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1. INTRODUCTION

SUMMARY:

1.1 DIGITAL TECHNOLOGY AND LINKED MATERIALS: AN OVERVIEW
1.2 AIMS AND OBJECTIVES

1.3 PUBLICATIONS AS PART OF THIS RESEARCH



1.1 DIGITAL TECHNOLOGY AND LINKED
MATERIALS: AN OVERVIEW

Digital dentistry is a rapidly growing field based on advanced technologies to improve the
accuracy and efficiency of dental procedures [1]. These technologies include computer-aided
design and computer-aided manufacturing (CAD/CAM) systems, 3D imaging, and digital

impression systems [2].

The first step in the CAD/CAM process is the image acquisition of the three-dimensional
morphology of the dental arches.

The following phase includes the designing process, which will be made by using Computer
Aided Design (CAD) software. A wide variety of designs, including copings and fixed partial
denture (FPD) frameworks, full anatomical crowns and FPD, inlays, onlays, veneers, etc., may

be made.

The last step is defined as "Computer Aided Manufacturing" (CAM). It involves making the
restoration into a physical part from the CAD model, which may then go through processing,

finishing, and polishing before its delivery [3-4].

The variety of restorations that may now be manufactured by CAD/CAM appears to have no
bounds, from simple inlays to fully digitally designed and fabricated complete dentures, study
models, implant-related components, orthodontic appliances, braces, retainers, and both basic
and elaborate surgical guides [5-6]. Using 3D printing technology, dentists can create appliances
that are tailored to the specific shape and alignment of an individual's teeth, resulting in

improved comfort and effectiveness [1].

Digital dentistry has also been shown to improve patient communication and education [1, 7]. By
using 3D imaging and visualization, dentists can more effectively explain dental conditions and
treatment options to patients, leading to better understanding and compliance. In particular, a key
aspect of digital dentistry is the ability to share and collaborate on digital dental records and
images. With the use of electronic health records (EHRs), dentists can securely access and share
patient information with other members of the dental care team, enabling more coordinated and
effective treatment [1, 7-8]. In addition, the use of 3D imaging can help dentists identify and

diagnose problems earlier, enabling earlier intervention and treatment [1, 7-8].



Nowadays, it is possible to use a full digital workflow from the previsualization of potential
surgical and restorative results to the delivery of accurate, biocompatible, and highly esthetic
restorations, going to new restorative frontiers and operating with the so-called "virtual patient."

[9-11]

In recent years, the field of digital dentistry has seen the development of several materials that
are helping to improve the accuracy, efficiency, and affordability of dental care [12-13]. These
materials, which are used in a variety of dental applications, are enabling dentists to create more

precise and comfortable restorations, as well as streamlining the manufacturing process [12-13].

Intraoral scanners and fabrication systems such as CAD/CAM and 3D printing have enabled for
enhancement of advanced metal-free dental materials, giving the opportunity to replace
traditional metal frameworks and improving the biomimetic and esthetic results of restorations
[9-11]. Additionally, by reinterpreting the surgical method in a more conservative manner,
dentists have been able to minimize the biological sacrifice of bone and tooth tissues due to the

extraordinary mechanical properties of these new-generation materials [9-11, 14].

Some innovative and advanced materials in digital dentistry are lithium disilicate, zirconia, and
zirconia-reinforced lithium silicate, types of ceramic materials that are increasingly being used in
digital dentistry [15-16]. These materials offer several advantages over traditional ceramics,

making them an increasingly popular choice for dental restorations [15-18].

One of their key advantages is the strength and durability, in particular for zirconia. These
materials are much stronger than traditional ceramics, such as porcelain, making they ideal for

use in dental restorations [12-14].

Another advantage is their natural-looking appearance. Unlike traditional porcelain-fused-to-
metal restorations, monolithic restorations made of these innovative materials have not the
typical grey appearance due to the absence of a metal core. This makes they even more useful in

the fabrication of crowns and bridges, as they provide a more natural-looking result [12-16].

In addition to the strength and natural-looking appearance, zirconia is also highly biocompatible

[17-19].

The development of these manufacturing technologies has allowed to manufacture prostheses
using a fully digital workflow [9-11]. In effect, the introduction of novel restorative materials has

given the application of advanced technologies (such as CAD/CAM, laser sintering/melting, and



3D printing) a synergistic boost, and these advancements have greatly expanded the clinical

options available for prosthetic treatments for both teeth and implants [9-11].

Digital-related materials, such as lithium disilicate, zirconia, and zirconia-reinforced lithium
silicate offer several advantages in the field of digital dentistry. Their strength, durability,
natural-looking appearance, and biocompatibility make them interesting materials for use in the

making of dental restorations.

As technology continues to advance, it is likely that digital dentistry and the related restoration

materials will play an even more important role in the practice of dentistry.
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1.2 AIMS AND OBJECTIVES

In the present thesis, there are several studies aimed at using intraoral scanner systems on
typodonts of a totally edentulous upper jaw. In particular, the digitizations performed with
intraoral scanners versus laboratory scanners and the digitizations of impressions in several
materials are compared. Furthermore, different scanning strategies with intraoral scanners on an
edentulous makxilla were evaluated, and both the role of natural and artificial landmarks were
tested. Moreover, there is an excerpt regarding the use of digital technologies for the
rehabilitation of jaw defects in maxillofacial patients. Besides, a study comparing two different
intraoral scanners in the case of different geometries of subgingival tooth preparation was

presented.

Some of the most innovative materials used in prosthodontics and related to the digital workflow
are analyzed through several reviews on lithium disilicate, zirconia, and zirconia-reinforced
lithium silicate. Besides, there is an experimental study about the exposure of dentin in the case
of different tooth preparation geometries for laminate veneers. Also, there is a clinical study
regarding cement-retained implant-supported CAD/CAM monolithic zirconia single crowns in
posterior areas. In addition, it is possible to find an excerpt from a literature review regarding the
procedures to be performed for the management and control of the risk of contagion of COVID-

19 during prosthodontics clinical procedures.
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2.DIGITAL DEVICES IN REMOVABLE
PROSTHODONTICS

In the first part of this chapter, the accuracy was compared among 3 different impression
materials, such as polyether, polyvinylsiloxane and polysulfide on a completely edentulous
maxilla, using an innovative protocol based on a comparison by surfaces between the made
impressions and a reference model. To do this, digitizations of the impressions were carried out,

then inverted in order to compare each digital surface to the reference model.

Secondly, a comparative analysis was performed between the accuracy of impressions made by
traditional procedure, i.e., with polysulphide and impressions made with the use of an intraoral
scanner on a totally edentulous maxilla. The aim was to assess if there was a significant
difference between the accuracy of the impressions made with the intraoral scanner and the ones

made in the traditional way.

In the third phase, in vitro/in silico analyses were performed to identify the most accurate
scanning strategy with an intraoral scanner on a completely edentulous maxilla. Moreover, the
level of accuracy of the scans was also evaluated in either presence or absence of natural

landmarks on the edentulous arches (i.e., absence of palatine rugae and flattened ridges).

A further study presented in the chapter had the aim of evaluating the accuracy gradient of the
scans performed with an intraoral scanner, on a totally edentulous maxilla, in order to identify
the anatomical areas in which accuracy tends to be less favorable. A comparison was also made
between two systems that are based on the use of artificial anatomical landmarks, aimed at

increasing the efficiency of the stitching algorithm of intraoral scanners.

Besides, with attention to the totally edentulous maxilla, a further study investigated the
influence that different palatal morphologies can have on the accuracy of the scans performed
with an intraoral scanner in the case of medium, reduced, and greater depth palatine vaults, either

in the presence or absence of palatine wrinkles.

The final part of the chapter is focused on removable prosthetic rehabilitation in the case of
patients with congenital and/or acquired jaw defects. Some excerpts from the Author's
publications on this topic will be shown, aimed at indicating the status of the art on
rehabilitations in patients with either upper or lower jaw defects. Furthermore, the effectiveness
of digitization obtained from nuclear magnetic resonance was investigated in order to create a

prosthesis for these patients.
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2.1 ACCURACY OF THREE IMPRESSION
MATERIALS ON THE TOTALLY EDENTULOUS
MAXILLA: IN VITRO/IN SILICO COMPARATIVE
ANALYSIS

Fernando Zarone, Gennaro Ruggiero, Maria Irene Di Mauro, Gianrico Spagnuolo,
Marco Ferrari and Roberto Sorrentino

Materials 2020, 13, 515

1. Introduction

Edentulism, defined as “the absence or complete loss of all-natural dentition (teeth)” [1], is a
debilitating and irreversible condition [2], considered as the “final marker of disease burden for

oral health” [3].

To date, the oldest and most widespread treatment of total edentulism is the conventional
complete denture [4—6], in which the first operative step is represented by a correct impression
procedure [7]. The procedure can be accomplished using different techniques: mucostatic [§],
mucocompressive, selective pressure [9], functional [10], and neutral zone impression [11].
Different impression materials have been suggested over time, such as polysulfide, polyvinyl

siloxane, irreversible hydrocolloids, zinc-oxide eugenol pastes, and polyethers [7,12,13].

In the last years, there has been growing interest in a full-digital concept of complete dentures
focusing on the use of optical impressions in the field of removable prosthodontics [14—18]. The
protocol for a digitally produced complete denture starts with the digitization of an edentulous
arch that can be performed using intraoral or laboratory scanners. The use of an intraoral scanner
(IOS) does not require any physical gypsum model or physical impression. Instead, using a
laboratory scanner, it is possible to obtain digitization by scanning the physical gypsum model
obtained with a conventional impression procedure or by scanning the physical impression itself.

In this last case, the file is reversed to obtain a positive reproduction of the digital model [19].
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The present study was aimed at comparing the accuracy of scans obtained by digitizing
impressions made with three different impression materials: polysulfide, polyether, and

polyvinyl siloxane, on a reference typodont of a totally edentulous maxilla.

The null hypothesis stated that there was no difference between the accuracy obtained by

scanning each of the three different impression materials and that of the reference scan.

2. Materials and Methods
2.1. Preparation of the Reference Typodont

A real model of a totally edentulous maxilla, previously obtained from a dental patient, was
duplicated using a dedicated silicone material (Elite Double; Zhermack SpA). We created a mold
inside which polyurethane resin (PRIMA-DIE; Gerho SPA) was poured with the purpose of
fabricating the reference typodont (RT) (Figure 1).

Figure 1. Reference typodont (RT) in polyurethane resin.

A digital reference typodont (dRT) file was obtained and saved in .stl format, scanning the RT
with a metrological desktop scanner (Atos Core 80; GOM, Braunschweig, Germany), based on a
structured white-light technology, with the following settings: measure accuracy =+ 0.0025 mm,

point spacing = 0.03 mm, and working distance = 170 mm.
2.2. Conventional Impression Procedure

Ten impressions were made using each of the three different impression materials (Figure 2):
polysulfide (Permlastic Regular body; Kerr, Orange, California, USA), polyether (Impregum
Penta medium-bodied; 3M ESPE, Maplewood, Minnesota, USA), and polyvinyl siloxane (Vestige
medium; Trayart srl, Padova, Italy), in a standardized and reproducible way. All the impressions
were made by the same experienced prosthodontist, during the same morning and in the same

room, under similar environmental conditions: temperature of 22 °C, air pressure of 760 + 5
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mmHg, and 45% relative humidity. Five initial impressions were made for each of the three

impression materials and then discarded, accomplishing a training session.

() (b) (¢)

Figure 2. Physical impressions made of: (a) polysulfide; (b) polyvinyl siloxane; (c) polyether.

To get predictable and consistent impression procedures, a custom impression tray was made
first by placing a 3.0 mm layer of wax (Tenasyle; Kemdent, Swindon, England) onto the RT, as a
spacer between the pre-formed light-curing resin base (ValSax; Capuozzo S.r.1., Naples, Italy) and
the RT [20]. The margins of the impression tray were 2 mm short for the bottom of the buccal
fornices, according to construction techniques of the custom tray employed for the impression

procedure, described in the Passamonti’s protocol for the realization of a complete denture [21].

Figure 3. Standardized testing device for impression making.

No handle was made on the impression tray (Figure 3), in that the tray was designed to be
secured to a specific tester base using 3 cylinders protruding from the external surface of the tray
itself, as reference positioning points. No tissue stops were made because the evenness of
impression material thickness was guaranteed by the design and modality of the working of the
tester. A duplication silicone (ADDISIL A + B 85; Bartolini Dental Group S.r.1., Terni, Italy) was
used to create a mold of the reference tray, inside which a self-curing resin (Bl CRYL COLD N A

+ B; Bartolini Dental Group S.r.l.) was cast to allow the duplication of the reference tray. The
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silicone and the resin were then placed in an electronic polymerizer with water at 55 °C and
electronically controlled pressure at 5 x 105 Pa for 8§ min. Using this method, 30 identical
impression trays were fabricated and used after 48 h.

The tester used in this study was a custom-made mechanical precision instrument, made of
iron to guarantee precision and consistency of the impression procedures. It had a square support
base (side = 17 cm), with 3 holes allowing the fitting of the 3 reference cylinders of the tray,
keeping it fixed in a constant and stable position. The metal base supported 4 perpendicular
cylinders of 16.5 cm in length and 1.5 cm in diameter, parallel to each other, lubricated with
petroleum jelly, thereby allowing an upper, identical metal square plate to slide smoothly onto the
base. The upper base had 3 holes through which the typodont could be blocked to its lower surface,
on account of 3 passing screws. Four polyvinyl chloride (PVC) tubes of 3.1 cm in length,
positioned around the iron cylinders, provided a mechanical stop to leave a 3.0 mm free space
between the RT and the tray. A constant, repeatable pressure during impression making of the RT
was guaranteed by a weight of 5 kg placed on the upper plate of the tester, aimed at pressing the
typodont onto the impression tray containing the impression material (Figure 3).

In this study, the three impression materials were mixed following the instructions provided
by the manufacturers. However, it is worth noting that the setting time in the present in vitro test
was increased compared to the intra-oral environment, being the impressions made under different
temperatures (22 °C) compared to the intra-oral conditions (35-36 °C) [22]. The following
timetable was applied for each impression material:

Polysulfide: manual mixing time = 50 s (mixing ratio 1:1); material placement into the tray and
impression making = 20 s; removal of the impression tray from the tester = 15 min from the

beginning of mixing;

Polyvinyl siloxane: for initial use, a small amount of material was extruded for 5 s and then
discarded; the extruded material was deleted, then it was mounted on the mixing tip; auto-mixing
(mixing ratio 1:1); material placement into the tray and impression making = 30 s; removal of the

impression tray from the tester = 15 min from the beginning of mixing;

Polyether: for initial use, a small amount of material was extruded for 5 s and then discarded; auto-
mixing (mixing ratio 5:1, 300 ml of base paste and 60 ml of catalyst paste); material placement
into the tray and impression making = 30 s; removal of the impression tray from the tester = 15

min from the beginning of mixing.

All the elastomers were mixed by following the manufacturers' instructions. The polysulfide
was mixed manually using a stainless steel spatula on a glass slab; the polyvinyl siloxane was auto-

mixed in a dedicated dispenser with two separate equally sized cylinders for the base paste and the
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catalyst paste and a mixing tip (Universal manual dispenser; Trayart srl); the polyether was auto-
mixed in a motorized mixing device, with two parallel pistons and a mixing tip (Pentamix™ 3
Automatic Mixing Unit; 3M ESPE). After mixing, the polysulfide was applied onto the custom
tray with a spatula. Meanwhile, the polyvinyl siloxane and the polyether were applied onto the
impression tray directly from the mixing tip. Impressions were removed from typodont by lifting
the upper base of the tester from the impression tray. To facilitate this procedure, we created an
air gap between the impression material and the typodont by inserting a steel spatula between these
two surfaces in the external area beyond the perimeter of the buccal fornices. In this way, the
procedure was reproducible without altering the area of the impressions relevant to digital

analyses.
2.3. Digitization of the Conventional Impressions

After 30 min, the impressions were removed from the typodont [23], and each of them was
eventually scanned using an extraoral laboratory scanner (DScan 3; EGSolutions, Bologna, Italy),
employing a structured blue led light. For each experimental group, 10 digital models were
obtained using dedicated software (DScan v6.2.2; EGSolutions) after activating the function
"Invert Selected Normals" (Figure 4). All the areas needed for the fabrication of a complete
maxillary denture was included in the digitization. Three groups of scans were made (n = 10) and
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respectively named “polysulfide,” “polyvinyl siloxane,” and “polyether.”
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(a) (b)

Figure 4. (a) Scan of a physical impression obtained from the extraoral laboratory scanner; (b)

Digital model obtained from the inversion of the scan of a physical impression.

2.4. Digital analysis

The .stl files acquired using the extraoral laboratory scanner were imported into a dedicated
software (Meshlab v2016.12; ISTI-CNR, Pisa, Italy) using the dRT as a guide for cutting the
surplus surfaces of each digital 3D experimental model of the extraoral laboratory scanner. Both
the dRT and consequently each digital model was imported into Geomagic Control X (Geomagic
Control X v.2018.0.1; 3D SYSTEMS, Morrisville, North Carolina, USA) and then superimposed,

choosing the dRT as the software's "reference data" to determine the accuracy for measuring

1.0000 -
POLYSULFIDE L)
0.4

trueness and precision in pm [24].

=

0.1
POLYVINYL mmhl
SILOXANE 0.1 5
- 0.4
by
POLYETHER 0.8
< -1.0000
’ -

PRECISION TRUENESS

Figure 5. Evaluation of trueness and precision: best superimposition for each group of scans.
The green areas indicate a minimum displacement of the digital model compared to the reference
data, while red and blue areas indicate an outward and inward displacement between the

surfaces, respectively.
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An "initial alignment" was done, accompanied by a "best fit alignment," then the "3D
comparison" was enabled. The parameters in the "color bar map" were: max/min range = +1 mm
and specific tolerance = 0.1 mm. Eventually, the standard deviation value (SD) was picked from
the "tabular view-3D compare"; where this software-based value (SD) represented the mean of
positive and negative deviations resulting from each superimposition between the digital surfaces.
For this reason, to determine trueness and precision, the mean between SD values was chosen [25].

A "color map" was generated using this method, for a graphical observation of the
displacement between the surfaces of the superimposed digital models. The green areas represent
a minimal displacement of 0.1 mm of the digital model relative to the "reference data," while the
red and blue areas show outward and inward displacements of +1 mm and -1 mm, respectively.
(Figure 5).

According to ISO-5725, two parameters describe the accuracy of a measurement method:
"trueness" and "precision.” Trueness refers to the proximity of agreement between the arithmetic
mean of a large number of test results and the reference value. Precision describes the proximity
of agreement between intra-group data obtained through repetitive measurements [26,27]. In other
terms, trueness determines how a measurement relates to the actual value, while precision
represents the consistency of repeated measurements.

For each of the 3 experimental groups, the trueness was calculated as the mean (SD) of each
model from dRT. The precision was evaluated as the mean (SD) of each 3D surface model from
the model that had obtained the best result of trueness in each of the 3 experimental groups, after
superimposing on the dRT. Consequently, all the scans of the same group were superimposed on
this selected 3D surface model, and the precision of each experimental group was calculated as the
mean (SD) resulting from each of these superimpositions [25].

2.5. Statistical Analysis

A dedicated software (IBM SPSS v25; IBM, Armonk, New York, USA) was used to conduct
statistical analyses. Both for the analysis of trueness and precision, descriptive statistics (i.e., mean,
standard deviation, 95 % confidence interval or CI) and specific tests to determine the overall
statistical significance of the differences between the groups (p = 0.05).

In particular, the Shapiro—Wilk test was used to check data normality, the Levene test was
conducted to evaluate the homogeneity of variances, and the Kruskal-Wallis test was conducted

to analyze differences between groups.

3. Results

Concerning trueness, the results are summarized in Table 1 and Figure 6. The mean values

were not normally distributed for all the groups of scans, as detected by the Shapiro-Wilk test (p
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< 0.05). Levene’s test showed that variances were homogeneous (p = 0.272) for the different
groups. The Kruskal-Wallis test (p = 0.197) showed no statistically significant differences between
the mean values of the three experimental groups. Multiple comparisons were not performed

because the overall test did not show significant differences across samples.

Table 1. Descriptive statistics for trueness (um).

Lower-Upper

Material Standard
bound (95% Mean
scanned Error
CI)
polysulfide 121.3-378.5 2499 56.8531
polyvinyl
. 123.1-310.6 216.8 41.4459
siloxane
polyether 219.9-362.3 291.1 31.4736

6000 | 3

5000 |

4000 |

3000

Trueness (um)

Polysulfide Polyvinylsiloxane Polyether
Material

Figure 6. Box plot chart of trueness values. The central rectangle spans the first quartile to the
third quartile and whiskers above and below the box show the locations of the minimum and
maximum. The segments inside the rectangle shows the median, and unfilled circles represent
suspected outliers.

Regarding precision, the results are summarized in Table 2 and Figure 7. The mean values
were not normally distributed for all the groups of scans, as detected by the Shapiro-Wilk test (p
< 0.05). Levene’s test showed that there was no homogeneity of variances (p = 0.033) for the
different groups. A logl0 transformation of the data was performed to run a one-way ANOVA.
This was because the assumptions of normal distribution and homogeneity of variances were

violated. After this transformation, the Shapiro-Wilk test detected again a non-normal distribution
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(p <0.05) while the Levene’s test reported homogeneity of the variances (p = 0.073). The Kruskal-
Wallis test (p = 0.155) showed no statistically significant differences between the mean values of

the three groups. Multiple comparisons were not performed because the overall test did not show

significant differences across samples.

Table 2. Descriptive statistics for precision (um).

Lower-
Material Standard
Upper bound Mean
scanned Error
(95% CI)
polysulfide 108.8—415 261.9 66.4043
polyvinyl
) 111.9-306.8 209.4 42.2547
siloxane
polyether 227.9-338.1 283 23.8969

000 8

i T

Polysulfide Polyvinylsiloxane Polyether

400,0

Precision (pm)

Material

Figure 7. Box plot chart of precision values. The central rectangle spans the first quartile to the
third quartile and whiskers above and below the box show the locations of the minimum and

maximum. The segments inside the rectangle shows the median, and unfilled circles represent

suspected outliers.

The trueness values measured in um (95% CI) were: polysulfide = 249.9 (121.3-378.5),
polyvinyl siloxane = 216.8 (123.1-310.6), polyether = 291.1 (219.9-362.3). The precision values
measured in pm (95% CI) were: polysulfide = 261.9 (108.8—415), polyvinyl siloxane = 209.4
(111.9-306.8), polyether = 283 (227.9-338.1).
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4. Discussion

Removable complete dentures represent the most frequently used typology of prosthetic
treatment of total edentulism [4—6]. One of the most relevant clinical steps in this kind of
rehabilitation is the impression making of the edentulous arches [7].

As previously presented in the Introduction, it is possible to make an impression using
different techniques: mucostatic [8], mucocompressive, selective pressure [9], functional [10], and
neutral zone impressions [11]. In addition, different impression materials can be used, such as
polysulfide, polyvinyl siloxane, irreversible hydrocolloids, zinc-oxide eugenol pastes, and
polyethers.

Conventionally, study impressions are made using irreversible hydrocolloids and/or
impression compounds, using stock trays [7,28]. Conversely, final impressions are made with zinc-
oxide eugenol pastes [12] or with elastomers such as polyethers, polyvinyl siloxanes, or
polysulfides, to guarantee a good level of precision [7,13]. Some authors [29] described a third
step that aimed to make a circumscribed compression of the tissues to improve prosthetic retention,
with the addition of a separate layer of zinc-oxide eugenol for the inner seal [19,29].

As reported by Regis et al. [30], a 2-step impression procedure is not mandatory for ensuring
clinical success in terms of technical quality, patients’ degree of satisfaction, or improvements in
oral health-related quality of life and masticatory function [30].

To date, the use of optical impressions in removable prosthodontics derives from a growing
interest in a complete digital workflow for the production of complete dentures [ 14—18]. Although
a few anecdotal studies discussed the use of optical impressions on fully edentulous arches [31,32],
according to Mangano et al [33], to date the use of IOSs is contraindicated for the fabrication of
complete removable dentures. This is due to the absence of reference points and the impossibility
of registering soft-tissue dynamics [33].

Compared to the conventional production process for complete dentures, a digital workflow
allows different advantages: better prosthetic fit [34—36] and mechanical performance [34]. This
is due to a better quality of materials as industrially produced into CAD/CAM blanks, compared
to the resin materials pressed into a mold [36] that determine more flaws, porosities, and worse
final quality of the base, besides distortions related to materials setting and polymerization
shrinkage [34-36]. This process saves money and time [34,37], and provides ease of denture
duplication due to the accurate reproducibility of the stored digital data [34].

The protocol for a digitally produced complete denture starts with the digitization of an
edentulous arch that can be performed using intraoral or laboratory scanners.

With a laboratory scanner, it is possible to obtain digitization by scanning of the physical

gypsum model obtained using a conventional impression procedure or scanning the physical
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impression itself. In this last case, the file is reversed to obtain a positive reproduction of the digital
model. Both the procedures performed with a laboratory scanner are to be considered “hybrid” as
they require a physical impression, while the use of an IOS does not require any physical gypsum
model or physical impression [19].

Further in vitro and in vivo studies will be needed to clarify which impression technique,
conventional or digital, is the most accurate, in particular, in the treatment of edentulous patients.
Significant differences in the accuracy of digitization were found between different IOSs (mean
trueness values ranged from 44.1 to 591.8 um. Mean precision values ranged from 21.6 to 698.0
um) [38], between 10Ss (video 10S = 197 + 4 pm; still image [0S =378 = 11 um) and laboratory
scanners (170 £ 12um) [39], and between cone-beam computed tomography (CBCT) scanners
(without scanner-spray = 1.2 £ 0.3 um; with scanner-spray = 1.1 + 0.2 um.) and laboratory scanners
(without scanner-spray = 4.0 + 0.3 um; with scanner-spray = 3.0 = 0.3 um) [40].

The present study focused on the first step of the production workflow for complete dentures.
It was used as model digitization, obtained by a metrological scanner, as a reference to compare
the accuracy of different scans of impressions made using three impression materials: polysulfide,
polyether, and polyvinyl siloxane on a reference typodont of a totally edentulous maxilla.

Until now, only the study by Nedelcu et al. was performed using in vivo a metrological device,
but the obtained reference digitization was limited to the buccal surfaces of maxillary anterior teeth
and premolars. This was due to the impossibility to use of such a bulky device to perform deeper
intraoral scans or to create impressions of edentulous arches [41]. Furthermore, making impression
samples directly in the mouth does not guarantee standardized conditions for impression making
for the many variables involved in the environmental conditions of the oral cavity. In particular,
temperature, humidity, and resilience of soft tissues.

In the present study, the polyurethane resin was chosen for the reference cast because this
material has favorable light diffusion and high mechanical resistance [42].

Polysulfide, polyvinyl siloxane, and polyether are supplied as base and catalyst pastes.
Particularly, polysulfides are composed of a base paste containing polysulfide polymer (mercaptan
with sulfridyl groups -SH), titanium oxide, zinc, sulfate, copper carbonate or silica and dibutyl
phthalate. Meanwhile, the catalyst paste is made up of lead dioxide, hydrated copper oxide or
organic peroxide, sulfur, oleic acid, or stearic acid. As for polyvinyl siloxanes, the base paste
contains polymethylhydrosiloxane and fillers, while the accelerator incorporates divinyl
polymethyl siloxane, other siloxane pre-polymers, platinum salt, and retarder. Regarding
polyethers, the base paste is composed of polyether polymer with colloidal silica, glycol ether, or

phthalate, while the catalyst paste contains alkyl aromatic sulfonate, filler, and plasticizer [43].
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The evaluation of trueness and precision obtained using different digitization’s of impressions
made in polysulfide, polyether, and polyvinyl siloxane showed that the scans performed directly
on the polyvinyl siloxane were more accurate in term of trueness [216.8 (123.1-310.6)] and
precision [209.4 (111.9-306.8)] compared to polysulfide [trueness = 249.9 (121.3-378.5);
precision = 261.9 (108.8—415)]. Moreover, the polyether showed the worst values of trueness
[291.1 (219.9-362.3)] and precision [283 (227.9-338.1)] compared to both the polysulfide and the
polyvinyl siloxane. However, it is worth noting that the differences between the means of the
experimental groups of scans were not statistically significant. So, it can be inferred that the type
of impression material, between the ones tested, did not affect the accuracy of fully edentulous
maxilla impressions scanned using a laboratory scanner. This evidence could be explained
considering that all three tested materials do not have the physical properties to outperform each
other in terms of accuracy on a totally edentulous maxilla.

Polyether is considered favorable for making full-arch impressions in tooth- or implant-
supported restorations, and it is a material with a low wetting angle [44]. Compared to polysulfide
and polyvinyl siloxane, it shows lower elastic recovery during its removal and high rigidity,
together with low flexibility during removal from the oral cavity [7,44-46].

Polysulfide exhibits a low wetting angle, good tear strength, and the best flexibility for
removal compared to other tested materials. On the contrary, it has low rigidity and elastic recovery
[7,45,46].

Finally, polyvinyl siloxane shows the best elastic recovery, but it has a high wetting angle and
low tear strength. Moreover, polyvinyl siloxane is more rigid than polysulfide, but it is less than
polyether [7,44-46].

Such physical properties have to be carefully evaluated during clinical procedures, to select
the most appropriate impression material according to the presence of anatomical undercuts and
mucosal resilience.

To date, the clinically accepted accuracy for impressions to fabricate complete dentures has
not been established univocally. However, the maximum compressibility of the supporting soft
tissues ranges between 0.5-2.0 mm [47]. Therefore, the accuracy required for complete dentures
is lower than that required in fixed prosthodontics, in which marginal fit is inside acceptable
clinical parameters below 100 um [48-50].

The null hypothesis stating that there was no difference between the accuracy obtained by the
various scanning of the 3 experimental materials and that of the reference scan was accepted.

The present study had some limitations, mainly due to its mixed in vitro/in silico nature,
because this experimental design did not consider relevant factors related to the oral environment.

These factors included humidity, temperature, intraoral anatomic limitations, and the
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mobility/resilience of soft tissues, affecting the final accuracy of impressions. Further
experimental studies involving a larger number of samples should be carried out to shed light on

the accuracy of elastomeric impressions on totally edentulous arches.

5. Conclusions

Within the limitations of the present in vitro/in silico comparative study, statistically
significant differences were not observed between the accuracy of scans performed on the
impressions made of polyvinyl siloxane, polysulfide, and polyether on a fully edentulous maxilla.
In this research, the different tested materials did not affect the accuracy of a fully edentulous
maxilla impression.

Consequently, all the tested materials are clinically suitable to make precise, accurate, and
reliable impressions of the fully edentulous maxilla.

Further, in vitro and in vivo studies, and specifically clinical trials, are needed to validate the
results of the present experimentation and identify the most accurate impression material for fully

edentulous arches.
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2.2 ACCURACY OF A CHAIRSIDE INTRAORAL
SCANNER COMPARED WITH A
LABORATORY SCANNER FOR THE
COMPLETELY EDENTULOUS MAXILLA: AN
IN VITRO 3-DIMENSIONAL COMPARATIVE
ANALYSIS

Zarone Fernando, Ruggiero Gennaro, Ferrari Marco, Mangano Francesco, Joda Tim, Sorrentino
Roberto
J Prosthet Dent. 2020;124:761.e1-761.e7

Introduction

Interest in fabricating completely digital complete dentures has focused on the use of intraoral
scanners (I0Ss), as these may offer faster treatment, better prosthesis fit, and ease of denture
duplication.! Moreover, the fabrication of completely digital dentures based on computer-aided
design and computer-aided manufacturing (CAD-CAM) technology might offer time and cost

134 and ease of denture

savings,'* better mechanical performance,' optimum prosthetic fit,
duplication and reproduction.! Currently laboratory costs are still higher than conventional

denture processing by pressing heat-polymerizing resin,"»>* as the resin disks are expensive.

The protocol for a digital complete denture starts by digitizing an edentulous arch; this
can be accomplished in different ways.®® A laboratory scanner can be used to obtain a file from a
conventional stone cast. Alternatively, the physical impression can be scanned by a laboratory
scanner, and then the file reversed to make a positive digital cast.>® A third option is making a

digital scan of the edentulous arch with an 10S.512

Studies on digital procedures for completely edentulous arches are still scarce, in
particular with regard to scanning methods, clinical usage, and digitization accuracy. The

accuracy of a measurement method is described by trueness and precision.!* Trueness refers to
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the closeness of agreement among the mean of a large number of test results and the reference
value; precision describes the closeness of agreement among intragroup data obtained by
repetitive measurements.'>!* Differences in accuracy have been reported among different 10Ss, '
between 10Ss and laboratory scanners,'® and between cone beam computed tomography (CBCT)

and laboratory scans.!”

Conventional elastomeric impression making and stone cast pouring lead to inaccuracy of
the definitive cast'®!” because of the expansion, shrinkage, and distortion of impression

20-24

materials?®->* and/or stone casts.?>*¢ Additionally, detachment of the impression material from

the tray surface during impression removal,? transfer to the laboratory,?! changes in

21,24 27-30

temperature, and the influence of disinfection agents may also lead to errors. Conversely,
the technology of the 108, the scanning procedure, and the anatomy of the tissues can affect
accuracy.>>! When a flat and smooth edentulous ridge and palatal vault are scanned, the
stitching processing of images or videos can introduce errors because of the lack of anatomic
landmarks.!>3! Accurate border molding and providing a posterior palatal seal are not currently

possible when using an 10S because a method of soft tissue displacement is lacking.’#1%:12

The purpose of the present in vitro investigation was to compare the trueness and
precision of different intraoral and extraoral scanning approaches on a reference typodont of a
completely edentulous maxilla. The null hypothesis was that no difference would be found in

trueness and precision among the protocols.

Material and methods

A reference typodont (RT) (Fig. 1) was fabricated by pouring polyurethane resin (PRIMA-DIE;
Gerho S.P.A) into a mold of an edentulous maxilla obtained from a cast used for a clinical
purpose and duplicated with a silicone material (Elite Double 8; Zhermack SpA). Polyurethane
resin was used because of its high mechanical resistance®” and optimal light diffusion.?* The RT
was then scanned with a metrological scanner (Atos Core 80; GOM GmbH) based on a
structured white-light technology with a working distance=170 mm, point spacing=0.03 mm, and
measure accuracy=+2.5 um to obtain a digital reference typodont (dRT) in standard tessellation

language (STL) format.
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Figure 1. Reference typodont in polyurethane resin.

The RT was scanned by using an IOS (TRIOS 3 Pod; 3Shape A/S) with an accuracy of

6.9 £0.9 um. After the calibration procedure of the IOS, 10 initial scans were made as a test and

then discarded. Subsequently, 10 digital IOS casts (dIOC) (Fig. 2) were obtained by scanning the

RT along the ridge of the arch, starting from the right maxillary tuberosity and ending at the left

one and then continuing on the buccal side and finally on the palatal vault with a clockwise
movement (Fig. 3). One prosthodontist (G.R.) performed all the scans sequentially with an
interval of 10 minutes to rest and allow the IOS to cool.***> The numbers of images per scan

varied between 743 and 1126, and the scanning time was between 1 and 2 minutes.

Figure 2. Scan of reference typodont with intraoral scanner. Blue line represents border line of

specimens for superimposition.

Figure 3. Scanning strategy with intraoral scanner. Green arrow indicates top ridge scanning.
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Blue arrow indicates scanning strategy of buccal ridge. Orange arrow indicates scanning

strategy of palatal vault.

Ten conventional polysulfide (Permlastic, regular body; Kerr Corp) impressions of the
RT were made in a standardized and reproducible way with a dedicated tester. The solid typodont
in polyurethane resin was hydrophobic and had undercuts at the edentulous crests; for these
reasons, polysulfide was chosen, as it is hydrophobic, with reduced rigidity and higher tear
strength and flexibility during removal than polyether, polyvinyl siloxane, or condensation
silicones.5*¢3 A custom impression tray was made placing a 3-mm layer of wax (Tenasyle;
Associated Dental Products Ltd) onto the RT as a spacer between the preformed light-
polymerizing resin base (ValSax; Capuozzo S.r.1.) and the RT. The border area of the impression
tray was 2 mm short of the buccal vestibule.>* The tray was border molded with modeling plastic
impression compound (ISO Functional Sticks; GC EUROPE A.G.). No handle was designed on
the tray because the tray was secured to the tester base with 3 cylinders protruding from the
external surface of the tray. The impression trays were replicated with a silicone material
(ADDISIL A+B 85; Bartolini Dental Group S.r.1.) poured with an autopolymerizing resin (BI
CRYL COLD A+B; Bartolini Dental Group S.r.l.).

The tester was a custom-made, steel mechanical precision device with a square support
base. Three holes in the base corresponded to the 3 reference cylinders of the tray. The base
supported 4 perpendicular cylinders, allowing the upper plate to slide smoothly onto the base.
The upper base had 3 holes to block the typodont to its lower surface with 3 passing screws. The
upper plate was loaded (49 N) to lock the typodont to the tray containing the polysulfide. This
force was higher than that used clinically (approximately 10 N)*’ but did not compress the
impression material because 4 polyvinyl chloride tubes were used as a mechanical stop to
provide a 3-mm space. Ten polysulfide impressions were made: manual mixing time=50 seconds
(mixing ratio 1:1); placing material into the tray and impression making=60 seconds; removal of
the tray from the tester=15 minutes from the beginning of mixing. Since the manufacturer
advises pouring an impression between 30 minutes to 8 hours after impression making and
polysulfide-based materials are dimensionally stable for up to 12 hours,*! each impression was
scanned with a laboratory extraoral scanner (DScan 3; EGS S.R.L.) using a structured blue light-
emitting diode (LED) after 2 hours. Ten digital casts (I(REC) were obtained by activating the
function “Invert Selected Normals™ of a software program (DentalCad 6.2; EGS S.R.L.) (Fig. 4,
A,B).
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Figure 4. Scans tested. A, Scan of physical impression in polysulfide with laboratory scanner. B,
Digital cast (IREC) obtained from inversion of scan of polysulfide impression. C, Scan of stone

cast with laboratory scanner (dEOC).

A Type 1V stone (Elite Stone; Zhermack SpA) was mixed according to the
manufacturer’s instructions (150 g powder, 37.5 mL water, 60-second manual mix, and 30-
second vacuum mix, poured into the impressions, and removed after 45 minutes). They were
immediately scanned with the laboratory extraoral scanner to obtain 10 digital casts (dEOC)
(Fig. 4C). These procedures were performed in the same room under similar environmental
conditions (temperature 24 °C, pressure 760 =5 mmHg, and 50% relative humidity). The same
experienced and calibrated operator (R.S.) made and poured the impressions. The 3 groups of
STL files (n=10) were imported into an inspection software program (Geomagic Control X; 3D

SYSTEMS) to calculate trueness and precision in pm.

All the STL files were imported into a dedicated software program (Meshlab v2016.12;
ISTI-CNR) by using the dRT as a guide to cut the surplus surfaces of each digital experimental
cast. The border line of specimens for superimposition was delineated at the boxing line of the
native cast from which RT was obtained (Fig. 2). The dRT and every digital cast were imported
into Geomagic Control X to be superimposed (Fig. 5), indicating dRT as “reference data” in the

software program.*?
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The 2 digital casts were superimposed in the software program by activating the function
“initial alignment” and then the function “best fit alignment,” which aligned the 2 digital casts
with a minimal distance between the superimposed surfaces.*’ Then the “3D compare” function
was activated, and the value of standard deviation (SD) was chosen from the “tabular view-3D
compare.” The SD value calculated by the software indicated a mean between the positive and
negative deviations resulting from each superimposition of the digital surfaces, and the mean of
the SD values was chosen to evaluate the trueness and precision.®** With this procedure, a color
map was created to visualize the displacement between the superimposed digital casts (Fig. 5).
For each experimental group, the trueness was calculated as the mean of the SD values resulting
from the superimposition of each cast and the dRT. The precision was evaluated as the mean of
the SD values recorded after the superimposition between each cast of an experimental group
and the cast that recorded the best result of trueness in the same group. Therefore, all the scans of

the same group were superimposed onto this selected cast, whose trueness corresponded to the
6,34

actual reference value for precision.

Figure 5. Evaluation of trueness and precision: Best superimposition for each group of scans.
Green areas indicate minimum displacements of £0.04 mm of digital cast compared with
reference data. Red areas indicate outward displacement of +0.4 mm. Blue areas indicate inward

displacement of -0.4 mm.

Statistical analysis was performed with a statistical software program (IBM SPSS
Statistics, v25; IBM Corp). Both for the evaluation of trueness and precision, descriptive

statistics (mean, standard error, 95% confidence intervals) and confirmatory factor analysis tests
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were determined. The sample size was determined to be appropriate for factor analysis by using
the Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy and the Bartlett test of sphericity.
Thus, the KMO value should be higher than .500 and the chi-square value of the Bartlett test

must be significant at the .05 level.**

The Shapiro-Wilk test was used to check data normality, the
Levene test was run to evaluate variance homogeneity, and the 1-way ANOVA followed by the
Bonferroni test or the Kruskal-Wallis and the Dunn tests were run to evaluate the statistical

significance of the differences among the groups (a=.05).

Results

The trueness and precision of the KMO statistic were respectively .572 and .650, values higher
than the recommended .500, and the Bartlett test was statistically significant both for trueness
(P=.009) and precision (P=.007). The results for trueness are summarized in Table 1; mean
values were not normally distributed for all groups of scans, as detected by the Shapiro-Wilk test
(P<.05). The Levene test showed no homogeneity of the variances (P=.002) for the different
groups. A logio transformation of the data was performed because the assumptions on the normal
distribution and the homogeneity of the variances were violated to evaluate differences with a 1-
way ANOVA. After this transformation, the Shapiro-Wilk test detected a normal distribution
(P>.05), and the Levene test reported homogeneity of the variances (P=.079). Furthermore, the
Bonferroni test detected statistically significant differences between the means values of dIOC

and dREC (P<.001) and between dIOC and dEOC (P<.001).

Table 1. Mean with 95% CI for trueness measures in pm by scanning methods. dEOC, digital

extraoral scanner cast; dIOC, digital intraoral scanner cast; dREC, digital reversed cast

Type of Mean Lower-Upper bound (95% Cl) Standard Error
cast

dioC 48.720 37.876-59.564 4.793

dREC 249.960 121.349-378.571 56.853

dEOC 308.820 186.641-430.999 54.009

The results for precision with the actual reference values are summarized in Table 2;
mean values were not normally distributed for all groups of scans, as detected by the Shapiro-

Wilk test (P<.05). The Levene test showed no homogeneity of the variances (P=.002) for the
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different groups. A logio transformation of the data was performed because the assumptions on
the normal distribution and the homogeneity of the variances were violated to evaluate
differences with a 1-way ANOVA. After this transformation, the Shapiro-Wilk test did not detect
a normal distribution (P<.05), while the Levene test reported homogeneity of the variances
(P=.083). The Kruskal-Wallis (P<.001) and the Dunn tests were performed with the Bonferroni
correction, and statistically significant differences were detected between the means of dIOC and
dREC (P=.003) and between dIOC and dEOC (P=.001). P values of post hoc comparisons are
reported in Table 3.

Table 2. Mean with 95% CI and actual reference values for precision measures in pm by
scanning methods. dEOC, digital extraoral scanner cast; dIOC, digital intraoral scanner cast;

dREC, digital reversed cast

Type of Mean Lower-Upper bound Standard Error  Actual
cast (95% Cl) reference
value
diocC 46.767 29.780-63.754 7.366 324
dREC 271.250 94.606-447.894 74.702 97.6
dEOC 341.438 175.500-507.375 70.175 136.9
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Table 3. Post hoc comparisons among scanning methods. dEOC, digital extraoral scanner cast;

dIOC, digital intraoral scanner cast; dREC, digital reversed cast

Type of scan P
Logio TRUENESS dloC dREC <.001*
dEOC <.001*
dREC dEOC .696
Logio PRECISION dloC dREC .003*
dEOC .001*
dREC dEOC 1.00

*Statistically significant differences (P<.05).

The trueness and precision were better with the IOS than with the laboratory scanner. No
significant differences were detected between scanning the polysulfide impressions or the stone
casts. From the analysis of the color maps (Fig. 5), dREC and dEOC exhibited more
displacement than dIOC. Particularly, outward displacements were detected at the buccal
vestibule up to 400 um, and inward displacements were observed at the palatal vault and on the

top of the edentulous crest up to 320 um.

Discussion

The null hypothesis that no difference would be found in the trueness and precision among the
various scanning typologies tested was rejected because statistically significant differences were
detected between the means of dIOC and dREC (trueness: P<.001; precision: P=.003) and
between dIOC and dEOC (trueness: P<.001; precision P=.001). The evaluation of trueness and
precision obtained with different digitization techniques showed that scanning the typodont
directly with an IOS (dIOC) was more accurate in terms of trueness and precision, with
statistically significant differences compared with the reverse scans of the physical impression
(dREC) and with the scans of the stone casts (IEOC), both with a laboratory scanner. These
results could be explained by the absence of material distortions when direct scanning with an

25,26

108, particularly the negative effects of both polysulfide®>*¢ and stone?’** deformation on the

final accuracy.
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Although significant differences were detected, because of the experimental and
comparative nature of the present investigation, the clinical impact of these differences may be
small. The findings suggest no difference for trueness and precision in scans performed with a
laboratory scanner among the polysulfide impressions and the corresponding stone casts, despite
the mean of the polysulfide impressions showing values of trueness and precision better than the
stone casts. Moreover, the tested IOS has better trueness and precision than conventional
impression making for recording the test cast, notwithstanding the limitations of a solid object.
However, using an IOS in the oral cavity causes passive and excessive displacements of soft

tissues, making the definition of the denture borders inaccurate.”-31%-12

Limitations of the present investigation included its in vitro design with a solid
polyurethane typodont. Factors, in particular, the temperature, humidity, optical features,
resilience, and mobility of soft tissues, related to the intraoral anatomic limitations and to the oral
environment were not taken into account. Moreover, the experimental impressions were made at
room temperature, making them more accurate than clinical impressions because of the absence
of the thermal contraction of the impression materials from the intraoral to room temperature.*

Further experimental studies with a larger number of specimens should be made to confirm the

outcomes of the present investigation.

Conclusions
Based on the findings of this in vitro study, the following conclusions were drawn:

1. Direct scanning of a solid typodont of a completely edentulous maxilla with an IOS
produced better trueness and precision than indirect digitization of both polysulfide

impressions and stone casts with an extraoral laboratory scanner.

2. With the extraoral laboratory scanner, no significant differences in trueness and precision
were detected between the scans of the polysulfide impressions and of the corresponding

stone casts on the reference typodont.
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2.3 COMPARISON OF DIFFERENT
INTRAORAL SCANNING TECHNIQUES ON
THE COMPLETELY EDENTULOUS MAXILLA:
AN IN VITRO 3-DIMENSIONAL
COMPARATIVE ANALYSIS

Zarone Fernando, Ruggiero Gennaro, Ferrari Marco, Mangano Francesco, Joda Tim, Sorrentino
Roberto
J Prosthet Dent. 2020;124:762.e1-762.¢€8.

Introduction

Digital technology and intraoral scanners (IOSs) have become popular in dental practice and
have advantages over conventional impression techniques, including reduced laboratory and
chair-time'"'* and implementation of a completely digital production workflow."!* However,
disadvantages include the learning curve,'® the limited accuracy for completely edentulous
arches'® and complete-arch implant-supported prostheses,!” and the cost of the 10S.!4
Nevertheless, cost savings can be expected on materials, shipping, and dental laboratory bills,
and the procedure should be more efficient with fewer remakes.>!8

IOS systems have been reported to have variable levels of overall accuracy in digital

datasets,'*?°

with in vitro and in vivo investigations reporting differences from confounders such
as the IOS system, scanning technique, light source, imaging type, necessity of coating or
powdering, tooth morphology, tissue mobility, and span length.!*162122 Sjgnificant differences
have been reported among dentate, partially, or completely edentulous scans.'*?* The accuracy
of optical scans has been reported to be clinically satisfactory for single crowns and in fixed
dental prostheses up to 5 units®?*; however, the accuracy of digitizing complete dental arches
depends on the technology of the IOS, and clinically acceptable results have been reported to be

reliable only for scans of less than half the arch.?%%¢
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The scanning of partially and completely edentulous arches still represents a clinical
challenge, particularly because of the lack of clear landmarks in edentulous areas with the
absence of anatomic reference points,'*!%222° the anatomic limitations to the IOS access in the
posterior regions,'* the impossibility of recording the tissues under selective pressure,?’*® and the
inability to record the soft tissue dynamics (activated borders of denture bearing areas).!**® The
trueness for complete dentition scanning has been reported to be between approximately 17 pm
and 378 um, and the precision between 55 pm and 116 pm.?® For edentulous arches, the trueness
ranged between 44.1 pm and 591 pm while the precision was up to 698 um.?? In general, all
scanners can be considered accurate for scanning a complete dentition, particularly for single
prepared teeth, while for edentulous arches, scanner accuracy remains questionable because of
high variability.?*%°

Traceable structures and rough surfaces provide much optical information to improve the
stitching process of images and videos with dedicated software programs, thereby enhancing the
scanning accuracy.'®? Conversely, the scanning of flat or smooth surfaces, as for anterior teeth
or level edentulous ridges, can lead to software errors in the digitization.'®?!* Moreover, the

1629 and the placement of artificial

palatal vault may negatively affect the accuracy of scans,
landmarks in edentulous areas could enhance scan accuracy.”> Whether the surface topography
of palatal rugae, representing potential traceable structures on the completely edentulous maxilla,
affects the accuracy of scanning is unclear.

The fully digital workflow has become popular in removable prosthodontics because of
the improvement in optical scanners and the development of dedicated functions in the related

software programs.’*-3* Different scanning techniques have been compared for dentate arches®>*

32-34 and

and for completely edentulous arches.?**! These have been described in clinical reports
in experimental studies,'®***! but comparative data are lacking.

The purpose of the present in vitro study was to compare the accuracy of 3 different
scanning techniques with one I0S (TRIOS 3 Pod; 3Shape A/S) on 2 similar reference typodonts
representing the completely edentulous maxilla, characterized by the presence or absence of
palatal rugae. The null hypothesis was that no significant differences would be found among the

different scanning strategies performed with IOS on 2 reference typodonts.

Material and methods

Two reference typodonts (Fig. 1) were manufactured by pouring polyurethane resin (PRIMA-
DIE; Gerho S.P.A.) into a mold of a standard edentulous maxilla with well-defined palatal rugae
obtained from a patient’s cast previously used for a clinical procedure and duplicated with a

silicone material (Elite Double 8; Zhermack SpA). Subsequently, one of these typodonts was
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modified by removing the palatal rugae and smoothing the surface of the edentulous ridge with
rotary instruments (AcryPoint; Shofu INC) and polishing paste (Universal Polishing Paste;
Ivoclar Vivadent AG). In this way, compared with the “wrinkled typodont” (WT), the “smooth
typodont” (ST) exhibited less defined anatomic landmarks because of the absence of palatal
rugae and the edentulous ridges were smooth. Both typodonts had a matt finish, and, because
polyurethane acts as an optimal light diffuser*? for I0S procedures,'® no surface treatments that
might have influenced the scanning were made. WT and ST were scanned by using a
metrological scanning machine (Atos Core 80; GOM) based on a structured white-light
technology with the following settings: working distance=170 mm, point spacing=0.03 mm, and
measure accuracy=+0.0025 mm. Subsequently, 2 digital reference scans were made in standard

tessellation language (STL) format: “dWT” for WT and “dST” for ST.

Al B
Figure 1. Reference typodonts. A, Wrinkled typodont (WT) with palatal rugae. B, Smooth

typodont (ST) without rugae.

Figure 2. Scanning techniques. A, Buccopalatal (BP). B, S-shaped (SS). C, Palatobuccal (PB).

The 2 reference typodonts were then scanned by using an IOS system (TRIOS 3 Pod;
3Shape A/S) according to 3 scanning techniques to obtain 10 experimental scans per group. The
number of scans per group was determined based on convenience criteria validated by previous
investigations.?”*¢#***> The 3 scanning techniques were the following: in the buccopalatal
technique (BP), the ridge top side of the edentulous arch was first scanned starting from the left
maxillary tuberosity, proceeding longitudinally along the ridge, ending at the right tuberosity,

and then continuing on the buccal side and finally on the palatal vault; the latter was first
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scanned with a counterclockwise movement along the palatal vault and finally with a
longitudinal movement in the postero-anterior direction to close the gap along the midline of the
palate (Fig. 2A); in the S-shaped technique (SS), the scanning started from the palatal side of the
left maxillary tuberosity by moving the scanner tip with alternate palatobuccal and buccopalatal
S-shaped movements along the ridge, from one side to the other; finally, the area along the
palatal midline was recorded in the posterior-anterior direction (Fig. 2B); in the palatobuccal
technique (PB), the scanning proceeded longitudinally along the ridge top side of the complete
arch, starting from the left maxillary tuberosity and ending at the right one, and then continuing
on the palatal side and finally on the buccal side. The palatal side was scanned with a circular
movement in a clockwise direction along the palatal vault up to the left maxillary tuberosity and
finally with a counterclockwise movement up to the contralateral tuberosity (Fig. 2C).

One prosthodontist (G.R.) performed all the scans during the same day and in the same
room under similar light and environmental conditions: temperature of 22 °C, air pressure of 760
+5 mmHg, and 45% relative humidity. The number of images per scan varied between 408 and
1126, and the scanning time was between 1 and 2 minutes. To reduce the effect of operator
fatigue and to prevent related bias, the scanning sequence was randomized by using a random
sequence generator (Random Number Generator Pro v.1.72; Segobit Software), and an interval
of 10 minutes was allowed so that the operator could rest and the device could properly cool.!4®
All STL files acquired with the IOS were imported into a dedicated software program (Meshlab
v2016.12; ISTI-CNR) by using dWT and dST as guides to cut the surplus surfaces of each
experimental scan.

Both the reference and experimental scans were imported into an inspection software
program (Geomagic Control X; 3D SYSTEMS) (Fig. 3), and the accuracy of each one was
evaluated by calculating trueness and precision in um.*’ The scans made on WT were
superimposed on dWT, while those made on ST were superimposed on dST. An “initial
alignment” was performed by the software program, followed by a “best fit alignment,” and then
the “3D compare” function was activated. The parameters in the “color bar option” were max
range=0.4 mm, min range=0.4 mm, and use of specific tolerance=+0.04 mm. The value of
standard deviation (SD) was chosen from the “tabular view-3D compare.” This value (SD),
calculated by the software, indicates a mean between the positive and negative deviations
resulting from each superimposition of the digital scans. For this reason, the mean among SD
values was chosen to evaluate the trueness and precision.'*® With this procedure, a “color map”

was created for visual analysis of the displacements between the superimposed digital surfaces

(Fig. 3).
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A
Figure 3. Best superimposition for each group of scans: Green areas indicate minimum
displacements of £0.04 mm of digital cast compared with reference data. Red areas indicate
outward displacement of +0.4 mm and blue areas inward displacements of -0.4 mm. A,

Evaluation of trueness. B, Evaluation of precision.

The accuracy of a measurement method is described by “trueness” and “precision.”
Trueness refers to the closeness of agreement among the mean of a large number of test results
and the reference value; precision describes the closeness of agreement among intragroup data
obtained by repeated measurements.**>° For each experimental group, the trueness was
calculated as the mean of the SD values resulting from the superimposition between each
typodont and the corresponding digital reference model (dAWT or dST). Differently, the precision
was evaluated as the mean of SD values for each typodont and the 3D surface model that had
obtained the best result of trueness after superimposition on the corresponding digital reference
model in each experimental group. All the scans of the same group were superimposed on this
selected 3D surface model, and the precision of each group was obtained as the mean of SD
values detected by each of these superimpositions.!#®

Statistical analyses were performed with a statistical software program (IBM SPSS
Statistics, v25; IBM Corp). To evaluate both trueness and precision, descriptive statistics (mean,
standard error, median, interquartile range, 95% confidence interval - CI95) were determined.
The Shapiro-Wilk test was used to evaluate data normality, the Levene test to evaluate the
homogeneity of variances, and the 2-factor ANOVA on the ranks of the data to identify a
potential interaction among typodont types and scanning techniques. The Kruskal-Wallis and the
Dunn tests with the Bonferroni correction were used to analyze differences among groups
(0=.05). In order to consider only clinically relevant comparisons, all the possible pairwise
comparisons among the 6 experimental groups were not performed; consequently, whether
differences existed between typodonts within a scanning technique and among scanning

techniques within a typodont was evaluated.
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Results

The results of the analysis of trueness are summarized in Table 1 and shown in Figure 4A. Mean
values were not normally distributed for all the groups, as detected by the Shapiro-Wilk test
(P<.05). The Levene test showed homogeneity of variances (P=.235) for different groups. The 2-
factor ANOVA (Table 2) detected statistically significant differences between the typodonts
(WT versus ST) (P=.002), among the scanning techniques (P<.001), and within their mutual
interaction (P=.018). Subsequently, the Kruskal-Wallis (P<.001) and the Dunn tests were run to
detect any difference among the scanning techniques, and a significant difference was recorded
between BP and PB (P<.001). The Kruskal-Wallis (P<.001) and the Dunn tests were run again to
evaluate whether there were any statistically significant differences between typodonts within a
scanning technique and among scanning techniques within a typodont, and a significant

difference was detected between WT and BP versus WT and PB (P<.001).

Table 1. Results (um) for trueness: mean, lower-upper bound (95% confidence intervals),

standard error, median, and interquartile range

Groups Mean Lower-Upper Standard ~ Median  Interquartile
bound Error range
WT/BP 48.7 37.8-59.5 4.7 43.4 14.8
WT/SS 65.9 54.9-77.4 5.1 64.6 16.8
WT/PB 109.7 96.1-123.4 6 106.1 33.4
ST/BP 48.1 42.4-53.7 24 48.9 13.7
ST/SS 56.4 43.9-68.9 5.5 53.3 27.3
ST/PB 61.1 53.3-69 3.4 59.6 14.1
BP 48.4 42.9-53.9 2.6 45.3 133
SS 61.1 53.1-69.1 3.8 62.9 19.0
PB 85.4 71.8-99.1 6.5 80.3 46.7
ST 55.2 50.2-60.2 24 53.4 17.8
WT 74.8 63.2-86.3 5.6 67.2 57.8
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Table 2. 2-factor ANOVA results for trueness analysis

Source SS Df MS F P
Corrected Model 9685.65 5 1937.13 12.59 <.001*
Intercept 55815 1 55815 362.76 <.001*
Typodont 1601.66 1 1601.66 10.41 .002*
Technique 6760.07 2 3380.03 21.96 <.001*
TypodontxTechnique  1323.90 2 661.95 4.30 .018%*
Error 8308.35 54 153.85

Total 73809 60

Corrected Total 17994 59

ANOVA, analysis of variance; SS, sum of squares; df, degree of freedom (n-1); MS, mean

squares. *Significant at P<.05.
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Figure 4. Box plot charts. Whiskers: minimum and maximum; Box spans: first quartile to third
quartile. Median: segments inside box. Suspected outliers: unfilled circles. A, Trueness. B,

Precision.

The results of the analysis of precision are shown in Table 3 and Figure 4B. The mean
values were not normally distributed for all the groups of scans, as detected by the Shapiro-Wilk
test (P<.05). The Levene test determined that the variances were not homogenic (P=.004) for the
different groups. The 2-factor ANOVA (Table 4) detected statistically significant differences
among the scanning techniques (P=.005) and within the mutual interaction of the study variables
(P=.009). The Kruskal-Wallis (P=.011) and the Dunn tests were run to identify whether there
were any statistically significant differences among the scanning techniques, and a significant
difference was recorded between BP and PB (P=.032). These tests were repeated (P=.005) to
evaluate whether there were any statistically significant differences between typodonts within a

scanning technique and among scanning techniques within a typodont, and a significant
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difference was detected between the means of WT and BP versus WT and PB (P=.012) (Table
5).

Table 3. Results (um) for precision: mean, lower-upper bound (95% confidence intervals),

standard error, median and interquartile range

Groups  Mean Lower-Upper Standard ~ Median  Interquartile
bound Error range
WT/BP  46.7 29.7-63.7 7.3 37.4 22.6
WT/SS  53.6 37.6-69.7 6.9 51.4 12.8
WT/PB 90 59.1-120.9 13.4 75.7 73.1
ST/BP 46 39.7-52.3 2.7 47.7 11.1
ST/SS 76 55.5-96.6 8.9 77.3 48.1
ST/PB 52.9 41.9-63.8 4.7 47.6 26.5
BP 46.4 38.3-54.4 3.8 45 15.6
SS 64.8 51.9-77.7 6.1 53.8 45.5
PB 71.5 54-88.8 8.2 65.9 31.7
ST 58.3 49-66.9 4.1 50.3 24.1
WT 63.5 50-76.9 6.5 51.4 38.3

Table 4. 2-factor ANOVA results for precision analysis

Source SS df MS F P
Corrected Model 4180.83 5 836.16 4.49 .002*
Intercept 40837.50 1 40837.50 219.34 <.001*
Typodont 0.01 1 0.01 0 .992
Technique 2252.11 2 1126.05 6.04 .005*
TypodontxTechnique  1928.70 2 964.35 5.18 .009*
Error 8936.66 48 186.18

Total 53955 54

Corrected Total 13117.50 53

ANOVA, analysis of variance; SS, sum of squares; df, degree of freedom (n-1); MS, mean

squares. *Significant at P<.05.



Table 5. P values of post hoc comparisons

TRUENESS PRECISION
WT/BP-WT/SS 268 1
WT/BP-WT/PB  <.001* 012%*
WT/SS-WT/PB 225 431
ST/BP-ST/SS 1 399
ST/BP-ST/PB 951 1
ST/SS-ST/PB 1 1
WT/BP-ST/BP 1 1
WT/SS-ST/SS 1 1
WT/PB-ST/PB 071 415
BP-SS 054 1
BP-PB <.001* .032%*
SS-PB 058 1

*=Statistically significant differences (P<.05).

From the analysis of trueness from the color bar maps with the best superimposition for
each group of scans, outward displacements of up to 200 um were detected at the level of the
palatal vault and rugae, regardless of the scanning technique and mostly in ST. Differently,
greater inward displacements of up to 320 um were noticed at the buccal vestibule, particularly
for the PB scanning technique (Fig. 3A). For precision, outward displacements of up to 120 um
were detected on the lateral sides of the alveolar ridges in ST and at the level of the palatal vault
in WT. Differently, greater inward displacements of up to 200 um were noticed at the level of
both the buccal and posterior peripheral borders, regardless of the performed scanning technique;
uniquely, significant inward displacements of up to 200 um were also noticed in the anterior left

area of ST and SS (Fig. 3B).

Discussion
The present in vitro study compared the accuracy of 3 different scanning techniques with one
IOS (TRIOS 3 Pod; 3Shape A/S). According to the obtained results, the null hypothesis was
rejected, since statistically significant differences were found.

The significant difference detected between the trueness of WT and ST (P=.002) showed
that the scans made on the typodont with more defined anatomic landmarks (WT) had worse
trueness than those on the typodont with less defined anatomic reference points (ST). This result

might seem to conflict with those of previous studies, which reported the importance of reference

54



points to improve the accuracy of IOS in edentulous arches.!#17-22262931 Eyrthermore, in the
visual analysis of the color maps for trueness, outward displacements of up to 200 um were
detected at the level of the palatal rugae (Fig. 3A). However, these results do not imply that the
presence of palatal rugae would lead to less accurate clinical scans of the edentulous maxilla
because the software used for the digital analysis of the superimposed scans calculated the SD
value of the global displacement between the whole superimposed surfaces. For this reason, the
calculated mean value was influenced by the area of the palatal rugae.

A further statistically significant difference was recorded between BP and PB for both
precision (P=.032) and for trueness (P<.001). The post hoc tests also recorded a significant
difference between WT and BP versus WT and PB, for both trueness (P<.001) and precision
(P=.012). This result showed that the difference between BP and PB was present only on WT
and could be explained by considering that in PB the palatal area was scanned before the buccal
vestibule. Since the presence of palatal rugae negatively affected the stitching process of the 10S,
starting from the palatal side could result in higher surface displacements (Fig. 5), determining
the accumulation of matching errors during the following scanning of the buccal vestibule and

ultimately altering the global accuracy of the scan.

Figure 5. Displacement of palatal digital surface resulting from incorrect stitching process.

Although significant differences were found among the tested scanning techniques,
because of the experimental and comparative nature of the present investigation, the clinical
impact of such differences cannot be answered unequivocally. However, using the BP scanning

technique in the completely edentulous maxilla is recommended.
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Limitations of the present investigation included its in vitro design, scanning
polyurethane typodonts. Clinically relevant factors related to the oral environment, particularly
temperature, humidity, optical features, resilience, the mobility of soft tissues, and intraoral
anatomic limitations, were not modelled. Further studies, including clinical trials, involving a

larger sample size should be made to support the outcomes of the present investigation.

Conclusions
Based on the findings of the present in vitro comparative study, the following conclusions were
drawn:

1. Scans performed on the typodont with less defined anatomic landmarks had better

trueness than scans made on the typodont with more defined anatomic landmarks.
2. Inthe ST scenario, no differences were noticed among the 3 scanning approaches.

3. Inthe WT scenario, the BP scanning technique showed higher accuracy than the PB with
the tested 10S, while SS did not show any significant difference.

4. The scanning strategy had a significant influence on the accuracy of scans of the

completely edentulous maxilla.
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2.4 AREA ACCURACY GRADIENT AND
ARTIFICIAL MARKERS: A THREE-
DIMENSIONAL ANALYSIS OF THE ACCURACY
OF 10S SCANS ON THE COMPLETELY
EDENTULOUS UPPER JAW

Sorrentino Roberto, Ruggiero Gennaro, Leone Renato, Ferrari Marco, Zarone. Fernando

Journal of Osseointegration, 13(4 Supplement), S257-S264

1. Introduction

Intraoral scanning systems (IOSs) are increasing in popularity due to several benefits over
conventional impression procedures. Patient stress and discomfort are reduced (1,2), clinical
procedures are simplified, time is saved (3,4), patient and dental technician communication is
improved (5,6), and the gypsum cast is no longer used (1,7).

Among the different investigations available in the literature, some compared several 10Ss
commercially available (8-10), others compared conventional impression procedures with I0S
on natural teeth (11,12) or on the completely edentulous upper jaw (13), resulting in better
trueness and precision in case of IOS scans. Besides, the best scanning strategies were
investigated both on natural tooth abutment (14), implant-abutment (15), and full edentulous
maxilla (16,17).

To date, it is not possible to provide a range of values about the accuracy of scans made with I0S
on a completely edentulous maxilla because of the various scanning protocols followed in the
literature. Indeed, different IOS were tested and the scans were made by several operators not in
the same environmental conditions or on comparable reference casts, and various parameters
were analyzed such as the root mean square, standard deviation, or mean absolute distance of the
superimposed surfaces (16,18,19).

The accuracy of scans made on the edentulous mucosa could be affected by the length and
distribution of the edentulous area (20,21), as well as the operator’s expertise (22,23), the size of

the IOS tip (19,22,24,25), or the features of the soft tissue, such as their mobility, dimension, and
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flexibility (23,26-28). About these last factors, it is worth noticing that if the ridges are firm and
surrounded with adherent mucosa, then IOS accuracy will be comparable to a conventional
impression (18). Therefore, the available IOS systems cannot be acceptable alternatives to
conventional procedures in recording tissue movement, which is a critical step for denture
manufacturing (18). They can only be used for preliminary or mucostatic impressions (18).

In literature, it is reported that the accuracy of IOS on edentulous areas might be improved by
placing artificial markers, in order to facilitate the algorithm of stitching (29), that matches the
images captured by the sensor.

Several authors proposed different scanning strategies using artificial markers in edentulous
areas, to improve the accuracy of 10S scans (30,31). In particular, in their case report, Fang et al.
showed a protocol based on placing resin composite markers, with semispherical shape, directly
on the palate that could be considered as one of the more difficult areas to be scanned, due to the
absence of natural markers and the morphology of the vault (30). With the same purpose, Lee
drew strips made of zinc oxide-eugenol cement on the palate (31). Nevertheless, no experimental
data or findings were reported about the effectiveness of these 2 approaches.

Furthermore, several authors placed fiducial markers on the hard palate to enhance the
superimposition between the intraoral scans made on the edentulous maxilla, either with the
interim prosthesis (32) or the occlusion rim (33), and the scans without these aids. This process
1s useful to articulate these scans in order to transfer the patient’s information from the interim
prosthesis or the occlusion rim (32,33).

Although artificial markers could improve the scanning accuracy on an edentulous area (29),
there is no evidence about the best protocol to follow and the typology of artificial markers that
should be placed on a totally edentulous maxilla.

Also, the accuracy gradient of the area of a completely edentulous maxilla has not been
established yet.

The present study aimed to assess the area accuracy gradient of the IOS scans on a completely
edentulous maxilla and the accuracy of scans made on a reference cast with different artificial
markers systems.

The first null hypothesis is that there is no difference in the accuracy gradient map among the
various anatomic areas of completely edentulous maxilla scans made with an 1OS.

The second null hypothesis is that no difference might be found between the accuracy of scans

made with different reference markers systems.
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2. Materials and methods

2.1 Reference cast
A reference cast (RC) (Fig. 1) was manufactured pouring polyurethane resin (PRIMA-DIE;
Gerho S.P.A) inside a mold of a standard edentulous maxilla, obtained from a real model
previously used for a clinical purpose and duplicated through a dedicated silicone material (Elite
Double; Zhermack SpA).

The RC was then scanned using an industrial metrological scanning machine (Atos Core
80; GOM), based on a structured white-light technology with the following settings: working
distance = 170 mm, point spacing = 0.03 mm, measure accuracy = +0.0025 mm. Subsequently, a
digital reference cast (dRC) file was obtained and saved in Standard Tessellation Language

(STL) format.

Fig. 1. Reference cast of a completely edentulous maxilla, made of polyurethane resin.

2.2 I0S scanning protocol for sample making and area accuracy gradient

The first part of the study was performed scanning the RC (Fig. 1) with an 10S (Trios 3
Pod; 3Shape, software v1.4.7.5). After the standard calibration procedure of the IOS, ten initial
scans were made and then discarded, accomplishing a training session. Subsequently, ten scans
were performed following a dedicated scanning strategy suggested in the literature (16). The
scanning started from the left maxillary tuberosity, proceeding longitudinally along the ridge top
side of the arch and ending at the right one, then continuing on the buccal side and finally on the
palatal vault. The latter was first scanned with a clockwise movement along with the palatine
vault and finally with a longitudinal movement in the posteroanterior direction to close the gap

along with the midline of the palate (16).
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Anatomic areas needed for the fabrication of a complete maxillary denture were included
in the scans. All scans were performed by one experienced prosthodontist (G.R.), during the
same day and in the same room, under similar light and environmental conditions: temperature
of 22 °C, air pressure of 760 £5 mmHg, and 45% relative humidity. The scanning sequence was
randomized using a random sequence generator (Random Number Generator Pro v.1.72, Segobit
Software) to reduce the effects of operator fatigue and prevent related bias, as well as with an 8-
minute interval to allow the operator to rest and the device to cool properly.

All STL files acquired with the IOS were imported into dedicated software (Meshlab
v2016.12; ISTI-CNR) using the dRC as a guide to cut the surplus surfaces of each three-
dimensional experimental scan. Both the reference and experimental scans (n = 10) were
imported into Geomagic Control X (3D SYSTEMS, software v2018.0.1). The dRC was input as
"reference data" in the software (34).

An "initial alignment" was performed by the software, followed by a "best fit alignment".
After aligning the 2 digital surfaces, the "3D compare" function was activated. The parameters in
the "color bar option" were max range = 0.6 mm, min range= 0.6 mm, use of specific tolerance =
+0.06 mm. With this procedure, a "color map" was created for visual analysis of the
displacements between the surfaces of the superimposed scans, in order to display the area
accuracy gradient (Fig. 2). The green areas indicated a minimum displacement of £0.06 mm of
the digital model compared to the "reference data"; the red and blue areas indicated outward and

inward displacements respectively of + 0.6 mm and - 0.6 mm (Fig. 2).
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Fig. 2. Accuracy gradient of the areas on completely edentulous maxillary scans, made with 10S.

Palate, flattened ridges area, posterior aspect of the papilla, and tubers are the less accurate areas.

2.3 Artificial markers systems

After the first part of the study, the authors discussed the scanning systems involving
artificial markers and concluded that the protocols to be followed must have had specific
characteristics. First of all, their position on the edentulous maxilla had to follow a criterion
based on the areas’ accuracy gradient. So, the markers were placed on the less accurate areas: the
palate, ridges' flattened areas, posterior aspect of the papilla, and tubers. Furthermore, the
process of markers placing had to be quick, easy, reproducible, and with materials or devices
easily available in a dental office. In order to satisfy these requirements, the authors designed
two approaches. In the first one, embossed markers made of light-cured flowable composite resin
(Color A2, Clearfil Majesty Flow, Kuraray Noritake) (Fig. 3A) were used, with semispherical
morphology and a 2-mm diameter. In the second system, flat markers of the same size were

drawn using a dermographic pen (ID&CO S.r.l.) (Fig. 3B).

A
Fig. 3. Artificial markers on the reference cast. A, Embossed resin composite markers; B, Flat

markers made with dermographic pen.
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After applying these markers, the above described IOS scanning protocol for sample
making was followed. In the Meshlab software, the embossed markers were cut from each
experimental scan, so they were not considered during the 3D analyses. Eventually, three
experimental groups were obtained: the control group called "no markers" made of scans without
markers, the "embossed markers" group for the resin composite markers, and the "flat markers"
for the group with markers made using a dermographic pen. The choice of the sample size (n =
10) was supported not only by previous studies (35-38) but also by factor analysis conducted
with the Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy and the Bartlett test of
sphericity (39).

The accuracy of each experimental scan was evaluated calculating trueness and precision,
measured in pm. According to ISO-5725 (40), the accuracy of a measurement method is
described by 2 parameters: trueness and precision. "Trueness" refers to the closeness of
agreement between the arithmetic mean of many test results and the reference value. “Precision”
describes the closeness of agreement between intragroup data obtained by repetitive
measurements (40,41). In other terms, trueness defines how a measurement matches the actual
value while precision describes the consistency of repeated measurements.

In the software for metrological analysis (Geomagic Control X), the value of standard
deviation (SD) was chosen from the "tabular view-3D compare”. This value (SD), calculated by
the software, indicates a mean between positive and negative deviations resulting from each
superimposition of the digital surfaces. For this reason, the mean between SD values was chosen
to evaluate the trueness and precision (5,42) (Fig. 4). The trueness was calculated as the mean
SD of each experimental scan from the dRC. Differently, the precision was evaluated as the
mean SD of each experimental scan from the one that had obtained the best result about trueness,
after the superimposition on the dRC in each of the 3 test groups. In this way, all the intraoral
scans of the same group were superimposed on this selected surface model and the precision of
each experimental group was obtained as the mean SD detected by each of these

superimpositions (5,42).
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Fig. 4. Analyses of trueness and precision: Best superimposition for each experimental scan

group. Green areas indicate minimum displacement of the experimental scan compared to the
reference one. Blue and red areas show respectively an inward and outward displacement

between the surfaces.

2.4 Statistical analysis

Statistical analyses were performed with dedicated software (IBM SPSS v25; IBM).
Descriptive statistics (i.e., mean, standard error, median, interquartile range, 95% confidence
interval - c.i. 95%) were run for both trueness and precision measurements. Besides, the Shapiro-
Wilk test was used to check data normality, the Levene test was run to evaluate the homogeneity
of the variances, while the Welch robust test of equality of means, the Games-Howell, and The

Kruskal-Wallis test were conducted to analyze differences among groups (p = .05).

3. Results

Both for trueness and precision, the KMO statistics reported p = .5, matching with the
recommended 0.5 value, and the Bartlett test was statistically significant for trueness (p =.702)
and precision (p =.914).

Figure 2 shows the area accuracy gradient, indicating the areas that exceed the range of
specific tolerance of £60 um with inward (blue) displacements on the posterior portion of the
papilla and the tubers, or outward (orange) displacements on the palate and the flattened areas of

the edentulous ridges (Fig. 2). The buccal vestibule and the area posteriorly to the prosthetic seal
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were not considered because they are virtual cavities and surfaces which can mobilize during the
making of the optical impression due to their attached muscles.
The descriptive statistics for trueness (c.i. 95%) with upper-lower bounds, means, and standard

errors are summarized in Table 1 and shown in Figure 5.

Table 1. Descriptive statistics for trueness (um)

Experimental Group Lower-Upper bound (95% c.i.) Mean Standard Error

No Markers 39.2-58.3 48.8 4.21
Embossed Markers 37.5-40.8 39.2 0.74
Flat Markers 47.7-73.4 60.5 5.68

900

80,0 |

60,0

Trueness (Um)

500

R = -

30,0

NO MARKERS EMBOSSED MARKERS FLAT MARKERS

Type of scan

Fig. 5. Box plot chart of trueness descriptive statistics. Whiskers above and below boxes show
minimum and maximum, while box spans exhibit the first quartile to the third quartile. The

median is displayed by segments inside the box. Possible outliers are unfilled circles.

The mean values were normally distributed for each experimental group, as detected by the
Shapiro-Wilk test (p>.05). The Levene test did not show homogeneity of the variances (p<.001)
for the experimental groups. Welch robust test of equality of means reported a significative value
(p = .004) and statistically significant differences were detected with the Games-Howell post hoc
test between embossed markers and flat markers (p =.011). No significant differences were
found between the control group and embossed markers (p =.113) and between the control

group and flat markers (p =.249) (Table 2).
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As regards the analysis of precision, the descriptive statistics (c.i. 95%) with upper-lower
bounds, means, and standard errors are shown in Table 3 and displayed in Figure 6.

The mean values were not normally distributed for all the groups, as reported by the
Shapiro-Wilk test (p<.05). The Levene test showed no homogeneity of the variances (p = .002)
for the experimental groups. A logl0 transformation of the data was performed because the
assumptions on the normal distribution and the homogeneity of the variances were violated to
run a One-Way ANOVA. After this transformation, again the Shapiro-Wilk test detected no
normal distribution (p<.05), but the Levene test reported homogeneity of the variances (p =
.118). Therefore, the Kruskal-Wallis (p = .002) and the Dunn tests were run to evaluate if there
were any statistically significant differences between the mean values of the 3 groups, and the
significance values were calculated according to the Bonferroni correction. Statistically
significant differences were found between flat markers with both the control group (p =.005)
and embossed markers (p = .008) (Table 2).

About the analysis of trueness and precision, the color bar map of the best
superimposition for each group of scans did not show outward and inward displacements greater

than 360 um (Fig. 4).

1500 |
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Precision (um)

8
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— .
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NO MARKERS EMBOSSED MARKERS FLAT MARKERS

Type of scan

Fig. 6. Box plot chart of precision descriptive statistics. Whiskers above and below boxes show
minimum and maximum, while box spans exhibit the first quartile to the third quartile. The

median is displayed by segments inside the box. Possible outliers are unfilled circles.
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Table 2. P values of post hoc comparisons

Experimental Group Trueness Precision
No Markers — Embossed Markers 113 1
No Markers — Flat Markers .249 .005*
Embossed Markers — Flat Markers .011* .008*

*=Statistically significant differences (p<.05).

Table 3. Descriptive statistics for precision (um)

Experimental Group Lower-Upper bound (95% c.i.) Mean Standard Error

No Markers 29.7 -63.7 46.7 7.36
Embossed Markers 34.7 - 48 41.4 2.87
Flat Markers 69.3-130.3 99.8 13.22

4. Discussion

The present study was aimed to assess the accuracy gradient for the areas of scans made with
IOS on a completely edentulous maxilla, and the accuracy of scans made using two different
systems involving artificial markers. According to the color bar map (Fig. 2), the first null
hypothesis stating that there is no difference among the several anatomic areas of a totally
edentulous maxilla scan was rejected.

Also, the second null hypothesis was rejected because some statistically significant differences
were found among the trueness and precision of scans made with the two tested systems
involving artificial markers and the control group.

The three-dimensional analysis of the superimposed scans (Fig. 2) revealed that the accuracy is
worse in the flattened areas of the ridges, the maxillary tuberosities, the posterior aspect of the
papilla, and the palate. The reason might be that the typical smooth surface without anatomical
landmarks of the tubers and ridges’ flat areas makes the stitching process very difficult
(20,21,29). Regarding the palate and the posterior aspect of the papilla, the stitching algorithm is
hampered by the palatine vault that hinders the IOS movements due to the cumbersome size of
the tip (19,22,23,27).

However, it is important to underline that the areas of the buccal vestibule and the soft palate

were not considered in this three-dimensional analysis, because, as reported in the literature, they
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could be mobilized by the attached musculature, providing unrealistic virtual surfaces during the
scanning process (18,23,26-28).

Post hoc comparisons between the 3 experimental groups (no markers, embossed markers, and
flat markers) revealed statistically significant differences for the precision between flat markers
and the control group (p = .005) and both for trueness and precision between flat markers and
embossed ones (trueness: p =.011; precision: p = .008). These data show that the use of flat
markers not only does not improve the accuracy but also worsens the precision. The reason
might be that the ink the markers are made of, could be able to reflect the IOS light beam in an
altered way towards its sensor. Furthermore, according to the literature (16,29), the areas with
variations in the surface geometry can enhance the stitching process. Therefore, it should be
considered as efficient markers only those which determine variations in the surface and not in
the color of an area. At the same time, no statistically significant differences were found between
scans made with embossed markers and the control group, despite both the trueness and
precision of the embossed markers scans were better (trueness means: embossed markers = 39.2
um, no markers = 48.8 um; precision means: embossed markers = 41.4 pm, no markers = 46.7
um).

Besides, the values of the lower-upper bounds (c.i. 95%) of the 3 experimental groups oscillate
between 37.5-73.4 um for the trueness and 29.7-130.3 pum for the precision. These values are
comparable to those reported in other studies with similar research designs (16,19), and above
all, they are clinically acceptable as they do not exceed the threshold of 500 um, considered as
the tolerated error for the fabrication of a removable denture (18).

According to the present results, the tested IOS (TRIOS 3) has been confirmed to be suitable for
detecting residual ridges and palate, as reported by Rasaie et al (18).

The present investigation had some limitations, primarily due to its in vitro / in silico nature.
Specifically, the experimental samples were scanned with the IOS on an edentulous maxillary
cast, therefore, clinically relevant factors such as humidity, temperature, optical aspects,
resilience and mobility of soft tissues, and intraoral anatomic limitations were not factored. To
corroborate the findings of this study, further research should be done, including a larger sample

size and clinical trials.
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5. Conclusions

Based on the findings of the present in silico analysis, the following conclusions can be drawn

with the tested IOS, on a completely edentulous maxillary cast:

1. the most inaccurate scans areas were the tuberosities, palate, posterior portion of the papilla,
and flattened areas of the ridges;

2. both trueness and precision of scans made using embossed markers were better than those
made with flat markers;

3. the precision of scans made with flat markers was worse than those without markers, but no
difference was detected for the trueness;

4. no differences in trueness and precision occurred between scans made with embossed
markers and without markers;

5. the accuracies of the tested scans were clinically acceptable to manufacture a removable
denture;

Further in vitro and in vivo studies, and randomized controlled trials, are needed to support the

outcomes of the present paper.
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2.5 ACCURACY OF INTRAORAL SCANNER
SYSTEM ON DIFFERENT PALATAL
MORPHOLOGIES FOR THE EDENTULOUS
POPULATION: A THREE-DIMENSIONAL
ANALYSIS

Ruggiero Gennaro, Sorrentino Roberto, Leone Renato, Joda Tim, Zarone Fernando

Article in press

INTRODUCTION

Digital technologies are increasingly used in clinical dentistry and among these, the intraoral
scanner (IOS) brings significant advantages compared to traditional procedures for making
impressions. In particular, thanks to IOS there is a simplification of clinical procedures, with a
reduction in operating times and the prosthesis’ fabrication [1-2], better communication with
patients and dental technicians [3-4], absence of gypsum casts [5-6], and less stress and
discomfort for the patients [5, 7].

However, to date, it is challenging to detect accurate intraoral scans in the case of a completely
edentulous maxilla, due to the absence of natural landmarks, such as teeth, which facilitate the
I0OS stitching algorithm [8]. In this regard, it has been reported in the literature that scanning
accuracy in an edentulous area can be improved by placing artificial landmarks [8-9]. Several
authors have tried to use artificial landmarks positioned intraorally on the upper jaw. Among
them, Fang et al. suggested placing semispherical resin composite markers, directly on the
palate, as it is one of the most difficult areas to be detected, because of the morphology of the
vault and the absence of natural markers [10-11]. Differently, Lee drew strips made of zinc
oxide-eugenol on the palatal mucosa [12]. Nevertheless, no experimental data or findings were
reported about the effectiveness of these 2 approaches. We also tried to figure out what shape

and material these markers should be and where to place them on the upper jaw [11]. Besides,
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some regions have a low accuracy gradient, among these, there are tuberosities, the posterior
portion of the papilla, the flattened areas of the ridges, and above all the palate [11].

Several studies have evaluated the accuracy of IOS scans in the palatal area. Deferm et al. [13]
showed that the width of the palatal vault may negatively affect the accuracy of the scans, while
the depth of the vault may have no influence [13]. Similar trueness results were reported by Gan
et al. [14] at the palatal level [14].

In contrast, Zhongpeng et al. [15] investigated the scan sequences and found that the trueness in
the palatal region is affected by the scanning strategy and that the palate should be scanned
starting from the palatal aspect of the molars [15].

Furthermore, in the study made by Mennito et al, no significant differences in palatal accuracy
were found between several 10Ss tested [16]. It is worth noticing that, in these studies on the
palate, the teeth were present in the arch, and this could have affected the accuracy of the scans
in the palatal region, as the teeth can be considered anatomical landmarks.

To date, only the study by Osman et al. evaluated the palate in the case of complete edentulism
and reported that no significant difference was found for different depths of the palatal vault
[17].

However, an important role could be played by the palatal wrinkles (also named “palatal rugae”),
which, when present, could represent valid anatomical landmarks in the palatal region, able of
increasing accuracy [18]. Suffice it to consider that due to their morphological characterizations,
they are usually used in orthodontics to evaluate dental changes through three-dimensional
superimpositions [19-21].

Given these premises, it is fair to hypothesize that different palatal depths could influence the
accuracy of scans on the edentulous maxilla. Furthermore, the presence of anatomical landmarks
such as the palatine rugae can be an element able of increasing the accuracy of the scans.

To date, in the literature, there is a lack of data regarding the accuracy of different palatal
morphologies and their influence on scans. Furthermore, it is not clear whether the palatal rugae,
as anatomical landmarks, could be a positive factor for the accuracy of scans on completely
edentulous upper jaws.

Given the increase in life expectancy of the world population and the growing demand for
prostheses in the edentulous [22], it is important to know each factor, including palatal
morphologies, that could affect the accuracy of IOS scans.

The first aim of the present study is to evaluate whether different depths of the palate can
influence the accuracy of the scans. The second is to evaluate whether the accuracy could be

enhanced by the presence of palatal rugae.
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The null hypothesis is that there are no significant differences among the different experimental

groups of scans performed in the case of different palatal morphologies.

MATERIALS AND METHODS

A reference typodont was manufactured by pouring polyurethane resin (PRIMA-DIE; Gerho
S.P.A.) inside a mold of a standard edentulous maxilla showing well-defined palatal rugae,
obtained from a real model previously used for a clinical purpose and duplicated through a
dedicated silicone material (Elite Double; Zhermack SpA). The present typodont was scanned
using an industrial metrological scanning machine (Atos Core 80; GOM), based on a structured
white light technology with the following settings: working distance = 170 mm, point spacing =
0.03 mm, measure accuracy = +0.0025 mm. The model scan (MS) was edited with CAD
software (Exocad Galway 3.0, exocad GmbH; Darmstadt, Germany) in order to obtain 6

different typodonts, with flat, medium, and deep palates with and without palatal rugae (Fig. 1).

Figure 1. Reference typodonts for each tested depth, with or without palatal wrinkles. WM:
wrinkled medium; WD, wrinkled deep; WF, wrinkled flat; SM, smooth medium; SD, smooth
deep; SF, smooth flat.

The 6 reference digital models were named as follows: dSM, dSD, and dSF for the smooth
models respectively for medium, deep, and flat palate; while for the models with wrinkles they
were called dWM, dWD, and dWF, respectively for medium, deep and flat palate. The models
with the medium palate (AWM and dSM) maintained the original palatal depth of MS, while
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dSD and dWD had a 5 mm deepening of the palate. Conversely, a Smm elevation was made for
dSF and dWF in order to create a flatter palate.

After the CAD design, the 6 typodonts were printed with a three-dimensional printing machine
(Anycubic Photon S, Shenzhen, China) with a dedicated resin (Anycubic 3D Printing UV
Sensitive Resin, Shenzhen, China) in order to obtain the corresponding physical reference
models (SM, SD, SF, WM, WD, and WF).

The six reference models were then scanned using one 10S system (Trios 4, software v21.4,
3Shape, Copenhagen, Denmark), according to a validated scanning technique [18] to obtain 10
scans for each experimental group.

As regards the scanning technique, the ridge top side of the edentulous arch was first scanned,
starting from the left maxillary tuberosity, proceeding longitudinally along the ridge and ending
at the right tuberosity, then continuing on the buccal side and finally on the palatal vault; the
latter was first scanned with a counterclockwise movement along the palatal vault and finally
with a longitudinal movement in the postero-anterior direction to close the gap along the midline
of the palate. The palatal side was scanned with a circular movement in a clockwise direction
along the palatal vault until the left maxillary tuberosity and finally with a counterclockwise
movement until the contralateral tuberosity [18].

Anatomic areas needed for the fabrication of a complete maxillary denture were included in the
scans. All scans were performed by the same experienced prosthodontist (R.L.), on the same day
and in the same room, under similar light and environmental conditions: temperature of 22 °C,
air pressure of 760 = 5 mmHg, and 45% relative humidity. The scans were made sequentially,
with an interval of 10 minutes, in order to allow the operator to rest and to enable a proper
cooling of the device [3, 23]. The number of shots per scan varied between 537 and 1109 and the
time for a full-arch scan was comprised of between 1 and 2 minutes.

All STL-files acquired with the IOS were imported into dedicated software (Meshlab v2016.12;
ISTI-CNR) using the digital reference model as guides to cut the surplus surfaces of each three-
dimensional digital experimental model. Both the reference scans and, subsequently, the 6
groups of .stl files were imported into Geomagic Control X (3D SYSTEMS, software v2018.0.1)
(Figs. 2, 3) and the accuracy of each one was evaluated by calculating trueness and precision,

measured in pm.
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Figure 2. Color bar map for trueness. The best superimpositions for each experimental group.
The red areas indicate outward displacements while the blue areas represent inward

displacements

Figure 3. Color bar map for precision. The best superimpositions for each experimental group.
The red areas indicate outward displacements while the blue areas represent inward

displacements
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The sample size (n = 10) was supported by previous studies [24-26] and factor analysis run with
the Kaiser-Meyer-Olkin measure of sampling adequacy (KMO) and the Bartlett test of sphericity
[27].

The reference typodont scans were input as "reference data" in the software [28]. The scans
made on each physical typodont were superimposed on the corresponding digital reference
model (e.g., scans made on SM were superimposed on dSM).

An "initial alignment" was performed by the software, followed by a "best fit alignment". After
aligning the 2 digital models, the "3D compare" function was activated. The parameters in the
"color bar option" were: max range = 0.4 mm, min range= 0.4 mm, and use of specific tolerance
=40.04 mm. Finally, the value of standard deviation (SD) was chosen from the "tabular view-3D
compare”. This value (SD), calculated by the software, indicates a mean between positive and
negative deviations resulting from each superimposition of the digital surfaces. For this reason,
the mean between SD values was chosen to evaluate the trueness and precision [3, 29-30]. With
this procedure, a "color map" was created for visual analysis of the displacements between the
surfaces of the superimposed digital models. The green areas indicated a minimum displacement
of £0.04 mm of the digital model compared to the "reference data"; the red and blue areas
indicated outward and inward displacements respectively of +0.4 mm and -0.4mm (Figs. 2, 3).
According to ISO-5725, the accuracy of a measurement method is described by 2 parameters:
"trueness" and "precision". "Trueness" refers to the closeness of agreement between the
arithmetic mean of a large number of test results and the reference value; “precision” describes
the closeness of agreement between intragroup data obtained by repetitive measurements [31-
32]. In other terms, trueness defines how a measurement matches the actual value while
precision describes the consistency of repeated measurements.

For each of the 6 experimental groups, the trueness was calculated as the mean (SD) of each
model from the corresponding digital reference model. Differently, the precision was evaluated
as the mean (SD) of each model from the 3D surface model that had obtained the best result of
trueness after the superimposition on the corresponding digital reference model in each of the 6
test groups. Consequently, all the IOS scans of the same group were superimposed on this
selected 3D surface model, and the precision of each experimental group was obtained as the
mean (SD) detected by each of these superimpositions [3, 29-30].

Statistical analyses were performed with dedicated software (IBM SPSS v25; IBM). To evaluate
both trueness and precision, descriptive statistics (i.e. mean, standard error, 95% confidence
interval - CI95) and additional calculations to evaluate the overall statistical significance of the
differences between the groups (p = .05) were performed. Particularly, the Kolmogorov-Smirnov

and Shapiro-Wilk’s tests were used to check data normality, the Levene's test was run to evaluate
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the homogeneity of variances, and the Kruskal-Wallis and Dunn's test with the Bonferroni's
correction were carried out to analyze between-groups differences.

Each possible pairwise comparison between the 6 experimental groups was not conducted in
order to evaluate only clinically relevant comparisons. Therefore, it was determined whether
differences existed between palatal morphologies with or without rugae, and between the

presence or absence of rugae within the different palatal depths.

RESULTS

Both for trueness and precision, the KMO statistics reported p = .5, matching with the
recommended 0.5 value, and the Bartlett test was statistically significant for trueness (p = .612)
and precision (p = .743).

The results of the descriptive statistics of “trueness” are summarized in Table 1 and displayed in
Figure 4. Mean values were not normally distributed for all the groups of scans as reported by
the Kolmogorov-Smirnov and Shapiro-Wilk tests (p <.05). The Levene test did not show
homogeneity of the variances (p =.017). A logio transformation of the data was performed
because the assumptions on the normal distribution and the homogeneity of the variances were
violated in order to run a One-Way ANOVA. After this transformation, the mean values were
not normally distributed for all the groups, as reported by the Kolmogorov-Smirnov and Shapiro-
Wilk tests (p <.05), and the Levene test did not show homogeneity of the variances (p <.001).
The Kruskal-Wallis and Dunn tests were performed to evaluate if there were any statistically
significant differences between the mean values of the 6 groups of scans. These tests indicated to
rejection of the null hypothesis (p <.001). After the Bonferroni correction, statistically
significant differences were found between SM vs SD (p <.001), SM vs SF (p <.001), and WF
vs SF (p =.003). The p-values of post-hoc comparisons are reported in Table 2.
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Figure 4. Box plots for trueness. Box spans display the first quartile to the third quartile, while

whiskers above and below boxes indicate minimum and maximum. Segments inside the box

represent the median. Unfilled circles are possible outliers.

Table 1. Descriptive statistics for trueness (um) with 95%-confidence intervals (CI95)

Experimental Upper-Lower Mean Standard
Group bound (95% CI) Error
WM 37.8-59.5 48.7 4.7

WD 120-203 .4 161.7 18.43

WF 49.6-122.2 85.9 16.05

SM 42.4-53.7 48.1 247

SD 329.8-369.9 349.9 8.84

SF 291.3-406.8 349.1 25.53
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Table 2. P-values of post hoc comparisons

Experimental Group Trueness Precision
WM vs WD 1.0 1.0

WM vs WF 1.0 1.0

WD vs WF 1.0 1.0

SM vs SD <.001* 193

SM vs SF <.001* 1.0

SD vs SF 1.0 1.0

WM vs SM 1.0 1.0

WF vs SF .003* 1.0

WD vs SD 1.0 015%*

*=Statistically significant differences (P <.05).

The results of the precision descriptive statistics are shown in Table 3 and depicted in Figure 5.
Mean values were not normally distributed for all the groups of scans, as detected by the

Kolmogorov-Smirnov and Shapiro-Wilk tests (p <.05). The Levene test evidenced no

homogeneity of variances (p < .001) for the different groups. A logio transformation of the data

was performed as to the trueness evaluation. After this transformation, the Shapiro-Wilk test
detected again a non-normal distribution (p <.05) while the Levene test reported no
homogeneity of variances (p = .001). The Kruskal-Wallis and Dunn tests indicated to rejection

the null hypothesis (p <.001). According to Bonferroni correction, statistically significant

differences were detected between the means of WD vs SD (p =.015). The p-values of post-hoc

comparisons are reported in Table 2.
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Figure 5. Box plots for precision. Box spans display the first quartile to the third quartile, while

whiskers above and below boxes indicate minimum and maximum. Segments inside the box

represent the median. Unfilled circles are possible outliers.

Table 3. Descriptive statistics for precision (um) with 95%-confidence intervals (CI95)

Experimental Upper-Lower Mean Standard
Group bound (95% CI) Error
WM 29.7-63.7 46.7 7.36

WD 26-67.7 46.9 9.03

WF 33.3-64.5 48.9 6.78

SM 39.7-52.3 46 2.74

SD 65.7-146 105.9 17.4

SF 475977 72.6 10.8

Figures 2-3 show the color bar maps of the best superimposition for each experimental group.

The areas exceeding the range of specific tolerance of £40 um are represented with inward (blue)

86



and outward (orange-yellow) displacements. Regarding the trueness of color bar maps in the case
of deeper palatal morphologies, it is possible to observe outward displacement (orange) at the
bottom of the palatal vault and inward displacement (blue) at the maxillary tubers. No significant
results appeared from the precision evaluation of the color bar maps.

Both for trueness and precision, outward and inward displacements greater than 400 pm were not
detected (Figs. 2, 3).

The regions posterior to the prosthetic seal and the buccal vestibule were not taken into
consideration, because, due to their attached muscles, they are virtual spaces and surfaces that

can move during the impression-making with 10S.

DISCUSSION

The present study aimed to compare the trueness and precision of scans performed with an IOS (TRIOS
4, 3Shape) in the case of different palatal depths with or without natural landmarks, such as the palatal
rugae.

The null hypothesis stated that there were no significant differences among the experimental groups of
scans performed in different palatal morphologies. According to the results of the present study, it was
partially rejected.

Although the best trueness and precision were found in the case of medium palatal depth (Tables 1, 3),
significant differences were detected only for the trueness between SM vs SD and SM vs SF (Table 2).
This means that palatal depth is a relevant factor for trueness in the absence of palatal rugae, while it is
not relevant in their presence. The reason why a mid-depth palate is better may be that on a shallow
palate, there is an almost smooth surface with no natural landmarks. Additionally, a very deep vault can
cause worse trueness than a medium one, and to prove it, Figure 2 shows that for deeper palates, a
considerable inaccuracy was found at the bottom of the palatal vault (Figure 2). Furthermore, the presence
of a lower accuracy gradient in the palate region is in agreement with another study of ours [11]. For
palates with rugae, however, there were no differences in the case of different depths of the palatal vault
and this is in agreement with what was reported in recent studies that tested palates with palatal wrinkles
[13,17].

Regarding the influence that palatal rugae may have on accuracy, the results are still controversial. For
deep palatal morphologies, the presence of palatal rugae improved the precision of the scans made, but no
difference was found in the trueness. Conversely, the trueness of flat palates in the presence of rugae was
better than without them. No difference in precision was reported. Furthermore, no difference occurred
with or without rugae for medium depth.

Unfortunately, there are no sufficient data in the literature with which to compare our results, but as
reported in our previous study, the presence of palatal rugae may increase the accuracy of scans

performed on a totally edentulous maxilla as it facilitates the stitching algorithm, although the global
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medium value is worse [8-9, 11, 18]. In particular, it should be considered that the software used for the
three-dimensional analysis of the overlapped surfaces (Geomagic Control X) calculated the SD value of
the global displacement between the entire superimposed surfaces. This means that the palatal rugae area,
where accuracy is often worse, has an impact on the calculated global mean value (SD or RMS), but it
does not mean that it is detrimental to the stitching process and consequently to the accuracy.

Finally, the mean values of both trueness and precision were clinically acceptable for the fabrication of a
removable denture [29, 33], for each experimental group, as it ranged between 46 to 349.9 pm.

The limitations of the present study are related to its in vitro / in silico nature, in which scans were made
on 6 resin typodonts. Some clinically relevant factors related to the oral environment have not been
reproduced, such as intraoral temperature and humidity, optical characteristics, soft tissue mobility and
resilience, and intraoral anatomical encumbrance. More in vitro and in vivo investigations, involving a

larger sample size, are needed to confirm the findings of the present study.

CONCLUSIONS

According to the results of the present in silico study, with the tested 10S, the following conclusions may
be drawn:

1. the best accuracy was found for medium palatal depth;
2. in the case of the deepest palates, the presence of rugae improves the precision of the scans;
3. the trueness of flat morphologies with rugae was better than without them;

4. asubstantial inaccuracy was found at the bottom of the palatal vault and on the maxillary tubers,

in the case of deeper palatal depth;

5. the mean values of both trueness and precision were clinically acceptable for the fabrication of a

removable denture.

Further in vivo and in vitro investigations might be necessary to validate the findings of the present study.
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2.6 DIGITAL DEVICES IN MAXILLOFACIAL
PROSTHESIS

Alterations in surgical interventions to improve the prosthetic prognosis in patients with

mandibular defects: a review of the literature

Ruggiero Gennaro, Bocca Norma, Carossa Massimo, Gassino Gianfranco

J Osseointegr 2020,;12(2):736-743.

It is undisputed that digital technologies have become popular in all fields of dentistry. These
technologies can improve the prosthetic prognosis, through the production of a more accurate
and highly biocompatible prosthesis and with innovative surgical procedures that enhance the

biological and mechanical conditions of the tissues on which the prosthesis interfaces.

More specifically, between these technologies, computer-aided design (CAD) systems, computer
tomography (CT), reverse engineering, rapid prototyping, and the milling process, allow
following a digital workflow that represents a valid alternative to the conventional procedure to
make a maxillofacial prosthesis [1]. Through CAD systems it is possible to design both the
denture and the framework on which the denture will be placed. Polyetherketoneketone (PEKK)
and zirconia are biocompatible materials that can be used as a framework for dental prostheses

on implants inserted in fibula grafts [2-3].

To date, unfortunately, scanning a mandibular defect with an intraoral scanner is not a procedure
that allows obtaining an accurate reproduction of the jaw. This is due to soft tissue mobility. For
this reason, it is recommended to use the conventional procedure of making the impression with
elastomeric materials, to develop the gypsum model that can be scanned with a laboratory
scanner. Alternatively, it is possible to scan the elastomeric impression directly with a laboratory
scanner and then reverse the scan of the impression to obtain a digital reproduction of the
mandible. In this second choice, there is not the inaccuracy caused by the dimensional changes

that occur during the setting of the gypsum [4].

Moreover, thanks to digital planning technologies, it is possible to prepare the shape of the new
mandible from the fibula graft and place the implants on it before that the graft is placed. The

surgical approach that allows this requires 2 main phases. In the first phase, the implants are

92



inserted into the fibula and covered with a split-thickness skin graft to create a gingival-like

tissue. In the second phase, the fibula is harvested, osteotomized, and fixed with the denture on

the pre-inserted implants. Therefore, guided by the occlusion, the fibula is placed in its final

position [5].
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Surgical procedures performed to improve the prosthetic prognosis in case of maxillary

defects: a review of the literature

Ruggiero Gennaro, Bocca Norma, Magrini Gabriele, D’addona Antontio, Carossa Massimo,
Gassino Gianfranco.

J Osseointegr 2019,;11:519-524

In the last years, Computer Aided Design/Computer Aided Manufacturing (CAD-CAM) systems
and, more generally, digital technologies have become widespread in every field of Dentistry.
Recently, significant progress has been made with the use of implants and with digital
technology to design surgical guides, patient-specific sub-periosteal implant, superstructures and
craniofacial implants [1-3].

A study of Mertens et al. demonstrated that cross-arch CAD/CAM milled superstructures
supported by implants and placed in both residual alveolar ridges and contralateral zygomatic
bone could enhance obturator stability and improve functional outcomes [2, 4].

Furthermore, the CAD/CAM superstructures improved retention, without any mechanical or
biological complications [2].

In the scientific literature there are several case reports and innovative digital workflows for the
construction of an obturator prosthesis. The conventional procedures for the realization of these
prostheses, however, are not totally supplanted by new digital technologies, in fact to date there
1s no protocol that does not require at least an "analogic" step compared to a workflow that
therefore can not be defined totally digital, but "hybrid", because of the intercalation of at least
one analogic step in a digital workflow.

In some works [5-8] the Authors started from the digitization of the upper jaw; the digitization
could be obtained with cone beam computed tomography (CBCT) systems [6-9] sometimes
associated with the datasets of a magnetic resonance imaging [8] or of an intraoral scanner (I0S)
or a laboratory scanner [5, 7].

Other authors [5] first scanned the upper jaw with an IOS and then they designed and printed
(with three-dimensional printer) a metal frame as a support to detect a functional impression of
the defect.

George Michelinakis [6] scanned the maxilla using a CBCT system, and printed a three-
dimensional model, useful to fabricate a custom acrylic tray for the final impression of the

remaining maxilla and the maxillary defect.
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Magnetic Resonance Imaging and digitization of the maxilla

Ruggiero Gennaro, Roberto Sorrentino, Fernando Zarone

In press

As reported in the literature, it is possible to digitize the upper jaw in order to obtain a full digital
model of the maxilla, useful for the realization of obturator prostheses. The digitization could be
obtained with cone beam computed tomography (CBCT) systems [1-4] sometimes associated
with the datasets of magnetic resonance imaging [3] or of an intraoral scanner (IOS), or a

laboratory scanner [2, 5].

No data are reported about the ability of Magnetic Resonance Imaging systems (MRI) in
digitizing, alone, the maxilla, as reported for CBCT by George Michelinakis [1].

It would have been useful to obtain feasible digitization by means of MRI, as these systems are
not as invasive as CBCT. Moreover, the MRI is frequently prescribed by a maxillofacial surgeon

or oncologist, for follow-up control.

Nevertheless, MRI is capable of detecting tissues with plenty of water due to the resonance

technologies on which it is based. So it is not indicated in the reproduction of bone tissue.

In Figure 1, it could be possible to see the protocol of isolation of the area surrounding the
maxillary defect (Fig. 1A-1E) in order to compare the MRI digitization with the one obtained by

scanning the gypsum cast with a laboratory scanner (Fig. 1F).

Finally, it appears clear that today it is not possible to obtain an MRI digitization that is capable
of reproducing the volumes necessary to make a prosthetic obturator. This technology (MRI), as
shown in the figures, creates such an inaccurate reproduction of the jaw that it cannot even be

superimposed on an intraoral scan made with an intraoral scanner.
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Figure 1. A, The MRI is imported in a dedicated software for visualization; B-D, In the same
software, the area surrounding the maxillary defect was isolated (green area); E, the isolated area
as it appears in the software Meshmixer; F, Occlusal view that compares the scan of a laboratory

scanner on a conventional gypsum cast (left) and the digitization made with MRI.
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3. DIGITAL DEVICES IN FIXED
PROSTHODONTICS

To date, intraoral scanners (IOSs) are also used to record the morphology of tooth abutments for
the rehabilitation of fixed prostheses on natural teeth. Generally, the whole arch is scanned first
and then returned to the abutment, after having erased the recorded surface of its margin, in order

to place the retractor cord and then resume scanning immediately after removing the cord.

This procedure is intended to provide the clinician with a more accurate reproduction of the
finish line/area of the prepared abutments. Indeed, an accurate reproduction of the marginal
anatomy of the abutment is critical for clinical success. Generally, when the margins are placed
deeply subgingival, it could be difficult for IOS to be able to detect them. This is because the
light emitted by IOS does not have the “vis a fronte” of traditional impression materials, which
are capable of apically and laterally displacing the soft tissues from the abutments. To shed light
on this aspect, in the chapter there is a study made with IOS on two different geometries of
marginal preparation: vertical edgeless and horizontal with a 0.8 mm chamfer. These geometries

present finish lines/areas placed both at 1 and 2 mm below the free gingival margin.

Furthermore, given the importance of dislocating soft tissue from the finish line/area, this chapter
present a literature review about the use of laser systems for gingival retraction. Clarifications on
their efficacy, indications, advantages and disadvantages, settings, and comparisons with other

retraction procedures or laser technologies are provided.
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SUMMARY:

3.1 INTRAORAL SCANNERS ON VERTICAL AND HORIZONTAL DEEP SUBGINGIVAL
MARGINS: THREE-DIMENSIONAL ANALYSIS AND ACCURACY

3.2 LASER SYSTEMS FOR GINGIVAL RETRACTION IN FIXED PROSTHODONTICS: A
NARRATIVE REVIEW
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3.1 INTRAORAL SCANNERS ON VERTICAL AND
HORIZONTAL DEEP SUBGINGIVAL MARGINS:
THREE-DIMENSIONAL ANALYSIS AND
ACCURACY

Fernando Zarone, Gennaro Ruggiero and Roberto Sorrentino

Article in press

Introduction

In the last decades, the widespread diffusion of digital technologies in Dentistry, along with the
introduction of more and more performing and appealing restorative materials, has led to a
profound change in prosthetic paradigms. In particular, intraoral scanners (I0Ss) are increasingly
gaining ground in daily practice, both in prosthetic treatments and in the production of
orthodontic aligners [1], thanks to a series of undeniable advantages: scans are by far preferred to
the conventional impressions by patients, reducing stress and discomfort [2,3], offer a
simplification and noticeable speed-up of clinical procedures [4-7], are not affected by the
dimensional changes of impression materials and gypsum [2,8] open the door to the full digital
workflow in the restorative plan [9], ease the communication within the operative team, with the
lab and with the patient [7,10] and, last but not least, eliminate the need of casts storage and
disposal [11].

In prosthodontics, today, the latest [OSs provide clinically acceptable accuracy in the production
of both tooth- and implant-supported restorations [12,13] for both horizontal [14] and vertical
[15] tooth preparation designs, independently of the abutment geometry [16]. Nevertheless, a
critical issue is the difficulty in detecting the anatomical information when the finish line of the
tooth abutment is deeply positioned into the gingival sulcus [1].

As defined in the Glossary of Prosthodontics Terms, the “finish line” or “margin" of the
abutment is "the junction of prepared and unprepared tooth structure with the margin of a
restorative material” [17]. An adequate record of the marginal anatomy both in the conventional

impression and in the digital scanning procedure is of primary importance, in order to achieve an
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acceptable marginal fit of the restoration [18], providing the dental laboratory with precious
information about the tooth contour [19].

With the use of IOSs, an in vitro study demonstrated that the supragingival finish design is better
detected than when it is iuxtagingivally located [20]; moreover, the final result is noticeably
affected by clinical factors "obscuring" the apical portion of the preparation, like the proximity
of teeth or the marginal gingiva [21].

Conversely, the conventional impression materials can penetrate someway more deeply into the
gingival sulcus, so reproducing the apical details thanks to their rheological properties [22],
especially when the 2 materials/2 times impression technique is employed, based on the
utilization of a medium- or heavy-body material that “pushes” the light-body paste into the
gingival sulcus [23], generating a hydraulic force that displaces the gingival margin during the
materials setting [24]. In this way, the conventional impression can be a viable solution to record
both the subgingival finish line and an apical portion of tooth anatomy beyond it.

Several in vitro [25] and in vivo [26,27] studies are present in the literature about IOSs,
comparing the digital scan with the conventional impression-making procedure, on natural teeth
[26,27] and on a fully edentulous maxilla [25], in any case reporting better results in terms of
trueness and precision for I0Ss. Furthermore, studies were made also to compare, among them,
different IOSs devices available on the market [28-30]. Another hot topic is focused on the best
scanning strategies for implant abutments [31], natural tooth abutments [32], and full edentulous
maxilla [33,34].

To date, there is no sound scientific evidence about the levels of accuracy of IOSs on tooth
abutments in the presence of either horizontal or vertical preparations, located at different depths
below the free gingival margin. Moreover, there are no sufficient data about the efficiency of
IOS to detect the tooth anatomic surface beyond the finish line/area. Some in vitro [20] and in
vivo [35,36] studies have reported that the deeper a crown margin is positioned, the more
difficult is to detect the finish line and the surface beyond it [20,35,36]. Besides, scanning
systems based on ultrasound technologies have been proposed to solve this difficulty and take
impressions of subgingival margins [37].

The present research has two finalities. The first aim is to assess the accuracies of 2 I0OSs (1700,
Medit, Seoul, Korea; TRIOS 4, 3Shape, Copenhagen, Denmark) on models of tooth abutments
prepared with either vertical or horizontal designs, at different depths of the finish line (1 or 2
mm under the free gingival margin). The second aim is to evaluate if it is possible to detect a
portion of the "non-prepared" area of the tooth beyond the finish margin in the presence of these

different levels and designs of preparation.
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The first null hypothesis is that there is no difference within the accuracies of scans made on
tooth abutments with horizontal and vertical geometries at 1 and 2 mm below the gingival
margin.

The second null hypothesis is that there is no association between the tested IOSs and the

possibility to detect the surface beyond the finish lines/areas of the tested tooth abutments.

Materials and methods

One reference maxillary typodont (ANA-4 V CER, Frasaco GmbH, Tettnang, Germany) (Fig.

l1a) of a standard permanent dentition was used. Its artificial teeth were in ivorine and could be

removed from or fixed to the typodont thanks to a screw-based system.

Fig. 1. A, Reference typodont. B, printed abutments: H-1, Horizontal -1 mm; H-2, Horizontal -2
mm; V-1, Vertical -1 mm; V-2, Vertical -2 mm.

After scanning the typodont with a laboratory scanner (DScan 3; EGSolutions, Bologna,
Italy), 4 removable and screwable abutments were designed for the reference typodont, using the
Dental CAD 3.0 Galway software (Exocad GmbH, Darmstadt, Germany) (Fig. 1b). These
abutments were designed with 2 different preparation geometries: one horizontal with 0.8 mm
chamfer and one vertical with an edgeless design. Both preparations were drawn at 1 and 2 mm
below the free gingival margin. In this way, 4 digital reference abutments were obtained:
horizontal -1 mm (H-1), horizontal -2 mm (H-2), vertical -1 mm (V-1), and vertical -2 mm (V-2).
As regards the total occlusal convergence (TOC), a 5° angle of each opposing axial surface was

used, resulting in an overall TOC of 10°, since such abutment preparation angle showed the best
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value for reproducibility in a previous study [38]. In the horizontal design, the bottom of the
gingival sulcus was 0.5 mm wide, and such distance was uniform along the whole intrasulcular
portion of the test abutments; differently, in the vertical geometry, the distance between the axial
surface and the col of the papilla was 1.2 mm and progressively decreased along the intrasulcular
space in the apical direction, until the bottom of the sulcus and the root surface of the test
abutments were in contact. In order to keep the aforementioned measurements constant while
going from 1 to 2 mm subgingival, the abutments were sunk vertically in the apical direction,
then adding that missing volume at the occlusal level in the -2 mm preparations, in order to
extend the occlusal surface of 1 mm and reduce any possible modification of the occlusal area to
be scanned with the 10Ss.

The presumed occlusal surface variation (AS) of the abutments, when the preparation
margins were sunk from 1 to 2 mm subgingivally at a constant axial surface angulation of 5°,

was calculated with the following equation:

Ptana
AS=1-—

1

P is the measure of the abutment deepening (1 mm) while a is the 5° axial angulation of
the abutment. R is the radius of the occlusal surface of the abutment with the margin at 1 mm

below the gingiva. A schematic representation of AS is displayed in Figure 2.

|

Fig. 2. Scheme for the calculation of the presumed occlusal surface variation (AS) with 1 mm

deepening of the abutment and 5° axial angulation. P is the measure of the abutment deepening (1
mm). R; is the radius of the occlusal surface of the abutment with margin at 1 mm below the

gingiva and R, at 2 mm.
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The designed reference abutments were fabricated with a 3D printer (Anycubic Photon S,
Anycubic 3D Printing, Shenzhen, China) using Anycubic UV Resin (Anycubic 3D Printing,
Shenzhen, China) with a printing wavelength of 405 nm, making an apical hole in order to screw
each abutment to the reference typodont.

To obtain the experimental scans, the reference typodont was scanned using 2 IOSs,
TRIOS 4 (software v21.4, 3Shape, Copenhagen, Denmark) and Medit 1700 (software Medit Link
v2.5, Medit, Seoul, Korea). The IOSs were calibrated, then 10 nonexperimental scans were made
as a test and to warm up these devices. The scanning strategy recommended by the
manufacturers was performed. The scan started from the occlusal surface of the right third molar
continuing longitudinally up to the contralateral one, then moving buccally and finally palatally.
At the end of this scanning flow, it was zoomed in on the abutment to assess if there were any
gaps, in the positive case the scan was resumed from the surfaces adjacent to the gaps, in order to
fill them (Fig. 3). In the TRIOS 4 scans, the high-resolution ZOOM mode was used to scan the

deepest area of the tooth abutment; with the same purpose, the scan depth was set to 23 mm for
Medit 1700.
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Fig. 3. IOS’ scans of each abutment and tested 10S. A, Medit 1700 scans: H-1M, Horizontal -1
mm; H-2M, Horizontal -2 mm; V-1M, Vertical -1 mm; V-2M, Vertical -2 mm. B, TRIOS 4 scans:
H-1T, Horizontal -1 mm; H-2T, Horizontal -2 mm; V-1T, Vertical -1 mm; V-2T, Vertical -2 mm.

Each scan was made by the same experienced prosthodontist (G.R.), on the same day and
in the same room, under comparable illumination and climatic settings with a temperature of
22°C, air pressure of 760 mmHg, and 45% relative humidity. The scanning sequence was
randomized using a random sequence generator (Random Number Generator Pro v.1.72, Segobit
Software) to reduce the effects of operator fatigue and prevent related bias, as well as with a 12-

minute interval to allow the operator to rest and the device to cool properly. The number of shots
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per scan varied between 1836 and 4651 and the time for a complete arch scan was comprised
between 1 and 2 minutes.
All Standard Tessellation Language (STL) files acquired with the IOSs were imported into a
dedicated software (Meshlab v2016.12; ISTI-CNR) where each scan was cut to isolate the
prepared abutment with its marginal geometry and the surface beyond it. In the case of vertical
preparations, the finish area was set through the overlapping of vertical experimental scans and
the horizontal reference scan that had the same preparation depth (Supplementary Video 1).
Eight experimental groups were made (n = 10): about Medit 1700, they were named “H-1M” for
horizontal preparation at 1 mm from the gingival margin and “H-2M” for the same at 2 mm,
while “V-1M” for vertical preparation at | mm and “V-2M” for the same at 2 mm; about TRIOS
4, with the same criteria, they were named “H-1T”, “H-2T”, “V-1T”, and “V-2T".

Both the reference scans and, subsequently, the 8 groups of .stl files (n = 10) were
imported into Geomagic Control X (3D SYSTEMS, software v2018.0.1) (Fig. 4) and the
accuracy of each one was evaluated by calculating trueness and precision, measured in pm. The

4 digital reference abutments were imported as "reference data" in the software [39].

H-1 V-1
Trueness . . +0.5
TRIOS
Precision . .
+0.15
0
-0.15
Trueness . .
MEDIT
Precision -0.5

Fig. 4. Analyses of trueness and precision: Best superimposition for each experimental scan. Green

areas indicate minimum displacement of experimental scan compared to the reference model.

An "initial alignment" was performed by the software, followed by a "best fit alignment".

After aligning the 2 digital models, the "3D compare" function was activated. The parameters in
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the "color bar option" were max/min range = 1.0 mm and specific tolerance = +0.1 mm. The
standard deviation (SD) measure was selected from the "tabular view-3D compare”. This
measure (SD) is a mean between positive and negative deviations resulting from each
superimposition of digital surfaces, as calculated by Geomagic. Therefore, the mean of the SD
values was selected to measure trueness and precision [7,40]. With this method, a "color map"
was generated for visual examination of the displacements between the surfaces of the
overlapped digital models. The green areas indicated a minimum displacement of £0.1 mm of the
digital model compared to the "reference data"; differently, the red and blue areas indicated
outward and inward displacements respectively of +1.0 mm and -1.0 mm (Fig. 4).

According to ISO-5725, the accuracy of a measurement method is defined by 2
parameters: "trueness" and "precision". "Trueness" indicates the closeness of agreement among
the arithmetic mean of a large number of test results and the reference value; “precision”
represents the closeness of agreement between intragroup data collected by repetitive
measurements [41,42]. In other terms, trueness defines how a measurement matches the actual
value while precision describes the consistency of repeated measurements.

For each experimental group, the trueness was evaluated as the mean of the SD values
resulting from the superimposition between each experimental scan and the corresponding digital
reference abutment.

The precision was measured as the mean of the SD values for each experimental scan and
the scan that achieved the best value of trueness after the overlapping on the corresponding
digital reference abutment in each of the 8 experimental groups. In this way, the scans of the
same group were overlapped on this selected scan and the precision of each test group was
measured as the mean of SD values registered by each of these overlaps [7,40].

Statistical analyses were performed with dedicated software (IBM SPSS v25; IBM). To
evaluate both trueness and precision, descriptive statistics (i.e., mean, standard error, median,
interquartile range, 95% Confidence Interval) and additional calculations to evaluate the overall
statistical significance of the differences between the groups (p=.05) were performed.
Particularly, the Kolmogorov-Smirnov test was used to check data normality, the Levene test
was run to evaluate the homogeneity of variances.

The Welch’s robust test of equality of means, the Games-Howell and Bonferroni tests
were run to analyze differences between groups. To consider only clinically motivated
comparisons, all the possible pairwise comparisons between the 4 experimental groups were not
performed. Consequently, it was evaluated whether differences existed between preparation

geometries (vertical or horizontal) within a specific depth (1 or 2 mm) and between preparation
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depths within a particular geometry. Furthermore, differences were investigated even for each
abutment geometry between the 2 tested [OSs.

A post hoc power analysis was made with G*Power (v. 3.1.9.7, Universitit Kiel,
Germany) to estimate the sample size effect. The partial eta squared (n?) is the effect size
measure for the interaction between the within and between-subject variables, and it was used to
determine the effect size. Approximate n> conventions are large = 0.14, medium = .06, and small

=.02. For the present analysis, a large effect size was estimated.

Results

There was a 92.65% possibility of correctly rejecting the null hypothesis of no significant effect
of the within-between interaction, with 10 measurements for each experimental group, for a total

of 20 assessments per abutment geometry (Figure 5).

critical F = 4.41387

0.4
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Figure 5. Power Analysis for the evaluation of the Sample Size Effect.

The AS of the horizontal preparations was 0.971 mm? while for the vertical preparations it was
0.968 mm?>.
The descriptive statistics for trueness (C.I. 95%) with upper-lower bounds, means, and standard

errors are summarized in Table 1 and shown in Figure 6.
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Fig. 6. Box plot chart of trueness’ descriptive statistics. Whiskers above and below boxes show
minimum and maximum, while box spans exhibit first quartile to third quartile. Median is

displayed by segments inside box. Possible outliers are unfilled circles.

Table 1. Descriptive statistics for trueness (um) with 95%-confidence intervals (CI95)

Upper-Lower

Experimental Group Mean Standard Error
bound (95% CI)

H-1T 27.4-28.2 27.8 182

H-2T 30.7-32.0 313 280
TRIOS

V-1T 27.2-30.2 28.7 .644

V-2T 27.8-30.9 29.4 .669

H-1M 39.7-42.4 41.1 575

H-2M 38.2-40.7 394 550
MEDIT

V-1M 34.6-36.8 35.7 486

V-2M 30.6-34.6 32.6 874

The mean values were normally distributed for all the groups, as reported by the

Kolmogorov-Smirnov test (p>.05). The Levene test showed homogeneity of the variances (p =

112



.051) for the experimental groups. Due to the normal distribution and the homogeneity of
variances, the Bonferroni post hoc test was used to detect the statistically significant differences
between the means of the experimental groups. The values of the post hoc comparisons are
shown in table 2.

As regards the analysis of precision, the descriptive statistics (C.I. 95%) with upper-lower

bounds, means, and standard errors are shown in table 3 and displayed in Figure 7.
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Fig. 7. Box plot chart of precision’s descriptive statistics. Whiskers above and below boxes show
minimum and maximum, while box spans exhibit first quartile to third quartile. Median is

displayed by segments inside box. Possible outliers are unfilled circles.

The mean values were not normally distributed for all the groups, as reported by the
Kolmogorov-Smirnov test (p<.05). Moreover, the Levene test showed no homogeneity of the
variances (p = .010) for the experimental groups. A logio transformation of the data was made
because the assumptions on the normal distribution and the homogeneity of the variances were
violated to evaluate differences among the experimental groups. After the data transformation,
the Kolmogorov-Smirnov test reported a normal distribution (p>.05), whereas the Levene test
did not show homogeneity of the variances (p = .021). Welch's robust test of equality of means
was significant (p<.001) and the Games-Howell post hoc test was run to detect statistically
significant differences between the experimental groups. P-values of post hoc comparisons are

shown in table 2.
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Table 2. P-values of post hoc comparisons

Experimental Group Trueness Precision
H-1T vs H-2T .002* 388
H-1T vs V-1T 1.0 161
TRIOS
H-2T vs V-2T 424 <.001*
V-1T vs V2T 1.0 <.001*
H-1M vs H-2M 1.0 .004*
H-IM vs V-1M <.001* 952
MEDIT
H-2M vs V-2M <.001* 1.0
V-IM vs V-2M 03* 535
H-1T vs H-1M <.001* <.001*
H-2T vs H-2M <.001* 269
TRIOS vs MEDIT
V-1T vs V-1M <.001* .086
V-2T vs V-2M .008* .008*

*=Statistically significant differences (P<.05).
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Table 3. Descriptive statistics for precision (um) 95%-confidence intervals (CI95)

Upper-Lower

Experimental Group Mean Standard Error
bound (95% CI)

H-1T 8.8-11.1 10.0 S14

H-2T 10.3-12.9 11.6 581
TRIOS

V-1T 11.0-19.0 15.0 1.738

V-2T 33.5-48.7 41.1 3.295

H-1M 23.9-30.9 27.4 1.520

H-2M 12.1-19.6 15.9 1.640
MEDIT

V-1M 18.3-31.6 249 2.885

V-2M 8.2-28.5 18.4 4416

About the analysis of trueness and precision, the color bar map of the best

superimposition for each group of scans did not show outward and inward displacements greater

than 150 um (Fig. 4).

Figure 3 showed that the finish lines/areas of the preparations were visible both in the

horizontal (H-1 and H-2) and vertical (V-1 and V-2) preparations at the different depths (1 and 2

mm subgingivally).

Conversely, the surface area beyond the finish margins was only visible for vertical

preparations at both 1 (V-1) and 2 (V-2) mm below the free gingival margin and is about I mm

(Fig. 8), whereas this area was not detected on the horizontal preparations (H-1 and H-2) (Fig. 8).
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Fig. 8. Detection of area over finish line with both horizontal and vertical preparations at 1 and 2
mm below free gingival margin. A, H-1; B, H-2; C, V-1; D, V-2. About vertical preparations (C,
D), the displayed segments show some linear measurements between the apical line detected by

IOSs and the set finish line cut for three-dimensional analysis.

Discussion

The present study aimed to compare the accuracies of 2 I0Ss (TRIOS 4 and Medit 1700)
on models of tooth abutments prepared with vertical and horizontal finish geometries at both 1
and 2 mm under the free gingival marginal.

The first null hypothesis, stating that there is no difference within the accuracies of scans
made on tooth abutments with the 2 tested geometries at different depths, was rejected. Besides,
the second null hypothesis was partially rejected because IOSs were able to detect the surface

beyond the set vertical finish area, but not the ones under the horizontal finish lines.
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The descriptive statistics showed mean values of the accuracy of <150 um that were in
the clinically accepted threshold [43], for both the tested geometries at 1 and 2 mm below the
gingival margin, as reported in tables 1 and 3, for the tested 1O0Ss.

The trueness and precision values of the Medit 1700 ranged between 32.6-41.1 um and
15.9-27.4 um respectively; these values are comparable to those reported for the same IOS by
Jivanescu et al. (trueness: 25.55 £1.85 um; precision: 9.1 £3.8 um) [44] for short-span fixed
dental prostheses [44]. About TRIOS 4, the values of trueness (27.8-31.3) and precision (10-41.1
um) are not comparable to the few studies available in the literature, because they did not focus
on tooth abutments, but on full arches with linear measurements [28,45] and on scan bodies [46].

It is not possible to provide a range of values for the accuracy of IOS scans on a single
tooth abutment, because of the heterogeneity and possible confounders of different research
protocols used in the literature. Indeed, various IOS were examined, scans were performed by
several operators on different reference models or environmental conditions, and various
parameters were investigated, such as the root mean square, standard deviation, and mean
absolute distance of the superimposed surfaces [20,29,47,48]. Nevertheless, a study with a
research protocol similar to that shown in the present investigation was made by Lee et al. [49]
on a single molar abutment, reporting comparable trueness values in the range of 24-34.1 pm
[49].

The surface beyond the finish area/line was detectable for vertical preparations but not
for horizontal ones, as displayed in Figure 8. In this regard, it should be mentioned that the finish
border of the vertical preparations was set at the same depths as the horizontal ones by
superimposing each other and then removing the surface excess (Supplementary Video 1). The
reason on the basis for the impossibility to detect the area beyond the finish line, in horizontal
preparations is shown in Figure 9. Due to their geometry, horizontal preparations do not allow
the scanner light beam to pass easily beyond the finish line for the presence of geometrical
undercuts that can create possible shadow areas (Fig. 9A); conversely, this phenomenon usually
does not occur for vertical preparations (Fig. 9B). According to previous studies, the angle of the
scanner light beam is an important factor in detecting the surface beyond the finish area [29,36],
as if there was too much angulation between the coronal-apical axis of the tooth and the light

beam, then the gingiva itself would favor the formation of shadow cones (Fig. 9).
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Fig. 9. Limitations to scanner light beam on surface beyond finish line due to presence of

B

undercuts. A, different angulations of the IOS on horizontal margin. B, different angulations of

IOS on vertical margin.

As regards the depth of tooth preparations, TRIOS 4 seems to be negatively influenced
by geometries with deep finish lines (tables 1 and 3). Also, significant differences reported that
the trueness for the horizontal geometry (p =.002) and precision of the vertical ones (p<.001)
were better at 1 mm than at 2 mm. On the contrary, Medit 1700 showed better results for deeper
preparations (tables 1 and 3). Furthermore, significant differences reported that the precision of
H-1M is worse than that of H-2M (p = .002), and the trueness of V-2M is better than V-1M (p =
.03). An explanation of the presented results might be found in the technologies of the tested
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I0Ss. TRIOS 4 is based on confocal laser scanning microscopy (CLSM) [50,51], while Medit
1700 is based on three-dimensional in-motion video technology and three-dimensional full-color
streaming capture [52]. As reported in the literature, the CLSM has a controlled and limited
depth of focus [53], in particular, objects behind and in front of the focus plane are shown out of
focus, so, they could not be detected [54]. Moreover, as resulted in previous investigations, the
Z0OOM mode did not enhance the detection of smaller details of margin areas for TRIOS [45,55].
Therefore, the ZOOM mode of TRIOS seems to be not as efficient as the max depth scan setting
of Medit 1700.

About the preparations designs, TRIOS 4 did not result to be influenced by this variable
at 1 mm neither for trueness nor precision; at 2 mm, despite no differences being found in the
trueness, TRIOS 4 made more precise scans on horizontal preparations than on vertical ones
(p<.001). In the Medit 1700 scenario, vertical preparations reported better trueness and precision
than horizontal ones at both the tested depths (p<.001); furthermore, significant differences were
found in the trueness at 1 mm and the precision and 2 mm. The reason behind these results might
be understood considering the bending or distortions discussed in previous studies for TRIOS in
the case of steep inclines of tooth surfaces [28,45], like the vertical abutments that do not have
clearly identifiable planes as the horizontal ones. Moreover, the vertical preparations could be
favored in the Medit scenario, due to the presence of a 45-degree angulated mirror. Indeed, with
this angulation, it is possible to obtain a perpendicular reflection of the light beam from the
surface of the vertical preparation than from the 0.8 mm chamfer of the horizontal one.
Therefore, the software did not need to redesign drastically the image detected on the sensor, so,
there will be a reduced cumulative error for its algorithm.

Regarding the comparison between the tested [OSs, TRIOS 4 showed better trueness than
Medit 1700, as supported not only by descriptive statistics but also by statistically significant
differences (Table 2), both for vertical and horizontal preparations, at 1 and 2 mm below the
gingival margin (H-1T vs H-1M: p<.001; H-2T vs H-2M: p =.001; V-1T vs V-1M: p<.001; V-
2T vs V-2M: p =.008). On one hand, TRIOS 4 showed a significantly better precision at | mm
for horizontal preparations (p<.001), but, on the other one, Medit 1700 is more precise in the case
of deeper preparations (2 mm) with a vertical design (p =.016).

To sum up, the overall geometries, the preparation depths, and the IOSs are variables that
affect the scanning accuracy. Moreover, the presented results would suggest that the behavior of
such systems can be somehow associated with myopia and hyperopia, where Medit 1700 appears

to be farsighted and more able to read deep preparations when compared to TRIOS 4.
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To date, there are no studies that can explain this different behavior related to the optics
and technologies of the tested IOSs, also because they were introduced on the market very
recently.

Regardless of what was discussed, it must be considered that both I0Ss achieved
clinically acceptable values for both trueness and precision, showing their suitability for
scanning these tooth abutments geometries.

The present study had some limitations, primarily due to its in vitro nature; specifically,
the experimental scans were made with the IOSs on resin models of tooth abutments,
so, clinically relevant factors such as humidity, temperature, optical features, intraoral anatomic
limitations, and - mainly - mobility and resilience of soft tissues were not factored. Particularly, a
proper clinical displacement of gingival tissues or particular anatomical conformation of every
single tooth could influence the present results, particularly in the case of horizontal
preparations. Moreover, despite the presumed occlusal surface variation being numerically
negligible, it was calculated on the morphology of a truncated cone, which does not reproduce
the perfect morphology of the model abutments.

In order to corroborate the findings of the present investigation, further studies should be

done, including clinical trials with larger sample sizes.

Conclusions

As regards the scans made with the tested I0Ss, based on the findings of the present in vitro
comparative investigation, the following conclusions can be drawn.
1) At both 1 and 2 mm below the free gingival margin:

e it is possible to scan tooth abutments with detectable vertical and horizontal finishing
geometries;

e the mean values of the accuracy are in the clinically accepted threshold for both the tested
geometries;

e the surface beyond the finish area/line is detectable for vertical preparations but not for
horizontal ones;

e about TRIOS 4, the trueness for the horizontal geometry is better at 1 mm than at 2 mm,
while for vertical ones they were comparable. Regarding the precision, the results were
comparable for horizontal designs and better for vertical ones at 1 mm than at 2 mm.

e about Medit 1700, the precision for the horizontal geometry is better at 2 mm than at 1

mm, while for vertical ones they were comparable. As regards the trueness, the results
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were comparable for horizontal designs and better for vertical ones at 2 mm than at 1
mm.
2) Only at 1 mm below the gingival margin:
There was no difference in trueness and precision between vertical and horizontal designs for
TRIOS 4;
About Medit 1700, the trueness is better for vertical geometry and no difference was found
between horizontal and vertical preparations regarding the precision.
3) Only at 2 mm below the gingival margin:
TRIOS 4 showed better precision for horizontal preparations and no difference for the trueness.
Conversely, the precision of Medit 1700 was comparable between horizontal and vertical designs,
while the trueness of vertical preparations was better.
4) About the comparison between the tested scanners:
The trueness of TRIOS 4 was better than that of Medit 1700 both for vertical and horizontal
preparations at 1 and 2 mm below the gingival margin.
The precision of Medit 1700 was better at 2 mm on the vertical preparations, while TRIOS 4
showed a significantly better result at 1 mm for horizontal preparations. No differences were
found between the tested I0Ss for the precision at 2 mm with the horizontal preparation and 1
mm with the vertical one.
Further in vitro and in vivo studies, and randomized controlled trials are needed to corroborate

the outcomes of the present in vitro investigation.

121



References

10.

11.

12.

. Mangano F, Gandolfi A, Luongo G, Logozzo S. Intraoral scanners in dentistry: a review

of the current literature. BMC Oral Health. 2017 Dec 12;17(1):149.
Zimmermann M, Mehl A, Mérmann WH, Reich S. Intraoral scanning systems a current

overview. Int J] Comput Dent. 2015;18(2):101-29.

. Ahlholm P, Sipild K, Vallittu P, Jakonen M, Kotiranta U. Digital versus conventional

impressions in fixed prosthodontics: A review. J Prosthodont 2018;27(1):35-41.

Joda T, Lenherr P, Dedem P, Kovaltschuk I, Bragger U, Zitzmann NU. Time efficiency,
difficulty, and operator's preference comparing digital and conventional implant
impressions: a randomized controlled trial. Clin Oral Implants Res 2017;28(10):1318-23.
Goracci C, Franchi L, Vichi A, Ferrari M. Accuracy, reliability, and efficiency of intraoral
scanners for full-arch impressions: a systematic review of the clinical evidence. Eur J
Orthod. 2016;38(4):422-8.

Joda T, Zarone F, Ferrari M. The complete digital workflow in fixed prosthodontics: a
systematic review. BMC Oral Health. 2017; 17(1): 124.

Imburgia M, Logozzo S, Hauschild U, Veronesi G, Mangano C, Mangano FG. Accuracy
of four intraoral scanners in oral implantology: a comparative in vitro study. BMC Oral
Health. 2017;17(1):92.

Marti AM, Harris BT, Metz MJ, Morton D, Scarfe WC, Metz CJ, Lin WS. Comparison of
digital scanning and polyvinyl siloxane impression techniques by dental students:
instructional efficiency and attitudes towards technology. Eur J Dent Educ.
2017;21(3):200-5.

Stanley M, Paz AG, Miguel I, Coachman C. Fully digital workflow, integrating dental
scan, smile design and CAD-CAM: case report. BMC Oral Health. 2018;18(1):134.
Published 2018 Aug 7. doi:10.1186/s12903-018-0597-0.

Lawson NC, Burgess JO. Clinicians reaping benefits of new concepts in impressioning.
Compend Contin Educ Dent. 2015;36(2):152-3.

Rheude B, Sadowsky PL, Ferriera A, Jacobson A. An evaluation of the use of digital study
models in orthodontic diagnosis and treatment planning. Angle Orthod. 2005;75(3):300-
304. doi:10.1043/0003-3219(2005)75[300:AEOTUO]2.0.CO;2.

Mangano FG, Bonacina M, Mandelli F, Marchiori F. Solid index versus intraoral scanners
in the full-arch implant impression: in vitro trueness evaluation. BMC Res Notes.

2020;13(1):504. doi:10.1186/s13104-020-05353-2

122



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Mangano FG, Admakin O, Bonacina M, Lerner H, Rutkunas V, Mangano C. Trueness of
12 intraoral scanners in the full-arch implant impression: a comparative in vitro study.
BMC Oral Health. 2020;20(1):263. doi:10.1186/s12903-020-01254-9

Ferrini F, Sannino G, Chiola C, Capparé P, Gastaldi G, Gherlone EF. Influence of Intra-
Oral Scanner (I.O.S.) on The Marginal Accuracy of CAD/CAM Single Crowns. Int J
Environ Res Public Health. 2019;16(4):544.

Garcia-Gil I, Perez de la Calle C, Lopez-Suarez C, Pontevedra P, Suarez MJ. Comparative
analysis of trueness between conventional and digital impression in dental-supported fixed
dental prosthesis with vertical preparation. J Clin Exp Dent. 2020;12(9):e896-¢901.
Carbajal Mejia JB, Wakabayashi K, Nakamura T, Yatani H. Influence of abutment tooth
geometry on the accuracy of conventional and digital methods of obtaining
dental impressions. J Prosthet Dent. 2017;118(3):392-9.

The Academy of Prosthodontics. The Glossary of Prosthodontic Terms: Ninth Edition. J.
Prosthet. Dent. 2017;117:e1-e105.

Podhorsky A, Rehmann P, Wostmann B. Tooth preparation for full-coverage restorations-

a literature review. Clin Oral Investig. 2015;19(5):959-68.

Boening KW, Walter MH, Schuette U. Clinical significance of surface activation of

silicone impression materials. J Dent. 1998;26(5-6):447-52.

Bernauer SA, Miiller J, Zitzmann NU, Joda T. Influence of preparation design, marginal
gingiva location, and tooth morphology on the accuracy of digital impressions for full-

crown restorations: an in vitro investigation. J Clin Med. 2020;9(12):3984.

Keeling A, Wu J, Ferrari M. Confounding factors affecting the marginal quality of an intra-

oral scan. J Dent. 2017;59:33-40.

German MJ, Carrick TE, McCabe JF. Surface detail reproduction of elastomeric

impression materials related to rheological properties. Dent Mater. 2008;24(7):951-6.

Donovan TE, Chee WW. A review of contemporary impression materials and techniques.

Dent Clin North Am. 2004;48(2):445-70.

Livaditis GJ. The matrix impression system for fixed prosthodontics. J Prosthet Dent.

1998;79(2):208-16.

Zarone F, Ruggiero G, Ferrari M, Mangano F, Joda T, Sorrentino R. Accuracy of a

chairside intraoral scanner compared with a laboratory scanner for the completely

123



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

edentulous maxilla: An in vitro 3-dimensional comparative analysis. J Prosthet Dent.

2020;124(6):761.e1-761.e7.

Koulivand S, Ghodsi S, Siadat H, Alikhasi M. A clinical comparison of digital and
conventional impression techniques regarding finish line locations and impression time. J

Esthet Restor Dent. 2020;32(2):236-43.

Sakornwimon N, Leevailoj C. Clinical marginal fit of zirconia crowns and patients'
preferences for impression techniques using intraoral digital scanner versus polyvinyl

siloxane material. J Prosthet Dent. 2017;118(3):386-91.

Amornvit P, Rokaya D, Sanohkan S. Comparison of Accuracy of Current Ten Intraoral

Scanners. Biomed Res Int. 2021;2021:2673040.

Nedelcu R, Olsson P, Nystrom I, Thor A. Finish line distinctness and accuracy in 7 intraoral
scanners versus conventional impression: an in vitro descriptive comparison. BMC Oral

Health. 2018;18(1):27.

Nulty AB. A comparison of full arch trueness and precision of nine intra-oral digital

scanners and four lab digital scanners. Dent J (Basel) 2021;9(7):75.

Fliigge TV, Att W, Metzger MC, Nelson K. Precision of dental implant digitization using
intraoral scanners. Int J Prosthodont. 2016;29(3):277-83.

Chochlidakis KM, Papaspyridakos P, Geminiani A, Chen CJ, Feng 1J, Ercoli C. Digital
versus conventional impressions for fixed prosthodontics: A systematic review and meta-

analysis. J Prosthet Dent. 2016;116(2):184-190.e12.

Zarone F, Ruggiero G, Ferrari M, Mangano F, Joda T, Sorrentino R. Comparison of
different intraoral scanning techniques on the completely edentulous maxilla: An in vitro

3-dimensional comparative analysis. J Prosthet Dent. 2020;124(6):762.e1-762.e8.

Lo Russo L, Salamini A, Troiano G, Guida L. Digital dentures: A protocol based on
intraoral scans. J Prosthet Dent. 2021;125(4):597-602.
doi:10.1016/j.prosdent.2020.02.006.

Ferrari Cagidiaco E, Zarone F, Discepoli N, Joda T, Ferrari M. Analysis of the
reproducibility of subgingival vertical margins using intraoral optical scanning (I0S): A

randomized controlled pilot trial. J Clin Med. 2021;10(5):941.

124



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Di Fiore A, Vigolo P, Monaco C, Graiff L, Ferrari M, Stellini E. Digital impression of teeth
prepared with a subgingival vertical finish line: a new clinical approach to manage the

interim crown. J Osseointegr 2019;11(4):XX.

Praga L, Pekam FC, Rego RO, Radermacher K, Wolfart S, Marotti J. Accuracy of single
crowns fabricated from ultrasound digital impressions. Dent Mater. 2018;34(11):e280-
e288.

Kim DY. Evaluation of the effect of abutment preparation angles on the repeatability and

reproducibility using a blue light model scanner. J Adv Prosthodont. 2020;12(4):210-217.

Mandelli F, Gherlone E, Gastaldi G, Ferrari M. Evaluation of the accuracy of extraoral
laboratory scanners with a single-tooth abutment model: a 3D analysis. J Prosthodont Res

2017;61:363-70.

Zarone F, Ruggiero G, Di Mauro MI, Spagnuolo G, Ferrari M, Sorrentino R. Accuracy of
three impression materials on the totally edentulous maxilla: in vitro/in silico comparative

analysis. Materials (Basel) 2020;13:515.

International Organization for Standardization. ISO 5725-1. Accuracy (trueness and
precision) of measurement methods and results. Part 1: general principles and definitions.
Berlin: International Organization for Standardization; 1994. Available at:

http://www.iso.org/iso/home.html.

Sim JY, Jang Y, Kim WC, Kim HY, Lee DH, Kim JH. Comparing the accuracy (trueness
and precision) of models of fixed dental prostheses fabricated by digital and conventional

workflows. J Prosthodont Res 2019;63:25-30.

Boitelle P, Mawussi B, Tapie L, Fromentin O. A systematic review of CAD/CAM fit
restoration evaluations. J Oral Rehabil 2014;41:853-74.

Jivanescu A, Bara A, Faur A-B, Rotar RN. Is There a significant difference in accuracy of
four intraoral scanners for short-span fixed dental prosthesis? A comparative in vitro study.

Appl. Sci. 2021;11(18):8280.

Amornvit P, Rokaya D, Peampring C, Sanohkan S. Confocal 3d optical intraoral scanners

and comparison of image capturing accuracy. CMC. 2021;66:303-14

Revell G, Simon B, Mennito A, Evans ZP, Renne W, Ludlow M, Vag J. Evaluation of
complete-arch implant scanning with 5 different intraoral scanners in terms of trueness and

operator experience. J Prosthet Dent. 2021:S0022-3913(21)00052-4.

125


http://www.iso.org/iso/home.html

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hack GD, Patzelt SB. Evaluation of the accuracy of six intraoral scanning devices: An

invitro investigation. ADA Prof Prod Rev 2015;10:15.

Lee JJ, Jeong ID, Park JY, Jeon JH, Kim JH, Kim WC. Accuracy of singleabutment digital

cast obtained using intraoral and cast scanners. J Prosthet Dent 2017;117:2539.

Lee DG, Son K, Lee KB. Comparison of the accuracy of intraoral scanners based on the
type of tooth preparation for a single crown. Appl. Sci. 2021; 11(20):9399.
https://doi.org/10.3390/app11209399.

Renne W, Ludlow M, Fryml J, Schurch Z, Mennito A, Kessler R, Lauer A. Evaluation of
the accuracy of 7 digital scanners: An in vitro analysis based on 3-dimensional

comparisons. J Prosthet Dent. 2017;118(1):36-42.

Ender A, Zimmermann M, Attin T, Mehl A. In vivo precision of conventional and digital
methods for obtaining quadrant dental impressions. Clin Oral Investig. 2016;20(7):1495-
504.

Available online: https://www.medit.com/dental-clinic-1700

Medit 1700 Specification. Link: https://www.medit.com/dental-clinic-1700 (Accessed on
July 30, 2022)

Logozzo S, Zanetti EM, Franceschini G, Kilpeld A, Mikynen A. Recent advances in dental
optics - part I: 3D intraoral scanners for restorative dentistry. Opt. Lasers Eng.

2014;54:203-21.

Waldecker M, Rues S, Rammelsberg P, Bomicke W. Accuracy of complete-arch intraoral
scans based on confocal microscopy versus optical triangulation: A comparative in vitro

study. J Prosthet Dent. 2021;126(3):414-420.

Chiu A, Chen YW, Hayashi J, Sadr A. Accuracy of CAD/CAM digital impressions with

different intraoral scanner parameters. Sensors (Basel) 2020;20(4):1157.

126


https://www.medit.com/dental-clinic-i700

3.2 LASER SYSTEMS FOR GINGIVAL
RETRACTION IN FIXED PROSTHODONTICS: A
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Introduction

The accuracy of the marginal fit of a fixed prosthesis mainly depends on the recording of the
finish line of the tooth to be restored. This recording is possible by making an impression of the
finish line, which, if subgingival, can be shown through the retraction of the gingiva itself. This
gingival retraction must take place both apically and laterally, to allow accurate registration of all
the details of the finish line through the use of impression materials or intraoral scanners.
A minimum lateral displacement of approximately 0.2 mm is mandatory to allow the impression
material to flow within the sulcus with proper dimensional accuracy (1).
Furthermore, retraction procedures must take place in a way that does not injure the basal cell
layer and connective tissue cells, in order to avoid tissue changes and shrinkage of the gingiva
(1).
Various gingival retraction systems have been described in the literature, which are as follows:
1. mechanical systems, such as retraction cords or pastes;
2. chemomechanical systems, with cords impregnated with hemostatic solutions;
3. surgical procedures, such as gingivectomy or electrosurgery based on the use of
electrotomes;
4. laser surgery involving diode lasers, neodymium-doped yttrium-aluminum-garnet
(Nd:YAQ), erbium-doped yttrium-aluminum-garnet (Er:YAG), erbium, chromium-doped
yttrium-scandium-gallium-garnet (Er,Cr:YSGG), and CO; laser systems (2-4).

Several investigations confirmed the effectiveness of laser systems in gingival retraction (1,4-6),
through the removal of about 200 pm epithelium thickness from the sulcus (4), as a painless,

simple, and convenient procedure (5).
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The characteristics of the several types of laser systems are related to waveforms and wavelength
(7).

Lasers are based on a high-powered focused beam operating by photo-ablation that causes tissue
vaporization at 100-150 °C and they incise the tissues without hemorrhage and by fast healing
with no inflammation and pain (7-8).

A survey of 696 dentists in the USA and Canada reported that 92% of them use gingival
displacement cords, while 20.2% use laser systems and 32% electrosurgery as an adjunct for
gingival troughing (9).

To date, the effectiveness of laser technologies in gingival retraction is clear, but despite their
use in this procedure, there are still many points to be clarified.

First, what are the disadvantages and advantages related to the use of lasers compared to other
systems for gingival retraction. In addition, it should be investigated whether the laser is better
than other gingival retraction methods. Finally, what is the best type of laser for gingival
retraction and how to set them.

The purpose of the present narrative review is to shed light on the use of dental lasers for
gingival retraction procedures, in particular, the pre-setting of laser devices, advantages and
disadvantages of laser retraction devices, and the comparison with other gingival retraction

systems.

Methods

Search strategy

An electronic literature search was performed using the following databases: Medline (using
PubMed), Scopus, Embase, Google Scholar, Dynamed, and Open Grey. Articles published up to
August 31 2021, were considered.

The electronic search was conducted using keywords and MeSH terms connected by the Boolean

operators “AND”, “OR™:

(gingiva AND displacement AND laser);
e (gingiva AND displacing AND laser);
e (gingiva AND troughing AND laser);
e (gingiva AND retraction AND laser).
Only with the Google Scholar database, the following combination was used:
(gingiva) and (retraction or displacement or displacing or troughing) and (laser).
To avoid the lack of relevant papers, the authors examined the reference lists of the identified

records.
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In the present literature search, no time limits were considered for the year of publication of the

records.

Inclusion and exclusion criteria

Studies were deemed suitable for the present review if they met the following inclusion criteria:
1) studies in which at least one laser system was used or tested for gingival retraction, 2) studies
made in vivo or in vitro, systematic reviews, or case reports, and 3) studies published in English.
The following exclusion criteria were used: 1) non-human animals in vivo studies, and 2) studies
published in languages other than English.

Data extraction

According to the inclusion criteria, 3 calibrated researchers independently selected the studies
reading the titles, abstracts, and keywords. The full text of each identified article was read to
decide if it was suitable for inclusion. A majority criterion (i.e., 2 out of 3) was used in the case

of disagreement among the investigators.

Results

Study selection

The search strategy produced 344 records, many of which were duplicates, 49 from
PubMed/Medline, 49 from Scopus, 44 from Embase, 202 from Google Scholar, and 0 from both
Dynamed and Open Grey. All the duplicates were discarded, thereby all the selected databases
produced 164 records. After evaluating titles, abstracts, and keywords, the reviewers deleted 121
papers that did not meet the inclusion criteria. After a full-text analysis of the remaining 43
papers, 18 more were omitted because they did not provide any useful information about laser
systems for gingival retraction. The remaining 25 records were included in the present review.
No systematic reviews were found.

The literature search was concluded in August 2021, and the papers included in the present
review were published between 1995 and 2019.

Among the search investigators, no disagreement was reported.

The workflow of the paper screening process is displayed in Figure 1, following the "PRISMA
2009 Flow Diagram" (10).

129



PRISMA 2009 Flow Diagram
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Figure 1 - Prisma search workflow.

Advantages and disadvantages, indications, and contraindications

Several advantages can be related to the use of dental laser systems for gingival retraction.

First of all, the reduced bleeding during laser-surgical procedures (4,7,11-13) and postoperative
hemostasis (3-4,14), both determined by coagulation through tissue vaporization, should be
considered. Besides, the less intra-operative bleeding is accompanied by minor mechanical
trauma (13), which favors less postoperative swelling and scarring (13). It is worth noticing that
laser-induced surgical wounds heal with secondary intention, and incision lines display
disorganized fibroblast alignment. This helps to preserve gingival margin heights by reducing

tissue shrinkage caused by scarring (7).
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The characteristic hemostasis of laser technologies facilitates the procedure for impression
making on multiple abutments. This is very important because, in the case of zirconia
frameworks that are becoming more and more popular (15), greater accuracy of impressions is
required than those in metal alloy, as zirconia cannot be soldered to compensate for the inherent
imprecision in impressions (16).

Moreover, thanks to coagulation properties, laser systems are helpful for digital scanning in
order to provide a dry and clear surface for the scanning procedure (2).

Differently from electrocoagulation, lasers technology provides a lesser collateral heat
generation (4) on soft and hard tissue, also with control of heat transfer to adjacent tissues (14).
Generally, the procedure of gingiva displacement seems to be relatively painless (3, 3,13,17),
improving patient comfort (4,11-12).

Finally, it should be considered that laser systems could be effectively managed not requiring
local anesthesia for gingival troughing, especially in the case of gingival hypertrophied tissues
(8).

Despite the many advantages related to laser-mediated gingival retraction, it should be
considered that this procedure is technique sensitive (13,17), without tactile feedback (18). Also,
it is complicated to visualize the laser beam, due to the cooling water (18) and exposure of the
prosthetic crown margins and tissue shrinkage could occur when overused (8).

Trainor et al. suggested to not use laser systems on thin gingiva in order to avoid recession (19).
Additionally, differently from the CO: laser, Nd:YAG systems are not recommended on peri-
implant soft tissues because the implant surfaces tend to absorb heat and transport it towards
bone tissues (20-21). Indeed, unlike other lasers, the technology behind CO- lasers has water as
the prime chromophore which bounces off metal surfaces. Close to metal implant surfaces, CO2
lasers absorb little energy, with only minimal temperature increases (<3 °C), minor collateral
damage, and without altering the structure of implant surfaces. CO; lasers uncover the implant
margins by creating a trough by excision instead of displacing soft tissue (22). Hence, if they are
adopted around deeply positioned implants, significant defects may occur (17,21). Also 2.940
nm Er:YAG lasers could be considered reasonably safe because their wavelengths are reflected
on metal implant surfaces also with a minimum penetration of the soft tissues, but its hemostasis
is not as efficient as that of CO» lasers (21).

Pre-setting of laser devices

Laser devices have preset parameters based on the type of dental procedure to be performed, but
at the same time, it is possible to customize these settings (2).

Several protocols were described in the literature for the various types of lasers, where the

settings of the main parameters vary, as described in Table 1.
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Table 1 —Laser settings used for gingival retraction as reported in the literature.

Mode Frequency
Laser system Power
Reference (Hz)
(wavelength) W)

Dawani et al. 2016 Diode Laser (810 0.8  Continuous  25.000

(1) nm)
Marsch 2013 (2)  Diode laser (970 2.0 Pulsed 20
nm)
Krishna et al. 2013 Diode Laser (980 0.8  Continuous
(4) nm)
Goutham et al. Diode Laser 0.8  Continuous  25.000
2018 (6) (wavelength not
specified)
Gherlone et al.  Diode Laser (980 2.5to Continuous
2004 (23) nm) 3.5
Gherlone et al. Nd:YAG (1064 nm) 2.5 to 25t0 40
2004 (23) 4.0
Gururaj et al. 2019 Diode Laser (810 0.8  Continuous  25.000
(24) nm)
Gupta et al. 2012 Diode Laser (980 1.5  Continuous
(25) nm)
Stuffken and Diode Laser (810 0.7 to Continuous
Vahidi 2016 (26) nm) 2.0
Melilli et al. 2018 Diode Laser (940 0.9 200 ps pulse 20
(27) nm) duration
Taoetal. 2018  Diode Laser (810 2.0  Continuous 20
(28) nm)
Tao et al. 2018 Nd:YAG (1064 nm) 2.0  Short pulse 15
(28)
Tao et al. 2018 Er:YAG (2940) 2.0  Verylong 15
(28) pulse

Fiber tip

diameter

(nm)
400

320

400

400

320

300

320

320

500
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Some authors suggested inserting the fiber tip to a depth of 1.0 to 1.5 mm into the crevicular
sulcus (4,23) with a circular movement around the tooth (23), in the same manner of a
conventional scalpel (8).

Although many authors set a continuous mode (1,4,6,23-26), Lee (16) suggests using the laser
beam in a pulsed mode where possible with the addition of spray water and air for cooling during
the procedure.

Comparison among lasers and other gingival retraction systems

Several clinical studies evaluated the effectiveness of laser systems in gingival retraction and
focused on the biological impact of these technologies, particularly on periodontal structures,
sometimes through comparisons with other gingival retraction systems or among different types
of laser systems.

The results of clinical investigations are different, sometimes discordant, as they were conducted
with different research protocols.

A clinical investigation reported that a diode laser produced greater gingival lateral mean
displacement (0.48 +0.10 mm) than magic foam cord, an expanding polyvinyl siloxane (Coltene
Whaledent Inc, Altstétten, Switzerland) (0.31 £0.09 mm), and retraction cord impregnated with
aluminum chloride (0.44 £0.11 mm) (6). These findings were confirmed by another study in
which diode laser made a wider lateral displacement (0.62 +£0.09 mm) than magic foam cord
(0.42 £0.04 mm) (1).

Conversely, another clinical study reported that retraction cord produced a larger lateral
displacement (0.33 mm) than diode laser (0.31 mm) and magic foam cord (0.19 mm).

The effectiveness of gingival retraction can be highlighted by noticing that laser systems
determine a gingival troughing of about 230-670 pum, a range similar to the sulcular epithelium
thickness and wider than the minimum limit of 200 um needed for retraction (4,19).

As regards the depth of the gingival sulcus, the retraction cord showed the best value (1.43 mm),
followed by diode laser (1.24 mm) and finally by magic foam cord (0.81 mm) (24).

Diode laser also seems to be the fastest gingival retraction system (mean value = 56.20 s)
compared to magic foam cord (85.75 s) and retraction cord (252.15 s). Furthermore, compared to
the latter troughing system, the diode laser procedure appears to be simpler (24).

One clinical study showed that the use of pulsed Nd:YAG lasers allowed faster healing and
lower inflammation and hemorrhage than retraction cords impregnated with ferric sulphate or
aluminum chloride (5). Furthermore, another investigation reported a better hemorrhage control

of diode laser than retraction cord, although it was worse than magic foam cord (24).
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As regards gingival recession, comparable but not clinically significant differences were reported
for the double-cord technique impregnated with aluminum chloride cords (mean = 0.26 mm) and
diode laser (0.27 mm) 8 weeks after the cementation (26).

Different authors reported a greater gingival recession with the double-cord and electro-surgery
systems compared to the laser diode and Nd:YAG one (23). Furthermore, both these laser
systems were found to be less aggressive also about gingival bleeding. In effect, less bleeding
occurred with lasers than with the double-cord technique. Finally, the same authors observed that
the diode laser has a haemostatic capacity similar to electrosurgery and superior to the Nd:YAG
one (23).

According to the Visual Analog Scale (VAS) assessment system, the use of the diode laser
(mean = 9.37) is significantly easier than the cord retraction technique (6.79). Furthermore, diode
laser saved time (mean = 16.46 £3.2 s) than cord (185.26 +46.2 s) and is considered more
comfortable according to VASs (mean of diode laser = 9.4; mean of cord = 5.95) (27). A clinical
study did not record bleeding on the 35 tooth abutments that underwent laser system, while
bleeding was observed for 10 abutments out of 39 during the retraction and 8 ones after the
retraction for the cord system. No significative difference was detected between the 2 retraction
systems about gingival retraction immediately after each retraction procedure (mean cord = 0.65
+0.33 mm; mean laser = 0.66 +£0.43 mm) and 15 days after the impression session (mean cord =
0.03 £0.27 mm; mean laser = 0.02 +0.46 mm) (27).

Another comparative study measured the gingival width and recession occurred with the
following gingival troughing systems: the retraction cord and diode, Nd:YAG, and Er:YAG laser
systems (28). It resulted significant differences between lasers and retraction cords in gingival
width, with the following mean values immediately after retraction: retraction cord = 0.32 +0.09
mm, diode = 0.55 £0.15 mm, Nd:YAG = 0.60 £0.17 mm, Er:YAG = 0.65 +£0.14 mm. Also,
regarding gingival recession, statistical differences were found between lasers and retraction
cords, with the following mean values 4 weeks after the surgery: retraction cord = 0.24 +0.08
mm, diode =0.13 £0.08 mm, Nd:YAG = 0.14 £0.07 mm, Er:YAG = 0.10 £0.06 mm. These
results showed wider gingival width and less gingival recession for lasers than retraction cord.
Also, the authors reported that among laser systems, Er:YAG exhibited the most uneventful and

rapid wound healing when compared to diode and Nd:YAG lasers (28).
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Conclusion

According to the current state of the literature, the following conclusions can be drawn:

e Laser systems provide optimal postoperative hemostasis and minor mechanical trauma that
favors less postoperative swelling and scarring which preserve gingival margin heights.

e (CO2 and Er:YAG lasers could be used on peri-implant soft tissues while Nd:YAG systems
are contraindicated.

e Diode laser makes a greater gingival lateral displacement than magic foam cord. Also, it
seems to be the faster, more comfortable, and simpler gingival retraction system compared to
magic foam cord and retraction cord.

e Nd:YAG lasers allowed faster healing, better hemostasis, and lower inflammation than
retraction cords impregnated with ferric sulphate or aluminum chloride.

To date, the data concerning the lateral and vertical displacement of the gingiva are still scarce

and often controversial due to the different research protocols and the few available studies.

Laser technologies are efficient systems for gingival retraction and appear safe when used for

thick gingival biotypes. Nevertheless, more in vitro, in vivo, and randomized controlled trial

studies are mandatory to define the clinical indications around implants, the best laser gingival
retraction system and the pre-setting protocol, and their effectiveness than other retraction

systems.
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4. DIGITAL-LINKED MATERIALS

Dental research has focused on finding novel materials that are both aesthetically pleasing and
mechanically reliable in response to patient demands for enhanced esthetics and minimal
invasiveness. The fast development of production technology has also caused a significant
change in the operating procedures for prosthodontics. The standards of accuracy, aesthetics, and
mechanical durability of metal-free materials (such as zirconia and lithium disilicate) have been
elevated to extremely high levels by the development of digital hardware and software, further

promoting the replacement of metal for indirect restorations.

To date, zirconia and lithium disilicate undoubtedly represent the protagonists of the new
generation of prosthetic materials, and international research is strongly focused on their
properties. In recent years, these materials, the former representing a pure polycrystalline core
and the latter belonging to the etchable glass-ceramics, have undergone progressive
improvements thanks to the modifications of production technologies, aiming, on one hand, to
make them optically more appealing (like in the case of "translucent" zirconia), and, on the other
hand, to increase their mechanical performances (as in the case of lithium silicate reinforced with
zirconia, also known as ZLS). Furthermore, not only have CAD-CAM (Computer-Aided Design
- Computer-Aided Manufacturing) processing techniques promoted a higher quality
standardization of the final products with a noticeable cost and time reduction, but they have also
allowed for the fabrication of monolithic prostheses, significantly reducing the occurrence of
cohesive fractures (or chipping) of the veneering ceramics, broadly reported as the major

complication of bi-layered restorations.

These novel ceramic materials offer a comprehensive panel of operative options to the
prosthodontists, thanks to their continuous evolution. In the present chapter, several literature

reviews about lithium disilicate, zirconia, and ZLS are presented.

Moreover, it is important to understand whether even different preparation designs can lead to a
greater removal of enamel tissue, which is essential as it guarantees better adhesion than dentin
tissue. For this reason, it was conducted a study aimed to evaluate whether there were differences
in dentinal exposure between two different preparation designs for laminate veneers, Window

and Butt-Joint.

Furthermore, another study analyzes the data deriving from the aesthetic, biological and

mechanical results of single crowns in CAD-CAM monolithic zirconia supported by implants
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and cemented on titanium abutments with dual-curing resin cement, after 6 years of function.

At the end of the chapter, it is possible to read an excerpt from a publication regarding the
advantages of exploiting digital technologies such as digital scanners to reduce the risk of cross-

contamination from COVID-19.
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SUMMARY:

4.1 CURRENT STATUS ON LITHIUM DISILICATE AND ZIRCONIA: A NARRATIVE
REVIEW

4.2 ZIRCONIA-REINFORCED LITHIUM SILICATE (ZLS) MECHANICAL AND
BIOLOGICAL PROPERTIES: A LITERATURE REVIEW

4.3 OPTICAL BEHAVIORS, SURFACE TREATMENT, ADHESION, AND CLINICAL
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4.1 CURRENT STATUS ON LITHIUM DISILICATE
AND ZIRCONIA: A NARRATIVE REVIEW

Zarone Fernando, Di Mauro Maria Irene, Ausiello Pietro, Ruggiero Gennaro, Sorrentino Roberto

BMC Oral Health. 2019;19:134.

1. Introduction

At “The Digital Dentistry Society II Consensus Conference on Digital Technologies —
Marrakech 2018” the main topics of digital interest were thoroughly discussed, in order to draw
clinical recommendations based on scientific evidence and, when missing, on the clinical
experience shared by the scientific community. The present narrative review is focused on the
technical and clinical profile of the two most popular metal-free materials, lithium disilicate and
zirconia, in order to briefly shed light on their different indications, advantages and

shortcomings.

2. Methods

An extensive research has been carried out in the literature available on the subject, worldwide,
limiting itself exclusively to articles in english, available on the main search engines (Pubmed,
Embase, Scopus) and published in the most important indexed journals of the Materials and
Dental sector, with and without impact factor. The results highlighted in this narrative review

were extrapolated from this literature search, with reference to the authors’ clinical experience.

3. Results

LITHIUM DISILICATE

Physico-chemical features, optical and mechanical properties

Lithium disilicate (LS2) is classified as a glass-ceramic, in the class of particle-filled glass
materials. Introduced on the market in the 90s with the commercial formulation named “IPS
Empress 2” (Ivoclar Vivadent, Schaan, Liechtenstein), it was composed of 65 vol% lithium
disilicate, small needle-shaped crystals (3—6 um x 0.8 pm) embedded in a glass matrix, with a 1

vol% porosity [1-3], showing valuable mechanical characteristics (flexural strength: 350 MPa;
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fracture toughness (KIC): 3.3 MPaVm; heat extrusion temperature: 920 °C; thermal expansion
coefficient (CTE): 10.6 + 0.25 ppm/°C). At first, this material was made commercially available
as ingots, to be utilized according to the “heat-pressing” fabrication procedure, similar to the
classic “lost wax” technique for metal-alloy casts, aimed at producing cores, hot pressed into a
mold. In order to get an appealing reproduction of the optical characteristics of natural teeth, the
cores are lately veneered with a very translucent fluorapatite ceramic, containing 19-23% of

fluorapatite crystals (Cas(PO4)3F) embedded in a glassy matrix [4].

Thanks to an optimization of the processing parameters, allowing the formation of smaller and
more uniformly distributed crystals, in 2005 a new formulation of LS2 was marketed as “IPS
e.max Press” (Ivoclar Vivadent), exhibiting improved mechanical properties and optical features
(flexural strength: 370-460 MPa; fracture toughness (KIC): 2.8-3.5 MPavVm), much higher than
the older glass-ceramics. The high mechanical performance of this material is due, on one side,
to a layered, tightly interlocked distribution of the elongated disilicate crystals, hindering crack
propagation across the planes and, on the other side, to a mismatch between the thermal
expansion coefficients of LS2 crystals and the glassy matrix, so that the latter induces a
tangential, compressive stress around the crystals [2]. Besides the production of ceramic cores
for bilayered crowns, the increase of strength and toughness of IPS e.max Press has allowed to
extend its clinical indication to monolithic restorations, without veneering ceramic, anatomically
shaped, colored by surface stains and characterized by a higher fatigue resistance than the

bilayered ones.

Besides the heat-pressed technique, the widespread, increasing implementation of computer-
aided design/computer-aided manufacturing (CAD-CAM) technologies has led to the
introduction of ceramic blocks aimed at the production of restorations by milling devices (IPS
e.max CAD), also suitable for chairside production of restorations. Partially, pre-crystallized
blocks are manufactured in a “blue state”, containing 40% of metasilicates (Li2S103) in addition

to lithium disilicate crystal nuclei

(L12S120s5). Such blocks are characterized by moderate flexural strength of ~ 130 MPa, resulting
in higher cutting efficiency, easier and faster workability and lower wear of the milling tools [2,
3, 5]. The milling procedure is performed in this pre-crystallized state and, after its completion,
it is followed by a heating cycle (840°-850 °C for 10 min) that turns metasilicate crystals into
lithium disilicate (~ 70%), increasing the flexural strength up to values of 262 + 88 MPa,
together with a fracture toughness of 2.5 MPa-m1/2. The blocks are available in different colors,
obtained by dispersing staining ions in the glassy matrix [6] and in different degrees of

translucency, on the basis of the size and distribution of the crystals in the glassy matrix [4]. The
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variability of flexural strength of lithium disilicate among heat-pressed and CAD-CAM blocks
with different translucency is still under debate [7, 8]. Particularly, the flexural strength of IPS
e.max Press and IPS e.max CAD was reported to be similar and the manufacturing process did
not seem to affect the mechanical characteristics of lithium disilicate ceramics; moreover, the

flexural strength was significantly influenced by translucency only for CAD-processed materials

[7].

In vitro fully anatomical e.max CAD crowns have been shown to exhibit fracture resistance that
is suitable for posterior, monolithic restorations [9] and to be more resistant to fatigue in cyclic
loading than veneered zirconia, that is more prone to chipping [10]. For the high interest
generated by its clinical versatility, further developments are expected on this material, being it
influenced by different production processes, like thermal gradients, times and rates, that affect
its microstructure and mechanical properties. It has been shown, for instance, that extending
temperature range (750-840 °C, compared to the standard 820—840 °C) or prolonging holding
time (14 min vs 7 min at 840 °C) increase elastic modulus and hardness properties, without
affecting flexural strength and fracture toughness [11]. Moreover, new technologies, as spark
plasma sintering, can induce a refinement and a densification of the nano-crystalline
microstructure, increasing lithium disilicate and metasilicate phases and reducing lithium

orthophosphate and cristobalite/quartz phases [12, 13].

As regards mechanical resistance, it has been clearly demonstrated that, in vitro, veneered LS2
crowns exhibit significantly lower fracture load values (1431.1 £ 404.3 N) compared to
monolithic ones (2665.4 + 759.2 N), the main failure mechanism being bulk fracture initiating
from the occlusal surface [14]. To date, there is strong evidence from in vitro studies that,
differently from bilayered restorations, monolithic ones show fracture strength and fatigue
resistance suitable for use in the posterior areas, both in tooth- and implant-supported single

crowns (SC) and 3-unit fixed dental prostheses (FDPs) [15-22].

Monolithic LS2, as well as Zirconia reinforced-Lithium Silicate ceramics (ZLS), offers higher
fracture resistance than bilayered, hand-veneered zirconia [20], while a recent in vitro research
has shown that load-to-fracture values of monolithic zirconia are higher than those of LS2; the
latter, in turn, are higher than those of ZLS [23]. It has to be pointed out, however, that,
particularly as regards LS2, fatigue resistance is strongly influenced by many experimental
variables, like amount of cyclic loading, abutment and antagonist design and material,
thermocycling parameters and test environment; for this reason, the heterogeneity and lack of
standardization in research designs, tested materials and experimental conditions make a

comparison of data not easily feasible [24].
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Abrasiveness and wear

As to wear and abrasiveness, LS2 shows quite favourable properties, that are highly depending
on the surface characteristics of the restoration. When accurately polished at its surface, the
material exhibits convenient tribological behaviour in vitro, in terms of friction and wear of
restorations, being its abrasiveness quite close to enamel, although more aggressive when
compared to type III gold [25] or to polished monolithic zirconia in in vitro simulations [26—
28]. Such favourable wear behaviour and durability have been also confirmed by some in

vivo evidence [15].

On the other hand, it has been reported that grinding, glaze coating and fluorapatite ceramic
veneering can increase wear, both of the antagonist teeth and of the restoration itself; at the same
time, surface roughness can also be increased, besides a reduction of gloss, in the presence of
basic pH environment and after toothbrushing with abrasive toothpaste [29—33]. For these
reasons, when it is not crucially needed for esthetic reasons, glazing of monolithic restorations
should be avoided on the occlusal surfaces in posterior sites and only limited to the esthetically
relevant zones; moreover, careful polishing procedures should always follow any occlusal
grinding or esthetic refinement of disilicate restorations, although in vitro evidences at scanning
electron microscope (SEM) have shown that LS2 is one of the most critical materials to adjust
intraorally, due to significant chip accumulation in the diamond burs, requiring higher machining
forces and energy, with likely onset of intergranular and transgranular fractures, besides risks of

thermal damage to tissues and restorations [32].

Biocompatibility

One of the strongest points of LS2 is the excellent quality of soft tissue response. In vitro, this
material exhibits high levels of biocompatibility, not only due to low plaque retention, but also to
adhesion and proliferation of human epithelial cells [34] and human gingival fibroblasts [35],
particularly when its surface is polished. In vivo, in the presence of LS2 restorations no
inflammatory reactions were detected, analyzing the concentration of inflammation indicators
in the gingival crevicular fluid; the same results were found with zirconia restorations [36]. Such
favourable tissue responses have also been confirmed by tissue culture data [34]. In clinical
experience, LS2 restorations are likely to yield very natural and sound aspect of soft tissues
when in contact with marginal gingiva or peri-implant mucosa, in the presence of subgingival

margins.
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Surface treatment and cementation

In addition to excellent biocompatibility and high mechanical properties, LS2 exhibits very good
esthetic features, especially as regards translucency, that is about 30% higher than conventional
zirconia [37]. Moreover, for the presence of silica, LS2 is an acid-sensitive ceramics, so that high
strength of adhesion to the substrate is expected, due to both micromechanical and chemical
bonding mechanisms. Micromechanical interlocking between ceramics and resin cement at the
intaglio surface is based on the creation of surface microirregularities, pits and roughness by
means of acid etching and/ or physical treatments like alumina particles sandblasting or diamond
bur grinding. For the glass-ceramic class, to date hydrofluoric acid (HF) etching is the best-
established procedure, to be performed according to validated protocols taking into account both
acid concentration and etching time. For LS2, 20 s HF etching (at 5% concentration) is
suggested, that is a shorter time than requested for feldspathic and leucite-based ceramics
(generally 60 s). Higher HF concentrations (9—10%) and longer etching times have been shown
to be too aggressive and can introduce relevant damages, not only to the surface but also to the
internal microstructure of the material, negatively influencing mechanical performance
(reduction of flexure strength), adhesion potential and long-term success of ceramic restorations,
particularly when thickness is low [38—41]. Another system to create surface microirregularities
is sandblasting LS2 with aluminum oxide particles. Nevertheless, it has been shown that this
procedure, as well as laser etching, can determine excessive loss of material, with surface
modifications that are less uniformly distributed than after HF etching and that can significantly
reduce flexural strength [42, 43]. In addition to micromechanical interlocking, as for all silica-
based materials, adhesive bonding of LS2 is efficiently increased by silane, ensuring a chemical
interaction between the resin-based agent and the ceramics, obtained forming strong siloxane

linkages [44-50].

Recently, it has been shown that the use of silane combined to a phosphate functional
monomer, the 10- Methacryloyloxydecyl-Dihydrogen-Phosphate (10-MDP), creating an acidic
environment further improves the bond strength of resin-based luting cement to lithium

disilicate ceramics [51].

Clinical indications and performances

As regards clinical indications of LS2, it has to be pointed out that this is one of the most
versatile metal- free materials for its high esthetic potential, good mechanical properties and

favourable bonding strength to dental tissues, thanks to its silica content. Lithium disilicate
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ceramics can be utilized both for tooth- and implant-supported restorations, ranging from SCs to

FDPs, from anterior veneers to posterior inlays, onlays and overlays [4, 7].

To date, due to its relatively recent market introduction, there is still a lack of data about long-
term outcomes of LS2 restorations, particularly as regards CAD-CAM production. Prospective,
medium-term studies reported good cumulative survival rates, both for tooth-supported crowns
(94.8% after 8 years [52]) and implant-supported crowns, made by CAD-CAM procedure
following conventional impression (100% after 5 years [53]). A recent prospective study on
implant-supported, single-unit monolithic restorations made of LS2 in a complete digital
workflow has demonstrated survival rates of 100%, without any technical or biological
complications, after 2 years of service [54]. Similarly, retrospective studies have shown that LS2
can yield satisfactory clinical performance with favourable survival rates and low incidence of
mechanical failures, like debonding, fractures and chipping [15, 55-58]. As regards chairside
procedures, monolithic LS2 crowns revealed a survival rate of 83.5% after 10 years of follow-

up; the main complications were loss of retention, secondary caries and hypersensitivity [59].

In the last decade, LS2 has been proposed for producing full-contoured, monolithic SCs to be
bonded to CAD-CAM zirconia full-arch frameworks supported by implants. In a mid-term study,
such a restorative solution exhibited 100% survival rate, after 5 years of follow- up [60].
Recently, an in vitro study has suggested that LS2 crowns supported by ceramic-reinforced
polyether ether ketone (PEEK) implant abutments may be an alternative to zirconia abutments

with a titanium base for single-implant restorations in the anterior region [61].

Thanks to the high reliability of resin bond to glass-ceramics, LS2 clinical indications also
include adhesively retained, tooth-supported restorations. In the anterior sites, in the authors’
and in other clinicians’ clinical experience, laminate veneers made of bilayered, hand-veneered
LS2 are a likely choice, particularly when clinical performance and high esthetic results are
expected [62]. Clinical and in vitro studies demonstrated that, in the presence of long teeth,
margins positioned beyond the cemento-enamel junction (CEJ), large areas of exposed dentin or
flexural tensile stresses due to high functional loads, laminate veneers are exposed to higher
failure risks, being maximum enamel preservation and veneer mechanical resistance paramount
success factors [63, 64]. Due to its mechanical properties, lithium disilicate can be considered a
viable option to fabricate ceramic veneers in the presence of unfavorable biomechanical
conditions; in fact, it was reported that more rigid ceramic materials exert a kind of shield effect

onto underlying tooth structures, strengthening the restorative complex [65].
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Since their introduction in 1991, all-ceramic, resin- bonded fixed dental prostheses (RBFDPs)
have been increasingly utilized as minimally invasive restorations aimed at replacing one
missing tooth in the anterior arch [66]. Although recording a high rate of early (1-year),
unilateral retainer fractures in conventional, two retainers all-ceramic adhesive bridges, the
authors noticed that the fractured, unilaterally supported restorations stayed in situ for 5 to 10
years [67—69]; for that reason, since 1997 cantilevered all-ceramic RBFDPs were proposed as a
new conservative treatment modality for replacement of single anterior missing teeth, with
minimal tooth preparation on the lingual side, just aimed at achieving a correct positioning
during cementation [70]. Different materials have been proposed over the years, mainly, for their
high strength, glass-infiltrated alumina ceramics [71] and densely sintered, bilayered zirconia,
treated with a combination of moderate pressure air-abrasion and MDP, with promising medium-
term outcomes [72—75]. Thanks to its advantageous optical properties and to its HF
etching/silane bonding option, LS2 has also been proposed as an alternative material for such
cantilevered restorations, showing comparably promising clinical results [76—78]. In a systematic
review, cantilevered RBFDPs showed a lower failure rate than conventional, two-retainer,
“Maryland bridge-style” ones, in which higher biomechanical stress arises for the different
directions of forces acting on the adjacent supporting teeth during anterior guidance in protrusive
and lateral mandibular movements [79]. In another recent review, an estimated 91.2% survival
rate at 5 years was reported for all-ceramic RBFDPs, exhibiting higher debonding rate with
zirconia resin-bonded restorations than with glass-ceramic ones; conversely a higher fracture rate
was reported with glass-ceramics [80], even though higher level of evidence will be necessary to
draw final long-term evaluations of all-ceramic RBFDPs clinical performances. RBFDPs are a
suitable prosthetic solution as an alternative to implant-supported SCs, in the presence of
anatomical impairment requiring costly and invasive surgical procedures, financial problems,
young age of patients with congenitally or post-traumatically missing incisors; in any case, to
limit the risks of mechanical failure or debonding, after an extensive esthetic, occlusal and
technical evaluation of the case, a very careful treatment planning has to be defined prior to

proceed with the operative phases.

In the posterior sites, LS2 can be successfully employed for resin-bonded single restorations, like
inlays, onlays, non-retentive partial crowns and full coverage table-tops, in the monolithic form.
The material offers undisputable advantages, like high fracture resistance, showed by high load-
at-fracture values in table-tops/occlusal veneers, allowing reduced thickness of the restorations
(1-1.5 mm), low wear and abrasive potential, adhesive bonding strength and high
biocompatibility, properties that are very favourable when teeth are severely abraded or a heavy

occlusal correction is needed (like in lateral post- orthodontic open bite) [10, 81-85]. These
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restorative solutions have shown favourable clinical outcomes in the most recent literature, even
though with limited follow-up [86, 87]. A recent 3-years randomized, controlled prospective trial
has shown that LS2 partial crowns can be used as successful restorative solutions for
endodontically treated posterior teeth, with no significant differences between premolar or

molars and with or without the use of fiber posts [88].

The utilization of LS2 for FDPs is a controversial topic: literature data is quite scant and not
homogeneous, with a high variability of reported survival and success rates, ranging from rather
poor clinical results [§9—92] to acceptable long-term serviceability both in anterior and posterior
sites, similar to metal-ceramics [93]. In the opinion of the authors, from a strictly clinical point of
view, taking into account the cost/benefit ratio in terms of esthetic needs and structural
resistance, the material of choice for 3- or 4-unit FDPs is still zirconia, in all of its different

typologies.

Marginal accuracy and internal fit

Several studies evaluated the adaptation of lithium disilicate restorations, fabricated in both
conventional and digital workflow. According to the most recent literature, there is no significant
difference in terms of marginal accuracy between conventional and full-digital procedures for the
fabrication of monolithic lithium disilicate crowns [94-96]. Moreover, some authors reported
that hot- pressed LS2 crowns made from conventional impressions with polyvinylsiloxanes

exhibit better fit than CAD-CAM digitally produced ones [97].

Furthermore, centralized milling production has been reported to result in better fit compared to
chairside system; in the same study, occlusal internal adaptation was better in the conventionally
manufactured crowns than in the digitally fabricated ones [95]. Conversely, other studies
reported that marginal and internal fit of LS2 crowns were more accurate when using digital
impression technique; in any case, whatever the workflow used, the adaptation was shown to be

within clinical acceptability range [98—101].

To date, drawing univocal conclusions about adaptation accuracy of lithium disilicate
restorations is not easy, due to the high number of variables involved in the final prosthetic fit,
like digital impression system and technique, used material and fabrication procedure, so there is
still a noticeable amount of controversial debate [3, 102]. As regards fabrication techniques, hot-
pressed lithium disilicate is reported to offer better internal fit and mechanical performances

compared to CAD-CAM pre-crystallized blocks, even if, also about this topic, further data will
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be necessary to definitely shed light on these aspects, due to the constant evolution and

increasing quality of milling procedures and devices [103—108].

ZIRCONIA REINFORCED-LITHIUM SILICATE CERAMICS (ZLS)

In the last years, the continuous research and progress in prosthetic material field for dental
CAD-CAM applications has led to the introduction on the market of promising materials, the
ZLS, thanks to an alternative strategy to enhance translucency: a glassy matrix, containing a
homogeneous crystalline structure made of lithium silicate crystals, is reinforced with tetragonal
zirconia fillers (about 10% by weight) allowing higher strength values than LS2 [109]. The
higher mean translucency, together with proper biaxial flexural strength values, make such
material a proper choice for minimally invasive, single tooth esthetic restorations, like inlays,
onlays, partial crowns, veneers, anterior and posterior crowns, both tooth- and implant-
supported [109, 110], also fulfilling the “no-prep, table- top” strategy [85]. The restorations show
higher translucency and ease of intraoral polishing than both feldspathic and disilicate blocks,
but, at the same time, exhibit high brittleness [110—112]. In case of a dark substrate, moreover, it
has to be considered that the high translucency of the material requires adequate thickness (1.5—

2.0 mm) in order to get a proper chromatic masking [113].

To date, as regards mechanical properties and clinical performances of ZLS, data are still
limited, often controversial and short-term; these highly promising ceramics need further studies,
both in vitro and in vivo, in order to precisely define physical-mechanical properties, clinical

indications, limits and long-term performance of such restorations [114-117].

ZIRCONIA

Physico-chemical features

In the ceramic classification, zirconia (ZrO2) is a heterogenous, highly-resistant, polycrystalline
ceramic, characterized by favourable mechanical properties (toughness: 5-10 MPavVm, flexural
strength: 500-1200 MPa, Young’s modulus: 210 GPa) and good optical characteristics [118—
121]; however, differently from glass-ceramics, it is not susceptible to conventional acid
etching techniques and, consequently, does not take advantage of conventional adhesive

bonding procedures [122].

Both in vitro and in vivo, it shows excellent biocompatibility, lower plaque retention than

titanium and good radiopacity; moreover, it is not soluble in water and its susceptibility to
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corrosion in the oral environment is negligible [118—121]. Among the various metal-free,
ceramic materials, after conventional finishing and polishing, monolithic zirconia exhibits the

lowest wear behaviour towards opponent teeth [123].

Phase transformation toughening (PTT)

In dentistry, zirconia is usually considered an all-ceramic material but, from the physical-
chemical point of view, it is a metal oxide with ceramic properties characterized by
polymorphism and allotropy. In fact, it is present in nature with three different crystalline
configurations at different temperatures: cubic (from the melting point at 2680 °C to 2370 °C),
tetragonal (from 2370 °C to 1170 °C) and monoclinic (from 1170 °C to room temperature).
These different allotropic states present with distinct mechanical and optical properties that can

be exploited differently in Prosthodontics [118—121, 124].

Conventionally, zirconia is mainly used in its partially yttria-stabilized tetragonal phase (Y-TZP)
as a prosthetic material for indirect restorations. Under the effect of mechanical, thermal and/or
combined stresses, the adsorbed energy can break part of the atomic bonds of its polycrystalline
structure turning such tetragonal crystals to a stabler monoclinic shape. This spontaneous and
irreversible transformation is known as Phase Transformation Toughening (PTT) and shows a
contemporary 4—5% increase in crystals volume, creating significant compressive stresses within
the material [118—121, 124]. From the technological and prosthetic sides, the PTT has been
advertised as a paramount advantage, since it allows a kind of self-repairability of zirconia;
indeed, it permits to block or at least to hinder the propagation of micro-cracks and fractures
within the material. In fact, the subsequent volumetric increment of the crystals generates comses
within the material at the fracture tip, limiting crack propagation [118—121, 124-126]. It is worth
noticing that at room temperature such transformation is irreversible and localized, centered at
the stress bearing area (i.e. occlusal load area, traumatic impact zone, etc.): once the limiting
action of the fracture propagation has occurred, in its monoclinic configuration zirconia is no
longer able to limit cracks any further [119, 124, 126]. On the contrary, heating monoclinic
zirconia again up to 900—1000 °C (for limited time according to manufacturers’ instructions),
the PTT becomes reversible: by means of a process called “regeneration” or “annealing”,
monoclinic crystals can be moved back to the tetragonal phase, causing the relaxation of
compressive stresses within the material [125, 126]. After annealing, however, zirconia
toughness tends to be reduced and, as regards the optical properties, a chromatic oversaturation

can occur; consequently, thermal treatments at high temperature should be used carefully and
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only after potentially aggressive mechanical procedures (i.e. relevant occlusal grinding,

polishing, etc.) [126—128].

In order to profit from the positive features of the PTT intraorally, during industrial
manufacturing cubic and tetragonal zirconia are stabilized with metal oxides, just like yttrium,
magnesium, cerium and lanthanum; the percentage of such dopants can vary according to
manufacturing techniques and clinical use. These stabilizing oxides contribute to keep zirconia in
its crystalline tetragonal phase also at room temperature in a thermodynamically metastable state,
preventing the spontaneous transformation in the more stable monoclinic crystals. However,
such dopant oxides can get lost after traumatic events, surface modifications (i.e. occlusal

adjustments, grinding, polishing, etc.) and material aging [118-121, 124-127].

Low temperature degradation (LTD) and aging

In turn, the PTT is closely related to a negative phenomenon, the so-called “Low Temperature
Degradation (LTD)”, responsible for zirconia aging. At room temperature, the material can
undergo a spontaneous and irreversible transformation to the monoclinic phase, even in the
absence of any mechanical stress. This phenomenon causes a worsening of mechanical
properties, till the possible occurrence of spontaneous fractures [118—121, 124-127, 129, 130].
The LTD is a multifactorial phenomenon affected by several variables, such as crystals
dimension, temperature, surface defects, manufacturing techniques, percentage and distribution
of stabilizing oxides, mechanical stress and wetness; particularly, the last two factors can
significantly accelerate zirconia aging. Although aging is considered a risk factor for mechanical
failure, to date no univocal correlation has been evidenced between this phenomenon and the
failures affecting zirconia during clinical service. Nonetheless, the LTD is known to cause a
worsening of zirconia characteristics, contributing to the onset of micro-cracks, toughness
reduction, increased wear, roughening and plaque accumulation, till a severe surface

degradation, affecting both mechanical and optical properties [118—121, 125-127, 129, 130].

As reported in a recent in vitro study, monolithic tetragonal zirconia restorations can undergo
hydrothermal degradation (i.e. aging) also after short observation times; however, such
phenomenon does not reduce significantly the mechanical properties of tetragonal zirconia even
in the presence of wide monoclinic transformed areas [126]. In the same research, the glassy
layer used for glazing effect can act as a protective barrier against hydrothermal degradation;
nonetheless, some restoration areas, particularly at the margins, can show absence of glazing

protection and subsequently can be more susceptible to aging [126].
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In vitro studies have clearly demonstrated that mechanical properties of zirconia, expressed by
parameters like load-to-fracture values, are higher than those of LS2, which, from their part, are
higher than those of ZLS; the number of fatigue loading cycles does not seem to affect the load-

to-fracture of zirconia restorations [23].

Optical and mechanical properties

Laboratory investigations reported that monolithic zirconia restorations showed higher
resistance to fracture than bilayered ones, even after mechanical cycling and aging [131-136].
Surface finishing techniques did not influence mechanical performance [132], neither did
cementation techniques, particularly onto implants [137]; on the contrary, fracture resistance
has been reported to be significantly influenced by preparation design [138, 139] and low
temperature degradation [138], so it can be inferred that material and geometrical characteristics
are crucial to optimize longevity of monolithic zirconia restorations [140]. The high mechanical
reliability of zirconia has been confirmed by recent in vitro analyses, demonstrating that
monolithic zirconia crowns with occlusal thickness of 0.5 mm exhibit sufficient fracture
resistance to withstand occlusal loads in the molar regions [134, 135]. Moreover, increasing the
content of yttrium oxide to improve the optical properties of zirconia can reduce mechanical
properties after aging, although fracture resistance was reported to be higher than masticatory

loads (3000 N) [141].

Zirconia is usually considered as an opaque restorative material with optical and esthetic
properties less attractive than glassy ceramics, particularly in terms of translucency. By means of
transillumination, it has been shown that tetragonal zirconia allows only about 25% of incident
light to pass through; this characteristic can be advantageously used to mask dark substrates (i.e.

metal posts/abutments, dark teeth, etc.) [126, 127, 142—144].

Recently, in order to enhance the esthetic properties of the material, translucent zirconia has
been introduced in the market, characterized by the presence of 30—35% of cubic crystals.
Besides the improved optical characteristics, in the presence of such cubic phase no
hydrothermal degradation (i.e. aging) of this allotropic component is evidenced. However, apart
from the better optical properties, the toughness of translucent zirconia is reduced, compared to
tetragonal one, with values of flexural strength ranging between 500 and 900 MPa; as a
consequence, translucent zirconia represents a suitable esthetic and mechanical compromise to
be preferred in anterior areas up to the first premolars in its monolithic configuration [126, 142,

143]. As demonstrated by a recent investigation, the reduced mechanical properties of
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translucent zirconia are due to the dimensions and distribution of the crystals: in fact, cubic
grains present with wider dimensions than tetragonal ones and segregate a higher amount of

stabilizing oxides, making the tetragonal phase more prone to aging [126].

Manufacturing procedures

Although new additive technologies are emerging from the research on dental materials, to date,
zirconia is still fabricated by CAD-CAM milling, according to two different production
techniques: either soft machining of pre-sintered zirconia or hard machining of fully-sintered
zirconia. Both procedures can be accomplished in industrial milling centers, in dental

laboratories or by chairside devices [118—121, 124, 127].

Soft machining represents the most popular manufacturing technique and is based on milling of
pre-sintered zirconia blanks fabricated by cold-isostatic pressing a mixture of zirconia powder,
stabilizing oxides and binding agents (the latter removed during the pre-sintering process). With
this technique, zirconia is highly homogenous and easier to mill, reducing production times,
machinery wear and surface flaws; furthermore, soft machining generates negligible internal
porosities (about 20-30 nm). The downside is that this process requires a 25% oversizing of the
framework to be milled, since following sintering a linear shrinkage of the final volume occurs;
as a consequence, although milling procedures are easier, soft machining requires a precise
matching of CAD oversizing and material shrinking in order to avoid dimensional inaccuracies,

particularly in the presence of complex framework geometry [118—121, 125, 127].

Viceversa, hard machining requires milling of fully-sintered zirconia blanks generally produced
with hot isostatic pressing (HIP) at 1400°-1500 °C. This approach eliminates the problem of
post-milling shrinkage, since neither oversizing nor sintering are necessary; however, hard
machining needs longer milling times and more complex manufacturing, involving higher costs
due to accelerated wear of production machinery and increased risks of attrition flaws. In
addition, right after hard machining, zirconia frameworks can undergo a certain amount of
monoclinic transformation phase due to mechanical stress, working burs friction and overheating

subsequent to machining of the hard material [118-121, 125, 127].

Literature data are still controversial about which technique is the best, being the choice mainly
guided by the operator preference, according to considerations related to shape, volume and
complexity of the prosthetic geometry as well as time and cost of the milling procedures [118—

121, 127].
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High temperature and prolonged sintering time generate bigger zirconia crystals and the
dimension of such grains significantly influences the mechanical properties of the material. In
fact, the critical crystal dimension is about 1 mm: above this diameter, zirconia becomes
spontaneously more susceptible to PTT, while under 0.2 mm such phenomenon does not occur
and the toughness of the material decreases. Consequently, fabrication procedures (particularly
sintering) significantly affect mechanical properties and stability of zirconia and have to be

carefully checked during the whole manufacturing process [126, 127, 129, 130, 142].

In order to get a proper color of the restorations, specific metal oxides can be used as stains
within the pre-sintering zirconia powder mixture or metallic salts can be infiltrated after
milling; moreover, zirconia blanks are also available in multilayered color configurations. It has
been clearly demonstrated that the coloring process does not influence mechanical properties of
tetragonal zirconia, whilst uncertainty still remains regarding translucent cubic crystals [118—

121, 125, 127, 129, 130].

Zirconia can be fabricated in monolithic or layered configurations. The monolithic material, not
veneered with any ceramic layer, shows a less attractive esthetic appearance, but is not affected

by the frequent cohesive fractures of the layering ceramics, known as “chipping” [134, 145].

To date, scientific evidences support the use of monolithic zirconia in posterior regions and in
not esthetically relevant areas of the anterior arch (i.e. lingual tooth surfaces), while the use of
layered restorations should be mainly addressed in highly esthetic zones [134, 145-149]. The
minimum thickness suitable for monolithic Y- TZP restorations is 0.5 mm [134]; as regards

layered prostheses, the total thickness ranges between 1.0 and

1.5 mm [134, 145-149]. In order to optimize mechanical resistance of layered restorations, it is

paramount that veneering ceramics exhibit zirconia-compatible CTE [128, 150].

Marginal accuracy and internal fit

The accuracy of zirconia prostheses can be influenced by several factors, such as
manufacturing, complexity of framework geometry (i.e. marginal finish line, span length,
connectors dimension, etc.) and aging. The comparison of data regarding internal precision and
marginal fit of zirconia is quite difficult, as literature data are heterogeneous and study designs
are different for both laboratory and clinical investigations [119, 120, 127]. To date, it is
possible to state that marginal precision of zirconia restorations is better than internal fit

(probably because of the shape/size of the CAD-CAM milling burs) and that, in any case,
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precision values are well within the range of clinical acceptability reported in the specifications
of the American Dental Association (ADA). Marginal gap values have been reported between 0
and 75 mm for SCs [151, 152] and 140 mm for FDPs, the latter showing an increasing
proportional to framework span [119, 120, 127, 153]. As regards preparation geometry, the
high stability and structural resistance of zirconia are compatible with both vertical and

horizontal finish lines [124, 153].

Surface treatment and cementation

Due to the absence of any glassy matrix, zirconia is free from silica and, consequently, cannot be
conditioned with conventional acid etching techniques, differently from glass-ceramics [119,
122]. Several surface treatments aimed at getting a reliable bond to the substrate have been
reported in the literature but to date this topic is still controversial [154—-163]. Aggressive
sandblasting (i.e. 250 mm alumina particles at 0.4 MPa) can cause loss of the stabilizing oxides
with a subsequent increased risk of accelerated PTT and aging of the material; as a consequence,
it would be advisable to treat zirconia surfaces with milder sand- blasting, using 110 mm alumina
particles at 0.2 MPa. Such treatment can be advantageous for partially stabilized zirconia (PSZ)
while it seems to weaken the fully stabilized material (FSZ) [155, 156, 158, 159, 163].

The use of coupling agents like silane can be adopted only after a tribochemical conditioning
with silica-coated alumina particles or after infiltrating the zirconia surface with a thin layer of
glassy ceramics [154, 155, 161]; however, the latter approach can determine the creation of
excessive ceramic thickness and the effectiveness of adhesion between the glassy matrix and the

polycrystalline network still remains unclear [154, 155, 158, 161].

The combination of mechanical and chemical treatments of zirconia surface was proved to offer
the best results; particularly, the use of primers and adhesion promoting agents containing acidic
monomers (10-MDP) can have a synergic effect with silane, improving the effectiveness of

simplified adhesive techniques [155, 160—163].

On the basis of the physical-chemical properties of zirconia, in the presence of retentive
preparation geometries and full coverage prostheses, conventional water-based luting agents (i.e.
glass-ionomer and zinc phosphate cements) and hybrid cements (i.e. resin- modified glass-
ionomer cements) can be considered a good choice for cementation. Otherwise, in the presence
of partial coverage restorations, scarcely retentive preparation geometries (e.g. abutment teeth
with reduced occluso-cervical dimension) and/or high masticatory loads, besides the above

mentioned conditioning treatments of zirconia surface, it is possible to use conventional resin
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cement or simplified self-adhesive luting agents, so as to allow resin better adsorb, distribute
occlusal forces and withstand possible micro-cracks on the inner surface of the restorations [155,

158, 162].

Clinical indication and performances

From a clinical point of view, in the last decades zirconia has more and more gained ground in
the realm of metal-free, mainly utilized to restore both natural teeth and osseointegrated
implants with SCs and short- and medium-span FDPs up to 5 elements [134, 145, 146, 148, 149,
164, 165]. As regards FDPs, besides the high mechanical properties of the material, fracture
resistance and clinical performance are also strongly related to a proper framework architecture.
In case of bilayered FDPs, in particular, an “anatomic” design has to be performed, ensuring
proper support and thickness to the veneering; moreover, connectors are to be designed with
adequate dimensions (minimum area of section: 9, 15 and 25 mm?2 for 3-, 4- and 5-unit FDPs
respectively) and with rounded interdental embrasures, in order to avoid sharp angles that can
contribute to generate risky stress concentration [146]. The presence of an adequate occlusal
support is a relevant factor in maintaining an efficient chewing [166]; consequently, due to the
absence of veneering ceramics that could be subjected to wear over time, monolithic restorations
could be helpful in keeping occlusal stability during clinical service, particularly in the presence
of discrepancies in occlusal contact patterns that could influence the onset of temporo-

mandibular disorders [167].

Recently, clinical investigations regarding tooth- and implant-supported full-arch restorations
have been published [165]. Although short- and medium-term results were encouraging with
94.8% success rate after 3 years of clinical service for monolithic full-arch bridges [145], it is
worth noticing that a systematic review of the literature has reported 5-year complication rates of
27.6 and 30.5%, respectively for tooth-supported and implant- supported full-arch restorations
[168]. Moreover, layered restorations showed 5-year success rates significantly lower than
monolithic prostheses (i.e. 60.4% vs 90.9%) [169]. Consequently, the use of full-arch, extended
zirconia restorations should always be carefully evaluated and further long-term clinical studies

are necessary to validate the effectiveness of their serviceability.

As regards zirconia implants, the literature reports controversial, short-term and mainly
anecdotal data [165, 170—174]. A recent systematic review with metaanalysis has evidenced
similar potentialities of hard and soft-tissue integration between zirconia and titanium implants,

although with a slower initial osseointegration process detected in zirconia ones. In any case, the
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use of the latter should be cautiously evaluated, until more light is shed on long term outcomes
and, particularly, on the possible mechanical complications. Viceversa, zirconia abutments are to
be considered widely validated today in the esthetic sites, where the clear color of zirconia
contributes to achieve a natural aspect of peri- implant soft tissues, particularly when they are
quite thin [127, 148, 165, 172, 173]. A retrospective clinical study on a relevant number of
ceramic abutments reported that internal zirconia implant connections are much more prone to
mechanical complications (i.e. unscrewing, fractures, etc.) than hybrid connections with zirconia
abutments cemented onto titanium bases; moreover, the same investigation reported that the
distance between the implant/abutment connection and the occlusal plane can significantly
influence the onset of bending moments that can be detrimental for the long- term prognosis of

metal-free restorations [172].

Table 1 Lithium disilicate and zirconia: pros and cons

LITHIUM DISILICATE

Pros Cons

Excellent optical characteristics and good mechanical properties Glaze coating and fluorapatiteceramic veneering can increase
wear

Clinical versatility Critical to adjust intraorally

Biocompatibility Chipping of the veneering ceramics

Favourable abrasiveness

Marginal accuracy and internal fit

High strength of adhesionto to the substrate

ZIRCONIA

Pros Cons

Excellent mechanical characteristics and good optical properties Opacity

Excellent biocompatibilityand low plaque retention Unetchable with conventional methods

Favourable wear behaviour Low temperature degradationand aging

Implant abutments for esthetic sites Critical to adjust intraorally

Crack-hindering potential (through ptt) Glaze coating and fluorapatiteceramic veneering can increase wear

Marginal accuracy and internal fit Chipping of the veneering ceramics

Monolithic and layered

4. Conclusions

At the moment, it can be stated that silicate- and zirconia-based ceramics are amongst the most
versatile metal-free materials available for the “digital prosthodontic environment”. In the last
years, an increasing amount of available in vitro and in vivo data is shedding precious light on
the outline of guidelines for a restorative rational use, focused on specific materials advantages
and limitations, taking into account mechanical, optical and biological properties in the light
of a widespread clinical experience (Table 1). In the meanwhile, the world of industry is
intensively working on new strategies aimed at further enhancing microstructural characteristics
of these materials, together with the introduction of new production technologies, mainly based

on additive processes.
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Introduction

The research and development of new restorative materials aimed at getting high mechanical and
esthetic performances has led to the introduction on the market of zirconia-reinforced lithium
silicate ceramics (ZLS), that can be employed with Computer-aided design / Computer-aided
manufacturing (CAD/CAM) technologies.

ZLS was developed by two companies, Vita (Vita Zahnfabrik, H. Rauter GmbH & Co., Bad
Séckingen, Germany) and Dentsply (Dentsply Sirona, DeguDent, GmbH, Hanau-Wolfgang,
Germany), in conjunction with the Fraunhofer Institute for Silicate Research (Wiirzburg,
Germany), separately marketed as different products: Vita Suprinity PC and Celtra Duo [1-3].
These materials exhibit similar microstructures: a homogeneous glassy matrix contains a
crystalline component made of round and submicrometric elongated grains of lithium
metasilicates and lithium orthophosphates; in addition to these, tetragonal zirconia fillers are
added, aimed at increasing strength values. After a crystallization process, lithium disilicate
grains are generated. Lithium metasilicate is reported to be grown larger in Celtra Duo than in
Suprinity (up to ~1 and ~0.5 um in length, respectively) [2-6].

This structural typology has been developed in order to combine favorable optical properties
with increased mechanical characteristics, compared to other glass-ceramics, although, to date,
this assumption is still controversial [4,7-13].

ZLS blanks are available in a pre-crystallized or crystallized form. The crystallization process,
inside a dental furnace, allows the nucleation of the crystals, with a subsequent improvement of
their mechanical properties compared to the pre-crystallized ones [2]. Furthermore, the fracture
resistance was reported to withstand physiological occlusal forces, and it increases after one

firing protocol [14].



Due to its high translucency and biaxial flexural strength values, ZLS was tested for tooth- and
implant-supported single partial and full restorations in both anterior and posterior regions [4,15-
16], as well as for occlusal veneers [7,17]. It was also tested for endocrowns [18-19], although
the reported results are not satisfactory.

Some findings showed that the machinability of ZLS is worse than the one of LS» [4,20], so that
ZLS was defined "the most difficult to machine among glass ceramics" [20].

Also, ZLS is acid sensitive [21], and it is important to clarify what the ideal acid concentration
and etching times are; moreover, the best cements polymerization (dual- or light-curing) and
whether it is worth silanizing ZLS.

ZLS is also reported to be a biocompatible material [2], but to date, there is no univocal evidence
about in vitro data regarding cell proliferation.

To date, the biological and mechanical performances of ZLS need a more in-depth look from a
scientific point of view, in order to formulate a clear definition of their clinical indications and
limitations. With the purpose of shedding light on the mechanical and biological properties of
ZLS in CAD/CAM systems, this literature review is focused on the chemical composition,
microstructure, biocompatibility, physico-mechanical properties, and marginal/internal fit of

ZLS-based restorations.

Methods
2.1 Search strategy

An extensive search of the literature for papers related to ZLS was performed on the databases of
PubMed/Medline, Scopus, Embase, Google Scholar, Dynamed, and Open Grey.

The literature search was performed using combinations of the keywords "zirconia-reinforced
lithium silicate" or "ZLS". The following queries were used for each electronic database:

e PubMed/Medline, Google Scholar, and Open Grey = “(zirconia-reinforced lithium silicate)

or (zls)” was added into each query box.
e Dynamed = ZLS; zirconia-reinforced; zirconia-reinforced lithium silicate; zirconia lithium.

e Scopus = ( TITLE-ABS-KEY ( zirconia-reinforced AND lithium AND silicate ) OR
TITLE-ABS-KEY (zls ) ).

e Embase = 'zirconia-reinforced lithium silicate' OR ('zirconia reinforced' AND ('lithium'/exp

OR lithium) AND ('silicate'/exp OR silicate)) OR zls.
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The references of the found records were imported as a Research Information Systems file into

Mendeley (Mendeley Ltd., London, UK) in order to remove the duplicates.

2.2 Inclusion and exclusion criteria

Studies were considered as appropriate for the present literature review if they met the following
inclusion criteria: 1) studies focused on the biocompatibility and/or mechanical properties of
ZLS for CAD/CAM systems; 2) studies performed in vitro, in silico, or in vivo; 3) case reports;
4) systematic reviews.

The following exclusion criteria were used: 1) studies performed on non-human animals; 2)
studies not addressed to the dentistry field; 3) studies referred to ZLS restorations produced by
heat-pressed ceramics process.

No limitations were applied to the publication date or the language of the papers.

2.3 Data extraction

With the purpose of shedding light on the mechanical and biological characteristics of ZLS, the
following variables were extracted:

1. Chemical composition and microstructure;

2. Biocompatibility;

3. Physico-mechanical values of ZLS;

4. Laboratory and post-milling manual processing;
5. Minimal thickness;

6. Fracture patterns and plastic deformation;

7. Fatigue failure load;

8. Marginal and internal fit.

According to the inclusion criteria, 3 calibrated researchers (F.Z., R.S, and G.R.) independently
selected the articles reading the titles, abstracts, and keywords. The full text of each identified
article was read to determine whether it was suitable for inclusion. In case of disagreement
among the investigators, a majority criterion would have been used (i.e., 2 out of 3).

The workflow of the paper screening process is reported in Figure 1, according to the “PRISMA
2009 Flow Diagram” [22].
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Figure 1 - Title: Search flowchart as described in the PRISMA guidelines.

Caption: (n = number of records).
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As regards the recorded titles and abstracts, the 3 reviewers performed pilot calibration exercises

on a common random group of 20 references, applying the inclusion and exclusion criteria. After

the exercise, the reviewers discussed which references were included or excluded. The reviewers
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aimed to reach an agreement on at least 90% of the papers. The process would have been

repeated until they had obtained the predetermined agreement level before starting the screening

of the whole set of titles and abstracts collected. Also, the calibration process, with the same
agreement level, was used on a random sample of 8 papers for the full-text screening of the

included articles after reading titles and abstracts.

Results

3.1 Data synthesis

The literature search was completed in February 2021 and the included studies were published

between 2015 and January 2021.

The search strategy produced 937 records, many of which were duplicates: 188 from
PubMed/Medline, 239 from Scopus, 175 from Embase, 294 from Google Scholar, 41 from
Dynamed, and 0 from Open Grey. All the duplicates were removed, thus all the selected
databases produced 281 records. After the examination of titles, abstracts, and keywords, the
reviewers excluded 180 records, because they did not meet the inclusion criteria. As to the
remaining 101 records, 30 more were excluded after a full-text analysis because they did not
provide considerable information about ZLS for dental research and clinical practice. The

remaining 71 records were included in the present literature review (Table 1).

179



Table 1 - An overview of the 71 included records and the variables for inclusion regarding each

paper

Analyzed variables

Authors (Year of publication)

Chemical composition or microstructure

Riquieri et al. (2018) [1], Vita Zahnfabrik (2019) [2], Dentsply Sirona Inc. (2016)
[3], Elsaka and Elnaghy (2016) [4], Belli et al. (2018) [5], Belli et al. (2017) [6],
Vasiliu et al. (2020) [12], Sen and Us (2018) [15], Wendler et al. (2017) [23],
Ramos et al. (2016) [24], De Mendonca et al. (2019) [25], Traini et al. (2016) [26]

Biocompatibility

Vita Zahnfabrik (2019) [2], Rizo-Gorrita et al. (2018) [27], Rizo-Gorrita et al.
(2019) [28], Dal Piva et al. (2018) [29], De Luca et al. (2018) [30], Abdalla et al.
(2018) [31]

Physico-mechanical values of ZLS

Elsaka and Elnaghy (2016) [4], Belli et al. (2018) [5], Belli et al. (2017) [6], Al-
Akhali et al. (2017) [7], Hamza and Sherif (2019) [8], Gomes et al. (2017) [9],
Kashkari et al. (2019) [10], Schwindling et al. (2017) [11], Zarone et al. (2020)
[13], Sen and Us (2018) [15], Preis et al. (2017) [16], Von Maltzahn et al. (2018)
[17], Taha et al. (2018) [18], El Ghoul et al. (2019) [19], Chen et al. (2020) [20],
Wendler et al. (2017) [23], Ramos et al. (2016) [24], De Mendonca et al. (2019)
[25], Nishioka et al. (2018) [32], Guilardi et al. (2020) [33], Choi et al. (2017) [34],
Zimmermann et al. (2017) [35], Preis et al. (2015) [36], Jassim and Majeed (2018)
[37], Rosentritt et al. (2017) [38], Yegin and Atala (2020) [39], Yilmaz et al. (2020)
[40], Kermanshah et al. (2020) [41], Dartora et al. (2020) [42], Liu et al. (2021)
[43], Juntanvee and Uasuwan (2020) [44], Srichumpong et al. (2019) [45],
Monteiro et al. (2018) [46], Ottoni et al. (2018) [47], Lawson et al. (2016) [48]

Laboratory or post-milling manual processing

Riquieri et al. (2018) [1], Passos et al. (2019) [14], Traini et al. (2016) [26], Lawson
et al. (2016) [48], Schweitzer et al. (2020) [49], Alao and Bujang (2021) [50],
Badawy et al. (2016) [51], Aurelio et al. (2017) [52], Romanyk et al. (2020) [53],
Passos et al. (2018) [54], Kang et al. (2020) [55], Alves et al. (2019) [56]

Minimal thickness

Choi et al. (2017) [34], Zimmermann et al. (2017) [35], Monteiro et al. (2018)
[46], Sieper et al. (2017) [57], Bergamo et al. (2019) [58], Shaik and Alfarsi (2019)
[59], Tribst et al. (2018) [60], Alammari et al. (2018) [61]

Fracture patterns and plastic deformation

Ramos et al. (2016) [24], De Mendonca et al. (2019) [25], Liu et al. (2021) [43],
Monteiro et al. (2018) [46], Sieper et al. (2017) [57], Bergamo et al. (2019) [58],
Abu-lzze et al. (2018) [62], Diniz et al. (2020) [63]

Fatigue failure load

Von Maltzahn et al. (2018) [17], Monteiro et al. (2018) [46], Ottoni et al. (2018)
[47], Alammari et al. (2018) [61], Diniz et al. (2020) [63], Al-Akhali et al. (2019)
[64], Venturini et al. (2019) [65], Alves et al. (2020) [66], Schlenz et al. (2020)
[67], Dal Piva et al. (2020) [68]

Marginal and internal fit

Vita Zahnfabrik (2019) [2], Gomes et al. (2017) [9], Taha et al. (2018) [18], El
Ghoul et al. (2019) [19], Preis et al. (2015) [36], Alammari et al. (2018) [61],
Hasanzade et al. (2020) [69], Dentsply Sirona Inc. (2017) [70], Zimmermann et al
(2019) [71], Falahchai et al. (2020) [72-73]

No systematic reviews or case reports were found.

The reviewers obtained an agreement level superior to 90% after the first calibration exercise on

titles and abstracts screening and an agreement level of 100% on full-text papers screening after

only one exercise.

No disagreement was pointed out among the search investigators about the included records.
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3.2 Chemical composition and microstructure

ZLS-based materials, to date marketed as Celtra Duo (Dentsply Sirona, DeguDent, GmbH,
Hanau-Wolfgang, Germany) and Suprinity (Vita Zahnfabrik, H. Rauter GmbH & Co., Bad
Sackingen, Germany), showed very similar microstructures, mainly consisting of two ~70 vol.%
crystallized phases: one is made of larger, submicrometric lithium metasilicate crystallites
(Li2S103) in slightly elongated shapes, more rounded than lithium disilicate ceramics (LS>)
needle-shaped ones; the other is made of smaller nanometric lithium orthophosphate crystallites
(Li3POs) as round granules [6]. After crystallization firing, a significant increase was observed
for both phases and a new crystal phase appears, namely lithium disilicate (Li2S1205),
crystallized from the glassy matrix; such a crystallization is allowed by the presence of
diphosphorus pentoxide (P20s) as nucleation agent [6].

Lithium metasilicate crystallites in the glassy phase show different dimensions in Celtra Duo
(about 1 pm) compared to Suprinity (about 0.5 um) [6,12,23], in both cases smaller than LS,
crystals, the latter described as elongated, needle-shaped, with length comprised between 0.5 and
4 um [24,74]. It has been suggested that such a difference in size between the two different
brand formulations could be due to discrepancies in the processing parameters, like firing
temperature and time, being Suprinity treated with an additional and shorter crystallization firing
process compared to Celtra Duo [5-6].

X-ray diffraction analysis on Suprinity showed crystallization peaks corresponding to lithium
monosilicate, aluminum silicate, and tetragonal zirconia [24].

Raman analysis in pre-crystallized ZLS confirmed the presence of crystal phases made of lithium
metasilicate and lithium orthophosphate; post-crystallization, besides an increase in intensity
related to these components, the new crystal phase of lithium disilicate was also observed [6].

In a microstructural comparison, LS; is characterized by interlocking needle-shaped crystals
embedded in a glassy matrix, while ZLS shows a homogeneous fine crystalline structure with
rounded and rod-like crystals. The percentage of the crystalline phase is higher in LS, [4,24-25].
Actually, as found in CAD/CAM LS,, in ZLS the presence of both lithium metasilicate and
disilicate grains has been evidenced in the final stage of crystallization [5-6,75-77].

The chemical composition of ZLS-based materials is specified in Table 2, as reported by various

sources in the literature.
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Table 2 - Analysis of ZLS chemical composition (in weight %)

Vita Suprinity® PC.
Technical and scientific
documentation. 2019 [2]

Silicon dioxide (56-64);
Lithium oxide (15-21);
Zirconia (8-12);
Phosphorus oxide (3-8);
Potassium oxide (1-4);
Aluminium oxide (1-4);
Pigments (0-6);

Cerium dioxide (0-4).

Celtra® Duo. Zirconia-
Reinforced Lithium
Silicate (ZLS) Block.
Technical Monograph.
2016 [3]

Silicon dioxide (58.0);
Lithium oxide (18.5);
Zirconia (10.1);
Phosphorus oxide (5.0);
Cerium dioxide (2.0);
Aluminium oxide (1.9);
Terbium Oxide (1.0).

Traini et al. 2016 [26],
about Suprinity fired

Silicon (59);
Lithium (20);
Zirconium (12);
Phosphorus (4.2);
Potassium (2.5);
Aluminium (1.5);

Other minor components (0.8).

Ramos et al. 2016 [24],
about Suprinity fired

Oxygen (51.2);
Silicon (29.6);
Zirconia (15.5);
Potassium (2.3);
Aluminium (1.3).

Riquieri et al. 2018 [1],
about Suprinity fired

Oxygen (52.60);
Silicious (30.95);
Zirconium (13.00);
Potassium (2.06);
Aluminium (1.35).

Riquieri et al. 2018 [1],
about Celtra Duo fired

Oxygen (53.09);
Silicious (30.85);
Zirconium (12.50);
Potassium (2.36);
Aluminium (1.17).

Sen and Us. 2018 [15],
about Suprinity fired

Oxygen (52.1);
Silicon (27.52);
Zirconium (15.7);
Potassium (2.34);
Aluminium (1.28);
Carbon (1.05).
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3.3 Biocompatibility

In the present state of knowledge, data regarding the biocompatibility of ZLS are scarce and
controversial. Suprinity was deemed biocompatible by the "North American Science Associates
Inc." (NAMSA) from specific evaluations based on cytotoxicity, sensitization, subchronic
systemic toxicity, irritation, and genotoxicity [2].

Human gingival fibroblasts (HGFs) cultured onto ZLS exhibited lower cell proliferation,
coverage, and spreading than onto zirconia; such a worse cellular response in ZLS could be
attributed to a rougher and less homogeneous surface topography [27]. In a comparative in vitro
study, ZLS and zirconia showed intermediate values of cell viability and collagen secretion
between LS, which exhibited the best values, and polymethyl methacrylate (PMMA), which
showed the lowest values [28].

Furthermore, polished ZLS surfaces have been reported to be less rough, accumulating less
biofilm and displaying higher surface free energy than glazed surfaces; however, polished
surfaces showed severe initial cytotoxicity for HGFs but were inert in the long term; such
cytotoxicity (24 hours) may be related to an initial release of remnants of the polishing material,
reducing its cytotoxic effect after 7 days. Over time, the cells strengthen their defense
mechanisms and become able to protect themselves [29].

Another in vitro study showed that proliferation and viability of HGFs onto crystallized, not
polished and polished ZLS, before and after crystallization, are similar to those of zirconia
ceramics, with favorable biological properties suggesting an indication for use in implant-
supported restorations with margins in contact with peri-implant tissues [30].

In the case of polished surfaces, ZLS demonstrated the lowest bacterial adhesion, compared to

LS; and feldspathic ceramics (FC) [31].

3.4 Physico-mechanical properties

3.4.1 Physico-mechanical values of ZLS

According to several reports, it can be stated that in ceramic materials the lower the glassy
content, the higher the dental ceramic overall strength [23-24,32-33]. In the last decade, ZLS was
introduced on the market with the purpose of offering at the same time advanced esthetic
properties, being a translucent glass-ceramic with silicate crystals embedded in a high content of
glassy matrix, together with a favorable mechanical behavior, thanks to the addition of tetragonal

zirconia fillers, exploiting a mechanism of crack interruption [4].
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In the last years, several studies have proved that ZLS restorations show fracture resistance
values exceeding the physiological occlusal/masticatory forces [7,9,34-36], although the concept
of zirconia fillers acting as an additional toughening mechanism [20,78], at the basis of the
material physico-chemical formulation, has been confuted by some authors [24]. It has always to
be considered that, due to the wide heterogeneity of research designs and testing modalities, in
vitro data are not infrequently controversial, making their comparisons very difficult and
possible correlations to in vivo biomechanical behavior not always easy.

According to some research data, in a comparison with other restorative materials, occlusal
veneers made of LS, and ZLS showed higher resistance to fracture than those fabricated with
polymer-infiltrated ceramic networks (PICN) and PMMA [7]. In another study, the load at
fracture of ZLS tabletops was found to be significantly higher than that of feldspar-based
ceramic ones [17]. Besides, similar results were reported by a research conducted on monolithic,
crown-shaped restorations, showing higher fracture strength of LS, and ZLS compared to PICN
and a hybrid high-performance polymer composite resin [25].

Compared to bilayered, ceramic-veneered zirconia restorations, monolithic crowns made of LS;
and ZLS were reported to exhibit higher fracture resistance [8].

To date, several studies have been carried out in order to compare the mechanical properties of the
two most popular silicate-based materials, LS; and ZLS, although the reported data are not always
in agreement.

According to some in vitro investigations [4,8,11,15,37], ZLS exhibited higher mechanical
performances than LS>, confirming the possible efficiency of the zirconia additional phase in
increasing resistance thanks to a mechanism of crack interruption. In some studies, compared to
LS,, the material showed higher fracture [8,37] and flexural strength [4,15]. In another research,
carried out on monolithic crowns in the anterior sites, load-to-failure values were reported to be
slightly higher for glazed ZLS than for LS»; after submitting the restorations to an extensive
thermocycling test, such a fracture resistance was still maintained by ZLS specimens [11].

ZLS has also been tested in vitro as a material for implant-supported molar crowns, reporting
high fracture forces, although lower than those shown by zirconia [16]. In any case, the insertion
of a screw channel might reduce the stability of ZLS restorations [38].

On this topic, other studies report fewer positive results. In an in vitro investigation, high
strength zirconia crowns showed the most favorable load-to-fracture values, followed by LS and
ZLS, the latter exhibiting significantly lower mechanical performance [10]. Also, fatigue
strength, evaluated by biaxial flexural test on disc-shaped specimens, exhibited the highest
values with high translucence yttrium stabilized tetragonal zirconia, followed, in decreasing

order by LS, ZLS, PICN, and FC [32].
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Other investigations reported lower values for fracture [9] and failure [39] loads in implant-
supported ZLS monolithic crowns compared to LS ones.

Moreover, in a recent study, no differences were detected among ZLS, PICN, LS,, and zirconia
as to strains around the implant platform, none of these materials offering a significant load
absorption aimed at minimizing the strains generated at the platform level. [40].

In ceramic inlay-retained fixed partial dentures, the fracture load of zirconia was reported to be
higher than that of ZLS [41].

In the last decade, the concept of endocrown has been gaining more and more popularity for the
restoration of endodontically treated teeth, utilizing mechanical retention offered by the pulp
chamber together with chemical/micromechanical adhesion provided by bonding procedures. In
posterior endocrowns, LS resistance to fracture was reported to be higher compared to ZLS,
both under axial [19] and lateral forces [18-19]. According to a recent in vitro and finite element
analysis (FEA) study, the highest fracture strength resistance values were exhibited by
monolithic endocrowns made of zirconia, compared to LS>, ZLS, and leucite reinforced
ceramics, although monolithic zirconia and ZLS showed worse failure modalities, with a higher

rate of catastrophic fractures [42].

The physico-mechanical values collected from different studies are shown in Table 3.
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Authors
(Product name)

Modulus of
Elasticity
(GPa)

Fracture
toughness = Kic
(MPa m'?)

Flexural
Strength
(MPa)

Vickers’
Hardness
(GPa)

Characterist
ic Strength
(MPa)

Weibull

modulus (m)

Poisson’s
ratio

Fracture
Resistance (N)

Density
(g/em’)

Liu et al. 2020
[43]
(Celtra Duo)

279

2.7

Juntavee and
Uasuwan 2020
[44]
(Suprinity)

21843 +
38.46

234.23

6.40

De Mendonca et
al. 2019 [25]
(Suprinity)

230+ 20

6.78 +0.013*

Srichumpong et
al. 2019 [45]
(Suprinity and
Celtra Duo)

1.86 (Suprinity)
1.75 (Celtra
Duo)

6.8

(Same value
both for
Suprinity and
Celtra Duo)

Monteiro et al.
2018 [46]
(Celtra Duo)

Von Maltzahn et
al. 2018 [17]
(Celtra Duo)

1,571.1 £297.0

Ottoni et al.
2018 [47]
(Suprinity)

179+56  1.93+0.32

6.67+0.18

197 (158;
200)

4(3:5)

Nishioka et al.
2018 [32]
(Suprinity)

152.1+7.5

Jassim et al.
2018 [37]
(Celtra Duo)

1404.5 =
236.51

Sen and Us.
2018 [15]
(Suprinity)

510+43

532

8.8

Belli et al. 2018
[3]

(Suprinity and
Celtra Duo)

1.40 +0.10
(Suprinity)
1.52+0.05
(Celtra Duo)

Schwindling et
al. 2017 [11]
(Celtra Duo)

725+ 162

Belli et al. 2017
[6]

(Suprinity and
Celtra Duo)

105.8
(Suprinity)

108.2 (Celtra

Duo)

0.207
(Suprinity)
0.224
(Celtra
Duo)

2.643
(Suprinity)
2.630 (Celtra
Duo)

Wendler et al.
2017 [23]
(Suprinity and
Celtra Duo)

104.9
(Suprinity)

107.9 (Celtra

Duo)

611.24
(573.80;651
.58)
(Suprinity)
626.84
(587.74,669
.02) (Celtra
Duo)

5.29
(3.96;6.45)
(Suprinity)
5.19
(3.89;6.33)
(Celtra Duo)

0.208
(Suprinity)
0.222
(Celtra
Duo)

Hamza et al.
2017 [8]
(Suprinity)

1742.9 +102.7

Ramos et al.
2016 [24]
(Suprinity)

65.6 4.1

1.25+0.79

2175
(151.84;238
6)

10.0 (C.L
6.92-14.41)

0.23 +£0.03

1.60

Lawson et al.
2016 [48]
(Celtra Duo)

61.0+10.0

300.1 +
16.8

4.54 +0.26*

Elsaka and
Elnaghy 2016
[4]

(Celtra Duo)

70.44 +1.97

443.63 +
38.90

2.31+0.17

6.53 +0.46

460.74

13.41

Table 3 - Physico-mechanical values of ZLS (mean + SD)
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*The numerical values of Vickers’ Hardness were different from the ones reported in the
corresponding original papers. This change had the goal to report numerical values converted to

the same unit (GPa).

It is more than evident that, in order to get a deeper insight about the mechanical properties of
this material, data reported by in vitro studies should be furtherly corroborated by in vivo results
of clinical, long-term, controlled and randomized trials, that are missing, at the moment, in the

scientific literature.

3.4.2 Laboratory and post-milling manual processing

Several studies have been carried out on the modifications of the physico-mechanical properties
of ZLS following laboratory manufacturing, particularly sintering and crystallization. In this
regard, an evident increase of the following ZLS physical values was shown after the firing
process: modulus of elasticity, flexural strength, fracture toughness, hardness, and characteristic
strength [1,26,48-51], simultaneously with a decrease of the Weibull modulus and a significant
shrinkage [1,49], as reported in Table 4. The material seemed to be brittler with a tendency to
develop inner cracks at the partially crystallized state; for this reason, particular care should be

taken during the manipulation process for marginal adaptation [26].
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Table 4 - Physical values (mean + SD) of unfired/fired ZLS

Modulus of Flexural Strength ~ Fracture toughness ~ Vickers’ Hardness Weibull Modulus Characteristic
Elasticity (GPa) (MPa) =K. (GPa)* (m) Strength
(MPa m'?) (MPa)
Schweitzer et al. 189.02 £25.5/ 8.9/5.81 219.3/
2020 [49] 252.86 +53.78 314.35
(Celtra Duo)
Alvesetal. 2019  89.8+5/97+6.2 1.15+0.13/139+ 634+033/65=
[56] (Suprinity) 0.04 (Suprinity) 0.11%* (Suprinity)
(Suprinity and 92+4.7/989 + 14+0.12/149+ 6.64+0.17/6.63
Celtra Duo) 3.8 (Celtra Duo) 0.05 (Celtra Duo) +0.14* (Celtra
Duo)
Riquieri et al. 2.21+£0.11/2.63  597.533+33.97/ 7.07/5.38 106.95 /
2018 [1] + 0.14 (Suprinity)  683.267 + 16.07 (Suprinity) 191.02
(Suprinity and 2.26+0.80/2.51 + (Suprinity) 5.86/5.77 (Celtra  (Suprinity)
Celtra Duo) 0.59 (Celtra Duo) 682.400 = 15.31/ Duo) 163.86/
693.333 +£10.85 251.25
(Celtra Duo) (Celtra Duo)
Lawson et al. 61.0+£10.0/63.6 300.1+16.8/ 4.546 £ 0.26* /
2016 [48] +33 451.4+589 5.836 +0.36*
(Celtra Duo)
Traini et al. 2016 28+09/47+0.8 6.8+05/7.6+
[26] 0.7

(Suprinity)

*The numerical values of Vickers’ Hardness were different from the ones reported in the
corresponding original papers. This change had the goal to report numerical values converted to

the same unit (GPa).

The increase of ZLS restoration strength after one firing protocol was confirmed by Passos et al.
[14]. Moreover, an extended glaze firing protocol has been proposed, based on the same initial
pre-heating time, temperature, and temperature increase rate as the conventional manufacturer-
recommended glaze firing, with a difference, in that the extended glaze firing differs by slow
cooling until the temperature drops to 200° C in a closed furnace for a dwell time of 15 min [52].
This extended glaze firing protocol, after hard machining of ZLS, repaired defects by generating
beneficial compressive residual stress, differently from conventional glaze firings, that can create
tensile stresses [52].

The surface defects related to machining procedures negatively influence the mechanical
performance of ZLS fabricated with CAD/CAM technologies; in this regard, the post-machining
heat treatment can partially relieve the strength-limiting damage caused by CAD/CAM
procedures [53].

After the final processing of the ZLS restorations, a manual adjustment of occlusal morphology
should be avoided, because it has been demonstrated that this procedure can decrease the fracture

load of ZLS crowns [54].
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As for the milling accuracy, ZLS showed lower mean values than LS»; nevertheless, the milling

accuracy of ZLS was within 120 um, therefore considered clinically acceptable [55].

3.4.3 Minimal thickness

Thickness is a paramount factor in all-ceramic restorations, both from a clinical and technical
point of view, in that it affects the design of the tooth preparation and, at the same time, strongly
influences fracture resistance and survival rate of the prosthesis.

In ZLS, as expected, mean fracture loads of monolithic restorations were reported to increase
significantly as thickness increased [34-35,57].

According to an in vitro study, at a thickness of 1.5 mm Suprinity exhibited a fracture resistance
similar to LS; and higher than PICN and Celtra Duo [34]; conversely, another paper reported
higher mean fracture loads for LS> than for ZLS at both 1.5 mm and 1.0 mm thickness [35].
Another research showed promising durability of ZLS single crowns for the thickness of 1.0 mm
[57]; at such a thickness, fracture resistance values of ZLS, LS,, and PICN were shown to be
similar [34]. At 0.5 mm thickness, a substantially reduced mechanical resistance was evidenced
for most metal-free, silicate-based, feldspathic, and hybrid materials [35,58]; on the contrary,
another research, aimed at comparing fracture resistance of full-coverage minimally invasive
crowns made of ZLS, PICN, and high translucent zirconia ceramics (HT-Z), showed that with
minimal thickness of 0.6 mm restorations made of HT-Z and PICN were mechanically resistant
within the range of biting forces, while ZLS exhibited the lowest load values [59].

FEA studies have been increasingly carried out in the last decade on the topic of metal-free
materials, allowing an “in silico” reliable evaluation of mechanical behavior of dental
restorations. In a research on stress distribution in occlusal veneers, a direct correlation between
restoration thickness and concentration of tensile stresses was detected, in the following
decreasing order for the simulated materials: HT-Z (highest stress concentration), LS,, FC, ZLS,
and PICN [60]. Moreover, the typology of restorative material differently influenced the
concentration of stress on the cement layer, in the following decreasing order: PICN > HT-Z >
ZLS > LS, > FC. In the same study, the cement layer thickness was not shown to be relevant to
mechanical resistance.

In another FEA investigation, higher stress concentrations on the cement interface were detected
reducing ceramic thickness [46].

As regards the influence of preparation design on ZLS mechanical resistance, it has been
evidenced that an increase in total occlusal convergence from 12° to 20° resulted in higher load-

to-fracture values of ZLS crowns and did not influence their internal and marginal fit [61].
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3.4.4 Fracture patterns and plastic deformation

Some fractographic studies have been carried out in order to shed light on mechanical behavior
and failure patterns of ZLS restorations.

Silicate-based materials like ZLS and LS» are showed to suffer mainly from unrepairable and
catastrophic fracture patterns, differently from hybrid ceramics, in which limited chipping and
type II fracture patterns (i.e., affecting less than half the crown) are more commonly found [25].
Light microscopy showed that ZLS failures consisted primarily of bulk fractures starting from
the cementation surface as radial cracks propagating to the cervical area [46,58,62-63]. It has
also been evidenced that both ZLS and LS, are susceptible to slow crack propagation, which is
one of the main causes of failure in metal-free prostheses [24].

ZLS and LS> have been reported to show similar susceptibility to subcritical crack growth, a
phenomenon more limited for zirconia thanks to its phase transformation known as
transformation toughening [43]; in another study, an effective mechanism of crack interruption
was confirmed in ZLS by the presence of clear semicircular arrest lines at scanning electron

microscope (SEM), close to the origin of failure [57].

3.4.5 Fatigue failure load

To date, it has been demonstrated that load-at-fracture resistance of ZLS makes this material
suitable for clinical purposes; cyclic loading simulating 1 year of use (i.e., 10° cycles at 4 Hz and
a load of 88 N) did not result in ZLS crowns fatigue failure [61]. As regards the effects of
thermal aging, the results reported in the literature are still controversial; in an investigation,
experimental aging (i.e., 10° cycles at 2.5 Hz and a load of 50 N with thermal aging of 10,000
cycles at 5-55 °C) did not compromise the mechanical stability of the material [17], conversely,
in another study, aging (induced according to staircase method with 100,000 cycles at 20 Hz and
thermal aging of 10,000 cycles in 5-55 °C) determined a reduction in fatigue failure load [63].
Furthermore, it was reported that thermo-mechanical fatigue reduced the survival rate and
fracture strength of ZLS occlusal veneers bonded to enamel using the self-etching technique
[64].

Several investigations evaluated the fatigue failure load of ZLS, with different experimental
designs [46-47,65]. An in vitro study using the boundary and staircase fatigue methods showed
that, after 10° cycles, a degradation of 78% of the initial strength occurred for both fatigue
methods; differently, when the number of cycles increased from 103 to 10%, there was no further
significant degradation [47].

In another research, fatigue failure loads for ZLS, determined using the staircase method (i.e.,

100,000 cycles at 20 Hz) at ceramic thicknesses ranging from 1.0 to 2.5 mm, showed the
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following values: Suprinity =716.5+95.5 N (at 1.0 mm) up to 1119.6 £ 241.7 N (at 2.5 mm);
Celtra Duo =404.0 +£ 43.3 N (at 1.0 mm) up to 1126.8 = 80.2 N (at 2.5 mm). From these results,
it can be asserted that different ZLS thicknesses affect the fatigue failure load of the bonded
system so that the thicker the ZLS, the higher the expected fatigue failure load. Moreover, the
staircase experimental procedure confirmed that the firing procedures (glaze firing process or
crystallization firing) improved the fatigue failure load [63].

Comparisons among the fatigue behavior of ZLS and other materials have shown conflicting
results among different studies, perhaps due to the different fatigue test designs performed.
Comparative in vitro studies between ZLS and other materials showed that CAD/CAM posterior
ZLS crowns exhibited better fatigue resistance than LS, but worse than monolithic crowns made
of translucent zirconia [66]. In a different analysis performed with the optical coherence
tomography, ZLS showed the highest horizontal and vertical fatigue damages, followed by
PICN, resin composites, and 5 mol% Y>0s- partially stabilized zirconia [67].

Another in vitro investigation reported that the fatigue behavior of ZLS was similar to LS> and
leucite ceramics, better than FC and PICN but worse than resin nanoceramic (RNC); in the same
study, the fatigue failure load evaluated by a step-stress approach (i.e., 400 N-2200 N; step-size
of 200 N; 10,000 cycles per step; 1.4 Hz) reached 1013.33 N after 40,666 cycles for ZLS [65].
These results do not clarify whether the fatigue behavior of ZLS is better than LS», but it should
be noted that RNC [65] and resin composites [67] expressed better fatigue performance than
ZLS, due to the superior flexibility and reduced brittleness, probably determined by the resinous
content in their microstructure [65]. In any case, compared to zirconia, it is clear that ZLS is less
efficient even in fatigue behavior [66-67].

Surface morphology is a factor that seems to affect fatigue behavior; in fact, ZLS presented
higher survival probability and fatigue strength when polished than when showing a roughened
surface [68]; in support of these results, another in vitro study reported that higher degrees of
roughness (i.e., Ra =1.98 um; Rz = 12.25 pm) had a negative influence on the fatigue
performance of ZLS [33].

3.5 Marginal and internal fit

ZLS crowns were proved to offer clinically acceptable internal and marginal gaps (<150 pm)
[9,18-19,36,69]. This is in agreement with manufacturers’ documentations reporting good edge
stability at a thickness of 160-200 um [2,70]. Nevertheless, higher levels of marginal misfit were
reported for ZLS implant-supported crowns compared to LS; CAD/CAM ones in an in vitro
study [9].
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As regards design preparation, it has been demonstrated that marginal and internal adaptation of

ZLS crowns is not significantly affected by the parameter of total occlusal convergence, in a

range comprised from 12° to 20° [61]. With regard to ZLS overlay restorations, a preparation

design characterized by anatomical occlusal reduction with rounded shoulder and a central

groove exhibited poorer marginal adaptation than one with anatomical occlusal reduction alone

[71]. This latter preparation design also showed the highest fracture resistance (2737.95 +
409.66) [72].

As regards endocrown restorations, the following, not exciting, mean values of fit were reported

for ZLS: margin = 131.0 um, axial = 160.8 um, and occlusal = 182.3 um [73]; internal and

marginal adaptation of endocrowns were not demonstrated to be significantly different among

ZLS, LSy, and PICN [69].

Conclusions

According to the present literature review, in the current state of knowledge, the following

conclusions can be drawn for the mechanical and biological properties of ZLS CAD-CAM:

l.

Despite the presence of zirconia grains in the glassy matrix, there is no undisputed
evidence confirming a higher mechanical strength compared to LS. The fracture
resistance was reported to withstand physiological occlusal forces. At 1.0 mm thickness,
the durability is promising.

ZLS crowns can exhibit clinically acceptable internal marginal gaps (<150 pm).

. After the firing process, there is an increase of modulus of elasticity, flexural strength,

fracture toughness, hardness, and characteristic strength, in parallel with a decrease of
both the Weibull modulus and volume (shrinkage).
The firing and polishing procedures positively affect the fatigue failure load.

. ZLS seems to show a certain degree of biocompatibility, allowing proliferation,

coverage, and spreading of HGFs, encouraging its use in contact with peri-implant soft

tissues.

Although ZLS can be considered promising hybrid ceramic materials for CAD-CAM

technologies, it cannot be denied that further in vitro and, in particular, randomized controlled

trials in vivo studies are needed to accurately define mechanical properties and biocompatibility

of ZLS-based restorations both tooth- and implant-supported.
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4.3 OPTICAL BEHAVIORS, SURFACE
TREATMENT, ADHESION, AND CLINICAL
INDICATIONS OF ZIRCONIA-REINFORCED
LITHIUM SILICATE (ZLS): A NARRATIVE
REVIEW

Sorrentino Roberto, Ruggiero Gennaro, Di Mauro Maria Irene, Breschi Lorenzo, Leuci Stefania,
Zarone Fernando.

JDent. 2021;112:103722

Introduction

The demand for minimum invasive, highly esthetic, and durable dental restorations has led to the
development of various Computer-aided design / Computer-aided manufacturing (CAD/CAM)
materials. Among these, two different zirconia-reinforced lithium silicate ceramics (ZLS) were
introduced in the market, available in a pre-crystallized or crystallized form: Vita Suprinity PC
(Vita Zahnfabrik, Bad Séackingen, Germany) and Celtra Duo (Dentsply Sirona, Hanau-Wolfgang,
Germany) [1-3]. Suprinity and Celtra Duo are reported to be biocompatible materials and present
similar microstructural configuration: tetragonal zirconia grains added to a homogeneous glassy
matrix that consists of round and submicrometric elongated grains of lithium metasilicates and
lithium orthophosphates [2-6]. Also, lithium disilicate grains are generated after a crystallization
process. This structural configuration was made to offer higher optical properties and increased
mechanical strength, compared to other glass-ceramics. Nevertheless, data about this topic are
controversial [4,7-12].

Although the dimensions of the lithium metasilicate crystallites are different in the two materials,
from about 0.5 um for Suprinity to 1.0 um for Celtra Duo [6], to date, no significant differences
were reported about the mechanical and optical properties of these two materials.

The modulus of elasticity, flexural strength, fracture toughness, hardness, and characteristic
strength increase after the ZLS firing procedure, while the Weibull modulus and volume

decrease [1,13].
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The fracture resistance withstands physiological occlusal forces [7,9,13] and the durability of
ZLS-based restorations seems to be promising at 1.0 mm thickness [14].

The optical and mechanical properties of ZLS allow it to be used for single-unit restorations,
either for partial or full coverage, tooth- or implant-supported, in both anterior and posterior
regions [4,15-16], as well as for table-tops [7,17].

Nowadays, many questions remain unanswered for ZLS-based restorations, such as the proper
acid etching protocol, in terms of both concentration and etching times, the choice of the ideal
kinetics of cement polymerization (i.e., dual- or light-curing), and the effect of silane treatment
on adhesion [18]. Furthermore, in the current state of the literature for ZLS, the wear behavior is
not completely clear and there is no scientific evidence that supports one polishing system rather
than another.

With the aim of assessing the esthetic properties, clinical indications, and handling procedures of
ZLS, the present review was focused on the following points: optical characteristics, surface

treatments and cementation, polishing procedures, wear behavior, and clinical indications.

Methods
2.1 Search strategy

An extensive search of the literature for papers related to ZLS was performed on the databases of
PubMed (Medline), Scopus, Embase, Google Scholar, Dynamed, and Open Grey. Additionally,
the "snowballing" approach was used to identify further papers by reading the reference lists of
records that have already be found.

The literature search was performed using combinations of the following keywords: "zirconia-
reinforced lithium silicate" OR “ZLS". The queries used for each database were as follows:

* PubMed (Medline), Google Scholar, and Open Grey = “(zirconia-reinforced lithium silicate)

or (zls)” was added into each query box.
* Dynamed = ZLS; zirconia-reinforced; zirconia-reinforced lithium silicate; zirconia lithium.

*  Scopus = ( TITLE-ABS-KEY ( zirconia-reinforced AND lithium AND silicate ) OR
TITLE-ABS-KEY (zls ) ).

* Embase = 'zirconia-reinforced lithium silicate' OR ('zirconia reinforced' AND ('lithium'/exp

OR lithium) AND ('silicate'/exp OR silicate)) OR zls.
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To exclude duplicates, the references of the identified records were uploaded as Research

Information Systems files into Mendeley (Mendeley Ltd., London, UK).

2.2 Inclusion and exclusion criteria

Studies were considered appropriate if they satisfy the following inclusion criteria:
1) Studies addressing at least one of the following topics about ZLS for CAD/CAM systems:

* optical properties;

e wear behavior;

» polishing and/or glazing procedures;

» surface treatments and/or cementation procedures;
» clinical indications and/or outcomes.

2) studies performed in vitro, in silico, or in vivo.

3) case reports;

4) systematic reviews.

The following exclusion criteria were used: 1) animal studies; 2) non-dental studies; 3) studies
only focusing on ZLS used in the traditional heat-pressed ceramics process.

No restrictions were made to the year of publication or the language of the papers.

2.3 Data extraction

For the present narrative review, the following variables were considered:

1) optical properties;

2) surface treatments;

3) cementation procedures;

4) polishing and glazing procedures;
5) wear behavior;

6) clinical indications.

According to the inclusion criteria, 3 calibrated researchers (F.Z., G.R., and R.S.) independently
selected the articles reading the titles, abstracts, and keywords. The full text of each record was
read to evaluate if it was eligible for inclusion. In case of disagreement among the investigators,

a majority criterion was used (i.e., 2 out of 3).
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2.4 Calibration process

To conduct pilot calibration exercises on the collected titles and abstracts, the three reviewers
used a common and random set of 20 references, considering the inclusion and exclusion
criteria. After this exercise, the reviewers debated about which references were included or not.
Before screening the whole set of titles and abstracts recorded, this procedure would have
repeated until they had reached an agreement on at least 90% of the articles. After reading titles
and abstracts, the calibration system was also used on a random selection of 10 papers for full-

text screening of the included papers, with the same agreement level.

Results

The search strategy reported 936 records, including duplicates: 184 from PubMed/Medline, 239
from Scopus, 175 from Embase, 294 from Google Scholar, 41 from Dynamed, 0 from Open
Grey, and 3 with the “snowballing” approach. The duplicates were eliminated, thus all of the
selected databases produced 280 records. After the analysis of titles, abstracts, and keywords, the
investigators excluded 143 records since they did not meet the eligibility criteria. Among the
remaining 137 records, 39 more were excluded after a full-text examination since these records
did not present considerable information about ZLS for dental research and clinical practice. The
remaining 98 articles were included in this narrative review.

According to the above-mentioned inclusion criteria, in this narrative review in vitro studies and
case reports were found but no systematic reviews.

The workflow of the paper screening process is reported in Figure 1, according to the “PRISMA
2009 Flow Diagram” [19].

After just one calibration exercise, the reviewers achieved an agreement level of more than 90%
on titles and abstracts screening and 100% on full-text articles screening.

No disagreement was pointed out among the search investigators.
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Figure 1 - Title: Search flowchart as described in the PRISMA guidelines.

Caption: (n = number of records).

g Records identified through database searching Records identified
= (n =933): PubMed/Medline (184), Scopus throuch the “snowballin
g (239), Embase (175), Google Scholar (294), & i g
g Dynamed (41), and Open Grey (0) approach” (3)
o
Records after duplicates removed
(n=1280)
)
an
|
5 Records excluded
A Records screened after the examination of
—’. .
(n=280) titles, abstracts, and
— keywords (n = 143)
)
g . Records excluded
s Full-text artllc.le.s .assessed for because not relevant to
20 eligibility the full-text analysis (n
m (n=137) =39)
| —
B
b= Studies included in the
E’ qualitative synthesis
- (n=98)

205



3.1 Optical properties

One of the main strong points of ZLS is, no doubt, the esthetic performance, being the material
highly appreciated for its optical properties, such as the translucency. Some in vitro studies
reported that ZLS exhibits higher translucency than resin nanoceramics (RNC), polymer-
infiltrated ceramic networks (PICN), feldspathic ceramics (FC), and lithium disilicate ceramics
(LS2) [15,20-21].

In comparison with LS,, the higher degree of ZLS translucency has been explained by the
presence of smaller silicate crystals, determining a higher glassy content in the matrix [22].

It was also demonstrated that ZLS exhibits better translucency than monolithic highly translucent
zirconia ceramics [23-24]. Moreover, as expected, the material showed lower substrate masking
ability than zirconia [25] and LS [25-26].

Conversely, other studies reported that ZLS exhibits lower translucency than LS, [23,27-28],
both before and after thermocycling [24,29], as well as higher opalescence values [27-28],
probably due to the larger crystal dimensions and the higher firing temperature of LS [30]. Also,
another investigation reported lower translucency and higher opacity values for ZLS than FC,
LS,, PICN, leucite reinforced ceramics (LC), hybrid ceramics (HC), RNC, and nanohybrid
composite resins [29].

Various factors negatively influence the translucency in ZLS restorations, such as increased
surface roughness [28], ultraviolet (UV) aging [29], and thermal aging [12]. This last factor
determines a translucency reduction higher for ZLS than for FC and LS [12]. Conversely, other
studies reported that thermal aging improves the translucency of ZLS [24,31].

Color stability is another important element in the long-term esthetic success of ceramic
restorations in the anterior sites. According to some in vitro studies, ZLS color stability is higher
than composite-containing materials [32], but is lower than LS, [21,26,33-34], PICN [21,26],
and FC [35]. Color stability is enhanced by the firing technique [35] but is negatively affected by
the use of staining beverages [34,36] and thermal aging [24].

Moreover, there is some evidence that, at low thickness, ZLLS monolithic restorations are more
prone to color changes [23,33]. In particular, at 0.5 mm thickness, the color change was
clinically unacceptable for ZLS, but this drawback was not evidenced for zirconia and LS> [23].
At the same time, increasing thickness reduces the problem of discoloration after coffee
thermocycling [33].

In some cases, it can be desirable masking with restorations dark substrates that cannot undergo
or are not responsive to bleaching treatments. As regards such property, ZLS monolithic
configuration can be used onto substrates of shade A3.5, in association with opaque resin-based

luting agents to improve the masking ability [25]. Additionally, opaque cements exhibited
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significantly higher color changes than translucent cements over substrate shade A1 for both LS»
and ZLS (thickness of 0.8 £ 0.01 mm), resulting in whiter optical results [37]. Furthermore, to
achieve the ideal masking effectiveness, the minimum thickness of ZLS should be 1.5 mm over a
gold background and 2 mm over a C2 background, while it was not possible to obtain an ideal
camouflage over silver-colored backgrounds [38].

Manual polishing does not seem to determine a higher color change than glazing [39]. Both the
procedures do not induce significant color changes in the material [30,34,39-40], whereas
extended glaze firing, providing greater crack healing than conventional glazing procedure,
induces clinically unacceptable color changes in ZLS, differently from FC, LC, and LS> [40].
Thickness and surface roughness are the major factors affecting ZLS absolute translucency
[22,28-29,41]. After thermocycling in staining beverages (i.e., coffee), the relative translucency
of ZLS decreased as the thickness increased, by increasing thickness from veneer to crown [33].
The exponential increase of carbonated soft drinks consumption over the years has been
demonstrated to have a significantly detrimental impact on oral and general health, not to
mention economy, for the high sugar content, sparkling, and acidity [42]. From this point of
view, studying the effect of such beverages on dental materials is a hot topic in the current
scientific literature, particularly the possible modifications of restoration surfaces exposed to the
oral environment (i.e., acid erosion, pigmentations, mechanical degradation).

In vitro investigations evaluating the effect of dark-colored beverages on ZLS restorations
reported controversial results: some studies evidenced that thermocycling in cola [36] and coffee
[30] decrease the translucency of both glazed and polished ZLS; conversely, other authors did
not find that thermocycling in coffee affects the translucent behavior of ZLS [23].

It has been demonstrated that prolonged exposure to carbonated acidic drinks (immersion for 7
days in Coca-Cola) can also negatively influence the mechanical behavior of restorative
materials. In an in vitro study, compared to RNC, HC, and nano-hybrid composites, ZLS showed

lower micro-hardness changes after prolonged experimental exposure to Cola drinks [43].

3.2 Surface treatment and cementation

Due to the hybrid nature of ZLS, proper surface pretreatments should be performed to enhance
chemical bonding and micromechanical interlocking mechanisms before cementation [44-46].
ZLS-based materials contain silica and, similarly to the other glass-ceramics, can be modified

with hydrofluoric acid (HF), obtaining advantageous micromechanical retention due to the

dissolution of the glassy matrix [18].
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HF etching, in combination with silane primer application, represents the gold standard for
bonding to lithium silicate-based glass ceramics, including ZLS [46]. HF etching produces a
honeycomb-like microrough, porous surface, while particle abrasion with glass beads caused
abrasion of the glassy matrix [46].

Besides surface conditioning, the bond strength between resin cements and ZLS is also
significantly influenced by aging; in fact, it has been demonstrated that thermocycling decreases
bond strength [47-49].

The fatigue loading of ZLS could be efficiently increased by HF etching and silane coupling, the
latter ensuring an effective chemical interaction between resin-based agents and ZLS [50]. Silica
coating was reported not to be effective in maintaining the bond strength over the long term [47]
and sandblasting and CoJet were proved to be less effective than HF etching for Suprinity [18].
Furthermore, another in vitro investigation reported that acid etching with 10% HF for 20 s
shows higher shear bond strength mean value (10.81 MPa) than sandblasting with 50 pum
aluminum oxide for 60 s (7.76 MPa) [51].

Tribochemical silicatisation-based treatment protocols were not recommended for adhesive
cementation of ZLS, because it was associated with low bond strength after long-term aging,
differently from 5% HF for 30 s, which presented acceptable success as to long-term bond
strength [48]. HF etching surface treatment of ZLS was more efficient than alumina blasting and
erbium, chromium:yttrium-scandium-gallium-garnet (Er,Cr:YSGQG) laser irradiation; the latter
could not be considered as an effective surface treatment for repairing fractured restorations [52].
Some studies have investigated the possibility of repairing ZLS. From this viewpoint, in terms of
microtensile bond strength after surface treatment, the use of nanohybrid composite resin is not
promising either with airborne particle abrasion, tribochemical silica coating, or 5% HF for 90 s
[53]. Furthermore, repair ZLS bond strength could be improved after sandblasting ZLS surfaces
with CoJet sand and silanization [54].

Nowadays, HF etching appears to be the best method for conditioning ZLS surfaces, considering
both acid concentration and etching time [45]. Etching with 5% HF for 20 s was characterized by
small pores, whereas longer etching time exhibited wider and irregular grooves; as the etching
time is prolonged (from 20 to 160 s), the glassy matrix dissolves faster than crystals and both
surface roughness and wettability improve significantly [55]. Conversely, other investigations
asserted that the roughness of ZLS is not influenced by different etching times, although the
contact-angle analysis reveals lower values for 10% HF etching for 60 s, so suggesting protocols
with longer etching times (from 40 to 60 s) [56]. Even if most literature agrees in considering HF
etching as the most effective surface treatment to provide a high bond strength of ZLS [46], data

are quite controversial about etching protocol, such as different values of etching duration and
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acid concentration were suggested. The manufacturer of Celtra Duo recommended 5-9% HF for
30 s [57], whereas independent studies proposed 5% HF for 20 [58] or 30 s [59-60] and 10% HF
for 90 s [50]. Another paper evidenced that to preserve ZLS microstructure, the best finding
results from etching the surface with 4.9% HF for 20 s, while 4.9% HF for 40 s and 9.5% for 20
and 40 s cause progressive surface degradation [61]. Similar findings were obtained from
another investigation, in which the most efficient etching method is achieved by using 4.9% HF
for 20 s, particularly, etching time (i.e., 20, 40, 60, 120 s) do not significantly affect adhesion
such as HF concentration, which proves to be better at 4.9% than 9.5% [62].

It is worth noticing that conditioning glass-containing materials with aggressive etching
protocols may damage their internal microstructure, negatively influencing the mechanical
performances, in particular, for very thin restorations, just like veneers and table-tops [63].

An in vitro bond-strength study indicated the application of self-etching ceramic primers
containing polyfluoride for etching and trimethoxypropyl methacrylate for silanization, as a new
viable alternative to conditioning the internal surface of ZLS restorations [64].

The high translucency of ZLS allows for proper polymerization of light-cured resin cements.
Nonetheless, dual polymerization of resin cements results in higher Vickers hardness and depth
of cure values than using light polymerization [20]. The biaxial flexural strength values improve
increasing etching times from 20 to 60 s at 10% HF, followed by the application of resin cements
[56]. Moreover, additional firings allow bond strength maintenance after aging, when ZLS was
conditioned with 5% HF for 30 s [49] and the fracture toughness of ZLS crowns could be
enhanced by using self-adhesive resin cements rather than glass-ionomer luting agents [65].
Furthermore, higher bond strength in ZLS cementation to dentin was reported by using resin
cement with an etch-and-rinse and a universal adhesive agent than a self-adhesive resin cement
[66].

To improve the biomechanical behavior of ZLS restorations, it is advisable to use low elastic
modulus resin cements due to a reduced stress concentration in the cement layer that could be
transmitted to ceramics [67].

Nonetheless, conventional adhesive resin cements are highly recommended especially for
occlusal veneers; furthermore, self-etching techniques are not recommended for luting thin and
minimally invasive occlusal veneers to enamel, as in this case the long-term survivability was

reported to be questionable [68].

3.3 Polishing and wear behavior

Finishing of ZLS restorations can be obtained by both the glaze-firing cycle and the surface
mechanical polishing [69].
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In a study on the efficacy of different techniques for controlling roughness of ZLS and LS,, it
has been shown that manual finishing plus polishing for 60 s and the use of a glazing paste
obtain the best results; moreover, ZLS exhibits higher polishability than LS (namely IPS e.max
CAD) [70].

To date, about refining and intraoral adjustments, LS, remains one of the most difficult materials
to polish [45,71].

As regards the influence of professional dental prophylaxis protocols, it has been shown that the
glossy surface of ZLS is only slightly affected by the conventional oral hygiene treatments,
differently from resin composite blocks, that undergo a significant increase in surface roughness
[72].

Machinability of CAD/CAM materials is an important mechanical property because it strongly
affects the final quality of the restoration. Some studies reported that, in its crystallized form,
ZLS is characterized by a higher machinability index than in the pre-crystallized one [73].
Consequently, after crystallization, it is more difficult to be machined and polished for the harder
microstructure and improved strength [73].

Contrary to these findings, in another investigation, the brittleness index analysis estimates
greater machinability after the crystallization process than in the pre-crystallized form [74].
Although mechanical polishing has been addressed as a very effective method to reduce ZLS
surface roughness [28,30,70], for this purpose LS> has been shown to take better advantage using
glaze firing (i.e., glaze powder and liquid in a vacuum furnace) [28].

As regards the resistance to wear, glaze-fired ZLS exhibits a wear depth and a volume loss
statistically similar to those of type III gold alloy; such resistance is reduced when the material is
milled and unglazed. Wear depth and volumetric loss of glaze-fired ZLS do not differ
statistically from human enamel [75-76]. These in vitro results seem to emphasize the
importance of the glaze-firing process to improve the wear resistance of ZLS.

Moreover, ZLS was reported to be more resistant to wear than LS, [77] and PICN [78].
According to an in vitro study, ZLS can induce a significant amount of enamel tooth wear after 1
year of intraoral function [79]. Additionally, a higher amount of wear onto ZLS is caused by
zirconia ceramics rather than tested steatite and acrylic resin [80].

Machinability is one of the weak points of high strength silicate-based glass-ceramics, exhibiting
both ZLS and LS; high machinability indexes and brittle fracture mechanisms induced by high
grinding forces and energy with diamond tools. In particular, in an in vitro investigation, ZLS
machinability was reported to be poorer than LS», ranked as the most difficult to machine among

glass-ceramics, due to the materials’ tendency to edge chipping damage [81].
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Finally, as regards ZLS wear resistance, an in vitro study reported better results with the use of

microwave energy during firing procedures rather than conventional firing processes [82].

3.4 Clinical indications and outcomes

To date, the available studies regarding the clinical performance of ZLS are quite scarce and
mainly limited to case reports. ZLS was employed for monolithic full-contour crowns [58],
monolithic partial crowns [58-59], laminate veneers [83], and screw-retained implant-supported
monolithic crowns in the anterior sites [84].

Some authors recommended the use of ZLS for tooth-supported monolithic anterior [11] and
posterior crowns [14,16,85-87], thanks to the advantageous mechanical and optical
characteristics of such materials, showing fracture strength values above the clinically expected
loading forces [14]. Indeed, according to ISO-6872:2015, the mechanical properties of ZLS
enable the use of such hybrid materials for anterior and posterior single-unit adhesive crowns,
but not in the case of fixed partial dentures [88-89].

Furthermore, ZLS has been advised for molar no-prep occlusal veneers [7,17] and implant-
supported single crowns [90-91], although the insertion of a screw channel might reduce the
stability of ZLS restorations [92].

As regards endodontically treated molars, mean fracture loads of 886.9 £ 195.7 N were reported
for ZLS endocrowns [93]. Other investigators showed that the fracture resistance of monolithic
ZLS endocrowns (1859 N) was worse than that of zirconia ceramics (6333 N) [94]. However, the
high number of irreparable failures occurring in ZLS endocrowns has to be taken into account
for their use onto posterior teeth [95].

To date, a small number of clinical studies were performed to evaluate the clinical success and
survival rates of ZLS.

ZLS-based restorations onto the posterior tooth, for inlays or partial crowns, showed a high
clinical success rate (96.7%) after 1 year of clinical service and a failure rate of 3.3% as a result
of bulk fractures [96]. In a short-term clinical study, a survival rate of 100% was reported with
ZLS partial coverage restorations onto 23 premolars and molars after 1 year of observation [97].
Similarly, a promising 3-year success rate of 98% was noticed onto 88 premolars and molars
partial crowns [98]. In 2-year follow-up examinations of 61 partial crowns made on vital
premolars and molars, it was observed that, out of 31 restorations made with a thickness of 0.5-
0.74 mm, two failures were detected due to ceramic fracture (survival rate = 94.0%), while for
the other 30 restorations with a thickness of 0.75-1.0 mm no losses were recorded (survival rate

=100%) [99].

211



Moreover, ZLS anterior crowns were reported to be a safe and valid restorative solution after 2
years of service [100].

Finally, a clinical study evaluated the esthetic outcomes of ZLS full coverage restorations,
showing very positive results, according to the modified United States Public Health Service
(USPHY) criteria, as to shade matching (100% alpha ranking) and patients’ satisfaction (100%,
according to Visual Analogue Scales - VAS) [101].

3.5 Limitations of the search methodology

The present paper is a narrative review. This approach offers a summary of the current literature
rather than a synthesized finding or response to a particular question.

With the narrative review, the presence of statements about the formal synthesis and the quality
of evidence is excluded. Moreover, the narrative reviews are susceptible to bias from a variety of
sources since a critical assessment of the risk of bias is not needed in this type of paper.
Therefore, the present article does not provide any statistically proven findings such as a
systematic review or meta-analysis. Differently, it qualitatively summarized evidence, displaying
a synthesis of optical properties, surface treatment, adhesion, and clinical indications about ZLS

in CAD/CAM systems.

Conclusions

According to the present narrative review, the following conclusions can be drawn:
e there is no indisputable evidence demonstrating the improved optical properties compared to
LS>, notwithstanding the peculiar microstructural configuration, that is characterized by a

glassy matrix and the presence of zirconia grains;

e ZLS presents clinically acceptable color changes when it is treated with conventional glazing
or polishing, whilst extended and/or repeated glaze firing cycles can affect negatively the
final color of restorations; no significant differences in color stability were pointed out

between manual polishing and glazing;

e ZLS exhibits lower color stability than LS, and FC but higher than composite-based

materials;

e ZLS shows poorer machinability than LS,. After crystallization, mechanical polishing is the

most effective method to reduce its surface roughness;
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e ZLS can be conditioned with conventional acid etching techniques. However, to date what is
the best etching protocol is still under debate; in any case, silane coupling and dual-curing

polymerization of resin cements are strongly recommended;

e ZLS can be used for anterior and posterior single-unit adhesive crowns, molar table-tops,
monolithic partial crowns, laminate veneers, and implant-supported single crowns. It does

not seem to be a viable option for endocrowns onto posterior teeth or fixed partial dentures;

Although ZLS can be considered a highly promising hybrid ceramic material for CAD/CAM
technologies, further in vitro and in vivo studies are needed to define accurately the optical
properties, the operative procedures for surface treatment and cementation, as well as the clinical
indications and the long-term performance of ZLS-based, both tooth- and implant-supported

restorations.
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4.4 DENTIN EXPOSURE AFTER TOOTH
PREPARATION FOR LAMINATE VENEERS: A
MICROSCOPICAL ANALYSIS TO EVALUATE
THE INFLUENCE OF OPERATORS’ EXPERTISE

Roberto Sorrentino, Gennaro Ruggiero, Bruna Borelli, Alberta Barlattani and Fernando Zarone

Materials 2022, 15, x.

1. Introduction

In recent decades, laminate veneers (LVs) have become a widespread treatment option for the
possibility of meeting the demand for long-lasting, highly aesthetic, and minimally invasive
restorations [1-3].

An LV is defined as a superficial or attractive display in multiple layers that restores a tooth
at the incisal, buccal, and/or part of palatal and interproximal surfaces [4]. It could be made of
porcelain-based or porcelain-free materials, such as feldspar ceramics, lithium disilicate, zirconia,
or zirconia-reinforced lithium silicate [5—7]. This type of restoration allows for the restoring of
dental aesthetics, in cases of misalignment, wear, discoloration, fractures, and morphological
alterations [8,9]. Moreover, additional partial veneers, “minimal preparation” and even “no-
preparation (or prepless)” laminate veneers can be used in situations involving a minimum ceramic
application, with a thickness of 0.3—0.5 mm, such as in the closure of diastemas, limited reshaping
of front teeth, treatment of microcracks, enamel defects, and minor discolorations [9-11].

With LVs, the teeth are considerably preserved, thanks to the reduced thickness required by
the new biomimetic ceramic materials and by the efficient bond with enamel [1]. The survival rate
of LVs is negatively affected by veneer preparations extending into dentin, allowing enamel an
optimal adhesion [1-3,12—14].

Four typologies of tooth preparation designs are mostly used for LVs: window (WI), feather
edge, butt joint (BJ) (“incisal bevel”), and palatal chamfer (“overlapped”) [15]. The first two

configure the “non-overlap” class, the other two the “overlap” class [16,17].
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Besides, high survival rates were reported in the literature for the different preparation designs
[17]. The incisal-covered preparation designs for LVs show an increased risk of failure compared
to those without incisal coverage [18]. Among incisal-covered designs, the BJ is a type of
preparation that affects the tooth strength less than the palatal chamfer, while the latter is more
prone to ceramic fractures [16,19]. It is worth noting that the location of LVs is also a relevant
factor in the risk of failure. Particularly, maxillary central and lateral incisors prepared with a
palatal chamfer exhibited greater fracture strength than those prepared with a WI preparation
[18,20]. Conversely, maxillary canines prepared with the WI design were more resistant to fracture
than those prepared with a palatal chamfer [20]; however, it has to be pointed out that the
preparation of designs with an incisal covering yield better aesthetic results than designs without
incisal coverage [2].

In the present study, the BJ and WI geometries were selected as the most scientifically
validated and clinically used preparation designs for laminate veneers [16,18]. Given that the
thickness of enamel is not homogenous and can vary both in the mesio-distal and apico-coronal
directions [21], designs limited to the buccal surface (i.e., window) are somehow more
conservative than preparations involving the incisal margin reduction (i.e., feathered, butt joint,
palatal chamfer) [2]; therefore, the more dental tissue is removed, the greater the risk of exposing
dentin [22,23].

Moreover, several clinical investigations proved that different operative approaches could
significantly affect dentin exposure; nevertheless, a correlation between particular preparation
designs and the amount of exposed dentin has not yet been defined [22,23]; therefore, freehand
preparation was chosen in the present study to simulate the worst clinical scenario.

In any case, detecting the exposition of dentin structure during tooth preparation is not easy,
affecting the effectiveness of bonding. In this regard, optical magnification systems can be helpful
to better visualize dental tissues [24]. Furthermore, there could be inter- and intra-individual
variability in the recognition of tooth hard tissues and, therefore, of exposed dentin. In particular,
the inter-individual variability could be relevant in the case of operators with different clinical
expertise.

To date, to the authors’ knowledge, there are no investigations evaluating possible differences
in the identification of hard tissues in prepared teeth with different preparation designs, using
magnification systems, between operators with different clinical expertise.

The purpose of the present in vitro investigation was to assess the areas of dentin exposure
with the use of a stereomicroscope in 2 different designs of tooth preparations (WI and BJ) for
LVs.

For this purpose, two null hypotheses were formulated:
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there is no association among different designs of tooth preparation for LVs and the amount of
dentin exposure;
there is no difference both intra- and inter-individual in the discrimination under magnification

between prepared enamel and dentin for operators with different clinical expertise.

2. Materials and Methods
2.1. Specimen Selection

Twenty maxillary central incisors extracted for periodontal pathologies, free of caries and
restorations, were collected among the discarded teeth extracted at the Department of Oral Surgery
of the University Hospital “Federico II” of Naples. Also, teeth with wear were excluded. Any
plaque, calculus, and periodontal ligament residues were removed using ultrasonic instruments,
curettes, and silicone rubber polishers. The collected teeth were extracted from patients with an
age range of 35 to 50 years. The maxillary central incisors were included in the study if fulfilling
the anatomical parameters described by Nelson and Ash [25] (Figure 1):

crown length: 10-10.5 mm;

root length: 12—13 mm,;

mesiodistal diameter of crown: 8.5-9 mm,;
mesiodistal diameter of crown at cervix: 6.3—7 mm,;
buccopalatal diameter of crown: 7 mm;

buccopalatal diameter of crown at cervix: 6 mm [25].

(b)

Figure 1. Reference scale and selected anatomical dimensions according to the parameters
described by Nelson and Ash. (a) crown length and mesiodistal diameters; (b) buccopalatal
diameters. Each dash is spaced half a millimeter apart.

Therefore, all the selected specimens presented a total length of 22 + 1 mm, buccopalatal and

mesiodistal crown lengths of 7+ 1 mm and 9 £+ 1 mm, respectively.
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Only the average dimensions of sample teeth but not the variation in enamel thickness were
considered, so as to simulate a real clinical scenario, in which enamel thickness can vary according
to the anatomy of each tooth.

The specimens were stored in a 1% solution of thymol at 25 °C immediately after extraction
and for a maximum period of 4 weeks.

Subsequently, they were placed into cylinders filled with autopolymerizing resin (Orthojet
Lang, Ravelli S.p.a., Milan, Italy) leaving at least 2 mm of the root exposed apically to the
cemento—enamel junction, in order to make finish lines visible. The specimens were randomly

numbered in ascending order to be identified individually.

2.2. Tooth Preparation

One experienced prosthodontist performed 2 different tooth preparation designs for LVs at
sight under magnification of 16x, with a dedicated medical stereomicroscope (OPMI PROergo,
Carl Zeiss AG, Oberkochen, Germany). According to the preparation designs, the specimens were
divided into 2 experimental groups (z = 10), named WI and BJ.

For each specimen, a silicone index was made before preparation with silicone material
(Platinum 85, Zhermack S.p.a., Rovigo, Italy) to check the thickness of the dental tissues removed
during tooth preparation. Each silicone index was created by sectioning the index vertically
through the maximum longitudinal axis of each tooth, along the buccopalatal plane. All the
sectioned indexes were numbered according to the corresponding tooth.

Each preparation was performed with dedicated diamond-coated burs (801.314.006 and
837KR.314.012, Komet, Gebr. Brasseler GmbH & Co. KG, Lemgo, Germany) mounted on a
contra-angle handpiece 1:5 for micromotor (WK-99 LT, Synea, W&H Dentalwerk GmbH,
Biirmoos, Austria) at 200.000 min~'/rpm under spray water. The specimens were prepared with a
mini-chamfer cervical finish line of 0.3 mm and buccal depth of 0.6 mm. The preparation
thicknesses were carefully checked with the silicone index and a millimeter-periodontal probe
(Offset Williams Probe, Hu-Friedy Mfg. Co., Chicago, IL, USA), under magnification. For BJ
preparations, the incisal margin was removed to a length of 2 mm (Figure 2a), while for WI
preparations the incisal margin was preserved (Figure 2b). Arkansas burs (661-204-420, Komet,
Gebr. Brasseler GmbH & Co. KG, Lemgo, Germany) were used for finish line polishing and
surface smoothing. The polishing burs were mounted on a contra-angle handpiece 1:1 for
micromotor (WK-56 LT, Synea, W&H Dentalwerk GmbH, Biirmoos, Austria), at 20.000

min~!/rpm under spray water.
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() (b)

Figure 2. The tested preparation designs for LVs: (a) butt joint (BJ); (b) window (WI).

2.3. Analysis of Prepared Surfaces

Immediately after tooth preparation, the dried surfaces were analyzed following a protocol
similar to the one of Blunck et al. [1]. The specimens were photographed through the
stereomicroscope (OPMI PROergo, Carl Zeiss AG) to better evidence enamel from dentin. A
camera (Nikon F-Mount DK-10, Tokyo, Japan) was mounted on a dedicated arm of the
stereomicroscope and each sample was placed onto a stable support surface, in order to obtain a
repeatable and standardized focal distance. The teeth were placed so that the buccal surface was
perpendicular to the optical system of the stereomicroscope.

A raster graphics editor software (Adobe Photoshop CS4 Extended v11.0, Adobe Inc., San
Jose, CA, USA) was used to analyze the pictures made for each specimen. A measurement scale
(1 mm = 129 px) was set referring to a known distance of the picture, displayed in Figure 1 as a
reference millimeter scale.

To assess the quantity of exposed dentin, the full prepared area of the tooth was selected with
the “Quick Selection Tool”, setting a diameter of 3 px and recording the number of pixels from
the “Histogram” function after clicking on “click for histogram with uncached data”. This
operation was made to obtain the percentage of exposed dentin area on the full prepared tooth area,
according to the following formula:

% of exposed dentin area compared to the full prepared area = (exposed dentin area
(px))/(prepared tooth area (px)) x 100.

In the same software, a square was drawn with a 1 mm side, according to the millimetric scale
(Figure 1). Subsequently, the square was selected with the “Rectangular Marquee Tool (M)”, to
obtain the number of pixels corresponding to the square area through the “Histogram” function.

Finally, to know the surface area in mm? of exposed dentin, the following formula was used:
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Area of exposed dentin (mm?) = (exposed dentin area (px))/(reference square area (px)) x 1
mm?.

This procedure was repeated for each picture by 3 operators with different expertise: a trainee
undergraduate student (ST), a general practitioner (GP), and an experienced prosthodontist (PR)
(Figure 3). Operators with different clinical expertise were considered in order to report if there
might be inter- and intra-individual variability in the detection of exposed dentin. Before
performing the measurements, all the operators were trained to use the software with a few
representative dummy pictures.

Nowadays, it is possible to accurately discriminate between enamel and dentin only through
instrumental or histological investigations [26-28]. With regards to the operative procedures,
during tooth preparation clinicians could discriminate between enamel and dentin visually, since
enamel can be kept dry while dentin is characterized by a shiny appearance due to intrinsic
humidity [29], and thanks to patients’ sensitivity, typically subsequent to dentin exposure if
anesthesia was not injected [23]; however, to date, no clear and univocal parameters to clinically
distinguish enamel and dentin have been established yet.

Although the study specimens were kept hydrated until the execution of the microscopical
analysis, dehydration could occur due to environmental conditions and microscopic light;
consequently, discrimination due to intrinsic moisture could not be used for the investigation.

Study operators were trained accordingly, and some specific optical and morphological
features of dental tissues were considered [29]. Particularly, enamel presents with greater
translucency and value, while dentin shows a more intense chroma, opacity, and more polished
appearance. Also, the grooves left by burs were more pronounced and appeared like whitish stripes
onto the enamel (Figure 3). Besides, the operators used the intact interproximal enamel tissue

surrounding the prepared area as a reference for comparison.
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(a) (b) (©)

(d) (e) (f)

Figure 3. Exposed dentin surfaces were detected through digital analysis and the use of a
stereomicroscope by 3 operators with different clinical expertise for 2 preparation designs. ST,
undergraduate student; GP, general practitioner, PR, prosthodontist; WI, window; BJ, butt joint.
(a) ST/WI; (b) GP/WI; (¢) PR/WI; (d) ST/BJ; (e) GP/BJ; (f) PR/BJ. After tooth preparation, the
prepared surfaces were first dried and then photographed with the stereomicroscope. A raster

graphics software was used to analyze the pictures taken and to draw the perimeter of dentin tissue.

With this procedure, 6 experimental groups were made: ST/WI, GP/WI, PR/WI, for the WI
preparation design and ST/BJ, GP/BJ, and PR/BJ for the BJ design.

The evaluation of each operator on the prepared teeth was made by alternating the two
preparation designs and observing a blue paper surface on which to rest the eyes [30], in order to

minimize the impact of operators’ fatigue and avoid the related bias.

2.4. Statistical Analysis

The statistical analysis was performed with a statistical software program (IBM SPSS
Statistics, v25; IBM Corp, New York, NY, USA) on data concerning the percentage and the mm?
of exposed dentin areas. Descriptive statistics (i.e., mean, standard deviation, lower- and upper-
bounds with 95% confidence interval—CI) and specific tests were run to determine the overall

statistical significance of the differences between the experimental groups. Particularly, the
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Shapiro—Wilk and the Levene tests were run, respectively, to assess the normality of the
distribution of the statistical variables and to evaluate the variance homogeneity. The 2-way
analysis of variance (ANOVA) was used to identify interactions among operators and preparation
designs.

The Bonferroni post hoc test or the Welch test followed by the Games—Howell post hoc test
were used to analyze differences among groups (o = 0.05). To consider only clinically relevant
comparisons, all the possible pairwise comparisons among the 6 experimental groups were not
performed; consequently, it was evaluated whether differences existed among operators within a
preparation design and between preparation designs within an operator.

Moreover, a power analysis was performed with the software G*Power (v. 3.1.9.6, Universitit
Kiel, Germany) to determine the sample size effect. To determine the effect size, partial eta
squared (n?) is the effect size measure for the interaction between the within and between subject
variables. Approximate partial eta squared conventions are small = 0.02; medium = 0.06; large =

0.14. A medium effect size was assumed.

3. Results

There was a 99.1% of correctness in rejecting the null hypothesis of no significant effect of

the interaction with 30 WI and 30 BJ measurements for a total of 60 assessments (Figure 4).

Table 1. Results in percentage of exposed dentin areas: mean, standard deviation, and lower-upper
bound (95% confidence interval).

Mean Standard
Operators L. Lower-Upper Bound
(%) Deviation
ST/WI 22.82 9.23 16.21-29.42
ST/BJ 28.99 15.45 17.93-40.04
GP/WI 58.05 21.58 42.61-73.49
GP/BJ 40.56 21.25 25.35-55.76
PR/WI 10.55 10.16 3.27-17.82
PR/BJ 23.42 9.56 16.58-30.26

ST, undergraduate student; GP, general practitioner, PR, prosthodontist; WI, window; BJ, butt joint.

Table 2. Results in mm? of exposed dentin areas: mean, standard deviation, and lower-upper
bound (95% confidence interval).

Mean Standard
Operators L. Lower-Upper Bound
(mm?) Deviation
ST/WI 16.44 7.19 11.29-21.58
ST/BJ 20.83 11.94 12.29-29.38
GP/WI 40.64 12.91 31.41-49.88
GP/BJ 28.32 14.78 17.74-38.89
PR/WI 7.63 7.86 2.01-13.25
PR/BJ 16.75 7.45 11.42-22.09

ST, undergraduate student; GP, general practitioner, PR, prosthodontist; WI, window; BJ, butt joint.
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Figure 4. Power Analysis to define the Sample Size Effect.

The results of the descriptive statistics about the measurements of exposed dentin (in
percentage and mm?) are summarized in Tables 1 and 2, while the box-plot chart of the 6
experimental groups is shown in Figure 5. The means in percentage and mm? of exposed dentin
for WI preparations were 30.48% and 21.57 mm?, while for BJ preparations were 30.99% and
21.97 mm?.

100,00

60,00

19
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40,00 22
[+]
2000 ;
28
o

0o

% of exposed dentin

GPMWI GP/BJ STWI STIBJ PRWI PRIBJ

Experimental groups

Figure 5. Box-plot chart showing values of the percentage of exposed dentin. Whiskers below and
above box exhibit positions of minimum and maximum, whereas box spans show the first quartile
to the third quartile. The median is represented by segments inside the box and suspected outliers
are shown as unfilled circles. ST, undergraduate student; GP, general practitioner; PR,
prosthodontist; WI, window; BJ, butt joint.

The 2-way ANOVA (Table 3) detected statistically significant differences between the
evaluations of individual operators (ST, GP, and PR) (p < 0.001) but not between the 2 types of
tested tooth preparation designs (WI and BJ) (p = 0.898). Nonetheless, the mutual interaction
between the study variables showed a statistically significant difference (p = 0.008).
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Table 3. Results of 2-way ANOVA.

Source SS df MS F p
Corrected Model 13,694.17 5 2738.83 1143  <0.001
Intercept 56,675.34 1 56,675.34  236.67 <0.001
Operator 11,144.83 2 5572.41 23.27  <0.001
Preparation 3.97 1 3.97 0.01 0.898
Operator x Preparation 2545.36 2 1272.68 5.31 0.008
Error 12,931.04 54 239.46
Total 83,300.56 60
Corrected Total 26,625.22 59

ANOVA, analysis of variance; SS, sum of squares; df, degree of freedom (n — 1); MS, mean
squares. Significant at p < 0.05.

Among the operators, the Shapiro—Wilk test reported that the values were normally distributed
(p > 0.05) for all the groups and the Levene test showed that the variances were homogeneous (p
=0.005).

The Bonferroni post hoc test recorded statistically significant differences between the
evaluations of ST and GP (p < 0.001) and between GP and PR (p < 0.001); differently, no
statistically significant difference was detected between ST and PR (p = 0.277) (Table 4).

Among the 6 experimental groups, the Shapiro—Wilk test reported that the values were
normally distributed (p > 0.05) for all the groups and the Levene test showed that the variances
were not homogeneous (p = 0.012).

Since there was a normal distribution but no homogeneity of the variances, the robust Welch
test of equality of means was used and reported a significant value [p < 0.001 with F (5, 24.84 =
8.96)]. After the Welch test, the Games—Howell analysis was performed to evaluate whether there
were any statistically significant differences between preparation designs within an operator and
among operators within a preparation design. Significant differences were detected among
operators within the means of the WI preparation design, particularly between ST and GP (p =
0.005) and between GP and PR (p <0.001) (Table 4).
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Table 4. p values of post hoc comparisons.

Comparison P
ST/WI-ST/BJ 0.880
GP/WI-GP/BJ 0.475
PR/WI-PR/BJ 0.083
ST/WI-GP/WI 0.005 *
ST/WI-PR/WI 0.099
GP/WI-PR/WI <0.001 *
ST/BJ-GP/BJ 0.731
ST/BJ-PR/BJ 0.921
GP/BJ-PR/BJ 0.254
ST-GP <0.001 *
ST-PR 0.277
GP-PR <0.001 *

* Statistically significant differences (p < 0.05). ST, undergraduate student; GP, general
practitioner, PR, prosthodontist; WI, window; BJ, butt joint.

4. Discussion

LV is an efficient restorative option, offering a reliable treatment that preserves the structure
of teeth while providing outstanding esthetic outcomes and patient acceptance [1-3,14,15].

This restorative system exhibited high longevity and low complication rates, as supported by
many systematic reviews with follow-up periods ranging between 5 and 21 years, showing survival
rates ranging from 87% to 96% [31-34]. Several factors affect the survival of LVs, such as
cementation materials [35], quality of dental substrates (enamel vs. dentin) and mechanical
properties of restorations [36], presence of previous fillings, occlusal forces, and preparation
design [9,32-34,37].

Tooth preparation for LVs can be performed by evaluating the following aspects: buccal
surface preparation (no preparation, minimal preparation, conservative, or conventional
preparation), incisal preparation (overlapping or non-overlapping), proximal finish (slice or
chamfer), and cervical preparation (chamfer or knife-edge) [16].

In this study, considering the different preparation designs as statistical variables and since no
statistically significant differences were detected between the 2 experimental groups, WI and BJ,
the first null hypothesis (no association between the 2 types of tooth preparation design and the
quantity of exposed dentin) was accepted. Instead, considering the statistically significant
differences detected between the 3 operators with different expertise (ST, GP, and PR), the second

null hypothesis (no difference, both intra- and inter-operator) was partially rejected.
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The descriptive statistics reported lower values of exposed dentin for the WI preparation than
for BJ (WI =30.48% and 21.57 mm?; BJ = 30.99% and 21.97 mm?); however, this difference was
not statistically significant (p = 0.898), therefore, the association between the type of tooth
preparation (WI and BJ) and the amount of exposed dentin was not found. It can thus be asserted
that the choice between BJ and WI designs should take into consideration factors like the risk of
fracture and aesthetic needs, instead of dentin exposure; therefore, the advantages and

disadvantages of these preparation geometries should be considered (Table 5).

Table 5. Advantages and disadvantages between window and butt joint designs for laminate
veneers.

Preparation

Design Advantages Disadvantages
-Decreased failure risk [18].

Window -Conservative [16,19]. -More than one path for insertion [2].
-Does not interfere with incisal guidance -Lower aesthetic [2,16].
[16].
-Better aesthetic [2,16]. -Increased failure risk [18].

Butt joint -Precise seat and stop for cementation [2].  -Not conservative as the window design [19].
-Possibility to restore incisal guidance [2]  -Interfere with incisal guidance [16].

In the comparison between the means of ST, GP, and PR groups, a statistical significance was
found (p <0.001), in particular, between GP and the other 2 operators in the WI scenario (ST/WI-
GP/WI, p =0.005; GP/WI-PR/WI, p <0.001). These differences show that proper training may be
paramount in discriminating between prepared enamel and exposed dentin. These findings were
mainly observed in the WI preparation, where the amount of dental tissue to be evaluated was
wider than in the BJ preparation, with its 2-mm incisal reduction. Therefore, since the evaluated
surface area was wider, then the cumulative error was higher, leading to a statistical difference
only in the WI scenario.

Therefore, the recorded results show that no difference was found within the operator between
preparation designs, demonstrating that, even if there is an inter-operator difference for the WI
design, an intra-operator difference was not detected both in WI and BJ.

Furthermore, the mean values of exposed dentin found in the 2 different preparation designs
(WI and BJ) were approximately 30%, with a 70% of exposed enamel. This value is above the
minimally acceptable for the enamel exposure (40%) required to obtain an efficient bond strength

[38,39].
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Finally, this investigation confirms that the use of magnification devices is a useful system for
discriminating between enamel and dentine and therefore to standardize the preparation
procedures [1,24,40].

The present study has some limitations, mainly related to its in vitro nature. Only two
preparation designs for LVs were tested, WI and BJ. The samples consisted of extracted teeth, so,
clinically relevant factors related to the oral environment, in particular temperature, humidity, and
optical features, were not considered; moreover, the surface analysis was two-dimensional, using
images taken under magnification, so the surface shape of prepared teeth was not considered.
Besides, only one operator for each level of clinical expertise was considered.

Further in vitro and in vivo investigations involving a larger sample size are needed to confirm
that the various preparation designs for LVs do not determine a different amount of exposed dentin.
Moreover, a larger number of operators would be advisable to confirm that there are inter-
individual variabilities in the discrimination of hard tissues in prepared teeth to optimize

subsequent adhesive cementation procedures [22,23].

5. Conclusions

Within the limitations of the present in vitro study, the following conclusions can be drawn

about LVs:

1. the quantity of exposed dentin is not associated with the two considered preparation designs,

namely window and butt joint;

2. the expertise of clinical operators represents a discriminating factor in identifying prepared
hard dental tissues, as both an undergraduate student and an expert prosthodontist showed

statistically different values from a general practitioner as to the window preparation;
3. in the butt joint preparation, no differences were found between the different operators;

4. variability was found in the inter-individual evaluation of exposed dentin following different

preparation designs for LVs;
5. no intra-operator variability was detected both in window and butt joint preparations;
6. magnification tools were useful to discriminate between prepared enamel and dentin.

Further in vivo and in vitro studies would be helpful to confirm and validate the findings of

the present investigation.
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1. Introduction

To date, dental implants represent a predictable treatment for full or partially edentulous
patients, with high success rates for both function and aesthetics [1,2]. In the last decades, the
application of dental implants has become more and more widespread and, at the same time,
many different types of fixtures and restorative materials have been introduced for use in
different clinical situations [3].

To date, there is no univocal consensus in the scientific literature regarding the ideal
retention system: some authors suggest the use of cement-retained implant restorations, while
others prefer screw-retained implant prostheses. Both typologies exhibit advantages and
drawbacks [3-6]

The main advantages of cement-retained restorations are good biomechanical stability,
passive fit, absence of screw access holes, better occlusal design, and adaptation for implant
prosthetic malposition. Moreover, the cement layer can compensate for dimensional
discrepancies between abutment and restoration and work as a shock absorber, transferring
occlusal loads to implant-restoration-bone complex [4,6,7].

The downside is the difficulty of removing cement excess, that has always been considered
the major issue [8], in that it may increase the risk of peri-implant mucositis [9,10], peri-implantitis
[9], and marginal bone loss [11,12].

Introduced in the early years of implantology as an integral part of the “Toronto” full-arch
bridge concept, screw-retained prosthesis, for its part, offers easier retrievability, particularly
advantageous in the case of long-span and cantilevered restorations [6,13]. Moreover, it is to be
preferred in case of limited interocclusal space, when the height of the abutment should be < 4

mm, not offering sufficient retention. Another indication for screw-retained restorations is the use
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of temporary prostheses aimed at soft tissue conditioning and customization of emergence profile
[6].

Compared to cemented restorations, screw-retained systems are reported to be more
frequently prone to technical complications, like screw loosening and components/restoration
fractures [14-16]. Moreover, the presence of an occlusal hole can impair the occlusal design,
especially in the case of implant malposition. Last, but not least, screw-retained prostheses are
more expensive, due to the higher cost of the components [6].

As regards cemented prostheses, they can ease the restoration design when the fixture location
is not ideal and when a screw-retained solution should face the problem of a screw hole emergence
in a critical position (e.g., incisal margin, buccal surface in anterior and cusp tip in posterior sites).
In these cases, a proper cement-retained restoration design, together with a correct selection of the
implant abutments, are paramount since they allow to customize and compensate the emergence
profile, to limit micromovements and consequent bacterial contamination at the implant-prosthetic
micro gap [17,18].

Titanium abutments are reported to show significantly higher fracture strength than zirconia
abutments, reducing the incidence of clinical complications; consequently, they represent the first
choice in posterior areas subjected to heavy occlusal forces [19,20]. Very high survival rates were
reported by clinical investigations for titanium abutments that showed reliable clinical behavior
and can be safely used in daily practice [21,22]

As regards prosthetic crowns, different restorative materials are currently available as clinical
options. Conventional metal-ceramic restorations and bilayered all-ceramic prostheses showed
high rates of technical complications mainly due to cohesive fractures of veneering ceramics (i.e.,
chipping) [23-27]; consequently, in the last decade, all-ceramic crowns in the monolithic
configuration were proposed in posterior sites to reduce mechanical drawbacks, thanks to the
excellent mechanical resistance to fracture and biocompatibility [28].

CAD/CAM monolithic zirconia was developed to limit the incidence of mechanical
complications due to chipping of veneering ceramics, reduce production times, and improve cost-
effectiveness [23,29]. However, different CAD/CAM zirconia milling procedures may produce
discrepancies in cementation space, which eventually influence final crown retention [30]. Besides
providing retention of prostheses, cementation techniques and mechanical properties of luting
agents can affect the fracture strength and leakage of all-ceramic crowns [31]. Some investigations
reported that zirconia should be submitted to specific mechanical and chemical surface treatments
to develop durable bond strength to resin cements, just like mild sandblasting and application of

primers containing 10-Methacryloyloxydecyl dihydrogen phosphate (MDP) [32,33].
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The primary aim of the present prospective clinical study was to evaluate the survival and
success rates of CAD/CAM monolithic zirconia single crowns (ZrSCs) cemented onto titanium
implant abutments with a dual-curing resin cement containing MDP. The secondary aim was to
assess possible biological and technical complications during function and the patients’ aesthetic

and functional satisfaction.

2. Materials and Methods
2.1 Participants

Fifty consecutive patients (18 females and 32 males) in need of 1 single crown in posterior
regions of either maxilla or mandible replacing a missing premolar or molar (Table 1) were
enrolled as participants in the present prospective clinical study. The age of patients ranged
between 21 and 70, with a mean age of 45.6 (+14.3 y). All patients presented at the Department of
Prosthodontics of the University “Federico II” of Naples (Italy) from October 2015 to March 2016

(baseline).

Table 1. Anatomical distribution of monolithic zirconia single crowns.

Maxilla Mandible

(n=10) (n=40)

n % n %
1¥" premolar I 2% 9 18%
2™ premolar 4 8% 12 24%
¥ molar 5 10% 19 38%

n = number of implant-supported restorations.

The patients received comprehensive explanations regarding the clinical protocol and signed
written informed consent forms. Each patient was provided with only 1 ZrSC.
The patients were recruited according to the following inclusion criteria:

e age>18 years;
e good general health;

e ASA I (healthy) or ASA II (mild systemic disease) according to the American Society of
Anesthesiologists (ASA);

e good oral hygiene;
e Angle class I occlusal relationship;

e o evident signs of occlusal parafunction and/or temporomandibular disorders;
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e no pregnancy or lactation;
e smoking <10 cigarettes/day;
e Pocket Probing Depth <4 mm, no Bleeding on Probing, and Plaque Index <20%;

e single missing tooth, being a premolar or a molar in the maxilla or mandible, with a minimum

post-extraction healing of 3 months;
e absence of infection at the implant site;

e adequate bone volume to place an implant (length 8.5-10 mm, diameter 4.1 mm, class I to III

bone quality according to Lekholm and Zarb) [34];
e adequate prosthetic space to receive an anatomic restoration.

Conversely, patients fulfilling at least one of the following exclusion criteria were excluded
from the study:

e general and medical contraindication for surgical procedures;

poor oral hygiene;

e reduced prosthetic space at the edentulous site (<5 mm);
e severe wear facets, clenching, and bruxism;

e heavy smokers (>10 cigarettes/day);

e severe or not controlled periodontal disease;

poor compliance.

2.2 Surgical procedures

The surgical and prosthetic treatments were carried out at the Departments of Implant Surgery
and Prosthodontics of the University “Federico II” of Naples. One experienced oral surgeon
performed the surgical procedures and 2 skilled prosthodontists carried out the restorative
treatments.

The patients presented an edentulous site with a single missing tooth for more than 3 months,
showing sufficient bone volume to achieve implant primary stability. One hour before surgery,
antibiotic prophylaxis (i.e., 1 gr amoxicillin or, if allergic to penicillin, 600 mg clindamycin) was
given and a 0.2% chlorhexidine mouthwash for oral disinfection (twice a day for 10 days) was

prescribed.
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In the surgical session, a crestal incision was made under local anesthesia, followed by the
preparation of a mucoperiosteal flap to expose the alveolar bone. Each patient received 1
endosseous dental implant (Outlink?, Sweden&Martina; Padova, Italy) in the posterior regions.
The implant diameter was 4.1 mm and length varied from 8.5 to 10 mm, dependent on available
bone height at the implant site. A 2-stage surgical technique with submerged fixtures and no
additional soft or hard tissue grafts was planned for all the patients. One week after implant
placement, patients were recalled at the follow-up to remove sutures and control the healing
process.

Three months after implant placement, osseointegration was verified clinically and
radiographically; then, surgical re-entry was performed and a trans-mucosal healing abutment
(Healing Abutment, Sweden&Martina; Padova, Italy) was screwed onto the fixture. This second

surgical stage was performed by the same surgeon that placed the implants.
2.3 Prosthetic and laboratory procedures

Two weeks after surgical re-entry, a precision pick-up impression was made with the “open
tray — pick-up technique” [35-37] using polyether materials (Impregum, 3M ESPE; Seefeld,
Germany). The color of the final restorations was determined using a conventional shade scale
(VITA Linearguide 3D-MASTER, VITA Zahnfabrik; Bad Sackingen, Germany).

All the prostheses were fabricated in a single dental laboratory. Master casts with implant
analogs were poured and then digitized with a laboratory scanner (DScan 3, EGS S.R.L.; Bologna,
Italy).

CAD/CAM titanium abutments (Titanium Abutment, Sweden&Martina; Padova, Italy) (Fig.
1) were selected and customized strictly following the manufacturer’s instructions. Each titanium
abutment was scanned and 50 monolithic ZrSCs were designed using a dedicated CAD software
(Exocad Dental CAD, Exocad GmbH; Darmstadt, Germany). Then, the zirconia blocks (Katana
Zirconia HT, Kuraray Noritake; Aichi, Japan), were milled with a 5-axis milling system (Plus Mill
S5, Dental Plus; Gyeonggi, South Korea). Finally, each crown was polished manually without any

veneering or glazing layer.
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(b)

Figure 1. Titanium implant abutment on the mandibular first molar area: (a) occlusal view; (b)
buccal view.

2.4 Delivery of restorations

After a total healing time of 4 months, the titanium abutments were screwed onto the implants
and torqued at 35 N/cm with a dynamometric wrench, according to the manufacturer’s
recommendations; screwing channels were protected and filled with polytetrafluoroethylene
(PTFE) tape.

The internal surface of each ZrSC was sandblasted with 50 um aluminum oxide (Al>O3)
powder at 1 bar; then, the ZrSCs were cleaned with steam for 60 s. The monolithic ZrSCs were
luted onto titanium abutments with a dual-curing resin cement (Panavia V5, Kuraray Noritake;
Okayama, Japan); an MDP-containing ceramic primer (Ceramic Primer Plus, Kuraray Noritake;
Okayama, Japan) was applied with a microbrush onto the intaglio surface of each ZrSC for 20 s
and dried. The cement was dispensed into each restoration with an automating tip and the crowns
were initially seated onto the titanium abutments with finger pressure; the excess cement was tack-
cured with a curing light (Elipar™ S10, 3M ESPE; St. Paul, Minnesota, USA) for 5 s to reach a
gel stage and then cleaned away with plastic tips and dental floss; the patients were asked to clench
onto a wooden stick for 5 more minutes to ensure complete seating of the restorations. Finally,
each surface was further light-cured for 10 s, according to the manufacturer’s instructions.
Postoperative radiographs were taken to detect possible cement remnants.

The occlusion was checked with 8 pm thick articulating foil (Shimstock foil, Bausch; Kdoln,
Germany), to allow correct occlusal contacts, avoiding occlusal precontacts and interferences onto
the restorations. If necessary, occlusal adjustments were made using fine-grit diamond burs; then,

the adjusted surfaces were meticulously polished with a polishing system dedicated to zirconia
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(Komet nos. 9425, 9426, and 9547, Brasseler; Savannah, Georgia, USA). Finally, scrupulous oral

hygiene instructions were provided to all patients.
2.5 Baseline evaluations

Two experienced calibrated and trained clinicians made the baseline evaluations, that were
recorded 7 days after cementation of the ZrSCs.

Furthermore, the static and dynamic occlusal contacts were carefully checked and adjusted if
necessary, as previously described.

Standardized periapical radiographs and clinical photographs of the restorations were taken.

The evaluation of technical complications was performed following the modified USPHS
criteria [38-40], classified on the basis of the clinical serviceability of the restorations (Table 2).
The following parameters were evaluated: fracture behavior, decementation, anatomical form, and

marginal adaptation.

Table 2. United States Public Health Service modified criteria for evaluation of restorations at 6-
years follow-up.

USPHS criteria Alpha Bravo Charlie Delta
Fracture behavior No fracture of Fracture but Fracture but New restoration is
zirconia polishing possible  polishing not possible needed
Decementation No decementation - - Decementation
between crown and between crown
abutment and abutment
Anatomical form Ideal Anatomical Slightly over- or Highly over- or New restoration is
shape, good under-contoured, under-contoured, needed
proximal contacts ~ weak proximal open proximal
contacts contacts
Marginal No probe catches Slight probe Gap with abutment New restoration is
adaptation catches but no gap  exposure needed

The biological parameters were evaluated referring to modified Plaque Index (mPI), modified
Sulcus Bleeding Index (mSBI), hypertrophy/hyperplasia of soft tissue, and peri-implantitis.
The mPI was scored from 0 to 3, as follows:

e 0 =no plaque and no inflammation;

¢ | = mild inflammation and a film of plaque adhering to free soft tissues margin which

cannot be seen with the naked eye but only with probes;

e 2 = moderate inflammation with moderate glazing, redness, bleeding on probing and
moderate accumulation of deposits within the soft tissue pocket and on the margin, which

can be seen with the naked eye;
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e 3 = abundance of soft matter within the soft tissue pocket, on the margin and/or on the
restoration; severe inflammation with redness, hypertrophy, and tendency to spontaneous

bleeding [41-44].
e The mSBI was scored from O to 3, as follows:
e 0 =no bleeding when a periodontal probe is passed along the peri-implant soft tissue;
e 1 =isolated bleeding spots visible;
e 2 =blood forms a confluent red line on the margin;
e 3 =heavy or profuse bleeding [41,44,45].

VASs were used to allow patients to rate the overall functional and aesthetic results of the

restorations (O=scarce, 10=excellent).
2.6 Follow-up recalls

All the patients were recalled at follow-up after 6 months from the baseline and then yearly,
for a total prospective observational period of 6 years. The baseline assessments were repeated,
and their results were recorded, as previously described.

Furthermore, standardized periapical radiographs were made to evaluate possible marginal
bone resorption at implant sites; moreover, clinical photographs of the restorations were taken to

record peri-implant soft tissue morphology and conditions.

3. Results

After 6 years of clinical service, no patient was lost at follow-up or censored, consequently,
all the restorations were available for follow-up examinations.

As to the technical problems, neither fractures nor decementations were observed (Fig. 2); as
a consequence, both the survival and success rates were 100%, considering zirconia ceramic

fractures and/or loss of retention as events.
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(a) (b)

Figure 2. Six-year recall evaluation. Healthy condition of monolithic zirconia single crown

cemented onto titanium implant abutment: (a) occlusal view; (b) buccal view.

During the entire follow-up period, neither radiographic evidence nor signs and symptoms of
peri-implant pathology nor marginal bone resorption were noticed.

The technical evaluation using the USPHS criteria showed very good clinical performances
of the ZrSCs cemented onto titanium abutments. In terms of fracture behavior and decementation,
all the ZrSCs rated Alpha. As regards anatomical form, 46 ZrSCs rated Alpha and 4 ZrSCs rated
Bravo; differently, for the marginal adaptation, 47 ZrSCs rated Alpha and 3 ZrSCS rated Bravo.

According to the patients' VASs assessments, the overall function of the ZrSCs reported a
mean value of 8.4 (£2.1), whereas the overall aesthetics rated an average value of 8.7 (x0.7). The

statistical results of the VASs for gender, age, and jaw are reported in table 3.

Table 3. Statistical results for gender, age, and jaw with VASs.

Groups VAS aesthetics VAS function

score (mean) score (mean)
Male (n=32) 8.9 8.7
Female (n=18) 8.2 7.9
21-40 years old (n=17) 8.6 8.4
41-70 years old (n=33) 8.8 8.4
Maxilla (n=10) 8.3 8.0
Mandible (n=40) 8.8 8.5

n = number of implant-supported restorations.
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As regards mPI and mSBI, the score 0 was rated by 32 and 31 ZrSCs, the score 1 was rated
by 16 and 17 ZrSCs, the score 2 was rated by 2 and 0 ZrSCs, the score 3 by 0 and 2 ZrSCs
respectively.

No peri-implantitis or hypertrophy/hyperplasia of soft tissues was detected.

4. Discussion

Among the ideal retention systems, some authors prefer the use of cement-retained prostheses,
while others suggest screw-retained restorations [3-6]. On one hand, the main advantages of
cement-retained prostheses are passive fit, good biomechanical stability, absence of screw access
holes, better occlusal design, and adaptation for implant prosthetic malposition. Moreover, the
cement layer can compensate for dimensional discrepancies between restoration and abutment and
work as a shock absorber [4,6,7]. Nevertheless, a cement excess not removed may increase the
risk of peri-implantitis [9], peri-implant mucositis [9,10], and marginal bone loss [11,12]. On the
other hand, screw-retained prosthesis allows easier retrievability [6,13] and is preferable for
limited interocclusal space, but is prone to technical complications, like components/restoration
fractures and screw loosening [14-16].

In the present study, the clinical performance of cement-retained implant-supported
restorations was analyzed. Such restorative solutions offer passive fit of crowns, absence of screw
access holes, easier control of occlusion, and compensation of possible implant-prosthetic
malposition [4]. The restorative system made up of monolithic ZrSCs cemented onto titanium
abutments with a dual-curing resin cement reported survival and success rates of 100% at 6 years,
considering the loss of retention and/or fractures of zirconia as events for the cumulative survival,
and excellent scores according to the USPHS criteria. Particularly, the parameters “fracture
behavior” and “decementation” scored Alpha in 100% of restorations; this means that, in the
medium-term of clinical service, neither fractures of the ZrSCs nor decementation between
zirconia crowns and titanium abutments were observed. According to such evidence, it can be
concluded that the use of dual-curing MDP-containing resin cements is a reliable choice for the
cementation of zirconia monolithic crowns onto titanium abutments as well as a viable clinical
option to strengthen the restorative complex. This statement is in accordance with a previous
investigation where MDP monomer showed the ability to increase the bond strength between
zirconia and resin-based luting agents [33].

Moreover, for a whole observation period of 6 years, no hypertrophy/hyperplasia of soft tissue
or peri-implantitis was detected, indicating a complete absence of inflammation in the peri-implant

tissues surrounding the ZrSCs; such occurrence confirmed the outstanding biocompatibility of
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zirconia, particularly in its monolithic configuration, and the optimal mechanical coupling and
biological integration of zirconia/titanium restorative complex.

As regards the parameter “anatomical form”, 46 ZrSCs rated Alpha, meaning that ideal
anatomical shape and proximal contacts were achieved. Differently, 4 ZrSCs rated Bravo, because
of the modifications of buccal peri-implant soft tissues over time resulting in slightly over- or
under-contoured restorations; this occurrence could be due to a less than ideal position of fixtures
in buccal-lingual direction and/or thin peri-implant biotype [46]. Furthermore, Bravo scores for
"anatomical form" were also reported because of weak proximal contacts; such phenomenon is not
uncommon in posterior implant-supported prostheses and should be considered a minor
complication related to different associated factors, such as the anatomical position of restorations,
lower alveolar bone support level and time since delivery of prosthesis [47,48].

As to “marginal adaptation", 47 ZrSCs rated Alpha, indicating excellent marginal precision,
while the remaining 3 ZrSCs rated Bravo with slight probe catch but no gap between crown and
abutment. Considering the optimal mechanical coupling between implant necks and milled
restorations thanks to the well-known reliability of CAD/CAM technologies, it could be speculated
that such occurrence was due to patients' relaxation during cementation clenching or to premature
cement excess cleaning before complete gelification, resulting in voids at the prosthetic margin.

Regarding the periodontal parameters, mPI and mSBI reported respectively 32 and 31 the
score 0, 16 and 17 the score 1, 2 and 0 the score 2, 0 and 2 the score 3, showing extremely
satisfactory biological integration of the restorations. Particularly, these results indicated the
absence of bleeding, plaque, and inflammation for at least 31 restorations, whereas a single discreet
bleeding point or mild inflammation was reported for at least 16 ZrSCs. Furthermore, moderate
inflammation was observed in 2 restorations and in 2 more the interdental spaces were filled with
blood shortly after probing; this evidence was noticed in smokers and patients with less satisfactory
compliance to supportive periodontal care and oral hygiene prescriptions. The findings of the
present investigation are in agreement with those of other studies and confirm the excellent
biological response of peri-implant soft tissues to zirconia restorations and the outstanding
biocompatibility of this material, particularly in its polished monolithic configuration [40,49-53].

According to VASs scores of the overall function (8.4 + 2.1) and aesthetics (8.7 + 0.7), ZrSCs
were considered fully satisfactory to restore proper chewing activity and to achieve a natural tooth-
like appearance of the restorations.

The results of the present prospective clinical study were very promising, probably due to an
extremely careful selection of the patients’ cohort. In any case, the investigation presented some
limitations, namely an observational period limited to the medium-term and no randomization of

participants. Moreover, the antagonist tooth and its restorative material were not variables taken
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into consideration in the present study. Besides, the 100% success result might be explained by
the limited sample size (n=50), the favorable implant diameter used (4.1 mm), and the retentive
abutment height (> 2mm). Further RCTs with a wider sample population and longer observational
periods will be essential to validate long-term serviceability, biomechanical effectiveness, and
biological and aesthetical outcomes of the restorative system evaluated in the present clinical

investigation.

5. Conclusions

Within the limitations of the present prospective clinical study, the restorative system
based on the use of titanium abutments and monolithic zirconia single crowns, cemented with
an MDP-based cement proved to be a viable clinical option to restore posterior missing teeth
in the medium term and the following conclusions may be drawn:

e The tested restorative system is highly effective and reliable to restore occlusal function,
showing 100% survival and success rates;

e Neither fracture nor loss of retention was noticed;

e The most frequent technical complications were minor marginal misfit and weak proximal
contacts but none of them impaired function;

o The tested restorative system was highly biocompatible, as showed by the stability and
optimal health status of surrounding peri-implant tissues;

o Patients reported being very satisfied by the overall function and aesthetics.
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4.6 A REVIEW ON RISK MANAGEMENT OF
CORONAVIRUS DISEASE 19 (COVID-19)
INFECTION IN DENTAL PRACTICE: FOCUS ON
PROSTHODONTICS AND ALL-CERAMIC
MATERIALS

Sorrentino, R.; Basilicata, M.; Ruggiero, G.; Mauro, M.1.D.; Leone, R.; Bollero, P.; Zarone, F
Prosthesis 2022, 4, x.

Regarding digital technologies and optical impressions, a significant advantage is the possibility
to autoclave the latest-generation scanners’ tips, and proper disinfectant commercial products
can be used for other scanner items and scanning devices (i.e., implant-supported scan-bodies) to
reduce the risk of cross-contamination, according to manufacturers’ suggestions [1-2]. Moreover,
intraoral scanner systems provide the advantage of avoiding the transfer of a conventional
impression and therefore the risk of contagion to the laboratory via the physical impression or
the gypsum cast.

Besides, digital technologies are also useful during the present pandemic for prosthetic planning
and the manufacturing of removable or fixed prostheses. Indeed, compared to conventional
procedures, the digital workflow allows the fabrication of reliable prostheses in fewer

appointments and with quicker chairside times [3].
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5. CONCLUSIONS

Digital technologies could improve the quality of prosthetic rehabilitations, enrich patient-
clinician and interprofessional communications, enhance education, and implement practice
management. The interaction among computer design, additive/subtractive manufacturing,
materials science, and biology will undoubtedly contribute to designing the future as the
boundaries between the physical, digital, and biological scenarios become more open. There are
more restorative solutions available, increasing durability and improving the aesthetics of the

restorations.

Furthermore, digital technologies can be of great social use, due to the possibility of reducing
costs and working times, as in the case of the world's elderly population, which is on the rise. At
the same time, they can be an efficient tool for planning and fabricating prosthetics for patients
with jaws defects. We are witnessing actual paradigm shifts in prosthodontics, such as the
variation of preparation thicknesses and materials, cementation procedures, as well as the

manufacturing that these innovative materials require.

Also, the introduction of new generations of particle-filled high-strength ceramics and the
development of novel production techniques have resulted in a significant shift in the operating
paradigm in favor of minimally invasive restoration techniques. The innovative ceramics'
physical-chemical characteristics enable a significant reduction in restorative thickness while

still ensuring good aesthetic and therapeutic outcomes.

To date, it may be right to discuss about digital-linked materials, as the word "linked", in
addition to being a synonym of "associated" or "related" (in this case to digital technologies), is
also a word heavily used in IT-digital jargon, in fact just think of the concept of "Link". And it is
precisely on this concept of "Link" as a string to which always only one web address is
associated that we should dwell. In fact, similarly to the web string, with the pun "digital-linked",
in clinical dental practice, these materials are generally considered "linked" only to digital
technologies, perhaps due to the strong commercial drive. It is fair to remember that materials
such as lithium disilicate or zirconia-reinforced lithium silicate can be processed also through
"heat-pressed" procedures which, in addition to guaranteeing high clinical efficacy, sometimes

have enhanced mechanical characteristics compared to the CAD-CAM versions of the same.

However, in order to achieve a predictable restorative success, the selection of the appropriate

materials and workflow is a crucial step in the decision-making process of every prosthetic
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project. Therefore, proper knowledge of the mechanical and aesthetic characteristics, indications,

and limitations of the materials is required.

It is also reasonable to predict that the current technology will quickly become obsolete and be
replaced by even more cutting-edge systems and applications, given the very dynamic nature of
digital dentistry. To accurately comprehend the possible future evolution of digital dentistry in
the next decades, it will be important to continuously update both the clinical tools and

procedures as well as the experimental and clinical scientific data.
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