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ABSTRACT
The aim of the study was to evaluate the marginal adaptation of various hybrid ceramics inlays
before and after thermal cycling. Twenty-four extracted human molars were received inlay
preparation, and randomly divided into three groups (n = 8/group). Specimens were restored
with Ceramage by experienced technician, Enamic or Lava Ultimate by CAD/CAM using
CEREC Omnicam. After cementation, all restorations were subjected to thermal cycling.
Marginal gaps were measured under a stereomicroscope. The overall mean marginal gaps of
the three groups were significantly different (p < 0.05) before thermal cycling, which were all
within the clinically acceptable range. The digital intraoral impression and CAD/CAM systems
did not show superior accuracy compared to the traditional technique, during the hybrid
ceramic inlays manufactured operation. Thermal cycling had no effect on marginal
adaptation of the different hybrid ceramic inlays (p > 0.05). Gingival margin presented larger
gaps compared to occlusal and axial margin in all hybrid ceramic inlays.
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Introduction

Inlay is a kind of dental restoration made outside of a
tooth to correspond to the form of the prepared cavity,
which is then luted into the tooth [1]. Inlay technique is
introduced to rehabilitate decayed posterior teeth in
addition to overcome some of the problems associated
with direct filling techniques such as inadequate prox-
imal or occlusal morphology, insufficient wear resist-
ance, or mechanical properties of directly placed
filling materials [2]. In the dental field, inlay restor-
ations are widely used. The traditional technique of
making inlays requires taking impressions and the res-
torations are manufactured on the plaster models in
laboratory. With the development of materials and
equipment, digital systems such as computer-aided
design and computer-aided manufacturing (CAD/
CAM) have evolved as an alternative for traditional
technique. An intraoral scanner is used to perform
the ‘impression’ of the preparation, then the restoration
is designed and milled by a CAD-CAM system [3].

In the meantime, different materials are available for
inlays, while ceramics are traditionally preferred. Cer-
amic restorations are characterised by their ability to
restore the natural tooth morphology and achieving
acceptable aesthetic results with highly survival rates.
The 5-year survival rate for ceramic inlays is exceeding
90% [4–7]. However, the Young moduli of ceramics is
much higher than that of dentin, so they cannot with-
stand elastic deformation [8]. Therefore, ceramic

fractures are the most common technical complication
[5,7]. Currently, hybrid ceramics have been introduced,
they are manufactured by polymer-infiltrated ceramic
network or polymeric matrix reinforced by ceramic
fillers [9–16]. They combine the polymer and ceramic,
which result in greater strength and better load distri-
bution. Consequently, cracks and fractures of restor-
ations are reduced [8]. Compared with traditional
ceramics, hybrid ceramics are characterised by having
a greater modulus of resilience [16]. Additionally,
their Young moduli are close to that of dental tissue
[9,16]. Because of excellent aesthetics and easier repar-
ability, hybrid ceramics have been widely used for the
fabrication of inlays [17–20].

Marginal adaptation is important for inlay restor-
ations to avoid resin cement wear and plaque accumu-
lation. Poor marginal adaptation correlates with
increased exposure of the luting material to the oral
environment and encouraged microleakage, leading to
secondary caries and endodontic complications [21,22].
Moreover, the longevity of the restoration is compro-
mised [23]. The alternating contraction and expansion
of the material when subjected to change in temperature
is another key factor for the microleakage [24]. It has
been confirmed that the dissimilar coefficient of thermal
expansion between tooth structure and the restorative
material, resulted in the occurrence of microleakage
[24]. This kind of thermal stresses naturally occurred in
vivo. Thus, thermal cycling has been widely accepted as
a method to represent these phenomena in vitro [25].
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Considering the evidence that microleakage of
restoratives is influenced by their marginal adaptation
and thermal properties, the aim of this in vitro study
was to evaluate the marginal adaptation of various
hybrid ceramics inlays before and after thermal cycling,
and assessed whether they were clinically acceptable.

Materials and methods

Twenty-four intactmolars were collected after extracted
because of severe chronic periodontitis. A standardised
mesio-occlusal-distal inlay cavity preparation was done
in these teeth. The occlusal cavity width was 3 mm,
while depth was 2 mm. Pulpal floors were prepared
flat, and angles were rounded. The walls of the occlusal
and proximal boxes were 6° divergence. Mesial and dis-
tal finishing lines of the proximal boxes were 1 mm
under the cementoenamel junction (Figure 1).

The prepared teeth were embedded in epoxy resin
with silicone rubber gums, forming #14–17 artificial
dentitions (#16 was the preparation), which divided
into three groups (n = 8) randomly. These prepared
teeth then be restored by three kinds of inlay
restorations:

Group CE: Teeth restored with Ceramage (Shofu,
Kyoto, Japan) by experienced technician.

Group EN: Teeth restored with Enamic (Vita Zahn-
fabrik, Bad Säckingen, Germany) using CEREC
Omnicam.

Group LU: Teeth restored with Lava Ultimate (3M
ESPE, St Paul, MN, USA) using CEREC Omnicam.

The manufacturer information and technical profiles
of the restorative materials were shown in Table 1.

Fabrication and adhesion of restorations

In group CE, conventional impressions of vinyl polysi-
loxane impression material (Aquasil Ultra and Aquasil
Soft Putty, Densply, York, PA, USA) were taken under
the manufacturer’s instruction using individual trays

[26]. The stone casts were made with type IV gypsum
(Heraeus, Hanau, Germany) 24-h later.

The stone dies were prepared in the stone casts.
Then, two layers of die spacer were applied (about
30 μm thickness per layer, Ceramage spacer, Shofu,
Kyoto, Japan), 1 mm away from the margin area. Inlays
were made in Ceramage on the die by an experienced
technician. The restorations were polymerised with a
laboratory curing unit (Solidilite V, Shofu, Kyoto,
Japan) following the manufacturer’s recommendations.

In EN and LU groups, Omnicam intraoral scanners
(Sirona Dental System, GmbH, Bensheim, Germany)
were used to get the digital impressions, after the artifi-
cial dentitions fixed in the dental simulator. CEREC 4.2
was used to design the inlays. The simulated cement
thickness was set at 60 μm, 1 mm away from the mar-
gin. The final inlays were machined with the milling
machine (CEREC MC XL).

All cementation procedures followed the manufac-
turer’s recommendations. The teeth were etched with
37% phosphoric acid for 30 s in enamel and 15 s in
dentin. The inlays were cemented into the teeth by
dual-polymerising resin composite Variolink N (Ivo-
clar Vivadent, Schaan, Lichtenstein). The restorations
were loaded under 1 kg of force to ensure fully seated
when cemented. The restorations were light-cured for
40 s at each surface. Then any excess cement was
removed.

Thermal cycling procedures

The specimens were subjected to thermal cycling in
water baths between 5°C and 55°C, after stored in

Figure 1. Occlusal view of the standardised mesio-occlusal-dis-
tal preparation.

Table 1. Technical profile and manufacturer of the materials
evaluated.

Ceramage Vita Enamic Lava Ultimate

Abbreviation CE EN LU
Type Light-curing micro

hybrid composite
Polymer-
infiltrated
ceramic
network
(PINC)

Composite
resin
nanoceramic

Matrix Organic polymer
matrix

UDMA
TEGDMA

Bis-GMA
UDMA
Bis-EMA
TEGDMA

Filler Zirconium silicate
micro
ceramicmicro-fine
ceramic
(progressive fine
structured filler)

Feldspar
ceramic
enriched
with
aluminium
oxide

Silica (20 nm)
zirconia(4–
11 nm)
zirconia-silica
clusters (0.6–
10 μm)

Filler% by
weight

73% 86% 80%

Manufacturer
(country)

Shofu
Kyoto, Japan

Vita Zahnfabrik
Bad
Säckingen,
Germany

3M/ESPE
St Paul, MN,
USA

Note: UDMA, urethane dimethacrylate; TEGDMA, triethylene glycol
dimethacrylate; Bis-GMA, bisphenol A glycidyl methacrylate; Bis-EMA,
bisphenol A polyethylene glycol diether dimethacrylate.
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distilled water at 37°C for 24 h. The dwell time was 30 s
at each temperature, and the transfer time was 5 s.

The marginal gaps were measured at 0, 1000, 5000,
and 10,000 cycles, respectively.

Marginal gap evaluation

Marginal gaps were measured under a stereomicro-
scope (Leica MZ 16A, Leica Microsystems, Switzerland)
by one operator, observed eight locations of each inlays,
two on the gingival (one mesial and one distal) and four
on the axial (one mesial-buccal, one distal-buccal, one
mesial-lingual and one distal-lingual) and two on the
occlusal surface (one occlusal-buccal and one occlu-
sal-lingual) of the MOD inlay (Figures 2 and 3).

Statistical analysis was performed by one-way
ANOVA in combined with LSD post hoc test (p = 0.05).
Software SPSS 20.0 was used.

Results and discussion

Marginal adaptation of inlays made from
different hybrid ceramic materials and
fabrication technique was significantly different

The overall mean marginal gaps (μm) of the three
groups before thermal cycling were significantly differ-
ent (p < 0.05): CE = 80. 89 (±26.49), LU = 91.19
(±29.77), EN = 100.49 (±32.03) (Table 2).

The quality of the marginal adaptation is one of the
factors that affected the longevity of an indirect restor-
ation. The clinically acceptable marginal gap values for
dental restorations are different among studies and
range from 20 to 150 μm [27–29]. However, a gap
lower than 120 μm is suitable, which suggested by
many authors [30–34]. The overall mean marginal
gaps of inlay restorations of the hybrid ceramic inlays
of the present study were 80–100 μm after cementation.
These values were all within the clinically acceptable
range.

The direct measurement technique was used to
measure the marginal gap for the inlays in the present
study, which has been used in several studies [35–38].

This technique is less time-consuming than other
indirect methods and reduces the errors that may
emerge from specimen preparation [39].

Many factors influencemarginal adaptation of CAD/
CAM inlay restorations, including restorative materials
[29,40–46], luting space value [29,43,46], cementation
[40,47], thermomechanical loading [44,45,47–50] and
so on. Hence all these factors should be considered
when different studies are compared. For example,
Sener-Yamaner et al. [40] evaluated the marginal gap
of CAD/CAM-fabricated Lava Ultimate inlays after
cementation, and the results were lower (84.78 μm)
than the present study. In contrast, Bottino et al. [29]
evaluated the marginal gap of CAD/CAM-fabricated
enamic inlays before cementation, and the results
were higher (163.1 μm in axial and 159.6 μm in occlu-
sal) than the present study. The variation in luting
space value setting is the possible explanation. The lut-
ing space value setting in the software of Sener-Yama-
ner’s study was 30 μm, the value of Bottino’s study
was set to 80 μm. Based on these previous studies, the
luting space was set to 60 μm in present study.

Traditional technique of making inlays needs a con-
ventional impression with elastomeric materials to pro-
duce a gypsum cast. This methodology leads to several
potential sources of error because of dimensional defor-
mations along the process chain [51]. However, in the
present study, the digital intraoral impression and
CAD/CAM systems did not show superior accuracy
when compared to the traditional technique. This result
agreed with Addi’s [52] and Rippe’s [43] studies,
reported that there were only slight differences of fit
between the restorations fabricated using differentman-
ufacturing techniques. The possible reason is that the
complex geometry of an inlay restoration influences
the accuracy of the intraoral scan [53–55]. Moreover,
the preparation influences the quality of the image cap-
tured. In present study, the occlusal depth was prepared
to 2 mm from the occlusal margin, and the convergence

Figure 2. Location of the points where the marginal gaps were
measured. (a) Location of measuring points mesially and dis-
tally: blue point – axial locations; green point – gingival
locations; (b) location of measuring points on the occlusal
aspect: red point – occlusal locations.

Figure 3. Representative image of an inlay under optical
microscopy (T: tooth, C: cement, I: inlay).
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of the preparation was six degrees, following the clinical
practice. However, larger convergence angle is benefit to
optical capture and enhance the accuracy of intraoral
impression. According to the research of Hoop et al.,
the inlay preparation for CAD/CAM should present
1.5–2 mm of pulpal floor depth, and the box walls
should diverge in an occlusal direction by more than
10 degrees, to make optical capture easier and reduced
the risk of excessive binding during seating [56]. The
paradox is that excessive convergence angle results in
reducing the retention force of the inlay restoration.

Thermal cycling had no effect on marginal
adaptation of different hybrid ceramic materials

Thermal cycling simulates the temperature changes in
the oral cavity, and shows the dissimilar coefficient of
thermal expansion between tooth and restorative
material [57,58]. The bath temperature and dwell time
in present study were chosen based on previous research
[59]. It has been reported that most studies used bath
temperatures of 5°C and 55°C, and dwell times of 30 s.

ISO recommends 500 thermal cycles [60]. However,
many studies suggest that 500 times should be the lowest
number of thermal cycles [61,62]. Stewardson et al. [62]
demonstrated that 500 thermal cycles can only simulate
hot and cold changes in the oral cavity for 2months.Gale
et al. [61] indicated that thermal cycling needed 10,000
times to simulate the temperature change in the mouth
for one year. Therefore, in present study, up to 10,000
cycles were used.

After 10000 thermal cycles, the overall mean mar-
ginal gaps (μm) for the 3 groups were: CE = 84.54
(±28.96), LU = 94.99 (±32.78), EN = 105.79 (±34.20).
Thermal cycling had no effect on overall mean mar-
ginal gaps (p > 0.05). The trend of overall mean mar-
ginal gap of each group after different numbers of
thermal cycles was depicted in Figure 4. The results
had no significant difference (p > 0.05).

The thermal properties are influenced by the nature
and structure of the material. The findings of present
study suggest that hybrid ceramic materials may have
similar linear coefficients of thermal expansion with
tooth structure. The one-year duration of thermal

Table 2. Results of the mean marginal gap and standard deviation (SD) of the materials evaluated at each surface and overall mean
marginal gap and SD of each material before thermal cycling.
Groups (n = 8) Inlay surface Mean marginal gap (μm) Standard deviation (SD) Overall mean marginal gap (μm) Standard deviation (SD)

CE Gingival 98.48a 23.44 80.89a 26.49
Axial 78.3 23.17
Occlusal 72.21 29.65

EN Gingival 111.58a 31.4 100.49a 32.03
Axial 100.73 31.47
Occlusal 90.26 32.1

LU Gingival 102.43 27.35 91.19a 29.77
Axial 86.48 29.41
Occlusal 94.74 30.26

Note: Values with the same superscript letter are not significantly different (p < 0.05).
aDifferent superscript letters in same column indicate significant difference (p < 0.05).

Figure 4. The trend of overall mean marginal gap of each group.
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changes usually occurring in the mouth will not have a
great impact on the hybrid ceramic material’s dimen-
sional alteration and thus will not affect marginal
integrity.

Marginal adaptation of different surfaces of
inlays was significantly different

Figure 5 summarised the marginal gap measurements
per surface in the three groups. The mean marginal
gaps of different surfaces were various in all groups.
Overall, gingival mean marginal gap calculations were
higher than that of other surfaces (axial and occlusal)
in all groups (p < 0.05). No significant differences were
found between the occlusal and axial marginal gaps.
The larger gap in gingival margin is due to the deform
and polymerised shrinkage of the impression material
in the CE group, related to the manufacture operation.
While the higher gap value in gingival margins of
CAD/CAM inlays (EN and LU groups) are affected by
many factors. When getting the digital impressions, the
dentitions from groups ENandLUwere fixed in the den-
tal simulator simulating the oral conditions. The scan-
ning head must be adjusted into several directions to
overcome the adjacent teeth blocking and get the intact
image of gingival margin. It was reported that when
obvious angles (>60°) exist between the perpendicular
of scanned surface and the scanning direction, the accu-
racy of digitisation declined [63]. Another possible
reason could be themilling units and the lack of precision
of the drills shaping the gingival area [64].Overmilling of

any surface details less than the diameter of the milling
rotary instrument will result in a less accurate restoration
[55,65]. In addition, software limitations in designing
restorations and hardware limitations within scanning
equipment and the milling machine are possible short-
comings in the CAD/CAM technique [47].

Conclusion

Within the limitations of this in vitro study, it was con-
cluded that:

(1) Thermal cycling had no effect on marginal adap-
tation of the hybrid ceramic inlays.

(2) The gingival margin of the hybrid ceramic inlays
presented larger gaps compared to occlusal and
the axial margin.

(3) The overall mean marginal gaps of inlay restor-
ations made by the hybrid ceramic were all within
the clinically acceptable range.
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ADVANCES IN APPLIED CERAMICS 5



References

[1] Aidsman I. The glossary of prosthodontic terms. J
Prosthet Dent. 2005;94(1):10–92.

[2] Barone A, Derchi G, Rossi A, et al. Longitudinal clini-
cal evaluation of bonded composite inlays: a 3-year
study. Quintessence Int. 2008;39:65–71.

[3] Rippe M, Monaco C, Volpe L, et al. Different methods
for inlay production: effect on internal and marginal
adaptation, adjustment time, and contact point. Oper
Dent. 2017;42(4):436–444.

[4] Reiss B, Walther W. Clinical long-term results and 10-
year Kaplan-Meier analysis of Cerec restorations. Int J
Comput Dent. 2000;3(1):9–23.

[5] Otto T, De Nisco S. Computer-aided direct ceramic
restorations: a 10-year prospective clinical study of
Cerec CAD/CAM inlays and onlays. Int J
Prosthodont. 2002;15(2):122–128.

[6] Rekow ED, Silva NR, Coelho PG. Performance of den-
tal ceramics: challenges for improvement. J Dent Res.
2011;90(8):937–952.

[7] Vagropoulou GI, Klifopoulou GL, Vlahou SG, et al.
Complications and survival rates of inlays and onlays
vs. complete coverage restorations: a systematic review
and analysis of studies. JOral Rehabil. 2018;45:903–920.

[8] Mark JE. Ceramic-reinforced polymers and polymer-
modified ceramics. Polym Eng Sci. 1996;36
(24):2905–2920.

[9] Ruse ND, Sadoun MJ. Resin-composite blocks for den-
tal CAD/CAM applications. J Dent Res. 2014;93:1232–
1234.

[10] Nguyen JF, Migonney V, Ruse ND, et al. Resin compo-
site blocks via high-pressure high-temperature
polymerization. Dent Mater. 2012;28:529–534.

[11] Nguyen JF, Migonney V, Ruse ND, et al. Properties of
experimental urethane dimethacrylate-based dental
resin composite blocks obtained via thermo-polymeriz-
ationunder highpressure.DentMater. 2013;29:535–541.

[12] Coldea A, Swain MV, Thiel N. Mechanical properties
of polymer- infiltrated-ceramic-network materials.
Dent Mater. 2013;29:419–426.

[13] Della Bona A, Corazza PH, Zhang Y. Characterization
of a polymer- infiltrated ceramic-network material.
Dent Mater. 2014;30:564–569.

[14] Stawarczyk B, Liebermann A, Eichberger M, et al.
Evaluation of mechanical and optical behavior of cur-
rent esthetic dental restorative CAD/CAM composites.
J Mech Behav Biomed Mater. 2015;55:1–11.

[15] Lauvahutanon S, Takahashi H, Shiozawa M, et al.
Mechanical properties of composite resin blocks for
CAD/CAM. Dent Mater J. 2014;33:705–710.

[16] Awada A, Nathanson D. Mechanical properties of
resin-ceramic CAD/CAM restorative materials. J
Prosthet Dent. 2015;114:587–593.

[17] Tsitrou EA,Northeast SE, vanNoort R. Brittleness index
of machinable dental materials and its relation to the
marginal chipping factor. J Dent. 2007;35:897–902.

[18] Lebon N, Tapie L, Vennat E, et al. Influence of CAD/
CAM tool and material on tool wear and roughness
of dental prostheses after milling. J Prosthet Dent.
2015;114:236–247.

[19] Zaghloul H, Elkassas DW,HaridyMF. Effect of incorpor-
ation of silane in the bonding agent on the repair potential
of machinable esthetic blocks. Eur J Dent. 2014;8:44–52.

[20] Chavali R, Nejat AH, Lawson NC. Machinability of
CAD-CAM materials. J Prosthet Dent. 2017;118
(2):194–199.

[21] Denissen H, Dozic A, van der Zel J, et al. Marginal fit
and short-term clinical performance of porcelain-
veneered CICERO, CEREC, and procera onlays. J
Prosthet Dent. 2000;84:506–513.

[22] Jokstad A. Secondary caries and microleakage. Dent
Mater. 2016;32(1):11–25.

[23] Larson TD. The clinical significance of marginal fit.
Northwest Dent. 2012;91(1):22.

[24] Bullard R, Leinfelder K, Russel C. Effect of coefficient
of thermal expansion on microleakage. J Am Dent
Assoc. 1988;116:871–874.

[25] Cenci MS, Pereira-Cenci T, Donassollo TA, et al.
Influence of thermal stress on marginal integrity
of restorative materials. J Appl Oral Sci. 2008;16
(2):106–110.

[26] Kokubo Y, Tsumita M, Kano T, et al. Clinical marginal
and internal gaps of zirconia all-ceramic crowns. J
Prosthet Dent. 2011;55:40–43.

[27] Sarkis-Onofre R, Skupien JA, Cenci MS, et al. The role
of resin cement on bond strength of glass-fiber posts
luted into root canals: a systematic review and meta-
analysis of in vitro studies. Oper Dent. 2014;39:E31–
E44.

[28] Groten M, Axmann D, Pröbster L, et al. Determination
of the minimum number of marginal gap measure-
ments required for practical in vitro testing. J
Prosthet Dent. 2000;83:40–49.

[29] Bottino MA, Campos F, Ramos NC, et al. Inlays made
from a hybrid material: adaptation and bond strength.
Oper Dent. 2015;40:E83–E91.

[30] Kim DY, Kim JH, Kim HY, et al. Comparison and
evaluation of marginal and internal gaps in cobalt-
chromium alloy copings fabricated using subtractive
and additive manufacturing. J Prosthodont Res.
2018;62:56–64.

[31] Kale E, Seker E, Yilmaz B, et al. Effect of cement space
on the marginal fit of CAD-CAM-fabricated mono-
lithic zirconia crowns. J Prosthet Dent. 2016;116:890–
895.

[32] McLean JW, von Fraunhofer JA. The estimation of
cement film thickness by an in vivo technique. Br
Dent J. 1971;131:107–111.

[33] Belser UC, MacEntee MI, Richter WA. Fit of three por-
celain-fused-to-metal marginal designs in vivo: a scan-
ning electron microscope study. J Prosthet Dent.
1985;53:24–29.

[34] Sailer I, Feher A, Filser F, et al. Five-year clinical results
of zirconia frameworks for posterior fixed partial den-
tures. Int J Prosthodont. 2007;20:383–388.

[35] Da Costa JB, Pelogia F, Hagedorn B, et al. Evaluation of
different methods of optical impression making on the
marginal gap of onlays created with CEREC 3D. Oper
Dent. 2010;35(3):324–329.

[36] Weaver JD, Johnson GH, Bales DJ. Marginal adap-
tation of castable ceramic crowns. J Prosthet Dent.
1991;66(6):747–753.

[37] Keshvad A, Hooshmand T, Asefzadeh F, et al.
Marginal gap, internal fit, and fracture load of leu-
cite-reinforced ceramic inlays fabricated by CEREC
in lab and hot-pressed techniques. J Prosthodont.
2011;20(7):535–540.

[38] Oz FD, Bolay S. Comparative evaluation of marginal
adaptation and fracture strength of different ceramic
inlays produced by CEREC omnicam and heat-pressed
technique. Int J Dent. 2018;2018:1–10.

[39] Nawa eh NA, Mack F, Evans J, et al. Accuracy and
reliability of methods to measure marginal adaptation

6 K. QIAN ET AL.



of crowns and FDPs: a literature review. J Prosthodont.
2013;22:419–428.

[40] Sener-Yamaner ID, Sertgöz A, Toz-Akalın T, et al.
Effect of material and fabrication technique on mar-
ginal fit and fracture resistance of adhesively luted
inlays made of CAD/CAM ceramics and hybrid
materials. J Adhes Sci Technol. 2017;31:55–70.

[41] Park SH, Yoo YJ, Shin YJ, et al. Marginal and internal
fit of nano-composite CAD/CAM restorations. Restor
Dent Endod. 2016;41:37–43.

[42] Uzgur R, Ercan E, Uzgur Z, et al. Cement thickness of
inlay restorations made of lithium disilicate, polymer-
infiltrated ceramic and nano-ceramic CAD/CAM
materials evaluated using 3D x-ray micro- computed
tomography. J Prosthodont. 2018;27:456–460.

[43] Rippe MP, Monaco C, Volpe L, et al. Different methods
for inlay production: effect on internal and marginal
adaptation, adjustment time, and contact point. Oper
Dent. 2017;42:436–444.

[44] Bortolotto T, Onisor I, Krejci I. Proximal direct com-
posite restorations and chairside CAD/CAM inlays:
marginal adaptation of a two-step self-etch adhesive
with and without selective enamel conditioning. Clin
Oral Investig. 2007;11:35–43.

[45] Ilgenstein I, Zitzmann NU, Bühler J, et al. Influence of
proximal box elevation on the marginal quality and
fracture behavior of root-filled molars restored with
CAD/CAM ceramic or composite onlays. Clin Oral
Investig. 2015;19:1021–1028.

[46] Goujat A, Abouelleil H, Colon P, et al. Mechanical
properties and internal fit of 4 CAD-CAM block
materials. J Prosthet Dent. 2018;119:384–389.

[47] Guess PC, Vagkopoulou T, Zhang Y, et al. Marginal
and internal fit of heat pressed versus CAD/CAM fab-
ricated all-ceramic onlays after exposure to thermo-
mechanical fatigue. J Dent. 2014;42:199–209.

[48] Sandoval MJ, Rocca GT, Krejci I, et al. In vitro evalu-
ation of marginal and internal adaptation of class II
CAD/CAM ceramic restorations with different resi-
nous bases and interface treatments. Clin Oral
Investig. 2015;19:2167–2177.

[49] Stappert CF, Chitmongkolsuk S, Silva NR, et al. Effect
of mouth-motion fatigue and thermal cycling on the
marginal accuracy of partial coverage restorations
made of various dental materials. Dent Mater.
2008;24:1248–1257.

[50] Frankenberger R, Hehn J, Hajtó J, et al. Effect of prox-
imal box elevation with resin composite on marginal
quality of ceramic inlays in vitro. Clin Oral Investig.
2013;17:177–183.

[51] Homsy FR, Özcan M, Khoury M, et al. Marginal and
internal fit of pressed lithium disilicate inlays fabri-
cated with milling, 3D printing, and conventional tech-
nologies. J Prosthet Dent. 2017;119(5):783–790.

[52] Addi S, Hedayati-Khams A, Poya A, et al. Interface
gap size of manually and CAD/CAM manufactured
ceramic inlay/onlays in vitro. J Dent. 2002;30(1):53–58.

[53] Kim JH, Cho BH, Lee JH, et al. Influence of prep-
aration design on fit and ceramic thickness of
CEREC 3 partial ceramic crowns after cementation.
Acta Odontol Scand. 2015;73:107–113.

[54] Borba M, Cesar PF, Griggs JA, et al. Adaptation of all-
ceramic fixed partial dentures. Dent Mater.
2011;27:1119–1126.

[55] Kirsch C, Ender A, Attin T, et al. Trueness of four
different milling procedures used in dental CAD/
CAM systems. Clin Oral Investig. 2017;21:551–558.

[56] Hoop CD, Land MF. Considerations for ceramic
inlays in posterior teeth: a review. Clinical. 2013;18
(5):21–32.

[57] Nalcai A, Ulusoy N. Effect of thermocycling on
microleakage of resin composites polymerized with
LED curing techniques. Quintessence Int.
2007;38:433–439.

[58] Wendt SL, McInnes PM, Dickinson GL. The effect of
thermocycling in microleakage analysis. Dent Mater.
1992;8:181–184.

[59] Raskin A, D’Hoore W, Gonthier S, et al. Reliability of
in vitro microleakage tests: a literature review. J
Adhes Dent. 2001;3:295–308.

[60] International Standards Organization. Guidance on
testing of adhesion to tooth structure. ISO/TR 11405.
Dent Mater. 1994;1994:1–14.

[61] Gale MS, Darvell BW. Thermal cycling procedures for
laboratory testing of dental restorations. J Dent.
1999;27(2):89–99.

[62] Stewardson DA, Shortall AC, Marquis PM. The effect
of clinically relevant thermocycling on the flexural
properties of endodontic post materials. J Dent.
2010;38(5):437–442.

[63] DeLong R, Pintado MR, Ko CC, et al. Factors influen-
cing optical 3D scanning of vinyl polysiloxane
impression materials. J Prosthodont. 2001;10:78–85.

[64] El Zohairy AA, De Gee AJ, Mohsen MM, et al.
Microtensile bond strength testing of luting cements
to prefabricated CAD/CAM ceramic and composite
blocks. Dent Mater. 2003;19:575–583.

[65] Alghazzawi TF. Advancements in CAD/CAM technol-
ogy: options for practical implementation. J
Prosthodont Res. 2016;60:72–84.

ADVANCES IN APPLIED CERAMICS 7


