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ABSTRACT

Objectives: The purpose of this in vitro study was to evaluate the marginal and internal
adaptation of CAD/CAM lithium disilicate inlay restorations fabricated by two milling
systems (Five and Three axis), and a heat press technique.
Materials and Methods: Fifteen PMMA models of typodont premolar tooth #12
(Kilgore International Inc., Coldwater, MI) with an MOD cavity preparation were
fabricated. Lithium disilicate inlay restorations were obtained by three different
fabrication techniques and were fitted to their single respective die (n=45). Groups were
as follows: Group 1, E4D three axis milling system (n=15), Group 2, Tizian Cut 5 five
axis milling system (n=15), Group 3, conventional heat press technique (n=15).
Evaluation of the marginal and internal gaps was performed by the X-ray
microtomography (mCT) (Nikon Metrology, Inc., Americas). Marginal gap (MG),
occlusal marginal gap (OMG), proximal marginal gap (PMG), gingival marginal gap
(GMG), absolute marginal discrepancy (AMD), axial internal gap (AIG) and occlusal
internal gap (OIG) were evaluated at 120 different points for each inlay. The data were
analyzed using repeated measures ANOVA. Pairwise comparisons were conducted for
post-hoc testes with the use of the Bonferroni correction to adjust for multiple
comparisons (α=0.007).
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Results: The heat press group demonstrated significantly smaller mean values amongst
all outcomes compared to the CAD/CAM groups except for the gingival marginal gap
location, where there was no statistically significant difference between the groups in the
ANOVA (P = .042). Within the CAD/CAM groups, the five-axis group showed
significantly lower occlusal marginal gap mean value (51.08 ± 12.46 µm) compared to
the three-axis group (79.93 ± 19.41 µm; P < .001), and lower axial internal gap mean
value (104.98 ± 14.05 µm) compared to the three-axis group (143.56 ± 12.44 µm; P <
.001). There was no significant difference found between the five-axis and the three-axis
groups’ absolute marginal discrepancy, marginal gap, proximal marginal gap and
occlusal internal gap locations (P > 0.007).

Conclusion: Within the limitations of this in vitro study, different fabrication techniques
affected the marginal fit and internal adaptation of ceramic inlay restorations. The heat
press group gave the best results for marginal and internal adaptation; however, in every
group, 100% of samples were within the clinically acceptable marginal gap limit of 100
microns. Among the CAD/CAM groups, the five-axis had better AIG and OIG values
compared to the three-axis values.
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Introduction	
  

Over the past few decades, ceramic inlays have generated considerable interest
among dentists and patients. This is due to an increasing awareness of the advantages of
conservative dentistry, as well as an increase in public demand for tooth-colored
restorations capable of lasting for long periods of time (Figure 1). 1,2
In contrast to ceramic restorations, PFM (porcelain fused to metal) restoration
margins need to be placed subgingivally for esthetic purposes, making impression-taking
and cementation more challenging. The possibility of keeping crown preparation equal or
supragingival for an all-ceramic restoration would make dentistry much easier and more
predictable. 3
Dental inlays are considered to be less destructive than full coverage restorations;
furthermore, they have the ability to bond to the natural tooth structure, thus providing it
with strength and support. 3 Regardless, dentists have been reluctant to use inlays for
definitive restorations due to specific challenges: one such challenge is the requirement
for highly skilled technicians capable of properly fabricating such restorations. In
general, the risk of a poorly fabricated restoration lies in the marginal and internal
adaptation to the prepared tooth, which will subsequently lead to a restorative failure
(Figure 2). 4,5
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Dental Ceramics Processing Methods
	
  
Over the last three decades, ceramics have been developed to meet stringent
dental requirements in terms of increasing mechanical performance and fulfilling the
need for metal-free restorations. Compared to metal ceramics, all-ceramic materials
contain significantly higher amount of crystalline phase (35 to 99 vol %), which improves
their mechanical properties (Table 1). 6
Improved processing techniques have been developed as well, such as heatpressing, slip-casting and computer assisted design/computer assisted manufacturing
(CAD/CAM).

Heat-press technique
This process is commonly used to cast dental alloys through the lost-wax
technique. Fabrication of the ceramic restoration is possible, which makes this method a
familiar one to dental technicians.

6

This technique helps avoid porous restorations that occur with non-uniform
mixing; it also prevents grain growth and secondary crystallization. Thus, optimum
properties can be achieved through the use of this method. In addition, the equipment
needed for this method is relatively inexpensive. 7
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Slip-cast technique
This process involves the condensation of an aqueous porcelain slip on a
refractory die. The porosity of the refractory die facilitates condensation by absorbing the
water from the slip through capillary action. 7 The porous infrastructure is sintered, and
later infiltrated with a lanthanum-based glass at high temperatures, whereby the glass is
drawn into the pores through capillary attraction, producing two interpenetrating
continuous networks, one composed of the glassy phase and the other of the crystalline
infrastructure. 6,7
Materials processed by slip casting tend to exhibit reduced porosity, fewer
processing defects, and greater strength when compared to conventional feldspathic
porcelains. However, the large alumina crystals, high refractive index, and the evident
amount of porosity (5 vol % porosity) account for some degree of opacity in this allceramic system. 7

Dry-press and sintering technique
High purity lumina-based ceramics are produced by dry pressing followed by
dense sintering; this leads to a highly crystalline and strong ceramic material. The high
strength core is veneered with translucent porcelain to produce a highly esthetic
restoration. This method involves computer-assisted production of an enlarged die to
compensate for sintering shrinkage (12-20%). This technology is also used to fabricate
zirconia-based core ceramics. 6
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Machined Ceramics
CAD/CAM

(computer

assisted

design/computer

assisted

manufacturing)

technology was introduced in the 1980s, when Francois Duret of France was able to
produce a posterior crown restoration for his wife in less than an hour. 8-10 His success
ushered in the era of speed, and the ability to produce a ceramic restoration that is both
strong (high-quality) and highly esthetic in a single appointment became possible. 11
Originally, fully sintered ceramic blocks were used for this technology (hardmachining); these have been replaced by partially sintered ceramics (soft machining). In
this state, ceramics are easy to machine and are heat treated later to complete the sintering
process. 6 This method prevents crack propagation and allows for optimum mechanical
properties, as well as saves substantial time and tool wear. 6
The use of CAD/CAM technology maximizes efficiency and reduces the risk of
tooth contamination by eliminating the provisional (temporary restoration) phase, as it
has been reported that the time of temporary restoration loading negatively affects the
enamel integrity, causing it to chip, thereby affecting the final restoration. 12 However, the
accuracy of the fit still remains a concern,
controversial.
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11,13

and CAD/CAM use remains

	
  
Marginal and internal adaptation of dental restorations
Studies have shown that single-tooth CAD/CAM ceramic restorations have
comparable clinical survival rates to those fabricated conventionally, as their estimated
total survival rate after 5 years is 91.6% (CI: 88.2% to 94.1%).

4,14-16

The clinical

performance and long-term survival of CAD/CAM partial coverage restorations are
determined by the marginal adaptation and degradation of the marginal resin cement.
14,16,17

Several studies have reported that a large proportion of restoration margins that
were undetectable at the cementation stage became detectable after one or two years of
clinical use; this was attributed primarily to wearing of the luting cement. 11 Marginal
discrepancies larger than 100 microns result in extensive wear and dissolution of the
luting agent by chemical erosion and physical fatigue, favoring microleakage of bacteria
and their byproducts.

11,18-23

As a consequence, the tooth becomes susceptible to

inflammation (post-operative sensitivity), secondary caries, and marginal deterioration
and discoloration. 24 Furthermore, margins that are well adapted facilitate the removal of
excess luting cement prior to polymerization, which keeps the proximal periodontal tissue
healthy. 23 Most clinicians suggest that the marginal gap should be no greater than 50 to
100 microns. 20-23, 25 26
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Furthermore, the internal adaptation of ceramic inlays should be uniform, as
poorly adapted restorations are supported mainly by the weaker cement rather than the
tooth structure, thereby affecting the durability of the ceramic restoration. However, there
is little information regarding the internal adaptation of ceramic inlays. 5,26-29 All of these
requirements demand that CAD/CAM systems have very accurate data acquisition,
sufficient processing, the ability to design complex restorations, and a very precise
milling system. 30

CAD/CAM systems

CAD/CAM systems have three working components: (1) a data acquisition
device; (2) a CAD to design the restoration, and (3) a CAM to fabricate the restoration
(Figure 3). CAD relies heavily on the accuracy of the milling processes, especially the
milling of sharp corners and delicate margins to achieve a clinically acceptable
restoration. 31,32 Following the CAD-generated design, CAM uses computer-generated
paths to shape and cut the restoration from a prefabricated block with the use of diamond
burs. 30 The cutting paths follow two, three, or four axes of movement inside the milling
machine.
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Axes of milling devices
Milling devices have myriad working paths; three in linear spatial directions,
defined as X, Y, and Z; additionally some have the ability to turn the tension bridge A;
and rotate the milling spindle B in infinitely variable locations (Figure 4). 33

3-axis milling devices
This type of device has three of the five milling paths of movement, usually the
X, Y, and Z values. However, the ability to mill a subsection, or axis of
convergence/divergence, is not possible. This dictates the blocking of the detected
undercut areas digitally to produce the restoration. 3-axis movement could involve any
combination of X, Y, Z, A, and B. 3-axis devices generally have a short milling time, are
simple to operate, and are less costly (e.g., in-Lab Sirona, Lava: 3M ESPE, Cercon brain:
DeguDent and E4D) (Figure 5-a.). 33

4-axis milling devices
This type of device has four of the five milling paths of movement: X, Y, and Z
values, in addition to an A or B path of movement. This allows one to conserve material
and shortens milling time through the ability to fit a restoration with a large vertical
height into the traditional mold dimension. Zeno (Wieland-Imes) is an example of a 4axis milling system. 33
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5-axis milling devices
5-axis milling devices have the ability to rotate the milling spindle B in addition
to the X, Y, and Z axes and the rotatable tension bridge A (4th axis). This facilitates the
milling of complex restorations with subsections (undercuts, convergences and
divergences) as in a lower jaw fixed partial denture with converging abutment teeth and
undercuts. Among the advantages of 5-axis milling is the high production rate that is
possible in fewer steps (example in the Laboratory Area: Everest Engine (KaVo);
example in the Production Centre: HSC Milling Device (etkon), Tizian® Cut 5, Schütz
Dental Gmb, Rosbach, Germany (Figure 5-b.). 33-35
Although most current commercial models have three- or four-axis milling
machines, a commercial five-axis milling machine was recently introduced to the market.
Its manufacturer claims that it provides an accurate, high tolerance process and can
handle nearly all undercuts. 36 High production commercial labs that use 5-axis machines
are producing lithium disilicate ceramic restorations, although there is no literature at
present that has evaluated the marginal fit and internal adaptation of such restorations.
As of now, the marginal fit and internal adaptation of inlay ceramic restorations
fabricated by a five-axis milling system have not been tested or compared to those
fabricated

	
  

by

three-axis

machines

and
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the

conventional

heat-press

method.

	
  

Marginal fit measurement techniques
	
  
In 1990, Sorensen et al. classified the methods available for determining the
crown margin fidelity in four basic categories: (1) direct view; (2) cross sectional; (3)
impression technique; and (4) explorer and visual examination (X-rays). 20,37 This was
long before the use of X-ray micro-computed tomography in dental research.
X-ray micro-computed tomography (Micro-CT or µCT) systems were developed
in the early 1980s and offered much better resolution than the traditional clinical CT
scanners (a range of 5–50 µm voxel), or approximately 1,000,000 times smaller in
volume than the traditional CT voxels. Micro-CT scanners were not widely available and
had to be custom-built. Commercial systems are now available and are rapidly becoming
an essential component in many academic research institutes and industrial laboratories.
38

This technology is used to examine directly mineralized tissues such as teeth and
bone, as well as materials such as ceramics, polymers, and biomaterial scaffolds. MicroCT scanning can also be used to view soft tissues such as lungs. With the development of
Micro-CT scanners, the newest generation of such systems allows for in-vivo imaging of
small animals (Figure 6). 38
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Different software systems are available for the production of cross-sectional
slices and surface images that can be displayed and evaluated in any angle or position as
individual images. 39 This method is non-destructive and allows quantitative analysis and
investigation of the dental restoration’s internal space, which cannot be visualized
through any other method. 40
Holmes et al. suggested the terminology of “misfit” of a restoration instead of the
fit measured at different points between the restoration and the tooth. They also
distinguished the marginal gap from the extension error (over or under extension), the
angular combination of which is termed the absolute marginal discrepancy. 37,41 Having
defined criteria makes it easier and more reliable to compare the results of different
studies.
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Objectives	
  
The purpose of this in vitro study was to evaluate the marginal fit and internal
adaptation of inlay dental restorations using computerized X-ray microtomography. Two
different CAD/CAM milling systems (three- and five-axis) were evaluated and compared
to each other and to a conventional heat-press technique.

Hypotheses	
  
Inlays fabricated using the five-axis milling system were expected to have
comparable internal adaptation and marginal fit to inlays fabricated using the
conventional heat-press technique. It was expected that both would demonstrate better
adaptation and marginal fit when compared to the three-axis CAM milling system.

Significance	
  of	
  the	
  Study	
  
The preferred method of inlay fabrication, whether in the lab or chair side, may be
influenced by the results of this study and could affect future clinical decision-making.
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Materials	
  and	
  Methods	
  	
  

Sample
An acrylic maxillary left first premolar tooth (Model D95SDP-200, Kilgore
International Inc., Coldwater, MI) was prepared to receive a standard MOD inlay
restoration, following the preparation specifications below:

•

A coarse tapered diamond rotary cutting instrument with a 6-degree taper and a
rounded end (#271252, Eco, Germany) was used to produce a preparation with an
overall divergence of 12 degrees,

42

after which a fine diamond rotary cutting

instrument with a 6-degree taper and a rounded end (#297613, Eco, Germany) was
used to refine the preparation. A high-speed hand piece with water spray cooling was
used.
•

Occlusal outline was 2mm wide at the isthmus and 2mm deep with a flat pulpal floor
and rounded internal angles.

•

Proximal boxes were 4mm wide and 4 mm deep with a flat floor and rounded
gingivo-proximal angles.

•

The cavity was prepared with a 90-degree cavosurface angle to produce a butt-joint
margin. 17,42-48
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Master die duplication
	
  
Fifteen master dies were fabricated by duplicating the prepared tooth using an Inlab CAM system (Tizian® Cut 5, Schütz Dental Gmb, Rosbach, Germany) (Figure 7).
Three types of inlays were fabricated for each of the fifteen dies; the first two
inlays were prepared using the two CAD/CAM systems (three- and five-axis)
representing Group 1 and 2 respectively, while the third inlay was fabricated utilizing the
conventional heat-press technique, representing Group 3, for a total of 45 fabricated
inlays (Figure 8).

Scanning and designing
	
  
Groups 1, 2: Each sample was scanned using an E4D Dentist®system optical camera
(D4D Technologies, Richardson, TX). The optical impression was evaluated using the
E4D software. Cavosurface margins were traced and marked manually at the finish lines
of the preparations, after which the CAD program was used to design the full-contour
inlay restoration following library A available in the E4D design system (Figure 9).
The occlusal and axial spacer was set at 100 µm with a 25 µm marginal ramp (default
E4D setting) to fabricate the CAD/CAM restorations (Figure 10). 49
Scanning and designing were performed by the same primary investigator.

Group 3: N/A
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Restoration fabrication
	
  
After the inlay designs were complete:
Group 1: For each inlay the STL file information was sent to the E4D (three-axis) milling
machine (D4D Technologies, Richardson, TX). IPS e.max CAD® lithium disilicate
blocks (Ivoclar Vivadent, Amherst, NY) were used to fabricate the inlay restorations
(Figure 5-a);
Group 2: For each inlay the same STL file information was sent to the Tizian® Cut 5
(five-axis) milling machine (Schütz Dental Gmb, Rosbach, Germany). IPS e.max CAD®
lithium disilicate blocks (Ivoclar Vivadent, Amherst, NY) were used to fabricate the inlay
restorations (Figures 5-b and 11).
Restorations in groups 1 and 2 underwent a crystallization firing process in a
porcelain furnace following the company recommended settings; no glazing was
performed to eliminate possible marginal errors (Figure 12).
Group 3: Using one-step dual viscosity polyvinyl-siloxane impression material (PVS;
Densply, York, PA) 23,50 , an impression was taken for each of the master dies to produce
identical stone dies using Type IV dental stone (Resin Rock; Whip Mix Corp, Louisville,
KY). Two layers of die spacer (Euro Quick Set 10 µm; Kerr Dental Laboratory Products,
Orange, CA) were applied uniformly to the coronal portion of the stone dies using a fine
brush, 0.5 mm short of the finish lines of the preparation (Figure 13).
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A full-contour inlay wax up was made for each stone die. Wax patterns were
directly invested after re-margination in a fine-grained phosphate-bonded investment
material (IPS Press Vest Speed; Ivoclar Vivadent, Amherst, NY). The pressing process
was carried out according to the manufacturer’s instructions using IPS e.max® Press
lithium disilicate ingots (Ivoclar Vivadent, Amherst, NY). Finally, the inlays were devested and cleaned. The same primary investigator fabricated all restorations (Figure 14).
The ceramic materials used for the three groups are displayed in Table 2.
All of the 45 inlay restorations fabricated were fitted on their master die, minimal
adjustment on the internal surfaces was performed when necessary, using a blunt
diamond bur after marking using Occlude® Dental Indicator Spray until the restoration
was fully seated at the gingival marginal area when viewed under the microscope.
CAD/CAM group’s adjustment was done before crystallization. 51
Specimens were then tested for marginal fit and internal adaptation.
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Testing equipment
	
  
Marginal fit and internal adaptation were measured using non-destructive, highresolution X-ray microtomography (X-TEK H 225 ST, Nikon Metrology, Inc.,
Americas), at the Harvard Center of Nanoscale Systems, to obtain a three-dimensional
volume image. Samples were stabilized using a silicone index that was fixed permanently
to a specific mounting tray holder, perpendicular to the X-ray beam. Each sample was
scanned individually for optimal resolution (Figure 15).
Specimen coordinates and orientation were set in the X, Y, and Z-axes using the
Inspect-X software system (Nikon Metrology, Inc., Americas) and were applied to the
entire 45 sample scans. Each sample was scanned independently for highly accurate
images at 85 KVp and 110 µA with an integration time of 1000 ms per exposure and a
magnification power of 10 µm per voxel (Figure 15-c).
After scanning was complete, the real time volume of each sample was
reconstructed using CT-Pro 3D software (Nikon Metrology, Inc., Americas), and viewed
using VG Studiomax software (Nikon Metrology, Inc., Americas).
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Marginal gap and internal adaptation evaluation
	
  
The marginal gap (MG) and the absolute marginal discrepancy (AMD) were
measured following Holmes et al.’s criteria for evaluating misfit (Figure 16). 41 Three
locations were selected along the margins of the inlay: occlusal (OMG), proximal (PMG),
and gingival (GMG).
The occlusal internal gap (OIG) and the axial internal gap (AIG) were measured
separately to determine the internal discrepancy.
In the bucco-lingual direction, five equidistant vertical cuts (100 slices apart
located at the midpoint of the tooth) were taken from the 3D digital data. Two AMD and
two OMG measurements were taken from each slice (a total of 10 measurements for
AMD and 10 measurements for OMG); the means of these measurements represented the
occlusal AMD and MG for this sample (Figure 17-a).
In the mesio-distal direction, five equidistant vertical cuts (50 slices apart) were
taken. Twelve points of measurement were recorded from each slice: 2 for AMD, 2 for
GMG; 4 for OIG, and 4 for AIG (a total of 10 measurements for the AMD and MG, 20
for the OIG and 20 for the AIG). The means of these measurements represented the
gingival AMD, GMG, OIG and AIG for this sample (Figure 17-b).
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In the occluso-gingival direction, five transverse cuts (75 slices apart) were taken.
Eight points of measurements were recorded from each slice, four AMD and four PMG
(a total of 20 measurements for AMD and 20 for MG); the means of these measurements
represented the proximal AMD and MG for this sample (Figure 17-c).
Measurement of the marginal and internal gap was performed using the
VGStudiomax software under 500% image magnification.
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Statistical	
  analyses	
  
	
  
All outcomes (MG, AMD, AIG, OIG, OMG, PMG, and GMG) were analyzed
separately. Descriptive statistics (means and standard deviations) were computed for each
group.
Repeated measures ANOVA was used to compare the three groups’ respective
levels of marginal fit and internal adaptation. Pairwise comparisons were conducted when
repeated measures ANOVA was significant. The Bonferroni correction was used to
adjust for multiple comparisons.
SPSS version 19 was used in all analyses; P values <0.007 were considered
statistically significant for the ANOVAs.
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Sample size calculation
	
  
A power calculation was conducted using nQuery Advisor (Version 7.0).
Assuming that the mean marginal fit was 181 microns for the three-axis CAD/CAM
group and 103 microns for the heat press group, 29 that the mean marginal fit for the fiveaxis group was equal to that of the heat press group, and that the within-group standard
deviation was 39 microns, 29 a sample size of n=15 per group was adequate to obtain a
Type I error rate of 0.007 and a power greater than 99%.
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Results	
  
Descriptive statistical analysis showing the means and standard deviations of the
AMD for all groups are displayed in Table 3. Repeated measures ANOVA showed a
statistically significant difference between groups (P < .001).
The heat-press group had the lowest mean AMD value (58.75 ± 9.95 µm), while
the three-axis group had the highest mean value (99.83 ± 16.68 µm). In the post-hoc
pairwise comparisons, the heat press group showed significantly lower AMD values
compared to the three-axis group (P < .001) and the five-axis group (88.28 ± 13.52 µm; P
< .001). Although the mean value of the five-axis group was lower than the three-axis
group it was not statistically significant (P = .072).
Descriptive statistical analysis showing the means and standard deviations of the
MG for all groups is displayed in Table 4. Repeated measures ANOVA showed a
statistically significant difference between groups (P < .001).
The heat-press group had the lowest mean MG value (35.48 ± 8.12 µm), while the
three-axis group had the highest mean value (67.67 ± 14.04 µm). In the post-hoc pairwise
comparisons, the heat press group showed significantly lower MG values compared to
the three-axis group (P < .001) and the five-axis group (56.19 ± 12.32 µm; P < .001). The
five-axis group showed lower MG values compared to the three-axis group. The p-value
for the latter comparison was .021; this was not considered statistically significant after
adjusting for multiple comparisons using the Bonferroni correction.	
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Means and standard deviations of the GMG, OMG and PMG are displayed in
Table 5. Repeated measures ANOVA showed a statistically significant difference
between groups, with the exception of the gingival marginal gap when using the
Bonferroni correction (GMG: P = .042, OMG: P < .001 and PMG: P < .001).
The GMG mean values for the heat-press group, the three-axis group and the
five-axis group were (36.71 ± 9.69 µm), (66.42 ± 40.95 µm), and (55.27 ± 26.15 µm)
respectively. The difference between the three groups would be significant at the P = 0.05
level, but it was not considered significant after adjusting for the use of multiple
repeated-measures ANOVAs.
The OMG mean value of the heat-press group (31.12 ± 10.9 µm) was statistically
significantly lower than the three-axis group (79.93 ± 19.41 µm; P < .001) and the fiveaxis group (51.08 ± 12.46 µm; P < .001). The OMG mean value of the five-axis group
was also found to be statistically significantly lower than the three-axis group (P < .001).
The PMG mean value of the heat-press group (38.61 ± 11.09 µm) was statistically
significantly lower than the three-axis group (56.65 ± 9.6 µm; P = .001) and the five-axis
group (62.23 ± 10.73 µm; P < .001). There was no significant difference found between
the three-axis and the five-axis groups (P = .218).
The internal gaps (OIG and AIG) means and standard deviations are shown in
Table 6. Repeated measures ANOVA showed a statistically significant difference
between groups (P < .001).

	
  

23	
  

	
  
The mean OIG value of the heat-press group (99.9 ± 23.69 µm) was found to be
statistically significantly lower compared to the three-axis (210.42 ± 60.59 µm; P < .001)
and the five-axis groups (216.81 ± 34.34 µm; P < .001). There was no significant
difference found between the three-axis and the five-axis groups OIG (P = .722).
The mean AIG value of the heat-press group (52.64 ± 15.7 µm) was found to be
statistically significantly lower compared to the three-axis (143.56 ± 12.44 µm; P < .001)
and the five-axis groups (104.98 ± 14.05 µm; P < .001). The five-axis group’s AIG mean
value was also found to be statistically significantly lower than that of the three-axis
group (P < .001).
Bar chart illustrations of the mean values for all outcomes are displayed in
Figures 19 through 22.
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Discussion	
  	
  
	
  
In this in vitro study, inlays fabricated using the five-axis milling system did not
have comparable internal adaptation or marginal fit to the heat-press fabricated inlays and
the heat-press group showing consistently lower mean values of MG, AMD, and IGs. The
five-axis group did not demonstrate better adaptation and marginal fit when compared to
the three-axis fabricated inlays except for the OMG and AIG locations.
Dental inlays are considered to be less destructive than full coverage restorations,
and ceramic dental inlays have the ability to bond to the natural tooth structure, providing
it with strength and support. 3 Optimal properties can be achieved using the heat-press
method. This process is commonly used to cast through the lost-wax technique, 6 and the
equipment needed for the method is relatively inexpensive. 7 Still, proper fabrication of
ceramic inlays demands highly skilled technicians.
Due to the challenging fabrication of ceramic inlays using the conventional
method, CAD/CAM technologies have improved, potentially approximating the accuracy
of the traditional heat-press technique, as the marginal and internal adaptation of the
restoration to the prepared tooth poses a risk of a poorly fabricated restoration ultimately
leading to a restorative failure. 4 This study focused on a comparison of varied axes of
milling, namely CAM systems (three and the five-axis) and their effect on the accuracy
of ceramic inlay restorations. Additionally a comparison with the heat-press technique
was included.
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In this study, the number of axes of the CAM milling system had a direct effect
on some of the outcomes (the OMG and AIG locations). The MG value of the heat press
group was significantly lower compared to the three-axis group and the five-axis group.
The five-axis group showed lower MG values compared to the three-axis group. This was
not considered statistically significant when applying the Bonferroni correction in the
present study. Results were slightly lower than the ones reported by Reich et al. (56 ± 31
μm) for the lab side fabricated onlays and similar (70 ± 32 μm) for the chair side Cerec
3D onlays. This might be due to the different measuring technique (SEM), spacer setting
(40 μm) used for the CAD/CAM group. Also staining and glazing were performed to the
Lab-side onlays, this might be a possible source of error. 52
On the other hand, the MG results of the present study were in contrast to those
reported by Keshvad et al., where the MG was (56 ± 18 µm) for IPS Empress and (36 ±
11 µm) for ProCAD; it would be expected that the conventional press technique would
have smaller marginal gaps compared to CAD/CAM fabricated restorations. 44 These
results might be due to the type of the ProCAD ceramic blocks, as they are pre-sintered
compared to the non-sintered ceramic blocks used in this study. Also, the different
measuring technique used might have affected the results, as the researchers used the
shortest distance between the tooth and the restoration in a direct view using the
microscope at 12 preselected locations compared to the cross sectional view using the
micro-CT scanner, at 40 preselected locations in the present study.
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In the present study, the heat press group showed smaller mean value of MG
compared to what Schaefer et al. found with the OS/DV (One-step Dual-viscosity)
impression group (78 ± 15 µm), using a digital software to quantify the marginal fit using
color coding instead of a cross sectional view. 23 	
   The mean MG of the heat-press group
was significantly lower than the mean of the other groups. However, in every group,
100% of samples were within the clinically acceptable marginal gap limit of 100 microns.
19-22

The OMG mean value of the five-axis group was found to be statistically
significantly lower than that of the three-axis group (P < .001). This might be due to the
higher number of milling axes, i.e. the ability to rotate the tension bridge of the
component (4th axis) and to rotate the milling spindle (5th axis), thereby leading to higher
precision.
Reich et al. reported slightly higher mean values for the lab fabricated onlays (49
± 14 µm) and chair side CAD/CAM onlays (94 ± 30 µm) at Landmark 11, which is
equivalent to the OMG in this study. They also reported a higher mean value for the lab
fabricated onlays (57± 48 µm) at Landmark 3, which is equivalent to the GMG, and
similar mean value for the chair side CAD/CAM onlays (66 ± 40 µm). This might be due
to the fact that they measured one point on the sample margin compared to the 10 points
measured for the GMG; also, the different restoration design might have contributed to
these higher readings compared to the MOD inlay design. 52
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The three-axis group mean GMG value (66.42 ± 40.95 µm) was similar to what
Seo et al. reported in 2009, as the mean GMG value of Cerec PCCs onlays at the mesial
margin was (72.5 ± 74.5 µm), and (67.6 ± 47 µm) at the distal margin. 40
Addie et al. reported proximal gaps (PMG) three times greater for IPS Empress
(153 ± 40 µm) and Denzar CAD/CAM (136 ± 33 µm) compared to the findings of the
current study. This might be due to the measuring technique used (direct view using the
microscope at 10× magnification); also, the study was conducted in 2002 and the
CAD/CAM systems have been significantly improved over the years. 53,54
The mean AMG value of the heat-press group AMD was statistically significantly
lower than that of the three-axis group and the five-axis group. Although the mean value
of the five-axis group was lower than the mean value of the three-axis group it was not
statistically significant. The AMD reported for the heat-press group was slightly higher
than the AMD reported by Mously et al. (median, 41.05 µm). Meanwhile, the three-axis
AMD was lower than for the CAD/CAM-100 crown (median, 105.75 µm). 54
Heat-press AMD was found to be similar to the findings of Pelekanos et al. for the
Slip cast (60.09 ± 39.47 µm) and slightly higher than the results of the Wool-Ceram
group (49.86 ± 36.97 µm). Moreover, the three-axis mean value of the AMD was found
to be far lower than what Pelekanos et al. reported for the Cerec inLab (187.64 ± 82.49
µm) and Celay (179.36 ± 86.78 µm). 37 This may be due to the more complicated nature
of an inlay restoration in comparison with the full coverage crown used in both of the
previously mentioned studies. No studies were found in the literature that measured the
absolute marginal discrepancy for inlay ceramic restorations.
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The mean AIG value of the heat-press group was found to be statistically
significantly lower than the mean AIG value of the three-axis and the five-axis groups.
The five-axis group’s mean AIG value was also found to be statistically significantly
lower than that of the three-axis group.
The mean OIG value of the heat-press group was found to be statistically
significantly lower than the mean OIG value of the three-axis and the five-axis groups.
No significant differences were found between the three-axis and the five-axis groups.
In light of the lack of studies reporting the AIG and the OIG separately, the mean
internal gap (IG) was computed for each group. The mean IG value of the heat-press
group (75.95 ± 16.09 µm) was found to be statistically significantly lower in comparison
with the three-axis (176.99 ± 33.39 µm) and the five-axis groups (160.89 ± 21.22 µm).
No significant difference was found between the three-axis and the five-axis groups.
These numbers were lower than the internal gaps Addi et al. reported for the heatpress (206 ± 60 µm) and the Dinzar (243 ± 85 µm) groups and were higher than the
internal gaps reported by Keshvad et al. for IPS Empress (17 ± 5 µm) and ProCAD
Cerec (23 ± 9 µm). 44,53
Both of the previous studies reported the mean internal gap, rather than presenting
the occlusal internal gap and the axial internal gap separately. Furthermore, these results
may be the result of differences in measuring technique, as specimens were imbedded in
acrylic resin and sectioned, a destructive procedure that could have caused some errors.
In addition, the results were limited by the fact that the internal gap was evaluated only
from a random cross section which may not represent the complete fit of the restoration
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compared to the total internal gap per area obtained by the micro-CT scanner which
allows a better representation for the entire restoration.
Seo et al. reported mean internal gaps of (197.3 ± 48.2 µm) for the conventional
functional cusp capping/shoulder preparation, (171.2 ± 45.1 µm) for the horizontal
reduction of cusps and (152.7 ± 27.1 µm) for the complete reduction of cusps/shoulder
preparation.

40

This study used the micro-CT scanner for all evaluations, but the

differences in values may be due to different preparation designs used (onlays rather than
inlays), also the fact that adjustment for fit was not performed; moreover, they reported
the mean IG rather than the AIG and the OIG separately.
The heat press group showed a mean value of IG two times higher than that of the
OS/DV (One-step Dual-viscosity) impression group (34 ± 11 µm) reported by Schaefer et
al. This difference may be due to differences in preparation design, as they tested onlay
restorations with full cuspal coverage; in addition, the thickness of the die spacer applied
was not mentioned. 23
The ideal spacer thickness has been reported to lie between 25 and 40 microns. It
should be wide enough to allow for a complete seating of the restoration but not too wide
so as to avoid excessive cement thickness. In general, it has been agreed that the internal
adaptation of ceramic inlays should be uniform, as poorly adapted restorations are
supported by the weaker cement rather than the tooth structure, thereby affecting the
durability of the ceramic restoration. 28
Although no standardized method of marginal fit evaluation exists, the direct
evaluation method of the restoration margin is simple. It is, however, often subjective and
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does not detect overhanging or rounded margins. 20 The cross-sectional method utilizes
samples that are imbedded in acrylic and sectioned vertically or horizontally. This
method allows for grater precision in determining measuring points but is destructive,
and samples are non-retrievable, resulting in possible measuring errors.
As in certain previous studies

37,40,54-56

, X-ray micro-computed tomography

(Micro-CT or µCT) was used in the evaluation of the marginal and internal adaptation of
dental restorations, as it has a far better resolution in comparison with traditional clinical
CT scanners. In this study, a resolution of 10 µm per voxel was used, samples were
scanned individually at the same position coordinates within the machine, and all sample
measurements were taken by the same primary investigator. An image magnification of
500% was taken from the real time three-dimensional volume, providing a higher level of
accuracy.
Each outcome was achieved by the mean of at least 10 measured points (OMG,
GMG) and up to 40 points (OIG, AIG, MG and AMD) in each sample, as the larger the
number of measurements per specimen, the greater the precision of the statistical
analysis. 57
This method is non-destructive and enables quantitative analysis and investigation
of the dental restoration’s internal space in any direction and at any angle desired, which
cannot be achieved with any other measuring method. 40
In 2012, Nawafleh et al. reported that only 1.6% of studies used micro-CT
scanner to evaluate the marginal adaptation of crowns and fixed partial dentures
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compared with Direct view in 47.5%, Cross sectional technique in 23.5% and the Replica
technique in 20.2%. 57
Using the low viscosity impression to evaluate the marginal and internal fit is
non-invasive, but is technique-sensitive. It may be subjected to distortion or damage of
the material, thus affecting the results. 20,37 Direct view and the use of the explorer are
often subjective, introducing examiner bias, while the use of radiographs can also be
misleading due to the two-dimensional nature being affected by x-ray beam angulation. 37
The definition of misfit varies among investigators and has not been defined as
strictly as the mechanical and physical properties of dental materials have. Studies have
measured fit as marginal adaptation, internal adaptation, vertical seating, radiographic
appearance and clinical adaptability, which has caused confusion, particularly when
comparing the results of different studies.

37,41

Consequently, the absolute marginal

discrepancy AMD (the angular combination of the marginal gap and the extension error)
described by Holmes et al. was used in this study to evaluate the marginal adaptation. 41
This method accounts for both over extension and under extension of dental restorations
thus providing very accurate descriptions of marginal accuracy (Figure 16).
To eliminate possible cementation errors, inlay restorations were not cemented to
the prepared tooth in this study. Sjogren et al. (1995) raised certain practical problems
associated with measuring the distance between tooth structure and ceramic inlays after
luting the restoration, including the difficulty in determining the line separating the luting
cement/inlay and luting cement/enamel. They also reported the presence of excess
cement, even after polishing, and stated that this excess might be mistaken for part of the
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cement width. This supports the findings of Back et al. (1993) in a critical analysis of
error sources in the determination of the fit of dental crown restorations.
Sjogren also reported errors associated with the positioning of the dental inlay
after filling cavities with luting cement compared to restorations placed in an empty
cavity.

29

Many reported significantly higher values of marginal discrepancy after

cementation, as the luting cement may interfere with the complete seating of dental
restorations. 57,58 A study conducted by Wolfart et al. reported that the marginal gap
increased by 13-22 microns when crowns were cemented. 58
In addition, in this study, inlays produced using three types of fabrication
techniques were fitted to one prepared tooth without definite cementation, in an effort to
control tooth preparation variables between the groups and to allow them to be assessed
statistically as triplet samples.
Tizian cut 5 smart (Schutz Dental Group, Germany) is a 5-axis computer aided
manufacturing system with the ability to move in the X, Y and Z spatial axes, as well as
the ability to infinitely rotate the tension bridge of the component (4th axis) and to rotate
the milling spindle (5th axis). It has a high production rate due to the ability to mill a
larger number of restorations in fewer steps, thereby conserving materials and reducing
tool wear. 33,34 It also has the advantage of being an open CAM system; the machine
accepts StereoLithographic (STL) file formats from any CAD 3D software system, which
makes it independent, unlike other CAM systems. Tizian cut 5 has the ability to mill
zirconium dioxide, PMMA acrylics for temporary restorations and splints, composite and
zirconia reinforced composite, wax, and glass and lithium disilicate ceramics. 35,59
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Some of the limitations of the present study include:
•

The fact that PMMA teeth were used, which differed from dentine and enamel
tooth surfaces in terms of chemical composition, surface structure, and physical
properties. 23

•

Although the E4D optical camera and design software were used in an attempt to
control the scanning and designing factors for the two CAD/CAM groups, some
manufacturers have their own data format. This might have resulted in a favorable
outcome for the E4D group over the Tizian group. Also, only two CAM systems
were tested. This might not represent all three-axis and five-axis systems.

•

The fact that only standard software settings (spacer and marginal ramp) were
used in this study to fabricate inlay restorations for both CAD/CAM groups.

•

Although the five-axis group showed lower values of marginal and internal fit, it
is important to note that this group took a longer time in the adjustment for fitting
compared to the other two groups. Unfortunately, it was not possible to quantify
these adjustments among groups. Furthermore, restoration fabrication of this
group included the milling of three consecutive restorations mounted in three
positions on the spindle; the differences in milling accuracy between the three
positions have not been investigated (Figure 18).

Future research is recommended to test the compatibility of different data
acquisition devices and computer assisted design systems CAD with different computer
assisted manufacturing systems (CAM). Additionally, testing different preparation
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designs, including cavity divergence angles and software spacer settings, would be highly
beneficial. Furthermore, randomized clinical trials and prospective studies are
recommended to test the reproducibility of CAM systems and their different axes of
milling.	
  	
  
Although clinical trials remain ideal for the evaluation of dental restorations, the
results of this present study provide scientific evidence and a starting point in evaluating
the validity of using 5-axis CAM systems in the production of ceramic dental
restorations.
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Conclusion	
  
Within the limitations of this in-vitro study, we can conclude that:
1. Different fabrication techniques affected the marginal fit and internal
adaptation of ceramic inlay restorations.
2. The mean MG of the heat-press group was significantly lower than the mean of
the other groups. However, in every group, 100% of samples were within the
clinically acceptable marginal gap limit of 100 microns.
3. Among the CAD/CAM groups, the five-axis had better AIG and OIG values
compared to the three-axis values.
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Appendix A: Tables
Table 1: Substructure ceramics: basic composition, uses, and commercial examples.
Glass
Fillers
Uses
Commercial examples
Highly filled glassy ceramics

Feldspathic glass

Leucite (40–55 mass %)

Inlays, onlays, veneers,
single-unit crowns

Empress (Ivoclar) OPC
(Pentron) Finesse All-ceramic
(Dentsply)

Feldspathic glass

Aluminum oxide (55
mass %)

Single-unit crowns

Vitadur-N (Vita)

Lanthanum

Aluminum oxide (70 vol
%)

Single-Unit crowns,
anterior three-unit bridges

In-Ceram Alumina (Vita)

Aluminoborosilicate

Aluminum oxide (50 vol
%)

Single-unit crowns, threeunit bridges

In-Ceram Zirconia (Vita)

Single-unit crowns,
anterior three-unit bridge

Empress 2 (Ivoclar) 3G
(Pentron)

Zirconium oxide (20 vol
%)
Modified
feldspathic glass

Lithium disilicate (70 vol
%)

Polycrystalline ceramics

Aluminum oxide

<0.5 mass%

Single-unit crowns

Procera (Nobel Biocare)

Zirconium oxide

Yttrium oxide (3–5 mass
%)

Single-unit crowns

Procera (Nobel Biocare)

Zirconium oxide

Yttrium oxide (3–5 mass
%)

Single-unit crowns, Threeunit bridges, Four-unit
bridges

Cercon (Dentsply) Lava (3MESPE) Y- (Vita)

(Kelly, 2004)	
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Table 2: Ceramic materials used for the three groups.
Manufacturer Brand Name Main Composition Processing Method

Group

IVOCLAR

IPS e.max CAD

SiO2-LiO2

CAD/CAM

Groups 1,2

IVOCLAR

IPS e.max press

SiO2-LiO2

Heat-Pressed

Group 3

	
  
	
  
	
  
Table 3: Descriptive statistics of the Absolute Marginal Discrepancy (AMD) in µm.	
  

Group
Three-Axis
Five-Axis
Heat-Press

AMD
Mean
99.83 a
88.28 a
58.75 b

N
15
15
15

SD
16.68
13.52
9.95

*Groups with the same letters do not exhibit a statistically significant difference.

	
  
	
  
	
  
	
  
Table 4: Descriptive statistics of the Marginal Gap (MG) in µm.

Group
Three-Axis
Five-Axis
Heat-Press

MG
Mean
67.67 a
56.19 a
35.48 b

N
15
15
15

SD
14.04
12.32
8.12

*Groups with the same letters do not exhibit a statistically significant difference.

	
  
	
  
	
  
	
  
Table 5: Descriptive statistics of the Occlusal Marginal Gap (OMG), Proximal
Marginal Gap (PMG) and Gingival Marginal Gap (GMG) in µm.

Group
Three-Axis
Five-Axis
Heat-Press

N
15
15
15

OMG
Mean
SD
a
79.93
19.41
b
51.08
12.46
c
31.12
10.90

PMG
Mean
SD
a
56.65
9.61
a
62.23
10.73
b
38.61
11.09

*Groups with the same letters do not exhibit a statistically significant difference.
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GMG
Mean
SD
a
66.42
40.95
a
55.27
26.15
a
36.71
9.69

	
  
Table 6: Descriptive statistics of the Internal Gap (IG), Occlusal Internal Gap (OIG)
and Axial Internal Gap (AIG) in µm.

Group
N
Three-Axis 15
Five-Axis 15
Heat-Press 15

IG
Mean
SD
a
176.99
33.39
a
160.89
21.22
b
75.95
16.09

OIG
Mean
SD
a
210.42
60.59
a
216.81
34.34
b
99.90
23.69

*Groups with the same letters do not exhibit a statistically significant difference.
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AIG
Mean
SD
a
143.56
12.44
b
104.98
14.05
c
52.64
15.70

	
  

Appendix B: Figures

	
  

Figure 1. Ceramic inlay compared with ceramic crown.

Figure 2. All-ceramic partial coverage restorations: midterm results
of a 5-year prospective clinical split-mouth study, Guess et al. 2009.	
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(1) Data acquisition device

(2) CAD to design the restoration

(3) CAM to fabricate the restoration

Figure 3. CAD/CAM system working components.

Figure 4. Different possibilities of the working axes: 3 spatial
directions X, Y and Z (3 axis milling devices); 3 spatial directions
X, Y, Z and tension bridge A (4 axis milling devices); 3 spatial
directions X, Y, Z, tension bridge A and milling spindle B (5 axis
milling devices). 33
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a.

b.

Figure 5. a. E4D milling system. b. Tizian Cut 5 milling system.

FS wong, 1997

D Mills, 2013

Figure 6. Micro-CT images of natural teeth.
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Figure 7. Identical master die duplication using Tizian Cut 5 milling system.

Figure 8. Schematic of group distribution.
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a.

b.
	
  	
  

Figure 9. a. Cavosurface margin tracing. b. Restoration design by the software.

a.

b.

Figure 10. a. Spacer setting. b. Marginal ramp setting.

a.

b.

c.

Figure 11. a. Inlays directly after milling with Tizian Cut 5 milling system. b. Inlays fitted on
master dies. c. Inlays after crystallization.
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Figure 12. Ivoclar crystallization furnace.

	
  
Figure 13. Conventional one-step dual viscosity polyvinyl-siloxane impressions.
	
  

a.

b.

	
  
Figure 14. a. Individual Type IV stone dies. b. Ceramic inlays after heat pressing.
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a.

b.

c.

	
  

Figure 15. a. X-TEK microtomography scanning system. b. Master die stabilized on the
mounting tray within the scanner. c. Sample coordinates during scanning.

Inlay
Inlay

AM
D

MG

G
M

D
AM

Die

Die

Over-extension

Under-extension

Figure 16. Casting misfit terminology: Marginal gap (MG); Absolute marginal discrepancy
(AMD)
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a.

b.

c.

Figure 17. Marginal gap and internal adaptation evaluation: a) Bucco-lingual sections; b)
Mesio-distal sections; and c) Transverse sections.

	
  

	
  

	
  

	
  
Figure 18. Lithium-disilicate blocks in the five-axis milling system.
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Figure 19. Bar chart illustration of means and standard deviations
of the Absolute Marginal Discrepancy (AMD).
	
  
	
  

	
  
	
  

	
  
Figure 20. Bar chart illustration of means and standard deviations
of the Marginal Gap (MG).
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Figure 21. Bar chart illustration of means and standard deviations of the
Occlusal Marginal Gap (OMG), Proximal Marginal Gap (PMG) and the
Gingival Marginal Gap (GMG).
	
  

	
  
Figure 22. Bar chart illustration of means and standard deviations of
the Occlusal Internal Gap (OIG) and the Axial Internal Gap (AIG).
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