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ABSTRACT
Introduction
No studies on the marginal gap or internal fit of crowns
have reported the effect of non-axial seating which may
often occur inadvertently clinically.
Aim
Therefore this in vitro study sought to investigate the offaxis seating of CAD/CAM crowns and its effect on the
marginal gap and internal fit.
Method
A standardised crown preparation on a typodont tooth
was used to design and mill 30 crowns with a flat occlusal surface. Ten Zirconia (Dentsply Sirona, Germany), 10
Enamic (Vita, Austria), and 10 Brilliant Crios (Coltene,
Switzerland) crowns were milled, five of each milled with
a luting space of 100µm, and five of 200 µm. The marginal gap was measured in two and three dimensions
after luting with silicone on a 3D-printed metal replica.
Seating occurred axially, at 5 º buccally and 5º lingually.
The silicone was used to calculate the internal fit.
Results
Axial seating with a 100 µm luting space obtained the
smallest marginal gap, irrespective of material or luting
space. 3D measurements were larger than 2D measurements, but not significantly. The maximum off-axis gap
was 117 µm, on the opposite side to which pressure
was applied.
Conclusions
Care must be taken clinically to ensure that luting takes
place in an axial direction only.
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INTRODUCTION
The introduction of Computer-Aided Design and Computer-Aided Manufacturing (CAD/CAM) technology has
allowed for improved aesthetics compared with ceramometal crowns.1
The luting space within a prosthesis is created to allow
the formation of a film of luting agent between the tooth
and prosthesis. With CAD/CAM this space is created
by selecting the milling parameters within the software
to produce a pre-defined cement space when the restoration is milled. However, different manufacturers (of
which there are now more than 70) 2 have recommended different luting spaces, and several studies have
linked luting space to marginal gap measurements.3-7
Recommendations have ranged from 10 μm to 100 μm,
with the larger spaces generally producing the smaller
marginal gaps both before and after actual or replicated cementation.4-6,8-12
The milling process to achieve the luting space is limited
by the size of the burs used, and the movements of
the axes of the milling machine. This in turn influences
the preparation form, and in case that form is not ideal,
manufacturers have recommended a luting space of up
to 100 μm. The smallest diameter bur is generally 1 mm
and so any sharp edges in a preparation would not be
reproduced, hence the 100 μm recommended space.
The marginal gap can be defined as the vertical and
horizontal dimension from the finish line of the preparation to the margin of the restoration. The internal fit can
be described as the area between the crown and the
tooth that will be occupied by cement.13
Failure of restorations to seat completely can result in a
sizeable marginal gap and occlusal prematurities resulting in sensitivity, and may cause the prosthesis to loosen
prematurely.14
Discrepancies in the marginal gap can lead to microleakage;15 plaque retention at the margin;16 secondary
caries and pulpal involvement;17,18 and changes in the
microflora causing the development of periodontal disease, 19-21 any and all of which could ultimately result
in failure of the crown.
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Many studies have measured the marginal gap and internal fit of full coverage restorations using different methods, with varying results. It is generally accepted that
marginal gaps below 120 µm are clinically acceptable.22-26
With regards to the internal fit, it is clinically relevant to
ensure that adequate space is created to allow an even
thickness of dental cement.
The marginal gap was was originally measured at a
few points around the circumference but it has been
found that to determine an accurate marginal gap it is
necessary to measure at least 18 locations around the
circumference of the tooth.27
Several methods have been used to evaluate the marginal gap including the use of an optical microscope;28-33
using a profile projector;3 profilometry;34 embedding in
epoxy resin and sectioning and measured with a threedimensional microscope; 35-39 cementation and use of
microCT;40-43 and the use of a silicone luting replica technique.3,13,30,35,41,43,44 The silicone replica technique can also
be used to measure the overall total fit of the crown and
provides a correlation with the marginal gap.

Fig. 1

Fig 2. B

Fig 2. A

Fig. 2C

Figure 1. A milled crown with a flat occlusal surface.
Figure 2. Images showing the replicated typodont tooth into metal.

None of the studies have reported on the effect of
non-axial seating discrepancies, and these are known
to happen in the clinical environment, as finger pressure
is used to cement a crown.
Therefore this in vitro study sought to investigate the
off-axis seating of CAD/CAM crowns and its effect on
the marginal gap and internal fit, using three different materials, a zirconia (Dentsply Sirona, Germany), a
polymer infiltrated ceramic network (PICN) (Enamic,
Vita, Austria), and a composite (Brilliant Crios, Coltene,
Switzerland).

METHOD
A resin typodont molar tooth was prepared to produce
a standardised crown preparation with a total convergence angle of 12 degrees as measured digitally from
the scanned image using Finite Element Analysis (FEA)
Software (Solidworks, SolidWorks Corp, United States),
internally rounded shoulder margins of 1.5 mm circumferentially, and an occlusal reduction of 1.5 mm. All line
angles were rounded. The surface area of the preparation was calculated from the scan using the FEA software, to aid in the internal fit calculations.
The typodont tooth was scanned with the CEREC
Omnicam intra-oral scanner (Sirona Dental Systems.
Germany), and 30 crowns were milled with a flat occlusal surface. The flat occlusal surface of the crowns
aided in seating the crown off-axis and axially. Ten
Zirconia, 10 Enamic, and 10 Brilliant Crios crowns were
milled using a CEREC MC X milling machine (Sirona
Dental Systems, Germany). In each group, five crowns
were milled with a luting space of 100 µm and the
other five crowns with a luting space of 200 µm.
Each crown was then seated on the metal replicated
tooth set in a typodont model with adjacent teeth to
provide contact points. The typodont model was set on
a custom-made tilting device (adapted from the model-

Figure 3. Two-dimensional measurement only records the vertical height
(V) but does not consider any overlap (either positive or negative), hence
the 3-dimensional measurement taking into account both the horizontal
(H) and vertical gap in three dimensions (3-D) is a more realistic representation of the marginal gap.

holding device of a model surveyor) that allowed the
model to be tilted 5 degrees to either side, and a standard 3 kg weight was lowered parallel to the ground
simulating cementation pressure.
Each crown was filled with light-body polyvinyl siloxane
material (Express XT light-body quick, 3MESPE, Germany)
to represent the luting agent and seated onto the tooth.
A constant load was placed on the crown with the 3 kg
weight for 10 minutes with the model either straight, tilted 5 degrees buccally or 5 degrees lingually.
Excess impression material was removed using a scalpel.
Thereafter the marginal gap was measured at 12 points
according to marking points on the metal tooth at 6
points buccally and 6 points lingually.
The marginal gaps were measured at these points using
a Reflex Microscope (Reflex Measurement Ltd., Cambridge, UK) which is a microscope and an optical plotter
that uses a virtual point of light to measure objects in
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two and three dimensions (Fig. 3), with an accuracy of
4 μm.45 There is some difficulty in locating the virtual point
of light, especially on the z-axis, and so the entire
experiment was repeated on three separate occasions
to assess measurement consistency.
The crown was then removed, and the silicone impression material removed and weighed to calculate the
overall internal fit according to the formula:3
thickness (internal gap) =

weight
surface area x density

Sample size and statistical analysis
The literature review has shown that marginal gaps of
greater than 120 µm were considered the limit of clinical
acceptability.
Given an expected mean marginal gap of 110 µm for any
group, and aiming to detect a difference of more than
20% from this, given a within-group relative standard
deviation of 22% (which corresponds to an effect size of
d = 0.83), 80% power and the 5% significance level, a
total sample size of 24, i.e. 4 per group, would be
required.46 It was decided, however, to use 5 per group
as the expected mean gap may differ from the above.
Reliability was tested by the Intra-class Correlation Coefficient (ICC). Test-retest reliability for whether or not the
marginal gap exceeded 120 µm was determined by
Cohen’s kappa.
Post-hoc tests were carried out using the Tukey-Kramer
adjustment for unequal group sizes (to allow for the deletion of outliers). From the post-hoc tests, the materialluting space combinations which had the smallest values
for the outcomes were determined.
All measurements were below the limit of 0.120 mm, so
it was not necessary to measure comparisons between
the experimental groups. Comparison of the marginal gap
between matching 3D measurements was carried out
using the paired samples t-test.
Within each material, across both luting spaces, the
difference between buccal and lingual readings for each
seating direction was compared using the paired samples
t-test. The effect of luting space on the 2D and 3D
outcomes for each direction of seating, was determined
by a repeated measures ANOVA with the outcome
as the dependent variable, luting space as the independent variable, and experiment as the repeated measure.
The effect of material was determined similarly. Data analysis was carried out using Statistical Analysis Software
(SAS) version 9.4 for Windows. The 5% significance level
was used.

RESULTS
The Intraclass Correlation Coefficients (ICC) for the marginal gap measurements ranged between 0.78 and 0.99,
representing excellent agreement and so the average
of all three sets of measurements was used for further
analysis.

Marginal gap measurements
Table 1 shows the minimum, maximum, and mean marginal gap measurements in all scenarios.
In all circumstances, the marginal gap did not exceed
120 µm. For all materials and luting spaces, the maximum value (117 µm) occurred on the buccal marginal
gap when seating was applied at an angle to the lingual, and on the lingual marginal gap (112 µm) it occurred when seating was applied at an angle to the buccal.
For all 2D and 3D measurements and their differences
between buccal and lingual, the ANOVA showed that
the three-factor interaction was significant for each measurement set (Table 2).
The differences between the buccal and lingual marginal
gap measurements for each seating direction were calculated and then compared, combining the 100 and
200 µm measurements.
In all cases, the buccal and lingual measurements differed significantly for buccal and lingual seating angles
except for two 3D measurements for Enamic and Zirconia which were not significantly different for axial seating, but this direction yielded the smallest difference ranging from 3.2 µm - 20.1 µm.
When comparing materials, there were no significant differences between materials for any seating angle. The
smallest differences were again found for the axial seating. For 2D measurements, this ranged from 10.4 µm –
20.1 µm, and for 3D measurements, this ranged from
3.5 µm - 9.4 µm.
For all materials, the differences between the buccal and
lingual marginal gaps were grouped into the buccal, axial
and lingual seating directions, to compare the luting
spaces (Table 3).
The only statistically significant differences between the
100 µm and 200 µm spaces, for both the 2D and 3D
measurements, were for the axial direction of seating.
The actual gaps averaging all buccal and lingual measurements for the axial seating only are shown in
Table 4.
All 2D and 3D measurements, irrespective of material,
pressure and luting space were then compared. The 3D
measurements for the buccal marginal gap were an
average of 13.5 µm higher than the corresponding 2D
measurements (95% confidence interval: 12.0 -15.0 µm;
p< 0.0001).
The 3D measurements for the lingual marginal gap were
an average of 13.4 µm higher than the corresponding
2D measurements (95% confidence interval: 10.9-15.8
µm; p < 0.0001).
When the buccal and lingual gaps were combined,
the 3D measurements were an average of 13.4 µm
higher than the corresponding 2D measurements (95%
confidence interval: 11.7-15.1 µm; p < 0.0001).
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Table 1. Summary of buccal and lingual marginal gap readings for all three materials and both luting spaces.
Shading indicates the largest gaps in each measurement group of material and luting space combination.
Material

Luting space

2D/3D

Seating direction
Buccal

2D

Axial
Lingual

Zirconia

Buccal
3D

Axial
Lingual
Buccal

2D

Axial
Lingual

Enamic

100µm
Buccal
3D

Axial
Lingual
Buccal

2D

Axial
Lingual

Brilliant
Crios

Buccal
3D

Axial
Lingual
Buccal

2D

Axial
Lingual

Zirconia
Buccal
3D

Axial
Lingual
Buccal

2D

Axial
Lingual

Enamic

200µm
Buccal
3D

Axial
Lingual

Reading

Min μm

Max μm

Mean μm

Buccal MG

35.7

44.3

40.1

Lingual MG

53

91.3

70.9

Buccal MG

37.3

57

44.4

Lingual MG

43.7

55.3

49.3

Buccal MG

66.7

87.3

73.9

Lingual MG

35.3

44.3

40.9

Buccal MG

47.3

59

55.4

Lingual MG

70.3

101

88.3

Buccal MG

48.7

65.7

58

Lingual MG

45.7

59.7

53.1

Buccal MG

78

101

86.8

Lingual MG

43

59

50.2

Buccal MG

40.7

47.3

44.6

Lingual MG

51

63

58.6

Buccal MG

45.3

54.3

48.8

Lingual MG

51.7

60.3

56.3

Buccal MG

63

65.7

64.3

Lingual MG

33.7

45.7

37.9

Buccal MG

53.7

62.3

57.1

Lingual MG

70.7

91.7

81.3

Buccal MG

55.3

61.7

57.5

Lingual MG

57.7

62.3

60.6

Buccal MG

69.3

75

72.8

Lingual MG

40.3

58

50.1

Buccal MG

41.3

73

51.5

Lingual MG

54.7

92.7

65.2

Buccal MG

41

82.7

51.4

Lingual MG

44.3

92.3

56.9

Buccal MG

58.7

102

70.7

Lingual MG

34.7

39.3

36.2

Buccal MG

50.7

81.7

61.9

Lingual MG

68

109

85.1

Buccal MG

46.7

86

56.3

Lingual MG

45

95.3

59.7

Buccal MG

67.3

108

78.4

Lingual MG

35

45.7

40.3

Buccal MG

57.3

62.7

60.5

Lingual MG

58.7

89

69.9

Buccal MG

30.7

56

46.8

Lingual MG

66.3

87.7

82.1

Buccal MG

51.3

72.3

62.5

Lingual MG

32

48

40.1

Buccal MG

75

89

82.3

Lingual MG

85.3

100

95.9

Buccal MG

51

78

68.7

Lingual MG

66.7

98.7

82.6

Buccal MG

69

81.7

76

Lingual MG

47

59.3

51.6

Buccal MG

43.3

50.3

47.4

Lingual MG

66

77.3

71.8

Buccal MG

40.3

54.3

47.1

Lingual MG

49

68.3

60.7

Buccal MG

48.3

94.3

75

Lingual MG

32.3

38

35.3

Buccal MG

65

75.7

73.1

Lingual MG

97.3

113

106.9

Buccal MG

56.3

65

60.5

Lingual MG

50

72.7

63.9

Buccal MG

71.3

103

88.5

Lingual MG

40.7

48.7

44.1
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Material

Luting space

2D/3D

Seating direction
Buccal

2D

Axial
Lingual

Brilliant
Crios

Buccal
3D

Axial
Lingual

0.0039

2D lingual

0.0095

2D overall

0.0029

2D difference buccal / lingual

0.0028

3D buccal

0.0005

3D lingual

0.015

3D overall

0.0006

3D difference buccal / lingual

0.0003

Max μm

Mean μm

47

54.3

50.9

Lingual MG

69

75.7

72.7

Buccal MG

44.3

53

48

Lingual MG

52.3

69.3

63.1

Buccal MG

61.7

105

80.7

Lingual MG

31

45

39.5

Buccal MG

60

69.3

65.6

Lingual MG

103

112

108.5

Buccal MG

50

65

59.5

Lingual MG

62.7

84

74.9

Buccal MG

71.3

117

92.6

Lingual MG

40

58

50.9

The effects of material, seating direction, and luting
space, and their interaction, on each outcome were
compared and the ANOVA source table is shown as
Table 5.

p-value

2D buccal

Min μm

Internal fit measurements

Table 2. ANOVA results for the three-factor interaction of material,
seating direction, and luting space.
Measurement

Reading
Buccal MG

The signifant interactions were between the material
and the seating direction, and the material and luting space.

Table 3. Table comparing the buccal and lingual marginal gaps
for different milled internal gaps; * denotes statistical significance.
Material

Luting space

All materials
All materials
All materials
All materials
All materials
All materials

Seating direction

100 µm

Buccal

200 µm
100 µm
100 µm
100 µm
100 µm
100 µm

-13.3

-18.6

-24.9

-12.4

2D Buccal
vs. Lingual

31.4

23.7

39.0

34.3

26.7

41.9

15
15
15
15
15
15

Axial

200 µm

-25.9

15

Lingual

200 µm

-19.6

15

Buccal

200 µm

Mean difference

15

Axial

200 µm

Metric
2D Buccal
vs. Lingual

15

Lingual

200 µm

n
15

15

-6.1

-11.9

-0.3

-21.4

-27.2

-15.6

3D Buccal
vs. Lingual

-26.9t

-33.4

-20.4

-30.2

-36.7

-23.6

3D Buccal
vs. Lingual

32.4

24.2

40.7

36.9

28.6

45.2

2D Buccal
vs. Lingual

3D Buccal
vs. Lingual

Table 4. Mean of buccal and lingual measurements for axial
seating direction.
Material

Luting space
100 µm

Zirconia
200 µm
100 µm
Enamic
200 µm
100 µm
Crios
200 µm

Measurement

n

Mean buccal
and lingual

2D

15

46.9

3D

15

55.6

2D

15

3D
2D

95% CI for Mean

-0.7

-6.2

4.7

-10.9

-16.3

-5.4

p-value
0.82
0.58
0.0007*
0.48
0.44
0.012*

Table 5. The effects of material, seating direction, and luting space,
and their interaction on the internal fit; *significant differences.
Num DF

Den DF

F Value

p-value

Material

2

22

90.35

<0.0001*

Seating direction

2

21

7.26

0.004*

64.5

Luting space

1

22

2696.22

<0.0001*

15

75.7

15

52.6

Material*
Seating direction

4

24.4

3.12

0.033*

Material*
Luting space

2

22

36.52

<0.0001*

Pressure*
Luting space

2

21

2.81

0.083

Material*
Seating direction*
Luting space

4

24.4

1.56

0.22

3D

15

59.1

2D

15

53.9

3D

15

62.2

2D

15

54.2

3D

15

58.0

2D

15

55.6

3D

15

67.2

Post-hoc tests revealed the following significant differences:
•• The mean internal fit was significantly higher for all
Zirconia seating angles (p < 0.0001) compared with
Enamic and Crios, but not within Zirconia.

Effect

•• Within Enamic, the mean internal fit for lingual seating was greater than buccal (p = 0.0088) and axial
(p = 0.0052).
•• Within Crios, the mean internal fit for buccal seating
was greater than for the occlusal ( p = 0.014).
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When comparing the luting spaces, Post-hoc tests revealed the following significant differences:
•• The mean internal fit was significantly higher for all
200 µm experiments compared with all 100 µm experiments ( p < 0.00 01).
•• Within the 100 µm experiments, the mean internal fit
decreased in the order Zirconia > Enamic (p < 0.0001)
> Crios (p < 0.0078).
•• Within the 200 µm experiments, the mean internal fit
decreased in the order Zirconia > Enamic (p < 0.0055)
> Crios (p < 0.0034).

DISCUSSION
This is the first study to be carried out to measure and
compare the effect of off-axis seating on the adaptation
of full coverage crowns using the marginal gap and internal fit as excellent proxies for the clinical quality and
success of a restoration.
Discrepancies in the marginal gap can lead to a variety
of problems which could ultimately result in failure of
the crown.15-21 It is generally accepted that marginal
gaps below 120 µm are clinically acceptable.22-26,47,48
With regards to the internal fit, it is clinically relevant to
ensure that adequate space is created to allow an even
thickness of dental cement. Theoretically, the space required for the cement to lute is 20 -40 µm, as cement
thickness ranges from 25-50 µm, and an acceptable
practical guide was set between 50 µm and 100 µm.49
In CAD/CAM restorations, a luting space is used to
allow for this, and several studies have linked luting
space to marginal gap measurements.3 -7 In the literature,
luting space recommendations have ranged from 10 µm
to 100 µm. The larger spaces have produced the smaller
marginal gaps both before and after actual or replicated
cementation.4-6,8-12
In this study, it was decided to use luting spaces of
100 μm and 200 μm. In a pilot study it had been observed that, as finger pressure is used to cement a crown,
it is possible that it may not seat evenly if seated at an
angle to the occlusal. No studies have reported on the
effect of non-axial seating discrepancies.
It was evident that seating the crown off-axis at just 5º
did affect the marginal gap: there was a significant difference between the buccal and lingual marginal gap
measurements in all cases when the crowns were seated
off axis, but it was interesting to note that none of the
marginal gaps measured exceeded 120 µm. However,
the greatest discrepancies were observed in off-axis
seating with a luting space of 200 µm for all materials,
indicating that that luting space is proably too large
and may produce more off-axis seating clinically.
There were statistically significant differences between
the 100 µm and 200 µm spaces, for both the 2D and
3D measuremets, for the axial direction of seating, indicating that the luting space did affect the marginal gap.

The smallest gaps were from the axial seating using
the 100 µm luting space. Overall, for all materials these
differences for the 2D measurements ranged from 10.4
µm – 20.1 µm, and for 3D measurements, from 3.5 µm
– 9.4 µm.
Overall the 3D measurements were 13.4 µm greater,
but not significantly different from the corresponding 2D
measurements (p = 0.92). These measurements are to
be expected, as the 3D gap is likely always to be higher
than the 2D measurement, but they are nevertheless all
extremely low, which is a testament to the accuracy of
the milling of these crowns. As with the marginal gaps,
within each material, axial seating yielded the smallest
internal fit when compared with off-axis seating.
The internal fit of a crown is just as important as the
marginal gap, as it enables the seating of the crown
and expression of cement, while also aiding in retention
and resistance.31 The mean internal fit for all 200 µm
crowns was significantly higher than the 100 µm crowns,
which was expected.
This also shows that the CAD/CAM process is highly
accurate, generating an internal fit for each crown which
closely resembles the luting space chosen. Clinically the
results obtained in this study have implications.
Irrespective of material used when seating a crown, a
minor tilt of even 5 degrees can result in a larger
marginal gap specifically on the opposite side to the
pressure being applied.
Although this study did not find these measurements
to be above 120 µm, some marginal gaps were still
large, with one reaching 117µm.
Previous studies which measured the marginal gap of
crowns found that they ranged from <70 μm50, 52 μm
to 74 μm 3, a median of 130.2 and 132.2 μm, 51 below
90 μm. 52 The marginal gaps measured in this study
which more closely resemble those of other studies are
the values measured for axial seating.
Should other studies have taken into consideration the
tilt that may be found when seating off axis, they may
have measured larger results. In this study the marginal
gaps ranged from 36 µm – 117 µm with off-axis seating
and 31 µm – 99 µm with axial seating.
The other factor not taken into consideration in other
studies is measuring the marginal gap buccally and lingually separately. Gassino et al. (2004)27 found that to
obtain an accurate overall marginal gap measurement
requires at least18 points around the circumference of
the tooth to be measured.
However, this again did not take into account the tilt
and used an average of all measurements to arrive at
a marginal gap. Considering that a larger marginal gap
will be found on the opposite side to the pressure being
applied it is necessary to measure the buccal and lingual sides separately, to yield an accurate result that
resembles the correct fit of the crown.

www.sada.co.za / SADJ Vol. 75 No. 6

CONCLUSION
Within the limitations of this study, it was found that,
irrespective of the material, seating off-axis at 5 degrees
buccally or lingually resulted in a marginal gap which
was larger on the opposite side to which pressure was
applied. The smallest marginal gaps and internal fit
were obtained when seating axially, with a luting space
of 100 µm.
All measurements made in three dimensions were larger than those derived for two-dimensional measurement, but the difference, average of 13.4 µm, was not
significant. None of the measurements, whether cemented axially or off-axis were larger than 120 µm. However,
when seating off axis, the largest gap was 117µm as
opposed to seating axially which yielded a mean maximum marginal gap measurement of 76 µm.
It is recommended that future studies should measure
the marginal gap both buccally and lingually separately
and not just use an average to obtain an accurate
measurement, and that a method needs to be devised
to cement crowns axially in the clinical environment to
provide the best fit possible and minimise complications.
Acknowledgements
We are grateful to Dr P Gaylard for statistical advice and
analysis.
Declaration
The authors declare no conflict of interest.

References
1. Masek R. Achieving high-level esthetics with CEREC. Com
pend Contin Educ Dent. 2001; 22 (6 Suppl): 19-26. https://
www.medicalexpo.com/medical-manufacturer/dental-laboratory-milling-machine-28385.html. (Accessed April 2020).
2. Nakamura T, Dei N, Kojima T, Wakabayashi K. Marginal and
internal fit of Cerec 3 CAD/CAM all-ceramic crowns. Int J
Prosthodont. 2003; 16(3): 244-8.
3. Hmaidouch R1, Neumann P, Mueller WD. Influence of preparation form, luting space setting and cement type on the
marginal and internal fit of CAD/CAM crown copings. Int J
Comput Dent. 2011; 14(3): 219-26.
4. Shim JS, Lee JS, Lee JY, Choi YJ, Shin SW, Ryu JJ. Effect
of software version and parameter settings on the marginal
and internal adaptation of crowns fabricated with the CAD/
CAM system. J Appl Oral Sci. 2015; 23(5): 515-22.
5. Kale E, Seker E, Yilmaz B, Özcelik TB. Effect of cement
space on the marginal fit of CAD-CAM-fabricated monolithic
zirconia crowns. J Prosthet Dent. 2016; 116(6): 890-5
6. Dauti R, Lilaj B, Heimel P, Moritz A, Schedle A, Cvikl B.
Influence of two different cement space settings and three
different cement types on the fit of polymer-infiltrated ceramic network material crowns manufactured using a complete digital workflow. Clin Oral Investig. 2019; Sep 13. doi:
10.1007/s00784-019-03053-1 (Online ahead of print).
7. Wang CJ, Millstein PL, Nathanson D. Effects of cement,
cement space, marginal design, seating aid materials, and
seating force on crown cementation. J Prosthet Dent. 1992;
67(6): 786-90

RESEARCH < 309
8. Wilson, PR. Effect of increasing cement space on cementation of artificial crowns. J Prosthet Dent. 1994; 71(6): 560-4.
9. Wu JC, Wilson PR. Optimal Cement Space for Resin Luting
Cements Int J Prosthodont. 1993; 7(3): 209-215
10. Iwai T, Komine F, Kobayashi K, Saito A, Matsumura H.
Influence of convergence angle and cement space on adaptation of zirconium dioxide ceramic copings. Acta Odontol
Scand. 2008; 66(4): 214-8.
11. Yildirim G, Uzun IH, Keles A. Evaluation of marginal and
internal adaptation of hybrid and nanoceramic systems with
microcomputed tomography: an in vitro study. J Prosthet Dent
2017; 118(2): 200 -7.
12. Kokubo Y, Tsumita M, Kano T, Sakurai S, Fukushima, S. Clinical
marginal and internal gaps of zirconia all-ceramic crowns. J
Prosthodont Res 2011; 55(1): 40-43.
13. Abelson J. Cementation of cast complete crown retainers. J
Prosthet Dent. 1980; 43(2): 174-9.
14. Jacobs MS, Windeler AS. An investigation of dental luting
cement solubility as a function of the marginal gap. J Prosthet
Dent. 1991; 65: 436-42.
15. Valderhaug J, Heløe LA. Oral hygiene in a group of supervised
patients with fixed prostheses. J Periodontol. 1977; 48(4):
221-4.
16. Goldman M, Laosonthorn P, White RR. Microleakage e full
crowns and the dental pulp. J Endod 1982; 18(10): 473-5.
17. Rinke S, Fornefett D, Gersdorff N, Lange K, Roediger M.
Multifactorial analysis of the impact of different manufacturing
processes on the marginal fit of zirconia copings. Dent Mater
J. 2012; 31: 601-9.
18. Lang N, Kiel R, Anderhalden K. Clinical and microbiological
effects of subgingival restorations with overhanging or clinically
perfect margins. J Clin Periodontol. 1983; 10(6): 563-78.
19. Hunter AJ, Hunter AR. Gingival margins for crowns: a review
and discussion. Part II: Discrepancies and configurations. J
Prosthet Dent. 1990; 64: 636-42.
20. Felton DA, Konoy BE, Bayne MS, Wirthman GP. Effect of
in vivo crown margin discrepancies on periodontal health. J
Prosthet Dent 1991; 65: 357- 64.
21. McLean J, von Fraunhofer J. The estimation of cement film
thickness by an in vivo technique. Brit Dent J 1971; 131(3):
107-111.
22. Belser U, MacEntee M, Richter W. Fit of three porcelainfused-to-metal marginal designs in vivo: A scanning electron
microscope study. J Prosthet Dent. 1985; 53(1): 24-9.
23. Weaver J, Johnson G, Bales D. Marginal adaptation of castable
ceramic crowns. J Prosthet Dent 1991; 66(6): 747-53.
24. Fonseca J, Henriques G, Sobrinho L, de Góes M. Stressrelieving and porcelain firing cycle influence on marginal fit of
commercially pure titanium and titanium–aluminium-vanadium
copings. Dent Mater. 2003; 19(7): 686-91.
25. Karatasli O, Kursoglu P, Capa N, Kazazoglu E. Comparison
of the marginal fit of different coping materials and designs
produced by computer aided manufacturing systems. Dent
Mater J. 2011; 30: 97-102.
26. Gassino G, Barone Monfrin S, Scanu M, Spina G, Preti G.
Marginal adaptation of fixed prosthodontics: a new in vitro
360-degree external examination procedure. Int J Prosthodont. 2004; 17(2): 218 -23.
27. Yeo I, Yang J, Lee J. In vitro marginal fit of three all-ceramic
crown systems. J Prosthet Dent. 2003; 90(5): 459-64.
28. Akbar J, Petrie C, Walker M, Williams K, Eick, J. Marginal
Adaptation of Cerec 3 CAD/CAM Composite Crowns Using
Two Different Finish Line Preparation Designs. J Prosthodont.
2006; 15(3): 155-63.
29. Lee K, Park C, Kim K, Kwon, T. Marginal and Internal Fit of
All-ceramic Crowns Fabricated with Two Different CAD/CAM
Systems. Dent Mater J. 2008; 27(3): 422-6.
30. Beuer F, Edelhoff D, Gernet W, Naumann M. Effect of preparation angles on the precision of zirconia crown copings
fabricated by CAD/CAM system. Dent Mater J. 2008; 27(6):
814-20.

310

>

RESEARCH
31. Alghazzawi T, Liu P, Essig M. The Effect of Different Fabrication Steps on the Marginal Adaptation of Two Types of GlassInfiltrated Ceramic Crown Copings Fabricated by CAD/CAM
Technology. J Prosthodont. 2012; 21(3): 167-72.
32. Jayaraman S, Rajan B, Kandhasamy B, Rajakumaran I.
Evaluation of marginal fit and internal adaptation of zirconia
copings fabricated by two CAD - CAM systems: An in vitro
study. J Indian Prosthodont Soc. 2015; 15(2): 173-8.
33. Mitchell C, Pintado M, Douglas W. Nondestructive, in vitro
quantification of crown margins. J Prosthet Dent. 2001; 85(6):
575-84.
34. Tsitrou E, Northeast S, van Noort R. Evaluation of the marginal fit of three margin designs of resin composite crowns
using CAD/CAM. J Dent. 2007; 35(1): 68-73.
35. Han H, Yang H, Lim H, Park Y. Marginal accuracy and internal fit of machine-milled and cast titanium crowns. J Prosthet
Dent. 2011; 106(3): 191-7.
36. Souza R, Özcan M, Pavanelli C, Buso L, Lombardo G, Michida S, et al. Marginal and Internal Discrepancies Related to
Margin Design of Ceramic Crowns Fabricated by a CAD/
CAM System. J Prosthodont. 2011; 21(2): 94-100.
37. Biscaro L, Bonfiglioli R, Soattin M; Vigolo, P. An In Vivo
Evaluation of Fit of Zirconium-Oxide Based Ceramic Single
Crowns, Generated with Two CAD/CAM Systems, in Comparison to Metal Ceramic Single Crowns. J Prosthodont.
2012; 22(1): 36-41.
38. Sachs C, Groesser J, Stadelmann M, Schweiger J, Erdelt
K; Beuer F. Full-arch prostheses from translucent zirconia:
Accuracy of fit. Dent Mater 2014; 30(8): 817-23.
39. Seo D, Yi Y; Roh, B. The effect of preparation designs on the
marginal and internal gaps in Cerec3 partial ceramic crowns. J
Dent. 2009; 37(5): 374-82.
40. Rungruanganunt P, Kelly J, Adams D. Two imaging techniques for 3D quantification of pre-cementation space for
CAD/CAM crowns. J Dent. 2010; 38(12): 995-1000.
41. Alfaro D, Ruse N, Carvalho R; Wyatt, C. Assessment of the
Internal Fit of Lithium Disilicate Crowns Using Micro-CT. J
Prosthodont. 2015; 24(5): 381-6.
42. Moldovan O, Luthardt R, Corcodel N, Rudolph H. Threedimensional fit of CAD/CAM-made zirconia copings. Dent
Mater 2011; 27(12): 1273-8.
43. Anunmana C, Charoenchitt M, Asvanund C. Gap comparison between single crown and three-unit bridge zirconia
sub structures. J Adv Prosthodont. 2014; 6(4): 253-8.
44. Speculand B, Butcher G, Stephens C. Three-dimensional
measurement: The accuracy and precision of the reflex
microscope. Br J Oral Maxillofac Surg. 1988; 26(4): 276 -83.
45. Faul F, Erdfelder E, Lang A, Buchner A. G*Power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods. 2007;
39(2): 175-91.
46. Hung S, Hung K, Eick J, Chappell, R. Marginal fit of porcelainfused-to-metal and two types of ceramic crown. J Prosthet
Dent. 1990; 63(1): 26-31.
47. Coli P, Karlsso S. Fit of a New Pressure-Sintered Zirconium
Dioxide Coping. Int J Prosthodont. 2004; 17(1): 59 -64.
48. Martins L, Lorenzoni F, Melo A, Silva L, Oliveira J, Oliveira P
et al. Internal fit of two all-ceramic systems and metal-ceramic crowns. J Appl Oral Sci. 2012; 20(2): 235-40.
49. May K, Russell M, Razzoog M, Lang B. Precision of fit:
The Procera All Ceram crown. J Prosthet Dent. 1998; 80(4):
394-404.
50. Akın A, Toksavul S, Toman M. Clinical Marginal and Internal
Adaptation of Maxillary Anterior Single All-Ceramic Crowns
and 2-year Randomized Controlled Clinical Trial. J Prosthodont 2014; 24(5): 345-50.
51. Anadioti E, Aquilino S, Gratton D, Holloway J, Denry I,
Thomas G 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(8): 61017.

