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ABSTRACT

The fitness of self-glazed zirconia (SGZ) onlays fabricated with computer-aided design/
computer-aided manufacturing was analysed, and conventional impressions (Cls) were
compared with intraoral digital impressions (DIs). Onlay preparation was applied on a
typodont left mandibular first molar to create 22 copy dies, which were divided into DI and
Cl groups. The marginal gap of DI-fabricated onlays was smaller than that of Cl-fabricated
onlays (p < 0.05). In both groups, the marginal gap was larger in the distal gingival than in
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other regions (p <0.05), and a trend of decreasing marginal accuracy after thermal cycling
was observed. SGZ onlays performed well for internal fitness; the overall internal gaps were
72.05+8.16 and 100.96 + 22.53 um in Groups DI and Cl, respectively. SGZ onlays exhibited
clinically acceptable marginal and internal fitness values. The marginal adaptation of DI-
fabricated onlays was better than that of Cl-fabricated onlays.

Introduction

Self-glazed zirconia (SGZ) is a newly developed
material for dental restorations. Unlike traditional
blank-machined zirconia, SGZ has an enamel-like
smooth surface, so there is no further veneering or
glazing required. Additionally, SGZ has an adjustable
optical translucency and adequate aesthetic behaviour.
Hence, this material is suitable for computer-aided
design and computer-aided manufacturing (CAD/
CAM) systems to customise full-contour monolithic
restorations, avoiding the conventional manual work
of grinding/polishing, veneering, and glazing [1].
Unlike traditional zirconia restorations, which are
dry milled on partially sintered zirconia blanks, SGZ
restorations are formed using a precision additive
3D gel deposition approach based on the hybrid gela-
tion principle [2], which avoids microscopic defects
and voids caused by traditional partial pre-sintering
milling [3].

An onlay is a type of partial-coverage restoration,
now widely used in clinics, which restores one or
more cusps and adjoining or entire occlusal surfaces,
and is retained by mechanical or adhesive means [4].
Few reports related to the restoration type influencing
the marginal gap (MG) suggest that the crown tends to
have the least MG compared to those of the onlay and
inlay [5]. The MG of the onlay/inlay ranges from 36 to
222.5 um and can be influenced by many factors, such
as a complex geometry [6]. Fitness, including marginal

and internal fit, is very important for the longevity of
restorations, especially those with long margins and
complex geometries, such as an onlay [7]. It has
been shown that the five-year survival rate for onlays
exceeds 90%, while caries caused by poor marginal
fit accounted for 20% of the total failures [8]. Mean-
while, a poor internal fit can result in reduced reten-
tion, incomplete bonding interfaces [9], and reduced
fracture resistance [6,10,11,12].

The accuracy of the impression directly affects the
fitness of the restoration [13]. With the development
of CAD/CAM systems, intraoral digital impressions
(DIs) have become an alternative to conventional
impressions (CIs). DI, owing to its reduced defor-
mation while impressing and casting, has better accu-
racy than that of CI [14-16]. However, the accuracy of
intraoral DI can be influenced by intraoral conditions
and operator skills [17,18]. Seelbach et al. [19] and
Abdel-Azim et al. [16] reported CI and DI to have
similar accuracy. In contrast, Syrek et al. [20] and Pra-
dies et al. [21] demonstrated that the marginal fits of
crowns manufactured using DI were better than
those of crowns manufactured using conventional
techniques. Furthermore, Heike’s [22] study clarified
that tooth shape is an important factor influencing
the accuracy of intraoral DI. The geometry of the
onlay is considered more complex than that of the
crown, which makes intraoral scanning more difficult,
hampering its accuracy. Therefore, it is necessary to
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investigate the viability of DI for complex situations,
such as onlays.

Numerous techniques evaluate fitness, which
indirectly reflects the accuracy of the impression.
Among these, the direct measurement technique (2D
technique) and 3D replica technique are the most
commonly used [23]. The 2D technique has been pro-
ven to be an effective technique for evaluating mar-
ginal adaptation in many studies [24-27]. The MG
was measured directly using a stereomicroscope, but
internal fit could not be obtained, making it usable
only for in vitro studies. The 3D technique, which pro-
vides multiple point measurements and internal adap-
tation analysis, has been introduced in previous
studies on crowns [14,28]. Silicone replica fills the
space between the restoration and die. The dies with
and without silicone replicas were digitised using a
model scanner, and the three-dimensional infor-
mation of the silicone replica was obtained. This tech-
nique is affected by the accuracy of the scanner and the
software to an extent [28]. In this situation, it is impor-
tant to evaluate the consistency of the 2D and 3D tech-
niques in fitness analysis.

The aim of this in vitro study was to evaluate the
fitness of SGZ onlays in which 2D and 3D replica tech-
niques were used for both CIs and intraoral DIs. The
null hypothesis was that there is no difference in the
fitness (marginal and internal) of SGZ onlays obtained
using CI and DI, and the 3D technique was consistent
with the 2D technique in the fitness evaluation of
onlays.

Materials and methods
Manufacturing of the specimens

A standardised typodont left mandibular first molar
(A5SAN-500, NISSIN, Yokohama, Japan) was used
for onlay preparation. The cavity design is shown in
Figure 1(a). The occlusal box was of 3 mm width
and 2 mm depth. The walls of the occlusal and proxi-
mal boxes exhibited a 15° divergence. The buccal cusp
was prepared 1.5 mm with a rounded shoulder margin
of 1 mm width. The lingual cusp was prepared 1 mm.
The gingival finishing lines were 1 mm above the
cemento-enamel junction in both the mesial and distal
proximal boxes. All internal angles of the cavities were
rounded. Preparation quality was checked under a
stereomicroscope (Leica MZ 16A, Leica Microsystems,
Switzerland).

The prepared die was digitised using a model scan-
ner (3Shape D2000, 3Shape A/S, Copenhagen, Den-
mark). The scanned data were exported to an STL
file. Next, twenty-two copy dies with poly (methyl
methacrylate) (PMMA) resin blocks (HuGe Dental
Material Co., Ltd, Shandong, China) were milled
using Ideal Mill W (SinoDigital, Beijing, China). All

copy dies were fixed in typodonts. Subsequently, the
typodonts were fixed in dental simulators (NISSIN,
Yokohama, Japan) to simulate the oral conditions.

The copy dies were divided into two groups, as
follows.

Group DI: the dies restored with SGZ (Erran Tech
Ltd., Hangzhou, China) using DIs. (n=11).
Group CI: The dies restored with SGZ using CIs (n =

11).

Fabrication of restorations

The workflow is illustrated in Figure 2. In Group DI,
DIs were obtained using Omnicam intraoral scanners
(Sirona Dental System GmbH, Bensheim, Germany).
In Group CI, the CIs of polyether impression material
(Impregum Penta Soft, 3M ESPE, St Paul, MN, USA)
were obtained according to the instructions of the
manufacturer using individual trays. After 1 h, stone
casts were made using type IV gypsum (Heraeus,
Hanau, Germany). All casts were then digitised
using a model scanner, D2000. Based on the data
obtained from the scan, onlay restorations in both
groups were designed using the corresponding soft-
ware (3Shape Dental System, 3Shape A/S, Copenha-
gen, Denmark). The simulated cement thickness was
set to 50 pum, which was 1 mm from the margin.
SGZ onlays were fabricated using an additive 3D gel
deposition method developed by Erran Tech, Ltd.

Fitness evaluation using the 3D replica
technique

The 3D replica technique was used to analyse the
fitness of the onlays. The copy dies were removed
from the typodonts based on the methods described
by Liu [29]. For each measurement, the copy die was
digitised using a model scanner, D2000. The scan
data were exported as an STL file and named ‘A’
Light-body addition silicone (Aquasil Ultra XLV;
Dentsply, Germany) was applied to the internal sur-
face of the restoration. The restoration was placed
on its corresponding copy die with a 2-kg load for
5 min. Excess silicone was removed using a scalpel.
The onlay restorations were then carefully removed.
Therefore, the silicone replica on the copy die rep-
resented the space between the restoration and copy
die. Then, D2000 was used to scan the copy die cov-
ered with the silicone replica, and the data were
exported as an STL file named ‘B.

Reverse engineering software (Geomagic 12) was
used to analyse the differences between A and
B. Best-fit alignment was performed between the two
datasets. The root mean square of the selected area
was recorded to represent the internal gap of the
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Figure 1. Schematic showing the (a) designed parameters of the onlay and (b) location of the points where the marginal gaps

were measured.

corresponding area. Each specimen was separated into
eight locations for MG evaluation (Figure 1(b)): two
on the gingival surface (one mesial and one distal);
four on the axial surface (one mesial-buccal, one dis-
tal-buccal, one mesial-lingual, and one distal-lingual);
and two on the occlusal surface (buccal and lingual).
The overall internal fitness was also calculated. Figure 3
illustrates the workflow.

Fitness evaluation using the 2D technique

After 3D replica analysis, the silicone replica was
removed. The restorations were then cemented into
their corresponding copy dies using adhesive resin
cement RelyX Ultimate Clicker (3M ESPE, St Paul,
MN, USA). All cementation procedures were per-
formed following the recommendations of the manu-
facturer. The restorations were loaded with a 2-kg load
when cemented. The restorations were light-cured for

40 s on each surface. Excess cement was removed
using a scalpel.

MGs were measured using a stereomicroscope
(Leica MZ 16A, Leica Microsystems, Switzerland).
Similar to the 3D technique, eight locations on each
specimen were observed (Figure 1(b)).

Thermal cycling procedures

After 2D analysis, the specimens were subjected to ther-
mal cycling in water baths between 5 and 55°C. The
dwell time was 30 s at each temperature, and the transfer
time was 3 s. The MGs were measured using a stereomi-
croscope (similar to the 2D analysis) at 5000 cycles.

Statistical analysis

Statistical analysis was performed using SPSS 20.0
(IBM SPSS Statistics, IBM Corp, NY, USA), and

Group DI l

Digital impression

Direct digitization

Fabrication of restorations

Conventional impression l

D_l

Self-glazed zirconia onlay

w Indirect digitization

Fitness evaluation

Cementation
3D replica technique 2D technique

Figure 2. Workflow for the fabrication of restorations.
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Figure 3. Workflow for fitness evaluation using the 3D replica
technique.

statistical significance was established at a=0.05.
Independent samples T-test was performed to test
the differences in overall marginal/internal gaps
between groups. Paired samples T-test was performed
to evaluate the differences between the two techniques.
Paired samples T-test was also performed to evaluate
the differences between samples, before and after ther-
mal cycling. One-way ANOVA combined with the
LSD post hoc test was used to test the differences
among the MGs at eight locations in each group. Stat-
istical significance was set at p < 0.05.

Results and discussion

The mean MGs (MMGs) (um) of the DI and CI
groups assessed using the 3D and 2D evaluation tech-
niques are summarised in Table 1 and shown in
Figures 4 and 5. The MMGs of the DI and CI groups
were <120 um. Although no consensus has been
reached, previous studies have suggested that clinically
acceptable MG values for dental restorations should
not exceed 120 um [10,29,30]. The SGZ onlay in this
study exhibited clinically acceptable marginal adap-
tation based on a previous suggestion. In previous
studies, the MGs of the CAD/CAM-fabricated all-cer-
amic onlay were reported to be in the range of 54-
96 um [5,31-33]. The luting space setting date in the
software could influence the marginal fit of the

Table 1. MMGs (um) of self-glazed zirconia onlays.

CAD/CAM restorations, which was not reported in
any of these studies. Under these circumstances, the
results of the aforementioned studies are not
comparable.

Evaluation using the 2D technique indicated that
Group DI has significantly lower MG values than
those of Group CI (F=8.767, t=-3.512, p =0.002),
which was similar to the results obtained using the
3D technique (F=11.25, t=-3.222, p=0.004). The
MMG evaluated using the 3D and 2D techniques for
DI-fabricated onlays (Group DI) was smaller than
that for Cl-fabricated onlays (Group CI) (p <0.05).
The methods of impression affected the marginal
adaptation of onlay restorations, and the null hypoth-
esis stating no difference in the fitness of SGZ onlays
obtained using CIs and DIs was rejected.

The mean and standard deviation of the MGs in the
CI group were higher than those in the DI group, indi-
cating that indirect digitisation had lower accuracy
and precision than those of direct digitisation. Based
on previous studies, type IV dental stone reported
an expansion of 0.07—0.09% at room temperature
(23 £2°C) and ~50% relative humidity [34]. Marcos
et al. found that the linear dimensional change of
type IV dental stone ranged from 0.12 to 0.34% in a
room with no temperature and humidity control
[35]. The calculated linear dimensional change of the
samples in the CI group was ~0.2% in this study, simi-
lar to that reported by Marcos et al., which suggested
that the larger gaps in the CI group may be related to
the expansion of dental stones. The size of the plaster
models was larger than that of the originally prepared
dies owing to gypsum expansion, and the dimensional
deformation along the process chain may also increase
the error of indirect digitalisation [36-38].

The MGs of the different regions are shown in
Figure 6. The distal gingival MG was larger than
that of the other regions (F=2.775, p=0.001)
regardless of the impression methods and evaluation
techniques used. To simulate real oral conditions,
typodonts were fixed in dental simulators. In the
DI group, the distal gingival margin was the most
difficult part of the intraoral scan, as the scanning
head had to be adjusted in multiple directions to
acquire an intact image. As the angle between the
perpendicular of the scanned surface and the scan-
ning direction increased, the accuracy of the digitis-
ation decreased. For angles >60° the accuracy of

Group

(n=11) Phase Technique Min Mean Max Median SD SE Cl-95%

DI Before thermal 3D 61.01 75.41 89.45 75.66 8.66 261 69.59-81.23
DI Before thermal 2D 62.14 74.43 84.96 77.52 8.25 2.49 68.89-79.97
DI After thermal 2D 73.21 84.07 97.71 84.63 7.31 2.58 77.96-90.17
cl Before thermal 3D 71.14 119.32 206.96 118.24 4435 13.37 89.52-149.12
cl Before thermal 2D 70.66 111.45 176.53 100.22 33.97 10.24 88.62-134.27
(@ After thermal 2D 81.75 124.77 186.23 117.44 34.47 14.07 88.59-160.94
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Figure 4. Marginal gaps of (a) DI and (b) Cl groups under optical microscopy (T: tooth, C: cement, O: onlay).

digitisation declined significantly based on a former
study [39]. The larger distal gingival MG in the CI
group may be related to the deformation of the poly-
ether impression. Martins et al. [40] found that the
shrinkage of the Impregum Penta Soft impression
material was 0.13 +0.19%. The density and duration
of the strain force applied upon the removal of an
impression are important for the permanent defor-
mation of elastomeric impression materials [41].
Figure 7 shows that the thickness of the impression
material is asymmetrical around the dies depending
on the presence of adjacent teeth. Removal of the
impression from the dental arch posed a greater
risk of distortion in the thinner areas of the polyether
impression [42]. The process of impression removal
leaves deformations in the gingival area, especially
in the distal region, leading to larger distal gingival
MGs. Increasing the convergence angle of the proxi-
mal boxes, optimising the cavity design, and relocat-
ing the cervical margin may be helpful in reducing
impression deformation, which requires further
confirmation.

Considering the evidence that the microleakage of
restoratives is influenced by their thermal properties,
the MGs of the SGZ onlays before and after thermal

cycling were determined in this study. Thermal
cycling simulated the temperature changes in the
oral cavity and showed a dissimilar coefficient of
thermal expansion between the preparation and
restorative materials [43,44]. The bath temperature
and dwell time in this study were selected based on
a previous study [45]. After 5000 thermal cycles,
the MGs increased significantly in Group DI (t=
—2.634, p=0.017), and no distinct change was
observed in Group CI (+=-0.769, p=0.454).
Although a trend of decreasing marginal accuracy
was demonstrated in both groups, the MMGs were
clinically acceptable after thermal cycling. Numerous
in vitro [46,47] and in vivo [48,49] studies have pro-
vided evidence that the marginal quality of ceramic
restorations tends to deteriorate over time following
adhesive cementation. The increase in the MG
width after thermal cycling may be attributed to
hydrolytic activity. The luting composite may absorb
water, and the resultant volume expansion may lead
to an increase in the MG width [46]. However, to
ensure the consistency of the specimens, PMMA
copy dies were used in this study instead of human
teeth; therefore, the thermal cycling was not consist-
ent with the intraoral situation.

-0.1437
-0.2189
-0.2940

-0.3692
-0.4443 .

-0.5195 l

-05047
|

Figure 5. Colour-coded difference images showing the fitness of different groups. (a) Overall gap of Group DI; (b) internal gap of
Group DI; (c) marginal gap of Group DI; (d) overall gap of Group Cl; (e) internal gap of Group Cl; and (f) marginal gap of Group CI.
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Figure 6. Trend of the marginal gaps of different regions for each group.

The internal fitness of the SGZ onlay was analysed
using the 3D technique in this test. The detailed results
are presented in Table 2 and Figure 5. The measure-
ments were separated into two regions: the axial and
pulp walls, and the overall internal gaps were
recorded. As shown in Table 2, the overall internal
gap of Group DI was smaller than that of Group CI
(F=4.059, t=-4.001, p =0.00), which was consistent
with the marginal fitness. In the CI group, there was
no significant difference between the axial and pulp
regions (t=0.101, p=0.92). In the DI group, the
internal gaps in the pulp regions were larger than
those in the axial regions (t=2.968, p=0.01). The
internal fit values of the partial-coverage restorations
were 91-308 ym in a previous study [50]. It has
been proposed that internal fit values between 50
and 100 pm could result in adequate clinical perform-
ance [6]. Compared with previous studies, the internal
fitness of SGZ onlays of all groups performed relatively
well in this study. Furthermore, the internal gaps of

Tray

Impression
material

= |
Gum

Figure 7. Schematic of impression taking.

Group CI were uniformly larger than those of Group
DI. A possible reason for this was the expansion of
type IV dental stones, which also resulted in larger
MGs in Group CI. Accordingly, it is suggested that
the thickness of the simulated cement should be
appropriately reduced in the clinical application of
indirect digitalisation to compensate for errors in the
casting process. The internal gaps were not uniform
in Group DI, and larger gaps were observed on the
pulp wall (p <0.05). This result was similar to that of
Rippe et al. [51], who demonstrated that the maxi-
mum values of the internal gap were obtained on the
pulp wall of the inlay produced by direct digitisation.
The uneven internal gaps may be related to the quality
of image capture in direct digitisation. The increase in
the depth of the pulpal floor made optical capture
more difficult [52]. Therefore, cavity design optimis-
ation is very important for the clinical protocols of
onlays.

In this study, no difference was found between 3D
and 2D techniques (Group DI: t=0.68, p=0.512;
Group CI: t = 1.358, p = 0.204) in the fitness evaluation
of onlays (Table 1). Because the 3D technique pro-
vided multiple point measurements and internal adap-
tation analysis, which cannot be achieved with the 2D
technique, we recommend using 3D techniques to
evaluate the fitness of onlays with complex shapes
and internal angles (Figure 5). Additionally, the prep-
aration of finishing lines can be evaluated continu-
ously using this method; the marginal and internal
gaps can be observed from multiple directions using
the 3D technique.
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ADVANCES IN APPLIED CERAMICS (&) 99

Group

(n=11) Region Min Mean Max Median SD SE Cl-95%

DI Axial wall 63.6 71.40 80.8 69.6 5.51 1.66 67.70-75.10
DI Pulp wall 65.1 82.73 100.4 83.0 11.39 343 75.07-90.38
DI Overall 64.0 72.05 85.0 67.7 8.16 2.46 66.57-77.54
Cl Axial wall 67.7 102.63 1514 93.8 2248 6.77 87.52-117.73
Cl Pulp wall 49.1 100.81 2334 85.2 55.20 16.64 63.72-137.90
@ Overall 67.8 100.96 141.4 102.4 22.53 6.79 85.83-116.10
Conclusion [4] [4] Ferro KJ, Morgano SM, Driscoll CF, et al. The glos-

Within the limitations of this in vitro study, the fol-
lowing conclusions were drawn.

(1) SGZ onlays exhibited clinically acceptable mar-
ginal and internal fitness.

(2) The marginal adaptation of DI-fabricated onlays
was better than that of CI-fabricated onlays. A
trend of decreasing marginal accuracy after ther-
mal cycling was demonstrated in both groups.

(3) The distal gingival margin of the onlays presented
larger MGs than those in other regions, in both CI
and DI groups.

(4) The 3D technique was consistent with the 2D
technique in the fitness evaluation of onlays. Fur-
thermore, the 3D technique provides multiple
point measurements and internal adaptation
analysis, which cannot be achieved with the 2D
technique.
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