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Introduction

Abstract

Purpose: To evaluate the marginal fit of CAD/CAM all ceramic crowns made from
lithium disilicate and zirconia using two different fabrication protocols (model and
model-less).

Materials and Methods: Forty anterior all ceramic restorations (20 lithium disilicate,
20 zirconia) were fabricated from digital impressions using a CEREC Bluecam scan-
ner. Two different digital workflows were used: a fully digital model-less approach
and a printed model digital approach. The crowns were cemented on the respective
prepared typodont teeth and marginal gap was evaluated using Micro-CT. Each spec-
imen was analyzed in sagittal and trans-axial orientations, allowing evaluation of the
marginal fit (vertical and horizontal) on each surface. Logarithmic transformation was
used with a significance of 0.05. After that a reliability analysis was performed by
re-measuring four randomized selected images for each specimen and performing
intraclass correlations to determine any systematic bias in the measurements.
Results: Vertical measurements in the lingual, distal and mesial views had an esti-
mated marginal gap ranging from 101.9 to 133.9 pum for lithium disilicate crowns and
126.4 to 165.4 um for zirconia. No significant differences were found between model
and model-less techniques.

Conclusions: Both workflows are valid protocols for the fabrication of monolithic
ceramic restorations. The use of a printed model did not improve the marginal fit of
lithium disilicate or zirconia crowns.

Both materials are also clinically acceptable, no matter which workflow was used to
obtain the restoration.

sign/Computer Aided Manufacturing (CAD/CAM) technology
expanded the choices of contemporary ceramic materials and
presents a viable alternative for the fabrication of dental restora-

Dental crown restorations have been used for decades to re-
store compromised, heavily restored teeth, and for esthetic
and functional improvements. The fabrication process of these
restorations has been traditionally performed using elastomeric
impression materials after tooth preparation followed by fabri-
cation of a master cast with a die preparation. In the conven-
tional workflow, the crown or the crown coping is produced by
the lost wax technique, and where a compatible ceramic ve-
neer is applied by layering or pressing.! Computer Aided De-
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tions. The increased demand of contemporary ceramic material
use is due to the excellent biocompatibility, strength, esthet-
ics and reduced fabrication cost. Although emerging evidence
indicates that all-ceramic restorations are viable alternatives
to metal ceramic restorations, there is a need for a systematic
comparisons of the marginal fit of full coverage CAD/CAM
restorations and processing techniques.> Multiple recent stud-
ies examined the marginal fit of ceramic restorations fabricated
using digital impression systems.>!® Many of these studies,
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compared the marginal fit using digital and conventional im-
pressions and concluded that both protocols result in clinically
acceptable marginal adaptation for the fabrication of indirect all
ceramic dental restorations.>*7:11-12 Nonetheless, another area
that require further investigation is the validity of various digital
workflows currently being utilized for digital crown fabrication.

It is well documented that long-term success in fixed
prosthodontics is influenced by the accuracy of marginal adap-
tation of the restoration.!* Marginal gaps can result in disso-
lution of cement, increased plaque accumulation, periodontal
inflammation and secondary caries.'*!> In an in vivo study by
Felton et al. the marginal fit was strongly correlated with gingi-
val inflammation.'® Furthermore, Zoellner et al correlated the
marginal adaptation of single restorations with secondary car-
ious lesions using histologic evaluation and found that when
taking into account the extension of secondary caries lesions
undermined crown by up to 1 mm horizontally and 1.3 mm
vertically.!”

When CAD/CAM technology is used for the fabrication
of all-ceramic restorations, multiple workflows can be imple-
mented; indirect method involving milling or printing and in-
vesting of resin replicas that are later heat pressed, or a direct
method which include the milling of various ceramic and com-
posite materials. Two popular contemporary ceramic materials
that can be milled in dental offices or laboratories are lithium
disilicate and zirconia. Lithium disilicate blocks are partially
sintered and relatively soft; they are easier to mill and obtain
the desired restoration; after this process, the material is usually
heated to 850°C for 20 to 30 minutes to transform the material
to the fully crystalized stage. This sintering step is associated
with a 0.2% shrinkage accounted for by the CAD software.'®
On the other hand, zirconia ceramics blocks can be milled in a
partially sintered state (green state), or in a fully sintered state.
The green state is easier and faster to mill; however, volume
shrinkage of 25% to 35% occurs during the sintering process.
Fully sintered zirconia requires more time and intensive milling
process; this process may cause “microdefects” in the restora-
tion or surface flaws that can degrade the final strength and
potentially result in chipping of the marginal areas of the final
restoration.'

Capturing the tooth preparation details via a final impression
is a critical step in fixed prosthodontics therapy. Currently this
can be performed utilizing conventional elastomeric impression
materials or digitally by an optical surface scanner. Seelbach
et al demonstrated that conventional impression techniques us-
ing vinyl polysiloxane were no better than digital impressions
made using several intraoral scanners.'> The aim of this in-
vestigation was to compare using microCT(uCT) technology
the marginal fit of crowns fabricated using a model-less and
model approach for both lithium disilicate and zirconia mate-
rials. Additionally we also evaluated the overall marginal fit of
lithium disilicate and zirconia crowns. The null hypothesis is
that crowns fabricated using the two different workflows would
have similar marginal adaptation.

Materials and methods

Forty typodont maxillary left canine teeth were prepared for all
ceramic crowns by dental students enrolled in the preclinical
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Figure 1 Crown design using InLab software (Sirona Dental).

fixed Prosthodontics course at the University of North Carolina
School of Dentistry. The preparation parameters were: 1.3 to
1.5 mm chamfer finish line, axial reduction of 1.5 to 1.8
mm, 2 mm incisal reduction and occlusal palatal clearance
of 1.5 mm with a rounded/smooth outline. All the prepara-
tions were scanned using laser-based intraoral scanner (CEREC
Blue Cam, Sirona, Charlotte, NC) after coating the prepara-
tion, adjacent teeth and opposing teeth with scanning powder
(CEREC Optispray, Sirona, Charlotte, NC). For bite registra-
tion, maxillo-mandibular relations were captured using a buc-
cal scan for virtual articulation. The digital files were sent via
Cerec-Connect software to two different commercial dental
laboratories for crown fabrication. Forty anterior all ceramic
restorations (20 lithium disilicate, 20 zirconia) were fabricated.
Two different workflows were used: a fully digital model-less
approach and a printed cast digital approach.

For the model-less group the files were downloaded and
transferred to the CAD software for crown design (Cerec In
Lab 4.2.3). Crowns were designed and then sent to the CAM
nesting software for the milling process (Fig 1). Luting space
and adhesive gap were set at 80 um. One dental laboratory used
a 5-axis Roland DWX-50 milling machine to fabricate crowns
from ArgenZ high translucency zirconia discs (98 mm). Milled
crowns were sintered at 1530 to 1560°F. The second laboratory
fabricated lithium disilicate crowns (IPS e.max CAD, Ivoclar
Vivadent, Vident) using an MC XL milling machine (Sirona)
and crowns were crystallized at 1545°F for 17 minutes. All
restorations were stained, glazed, and returned for seating and
cementation.
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The model group workflow the files were also downloaded
and transferred to the CAD software for crown design (Cerec
In Lab 4.2.3). Casts for each specimen were also obtained after
digital impression and virtual model acquisition (Sirona In-
finident, Charlotte, NC). The dental laboratory received the
printed casts to verify the marginal fit and contacts of the
restorations previously designed using the virtual models and
milled in monolithic ceramic materials. If needed the restora-
tions were adjusted, then stained and glazed. After that, they
were returned for seating and cementation.

All the crowns for both groups were seated by the dental stu-
dents under faculty supervision following a standardized pro-
tocol consisting of evaluating the proximal contacts, marginal
fit clinically using a dental explorer and GC fit checker silicone
based material (GC Fit Chek, GC America), occlusal contacts
and axial contours. After the crowns were approved by the
supervising faculty they were cemented to the typodont tooth
using a dual cure self-adhesive resin cement (Rely X Unicem,
3M ESPE). After the completion of the laboratory exercise all
specimens were collected and submitted for analysis using pCT
scanner.

All 40 specimens were scanned for marginal fit analysis us-
ing a quantitative microcomputed tomography scanner (Scanco
micro-CT 40 scanner; Scanco Medical AG, Ziirich, Switzer-
land) at the Biomedical Research Imaging Center (BRIC) at
the University of North Carolina. Digital Imaging and Com-
munications in Medicine (DICOM) files were generated using
a 70-kilovolt peak (kVp) with a resolution of 1024 x 1024
pixels; the pixel size for the slice width were 8 pm nominal
isotropic with a scan time of approximately 40 minutes.

All the images were analyzed in the sagittal and transaxial
views with the a processing software (Skyscan, Bruker
Corporation, Kontich, Belgium). The analysis protocol con-
sisted of a total of 26 images within the 360° perimeter. Thus,
13 images per perspective (sagittal and transaxial) were evenly
distributed around the cervical margin (Fig 2). For each image
two horizontal and two vertical measurements corresponding to
the buccal and lingual or mesial and distal were taken at 400 x
magnification (Fig 3). Totaling 56 measurements per tooth.
The vertical measurements were made from the external crown
margin to the most external point of the tooth. For the horizon-
tal marginal fit, measurements are made from the most external
point of the margin of the tooth to the crown margin (Fig 4).

The examiner was calibrated according to previous
experiments’!?° before starting all measurements and results
were computed and organized in a Microsoft Excel document
for statistical analysis. Descriptive statistics were performed;
there were 10 specimens for each group with 13 correlated im-
ages with measurements for each surface according to previous
publications.zl’29 Four continuous outcomes (Buccal, Lingual,
Mesial, and Distal), were measured on each image for hor-
izontal and vertical marginal fit. Logarithmic transformation
was used for each outcome variable. Each of the variables were
normally distributed after transformation. Linear mixed models
were used to assess the main effect of two explanatory variables,
model type (model and model-less) and material (Lithium dis-
ilate and Zirconia), on each outcome variable. The interaction
term was not included due to the small sample size. The anal-
ysis was conducted separately for each direction. A compound
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Figure 2 Esquematic representation of the 26 images selected for anal-
ysis in the micro-CT coronal view of the specimen.
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Figure 3 Micro-CT sagittal image of crown at 100x magnification.

symmetric variance-covariance structure was assumed. Level
of significance was set at 0.05. Least square means for each
outcome were calculated for the main effects from the linear
mixed models. All analyses were performed with SAS 9.3 (SAS
institute, Cary, NC).

A reliability analysis was performed by re-measuring four
randomized selected images for each specimen and performing
intra-class correlations to determine any systematic bias in the
measurements.

Results

Tables 1 and 2 shows the statistical analysis of marginal fit.
Table 1 presents the results of marginal fit for each surface and
different materials. For all outcomes, the average marginal fit
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A B

Figure 4 (A) Schematic representation of the vertical marginal fit to be
evaluated in the Micro CT. (B) Horizontal marginal fit.

Table 1 Result of linear mixed models with compound symmetric co-
variance structure for each outcome by direction

Num DF/
Direction Outcome Effect Den DF F p Value*
Sagittal Vertical B Model type 1/37 093 0.341
Material 1/37 0.14  0.713
Vertical L Model type 1/37 0.38 0.543
Material 1/37 8.56  0.006*
Horizontal B Model type 1/37 0.07 0.793
Material 1/37 476  0.036*
Horizontal L~ Model type 1/37 17.48 <.001*
Material 1/37 2946 <.001*
Transaxial Vertical D Model type 1/37 3.57 0.067
Material 1/37 420  0.048*
Vertical M Model type 1/37 0.83  0.367
Material 1/37 430 0.045*
Horizontal D Model type 1/37 1.51 0.227
Material 1/37 292 0.096
Horizontal M Model type 1/37 0.30 0.585
Material 1/37 0.83 0.367

“Statistically significant difference (p < 0.05).
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Figure 5 Box plot representation of the horizontal and vertical values
(um) for lithium disilicate group with a cast. Graphic representation of
the specimen medians for the 4 groups including quartiles. (A) lithium
disilicate model (B) lithium disilicate model-less (C) Zirconia model (D)
Zirconia model-less.

was larger for zirconia than for lithium disilicate. Table 2 shows
the difference between groups (model and model-less) and ma-
terials (lithium disilicate and zirconia) according to the different
directions (buccal-lingual and mesio-distal) and outcomes (ver-
tical and horizontal). The average marginal fit as determined by
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Figure 6 Box plot representation of the horizontal and vertical values
(um) for lithium disilicate group model-less.

micro-CT analysis for the surfaces that showed statistically
significant results were estimated as follows: the estimated hor-
izontal marginal fit of the buccal view was 133.9 um for lithium
disilicate and 156.3 pm for zirconia (p = 0.036); the horizontal
marginal fit in the lingual surface was 122.7 pm and 165.4 pm
for lithium disilicate and zirconia (p < 0.001) respectively. On
the other hand, the vertical marginal fit in the lingual view was
101.9 pm for lithium disilicate and 140.2 pm for zirconia (p =
0.006); the marginal fit in the distal surface was 104.6 pm for
lithium disilicate and 126.4 pm for zirconia (p = 0.048); the
marginal fit in the mesial surface was 111.8 pm for lithium dis-
ilicate and 142.9 pm (p = 0.045), respectively. In regard to the
fabrication technique marginal discrepancies values were statis-
tically different only for horizontal lingual between model-less
(127 pm) and model (158.8) (p < 0.001). Table 3 shows the
mean difference, standard deviation and paired t-test from the
reliability analysis. The intraclass correlation coefficients re-
sults were 0.99 indicating high concordance between measure-
ments beyond that expected by chance and there is no statically
significant values from the paired tests indicating that there is no
systematic bias and high consistency between measurements.

Figures 5 to 8 also show the values of horizontal and vertical
marginal fit for each group according to the tooth surfaces. The
percentage of restorations that were under 120 um was 48% for
lithium disilicate and 25% for Zirconia restorations.

The intraclass correlation coefficients results were 0.99 in-
dicating high concordance between measurements beyond that
expected by chance and there is no statistically significant val-
ues from the paired tests indicating that there is no systematic
bias and high consistency between measurements.

Discussion

Based on our experiments and results the null hypothesis
that the different fabrication protocols (Model vs. Model-less)
would not affect the marginal fit of the restorations was ac-
cepted. Our secondary outcome showed that marginal fit of
lithium disilicate crows was different from zirconia crowns.
One major limitation of this study was the fact zirconia and
lithium disilicate crowns were fabricated by different labora-
tories and these could have affected the marginal fit of the
restorations Nonetheless these two materials have different
milling protocol and this also can be the reason for the dif-
ferent marginal fit.

Christensen (1966) suggested that clinically detectable
supragingival and subgingival margins are in a range of 2
to 51 um and 34 to 119 pm, respectively.'’McLean (1971)
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Table 2 Least square means from the linear mixed models (p < 0.05)

An In Vitro Study Using Micro-CT Technology

Log-10 transformed values Re-transformed to raw values

Direction Outcome Effect Est Difference Est Ratio
Sagittal Vertical B Model_Type Model 2.06 —0.06 115.82 0.88
Model-less 2.12 132.34
Material lithium disilicate 2.08 —0.02 120.67 0.95
Zirconia 2.10 127.03
Vertical L Model_Type Model 2.09 0.03 123.65 1.07
Model-less 2.06 115.64
Material lithium disilicate 2.01 -0.14 101.95 0.73*
Zirconia 2.15 140.25
Horizontal B Model_Type Model 2.16 0.01 146.05 1.02
Model-less 2.16 143.35
Material lithium disilicate 2.13 —0.07 133.91 0.86*
Zirconia 2.19 156.35
Horizontal L Model_Type Model 2.20 0.10 159.85 1.26*
Model-less 2.10 127.06
Material lithium disilicate 2.09 —-0.13 122.77 0.74*
Zirconia 2.22 165.42
Transaxial Vertical D Model_Type Model 2.10 0.08 125.55 1.19
Model-less 2.02 105.39
Material lithium disilicate 2.02 —0.08 104.62 0.83*
Zirconia 2.10 126.47
Vertical M Model_Type Model 2.08 —0.05 119.78 0.90
Model-less 2.13 133.44
Material lithium disilicate 2.05 —-0.11 111.84 0.78*
Zirconia 2.16 142.92
Horizontal D Model_Type Model 2.19 0.04 163.57 1.09
Model-less 2.15 141.22
Material lithium disilicate 2.14 —0.05 138.90 0.89
Zirconia 2.19 156.13
Horizontal M Model_Type Model 2.12 —0.02 132.31 0.96
Model-less 2.14 137.25
Material lithium disilicate 2.14 0.03 138.90 1.06
Zirconia 2.12 130.74
B = buccal; L = lingual, D = distal; M = mesial.
“Statistically significant difference (p < 0.05) (see Table 2).
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Sample View

Figure 7 Box plot representation of the horizontal and vertical values
(um) for Zirconia group with a cast.

suggested that 120 pm should be the limit for clinically ac-
ceptable marginal discrepancies.”’ There are other classifica-
tions of acceptable marginal fit. Neves et al showed different
acceptable marginal discrepancies described in the literature

Sample View

Figure 8 Box plot representation of the horizontal and vertical values
(um) for Zirconia group model-less.

and also suggested a new acceptable limit under 120 pm.?!
Holmes, et al defined absolute marginal fit for the first time
and affirmed that that marginal fit should be considered as
the angular combination of the vertical and horizontal error.?
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Table 3 Mean difference and paired t-test

Dugum et al

Original (matched to

reassessment) Reassessment Paired t-test

Direction Variable Mean Std Dev Mean Std Dev t DF p

Sagittal VBD 147.55 95.47 148.29 92.87 —0.66 39 0.51
VLM 142.87 97.19 141.97 98.17 0.51 39 0.62
HBD 151.30 48.55 153.32 47.95 -2.03 39 0.05
HLM 156.32 78.47 156.68 77.04 -0.27 39 0.79

Trans-axial VBD 136.37 79.38 137.62 77.73 —1.00 39 0.33
VLM 139.51 94.39 138.78 94.12 0.63 39 0.53
HBD 157.19 61.92 154.89 60.68 1.30 39 0.20
HLM 141.72 57.47 141.19 57.30 0.38 39 0.71

Evaluation techniques for clinical and laboratory measure-
ment of marginal fit include the use of direct view and clin-
ical evaluation techniques, cross-sectioning technique, replica
technique, profile projector, digimatic micrometer, 3D recon-
struction and micro computed tomography (uCT).?* The main
advantages with 3D reconstruction and pCT methods is that
angulation and deformation are not incorporated in the analysis
of the specimens and they represent non-destructive methods of
investigation.?!

It is important to note that the crown marginal fit is a cul-
mination of an entire digital workflow. The marginal fit in
CAD/CAM is dependent on the size of the cutting instrument,
precision of the milling unit, digital cast rendering, the machine
calibration and system for image capturing. So, to make a fair
comparison, it is necessary to consider the system, its version,
the measurement technique, the type of restoration (crowns,
inlays, onlays), and restorative material.>!>* The materials per
se do not represent the only variable in the process. A central
difference in the fabrication of the zirconia versus lithium dis-
ilicate crowns was the CAD/CAM mill. This is complicated
by the dry versus wet nature of milling zirconia versus lithium
disilicate, the potential differences in nesting programs, tool
path determination and integral dimensional constraints or cal-
ibration effects of the individual mills. Further, the dimensional
inaccuracies associated with shrinking during the sintering pro-
cess and individual handling may have affected the fabrication
of the zirconia crowns.

Moreover, the technician’s impact on design also influences
outcomes; for example, the virtual configuration of the die
spacer between the tooth and the restoration is essential for
the accuracy of the marginal adaptation. Studies have demon-
strated that the difference of marginal fit between CAD/CAM
restorations is directly related to the gap parameters from the
computer design and also related to the intrinsic properties of
the CAD/CAM system.” Recent studies compared restora-
tions fabricated utilizing digital impression systems to ones
compared with traditional impression techniques and found out
that both techniques results in acceptable marginal fit.>*!2 Al-
though, CAD/CAM fabricated restorations provide acceptable
marginal fit, recent evidence still show improved marginal fit.
with heat pressed fabricated ceramic restorations.”1%2° Also,
in commercial laboratories protocols should be established to
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evaluated fit of crowns that are fabricated and avoid errors in
calibration and wear and tear of machines.

The approach employed in the present study was to simulate
a realistic environment to evaluate restorations made by clini-
cians on daily basis were no standardized preparations are used,
the majority of the investigations focus primarily in achieving
the best possible accuracy that can be obtained from the systems
under ideal conditions eliminating the influence of common
clinical errors. For a precise analysis of the materials and sys-
tems used in this study a more standardized protocol would help
to support the results and understand the differences between
the different materials. In relation to the CEREC system, most
investigators assessed inlay and onlay restorations based on pre-
vious CEREC casts before CEREC Bluecam; this data cannot
be directly compared to the actual system as the manufacturer
has improved the camera, software and hardware since then.
More recently during the preparation of this manuscript after
the acquision of data an even more recent scanner has been
released (Cerec Omnicam) that could also affect our results.
Recent standardized in vitro studies from Lee et al reported a
mean marginal fit of 89.5 um using Mark II milling blocks.?’
More recently, Neves et al. reported a marginal fit of 39.2 pm
for lithium disilicate in a standardized in vitro study from the
Roland DWX-50 milling machine.?! Another important factor
to consider is the cement and the cementation process. The
cement generally can increase the fit of marginal extent, since
the excesses adhere to the tooth surface and in the restoration.®
Additionally, the specimens in this study were cemented using a
resin cement and by students performing their first cementation
exercise. This may help explain the larger that usual marginal
fit of the restorations that were deemed clinically acceptable by
the supervising faculty utilizing conventional crown marginal
fit evaluation methods.

An important finding of our study is that there is no signif-
icant difference between the marginal fit of crowns fabricated
with a fully model-less digital approach versus the digital
protocol utilizing printed casts. Our results are in agreement
with a previous study which reported no significant difference
between the marginal fit of crowns fabricated with a full
model-less digital approach versus the conventional technique
using stone casts.?’ Thus, both workflows are valid protocols
for the fabrication of monolithic ceramic restorations. The
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elimination of cast fabrication would facilitate and expedite
the manufacturing process without compromising the marginal
adaptation of restoration. Also, the fabrication of casts with
different 3D printers have to be evaluated as this can also be a
source of error in this process. Most importantly all the equip-
ment used in fabrication of an all ceramic restoration including,
intra-oral scanners, 3D printers and milling machines have to
be evaluated on a routine basis to ensure proper calibration.

During the fabrication process, dental laboratories use stone
or printed casts mainly to check proximal contacts, occlusal
contacts and contours. The process is very standardized and
predictable once clinicians reach the learning curve of the digi-
tal system they use for crown fabrication. However, having casts
for verification is not as important for monolithic restorations.
Digital dentistry is a great tool for evaluation of restorations dur-
ing the fabrication process as it provides ways view restoration
in magnified fashion and also quantifies proximal and occlusal
contacts.

Conclusion

No statistically significant differences were observed when
comparing model or model-less workflows for the processing
of single unit lithium disilicate and zirconia crowns, in regards
to their marginal fit. Within the limitation of this study and
equipment used both workflows are valid protocols for the fab-
rication of monolithic ceramic restorations. The use of a printed
model did not improve the marginal fit of lithium disilicate or
zirconia crowns. Both materials are also clinically acceptable,
no matter which workflow was used to obtain the restoration.

References

1. Kelly JR, Denry I: Stabilized zirconia as a structural ceramic: an
overview. Dent Mater 2008;24:289-298

2. Reich S, Gozdowski S, Trentzsch L, et al: Marginal fit of
heat-pressed vs. CAD/CAM processed all-ceramic onlays using a
milling unit prototype. Oper Dent 2008;33:644-650

3. NgJ, Ruse D, Wyatt C: A comparison of the marginal fit of
crowns fabricated with digital and conventional methods.
J Prosthet Dent 2014;112:555-560

4. Kim J-H, Jeong J-H, Lee J-H, et al.:Fit of lithium disilicate
crowns fabricated from conventional and digital impressions
assessed with micro-CT. J Prosthet Dent 2016;116:551-557

5. Batson ER, Cooper LF, Duqum I, et al: Clinical outcomes of
three different crown systems with CAD/CAM technology.
J Prosthet Dent. 2014;112:770-777

6. Al Hamad KQ, Al Rashdan BA, Al Omari WM, et al:
Comparison of the fit of lithium disilicate crowns made from
conventional, digital, or conventional/digital techniques.
J Prosthodont 2019;28:580-586

7. Anadioti E, Aquilino SA, Gratton DG, et al: 3D and 2D marginal
fit of pressed and CAD/CAM lithium disilicate crowns made
from digital and conventional impressions. J Prosthodont
2014;23:610-617

8. Hamza TA, Sherif RM: In vitro evaluation of marginal
discrepancy of monolithic zirconia restorations fabricated with
different CAD-CAM systems. J Prosthet Dent 2017;117:762-766

9. Bae E-J, Jeong I-D, Kim W-C, et al: A comparative study of
additive and subtractive manufacturing for dental restorations.
J Prosthet Dent 2017;118:187-193

Journal of Prosthodontics 28 (2019) 1037-1043 © 2019 by the American College of Prosthodontists

10.

11.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

An In Vitro Study Using Micro-CT Technology

Dolev E, Bitterman Y, Meirowitz A: Comparison of marginal fit
between CAD-CAM and hot-press lithium disilicate crowns.

J Prosthet Dent 2019;121:124-128

Chochlidakis KM, Papaspyridakos P, Geminiani A, et al: Digital
versus conventional impressions for fixed prosthodontics: a
systematic review and meta-analysis. J Prosthet Dent
2016;116:184-190

Seelbach P, Brueckel C, Wostmann B: Accuracy of digital and
conventional impression techniques and workflow. Clin Oral
Investig. 2013;17:1759-1764

Schwartz NL, Whitsett LD, Berry TG, et al: Unserviceable
crowns and fixed partial dentures: life-span and causes for loss of
serviceability. J] Am Dent Assoc 1970;81:1395-1401

Bindl A, Mormann WH: Marginal and internal fit of all-ceramic
CAD/CAM crown-copings on chamfer preparations. J Oral
Rehabil 2005;32:441-447

Syrek A, Reich G, Ranftl D, et al: Clinical evaluation of
all-ceramic crowns fabricated from intraoral digital impressions
based on the principle of active wavefront sampling. J Dent
2010;38:553-559

Felton DA, Kanoy BE, Bayne SC, et al: Effect of in vivo crown
margin discrepancies on periodontal health. J Prosthet Dent
1991;65:357-364

Zoellner A, Bragger U, Fellmann V, et al: Correlation between
clinical scoring of secondary caries at crown margins and
histologically assessed extent of the lesions. Int J Prosthodont
2000;13:453-459

Lien W, Roberts HW, Platt JA, et al: Microstructural evolution
and physical behavior of a lithium disilicate glass-ceramic. Dent
Mater 2015;31:928-940

Christensen GJ: Marginal fit of gold inlay castings. J Prosthet
Dent 1966;16:297-305

McLean JW, von Fraunhofer JA: The estimation of cement film
thickness by an in vivo technique. Br Dent J 1971;131:107-111
Neves FD, Prado CJ, Prudente MS, et al: Micro-computed
tomography evaluation of marginal fit of lithium disilicate
crowns fabricated by using chairside CAD/CAM systems or the
heat-pressing technique. J Prosthet Dent 2014;112:1134-1140
Holmes JR, Bayne SC, Holland GA, et al: Considerations in
measurement of marginal fit. ] Prosthet Dent 1989;62:405-408
Nawafleh NA, Mack F, Evans J, et al: Accuracy and reliability of
methods to measure marginal adaptation of crowns and FDPs: a
literature review. J Prosthodont 2013;22:419-428

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;35:324-329
Schaefer O, Schmidt M, Goebel R, et al: Qualitative and
quantitative three-dimensional accuracy of a single tooth
captured by elastomeric impression materials: an in vitro study.
J Prosthet Dent 2012;108:165-172

Keshvad A, Hooshmand T, Asefzadeh F,et al: Marginal gap,
internal fit, and fracture load of leucite-reinforced ceramic inlays
fabricated by CEREC inLab and hot-pressed techniques.

J Prosthodont. 2011;20:535-540

Lee K-B, Park C-W, Kim K-H, et al: Marginal and internal fit of
all-ceramic crowns fabricated with two different CAD/CAM
systems. Dent Mater J 2008;27:422-426

Pak H-S, Han J-S, Lee J-B, et al: Influence of porcelain
veneering on the marginal fit of Digident and Lava CAD/CAM
zirconia ceramic crowns. J Adv Prosthodont 2010;2:33-38

Das Neves FD, de Almeida Prado Naves Carneiro T, do Prado
CJ, et al: Micrometric precision of prosthetic dental crowns
obtained by optical scanning and computer-aided
designing/computer-aided manufacturing system. J Biomed Opt
2014;19:1-6

1043



