediatric applications, perform similarly to or better than traditional options.

Kim et al. compared 3D-printed and conventional dental crowns clinically. They
found that 3D-printed resin-based crowns performed similarly to traditional ones [65].
However, 3D-printed ceramic-based crowns showed lower fracture resistance in posterior
areas compared to their conventional counterparts.

3.10. Technological Considerations

The research evaluated various 3D printing technologies, including stereolithogra-
phy (SLA), digital light processing (DLP), and lithography-based ceramic manufactur-
ing (LCM). According to Stansbury and Idacavage in their evaluation of 3D printing
technologies for dental applications, the used technology appears to influence the end
product’s qualities [66].

3.11. Comparative Studies and Clinical Performance

Comparative studies have demonstrated that ceramic-based and resin-based crowns
made with 3D printing methods perform well in clinical settings. For example, 3D-printed
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ceramic-based crowns have been shown to have good marginal adaptation and fracture
resistance, comparable to or better than milling crowns [52]. Similarly, 3D-printed resin-
based crowns have produced favorable clinical results regarding fit, durability, and patient
satisfaction [52]. However, obstacles still exist, particularly in improving the surface
roughness and long-term performance of 3D-printed crowns [15]. Additionally, future
studies are needed to test other important characteristics such as fatigue [67] and resistance
to acidic drinks [68].

3.12. Study Limitations

Despite several investigations into innovative technologies for permanent prostheses,
a limited amount of research has examined crown configuration. The limited number
of included studies constitutes a constraint of this research, compounded by the diverse
technologies and materials employed (resin-based and ceramic-based) throughout the
included articles, as well as the variations in assessed attributes among the studies. This
study possesses multiple shortcomings requiring acknowledgment. The scope of materials
and printing settings analyzed was limited, potentially failing to encompass the full range
of alternatives present in the field. Secondly, the absence of extensive clinical data limits our
capacity to ascertain the longevity and efficacy of these crowns in practical settings. Future
studies should address those shortcomings to furnish a more thorough assessment of 3D-
printed dental crowns. Despite these encouraging results, additional study is required to
comprehensively understand the long-term clinical efficacy of 3D-printed crowns. Future
investigations should prioritize systematic reviews and meta-analyses to deliver a more
thorough evaluation of 3D-printed permanent crown materials. Integrating standardized
procedures, including systematic risk of bias evaluations and extended clinical trials, would
improve the reliability of results. Moreover, broadening the scope to include more types
of fabrication techniques, material compositions, and clinical performance outcomes will
enhance the evidence base.

4. Conclusions

Three-dimensional printing technology has substantially revolutionized the field of
dental crowns, particularly in the production of ceramic-based and resin-based crowns.
These advances have several benefits, including increased accuracy, adaptability, and
efficiency. While current research shows promising outcomes, further studies are required
to enhance these technologies for broader clinical application. This literature review focuses
on the potential of 3D printing to alter dental crown practices, paving the door for more
effective and personalized patient treatment.
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