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Abstract: Objective. The purpose of this ex vivo study was to compare the trueness of traditional
and digital workflows and to analyze the interfacial fit of CAD/CAM restorations on gypsum and
3D-printed casts (3DC). Methods: Forty patients underwent indirect posterior adhesive restorations.
After tooth preparation, both traditional and chairside procedures were followed. Obtained models
were scanned to generate STL files of the intraoral impression (IOS), the conventional cast (RS),
and the 3D-printed cast (3DCS). Superimposition of the casts was performed to evaluate trueness.
Then, for each preparation, two identical CAD/CAM restorations were milled and luted on RS
and 3DC. Micro-CT scan was performed to evaluate 3D interfacial fit. Results. Surface trueness
analysis showed no significant differences among groups (p > 0.05), with average trueness ranging
from 11.56 to 17.01 um. Micro-CT analysis showed significant differences between gypsum casts
(average ranging from 135.78 to 212.31 um) and 3DC (average ranging from 57.63 to 144.55 um) for
both marginal and internal fit. Conclusions. In adhesive restorations manufacturing, digital and
conventional procedures generate casts that are not significantly different. Marginal fit of adhesive
restorations is similar to conventional crown design and clinically acceptable. It is assumable that a
direct digital workflow could benefit from the usage of 3DC.

Keywords: intraoral scanner; CAD-CAM; model 3D printing; indirect adhesive restorations; trueness

1. Introduction

Computer-assisted design/manufacturing (CAD/CAM) systems have made single
tooth indirect restoration easier, faster, and more predictable [1,2]. Intraoral scanning and
milling devices allow simple and fast digital impressions, thus enabling the projection,
customization, and finally, milling of the restorations in the same appointment (chairside
protocol), with consequent reduction of costs and patient discomfort [3]. The CAD-CAM
workflow could also be implemented thanks to the possibility to export the stereolithog-
raphy (STL) file of the intraoral scan and produce 3D printed casts (3DCs), which could
be useful to clinicians and technicians for material characterization, contact points, and
occlusion checks [4,5]. A single-tooth indirect adhesive restoration can be performed using
different processes.

The traditional workflow is still frequently used and yet considered by many authors
and clinicians the gold standard model for the manufacturing of adhesive restorations [6,7].
Conventional impressions and casts rely on high-performance materials [8,9], as polyvinyl
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siloxane and type IV gypsum show great stability and precision [10] and give the possi-
bility of layering, ultimately enhancing aesthetic outcome with good long-term perfor-
mances [11,12]. However, the precision of the master cast is technique-dependent [13] and
the operator skill and experience play an important role [14]. Moreover, the use of these
materials presents the risk of distortion, expansion, or shrinkage due to numerous steps
involved. Additionally, they need large storage spaces and there is a risk of damage during
time [15,16].

The most common application of CAD/CAM in dentistry is the digital acquisition
of gypsum casts with the use of extraoral scanners in the dental laboratory. Even though
this path may add digitalization errors to the traditional procedure, it is still considered the
most trusted method when using a digital workflow is needed in order to employ certain
materials [17].

The direct digital workflow with intraoral scans (IOS), on the other hand, presents
several advantages; it does not involve chemical reactions, has no storage or recovery
issue, and requires less time and fewer steps (no tray selection, wait time, cast setting
time, disinfection, or transport). Additionally, it enables real-time evaluation of thickness,
undercut, and margin [18]. Recently developed systems obviated the need for powder
and reduced the discomfort by the miniaturization of intraoral cameras. However, 10S
precision and accuracy is affected by patient movement, saliva, and blood [19], particularly
in full-arch scans [20,21]. Additionally, the utilization of IOS is limited by its steep learning
curve and high cost [22].

Both digital and conventional workflows can achieve clinically acceptable results for
single crowns and short-fixed prostheses in terms of fit [17,23,24]. Fitting of the restorations
is closely related to trueness and accuracy of the master cast, and it is considered a key
factor for the long-term prognosis of a restoration. As a defect, it can result in decreased
mechanical properties, increased plaque accumulation, and, consequently, an increased
risk of caries and periodontal disease [25,26]. In the present paper, according to ISO 5725-1,
“trueness”, one of the evaluations of the general term “accuracy”, is used to describe
the closeness of a measurement to the actual (true) value. The trueness of digital scans
has been investigated by surface deviation analysis, with superimposition on a reference
model using best fit algorithms [27]. The accuracy of digital scans varies between IOS and
conventional impressions, but the deviations have been reported to be minimal for up to
10 teeth in vivo 6.

Previous studies also showed that 3D-printed casts (3DCs) nowadays have good
performances in terms of accuracy, reproducibility, and precision [28]. This can be compared
to traditional casts for single-tooth crowns [27,29].

Despite the presence in the literature of many studies about conventional crowns, few
comparative analyses between traditional and chairside workflows for the manufacturing
of single tooth adhesive restorations have been published. Thus, the aim of this ex vivo
study was to compare the digital procedures, chairside or implemented with a 3DC, to the
conventional workflow, analyzing the trueness of the obtained impressions/scans, (1) and
the interfacial fit of the adhesive restorations to the obtained casts (2). The null hypothesis
is that there are no differences between the trueness of the scans (1) and the interfacial
fit of the adhesive restorations to the corresponding casts (2) fabricated by analogue and
digital workflow.

2. Materials and Methods
2.1. Sample Teeth Selection and Preparation

The study was granted ethics approval by the local ethics committee at the Dental
School, University of Turin (DS-2018_No. 001). Forty patients (n = 40) afferent to the
Department of Cariology and Operative Dentistry (Dental School Lingotto, University of
Turin, Turin, Italy) that needed indirect adhesive restorations of endodontically treated
posterior teeth were recruited. The inclusion criteria were the following: occlusal stability,
age 18-65 years, good general health, and good oral hygiene (full-mouth plaque score
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(FMPS) < 20%). The exclusion criteria were the following: impossibility of field isolation,
known allergy to the materials of the protocol, periodontal issues (advanced periodontitis,
tooth mobility grade > 1, or FMPS > 20%), severe occlusion problem, orthodontic treatment,
reduction of Vertical Dimension of Occlusion (VDO), and absence of an antagonist tooth.
Periodontal scaling was performed, if needed, to obtain healthy marginal tissues.

All clinical procedures were performed by a single expert clinician using a standard-
ized minimally invasive protocol under rubber dam isolation, as following: hard tissues
detersion, cavity finishing, residual wall evaluation (covered if thickness < 2 mm), adhe-
sive application according to the manufacturer’s instructions (Clearfil SE Bond 2; Kuraray,
Tokyo, Japan), and composite build-up (Filtek Bulk Fill Posterior; 3M, St. Paul, MN, USA)
with incremental layering. The selected posterior teeth were prepared for adhesive restora-
tions, using bevelled butt-joint design. The thickness was maintained uniform accordingly
to the recommendations of the manufacturer of the employed material. Finally, finishing
and polishing were performed with rubber points.

2.2. STL Files Setup

After rubber dam removal, IOS was performed using Cerec Omnicam (Dentsply
Sirona, York, PA, USA) according to manufacturer’s instructions (no direct light and saliva
control [30]). An STL file, with setting “highest quality”, was exported for surface analysis.

Thereafter, a conventional impression was taken with a single-phase bicomponent tech-
nique, using a flexible dual arch tray (Triple Tray; Premier Dental, Norristown, PA, USA)
and polyvinylsiloxane (Express Putty and Light Regular; 3M, St. Paul, MN, USA), following
manufacturer’s instructions. Impressions were disinfected and sent to a dental laboratory and
poured with scannable type IV gypsum (Uni-Base 300; Dentona AG, Dortmund, Germany).
After setting for 96 h [31], conventional casts were scanned by an expert dental technician
using a calibrated laboratory scanner (Sinergia Scan; Nobil-Metal, Villafranca d’Asti, Italy)
with Optical RevEng Dental 2.0 software (Open Technologies, Rezzato BS, Italy) in order to
obtain a reference scan (RS).

The same procedure was applied to impressions as well. Unfortunately, 16 of the
scanned impressions resulted in poor-quality STL files. This can be explained by the fact
that adhesive preparations often have supra-equatorial margins, consequently resulting in
natural undercuts in the impression that create “shadow zones” during scanning. For this
reason, scans of the conventional impressions were excluded from this study.

Finally, 3DC were produced with multi-jet printing (MJP 2500 Plus; 3D Systems, Rock
Hill, SC, USA) using STL files derived from IOS, after elaboration with 3D Sprint software
(3D Systems, Rock Hill, SC, USA). Resolution was set at 800, 900, and 790 Dots Per Inch
(DPI) and 32 m layers. A dental resin material commonly used for 3DC (VisiJet M2R-TN;
3D Systems) was employed. Afterwards, 3DC were digitalized with the same protocol and
scanner described above, in order to generate STL files (3D-printed cast scans; 3DCS). A
summary of the study design is shown in Figure 1.

2.3. 3D Surface Trueness Analysis

Three STL files (RS, I0S, and 3DCS) for each patient were imported into Geomagic
software (Geomagic Qualify 12; 3D Systems, Rock Hill, SC, USA), aligned, and manually
trimmed along the prepared tooth margins to enhance superimposition precision. Only
the preparation area was considered in the analysis. Trimmed files were aligned again
on Geomagic Control X 2017 software (3D Systems, Rock Hill, SC, USA) using feature
recognition function, followed by application of the best fit algorithm with following
parameters: sampling ratio = 100%, no maximum iteration, tolerance (default) = 10 pm. RS
was used as reference for all superimpositions. A color-coded 3D surface deviation map
was generated, and data of average deviation, expressed in microns, were collected in order
to analyze the trueness of IOS and 3DCS compared to RS [32,33], as shown in Figure 2.
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Figure 1. Summary of the study design.

Comparison between RS and 10S Comparison between RS and 3DC

Figure 2. Random sample analysis. The image on the left represents the comparison between RS and
IOS, while the image on the right between RS and 3DC. The tolerance of 10 um is shown in green,
while other values scale from yellow to red (positive discrepancy up to 1 mm) and from cyan to blue
(negative discrepancy up to —1 mm).

2.4. Interfacial Adaptation Evaluation

Individual restorations for each preparation were projected in Cerec CAD software
(ver. 4.5.2; Dentsply Sirona, York, PA, USA), setting digital spacing = 100 um only in
axial and occlusal areas. Restorations were milled twice using a calibrated Cerec MC XL
(Dentsply Sirona, York, PA, USA) and a hybrid ceramic, Cerasmart (GC, Tokyo, Japan)
as material. After finishing and polishing, restorations were bonded onto conventional
casts and 3DC using a radiopaque composite resin flow (Herculite XRV Ultra Flow; Kerr,
Orange, CA, USA) and light-cured for 60 s with a light-emitting diode (LED) curing light
(VALO; Ultradent, South Jordan, UT, USA). The aim of luting restorations to 3DC was to
evaluate the precision of projecting and milling procedures, as both 3DC and restorations
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Gypsum cast

were designed and realized starting from the same IOS. The aim of luting restorations to
conventional gypsum casts was to evaluate interfacial adaptation of chairside restorations
on the gold standard model.

After re-polishing, samples were subjected to micro-computed tomography (micro-
CT) (Skyscan 1172; Bruker, Billerica, MA, USA) to evaluate interfacial fit to conventional
casts and 3DC. High-resolution scans were performed using the following settings: voltage,
100 kV; current, 100 pa; source to object distance, 220 mm; pixel binning, 292; total scan
duration, 40 min; Aluminium and Copper (Al + Cu) filter; pixel size, 15 pm; and rotation 0.5.
An NRecon (Scanco Medical, Briittisellen, Switzerland) was used to reconstruct samples to
obtain DCM files using the same Hounsfield unit (HU) parameters for all samples.

A novel 3D method was used to analyze overlay fit. Using Mimics software (ver. 20.0;
Materialise, Ann Arbor, MI, USA), thresholding of the radiopaque flow was performed
automatically in order to generate STL masks for each cast. These files were imported into
Geomagic Control X for 3D thickness analysis using default settings in order to determine
marginal and internal interfacial adaptation, as shown in Figure 3.

Thresholding of Conversion in .stl 3D thickness analysis
flowable resin layer format and color map

Figure 3. Same sample shown in Figure 2 interfacial analysis on 3DC and gypsum cast. Color map on the right of the

picture represents cement thickness, scaling from yellow (30 um) to red (300 um) for visual representation.

2.5. Statistical Analysis

3D surface trueness of I0S and 3DCS compared to RS, as well as the interfacial fit
of restorations over conventional and 3DC were analyzed by Student’s t-test. A value of
tolerance p < 0.05 was set for significance. Statistical analyses were performed using Stata
software (ver. 12.0; StataCorp, College Station, TX, USA).

3. Results

Average 3D surface trueness =+ standard deviation, expressed in um, of IOS and 3DCS
compared to the RS is shown in Table 1. No significant differences were reported by the
software between all tested models and RS (p > 0.05).

Table 1. Average 3D surface trueness + standard deviation, expressed in um, of IOS and 3DCS
compared to RS.

Cast 3D Surface Trueness (ium)

10S 11.56 £ 8.13
3DCS 17.01 £9.73
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Mean marginal and internal interfacial adaptation data £ standard deviation, ex-
pressed in um, are presented in Table 2. Both internal and marginal fit differed significantly
between 3DC group and conventional cast group (p < 0.001). Marginal adaptation resulted
significantly better (lower gap) than internal adaptation for both analyzed casts (p < 0.001).

Table 2. Mean marginal and internal interfacial adaptation data + standard deviation, expressed in
um for conventional casts and 3DC.

Type of Cast Marginal Adaptation Internal Adaptation
(um) (um)
Gypsum 135.78 £ 30.85 212.31 +28.35
3DC 57.63 £ 22.24 144.55 4+ 24.95

4. Discussion

The use of digital technologies and 3D printing in restorative adhesive dentistry has
numerous advantages. However, there is still controversy if it could be a better alternative
to conventional impressions. Ender et al. recently found, with a new in vivo protocol, that
the highest precision belonged to the conventional impression extra orally digitized with
a laboratory scanner, with an average deviation of 10 um [21,34]. However, in a recent
systematic review, Joda et al. [35] concluded that the efficacy of a full digital workflow is
unclear due to a dearth of evidence.

Note that most of the studies in the literature are held in vitro with ideal conditions,
therefore avoiding clinical problems such as blood and saliva control. The present ex
vivo model is meant to deal with real conditions that might affect IOS and conventional
impression taking, in order to assess their reliability. STL files were compared with a
three-dimensional overlapping method that has already been widely used and described
by previous studies in literature, showing reliable results [29,32,36].

Obtained results showed no significant differences in terms of surface trueness be-
tween tested scans and RS, so the first null hypothesis was accepted. This is in agreement
with the study of Rhee et al. which evaluated the deviations in superimposed impressions,
concluding that there was no superiority of any impression technique [37]. In a very recent
systematic review on clinical trials, the majority of the selected studies followed similar
materials and methods to compare digital and conventional procedures [38], ultimately
concluding that conventional impressions are more accurate than digital impressions
in vivo. However, it was also reported that significant evidence about digital technologies
performances in vivo is not up to date, which might explain the discrepancy with the
present study.

By contrast, the present study data showed a statistically significant difference between
the tested physical casts concerning both marginal and internal adaptation of milled
adhesive restorations; thus, the second null hypothesis was rejected.

Several studies already evaluated the internal and marginal fit of conventional fixed
prosthesis restorations [39]. In the present study, interfacial fit was analyzed through
micro-CT, which enables internal, non-destructive analysis of samples compared to tra-
ditional methods [40,41]. Previous micro-CT studies involved linear measurements on
two-dimensional images, which limited the number of points measured and hampered
generation of a reproducible reference, possibly introducing operator bias. The use of
an automatic software thresholding and 3D thickness analysis of a flowable, yet highly
radiopaque, cement layer was conducted in order to reduce operator biases.

According to the findings of the present study, 3DC showed both marginal and internal
interfacial fit values superior to those of gypsum casts. Indirect restorations were projected
and milled starting from the same STL files from which 3DC were printed, confirming that
3D printing and restoration’s CAD project were correctly performed. Moreover, due to the
high precision shown, it is assumable that a digital workflow could benefit from the use of
3DC whenever a physical model is needed.
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The fit analysis yielded significantly higher internal gap values (144.55-212.31 pm aver-
age, respectively, for 3DC and gypsum casts) compared to marginal values (57.63-135.78 pm
average, respectively, for 3DC and gypsum casts). This was expected, due to the digital
spacing (100 um) applied in the CAM phase among axial walls of the preparations. Within
the marginal area, where no spacing was applied, the gap values were comparable to
those in prior studies conducted on chairside CAD/CAM conventional ceramic restora-
tions [42,43]. Tsirogiannis et al.’s meta-analysis about ceramic crowns fit reported no
significant difference between digital and conventional impression techniques, with values
ranging from 63.3 pm in vitro and 56.1 pum in vivo for the digital workflow, to 58.9 pm
in vitro and 79.2 pm in vivo for the conventional workflow [44]. The present study results
suggest that adhesive restorations might have similar marginal gap behavior compared to
conventional crowns, even if the margin design is deeply different. It must be highlighted
that all data, for both adhesive restorations and conventional crowns, confirmed that both
conventional and digital protocols are able to provide manufacts with clinically acceptable
(100-150 um) interfacial gap [45].

A fact obtained in the present study that deserves attention is the discrepancy between
surface trueness and fit analysis. No significant differences were reported in terms of
surface deviation between gypsum casts and 3DC, but the fitting of the same restoration
was significantly different between the two models. It is reasonable to assume that surfaces
might be very similar overall, but even a small variation in a single area can affect the
correct fit of the restoration. Thereafter, it is presumable that surface analysis alone might
not be a reliable analysis method to determine the quality of a model.

The present study had some limitations. Extraoral scanners have been proved to
be able to provide a reference for evaluating tooth preparation in vitro [46,47]. However,
the present ex vivo model does not allow the scan of prepared teeth on patients with
reference scanners. For this reason, IOS and 3DCS files can only be compared with the
gypsum model scan (RS). Moreover, modern polyol and polyurethane resin casts could also
be analyzed, as their performances seem higher than type IV conventional gypsum [48].
Another limitation was that measuring trueness only of master casts might be not enough
to predict the restorations fitting. The addition of more parameters should be considered,
in order to compare different methods of producing working casts effectively.

In spite of that, it is useful to compare direct digital workflows to conventional
impressions as a reference, as analog impressions are still regarded as a gold standard in
the field of fixed prosthodontics [38].

5. Conclusions

Within the limitations of the present study, we can conclude that in the manufacturing
of adhesive indirect restorations, digital and conventional procedures generate casts that
are not significantly different in terms of trueness. Marginal fit of chairside CAD/CAM
adhesive restorations can be compared, in terms of value range, to conventional crown
design and it is in the range of clinically acceptable. It is assumable that a direct digital
workflow could benefit from the usage of 3DC, if necessary, to complete the manufacturing
of an indirect adhesive restoration. Last, surface trueness analysis alone might not be a
reliable method to determine the quality of a model. Further studies are needed to compare
performances of these procedures in vivo, in order to define a specific gold-standard
protocol for CAD/CAM chairside adhesive restorations.
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