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ABSTRACT
Aim & Hypothesis
This study aims to assess the amount of microleakage of CAD lithium disilicate crowns with
different marginal fit settings and different finish line locations using E4D Dentist System. It
is hypothesized that the amount of marginal microleakage for crowns fabricated at 0 mm and
0.25mm (factory default) marginal ramps will be higher than the crowns fabricated at 0.75mm
marginal ramp. Moreover, the amount of marginal microleakage will be higher in dentin
(below CEJ) than enamel (above CEJ).
Materials & Methods
A total of 51 extracted premolars received full crown preparations, and samples were randomly
divided into 3 groups. All teeth were scanned with the E4D system and the crowns were
designed with different marginal ramp settings for each group. Crowns were milled out of IPS
e.max blocks and cemented using Rely-X Ultimate. Samples were subjected to thermocycling
for 5,000 cycles and immersed in 50% silver nitrate dye before being sectioned from mid
buccal to mid-lingual. Microleakage was assessed under a stereomicroscope at x10
magnification.
Results
The difference in microleakage for the three groups was not statistically significant (p>0.05).
Dentin margins exhibited significantly more microleakage than enamel margins.
Conclusions
The marginal ramp setting has no significant effect on the amount of microleakage for crowns
fabricated with the E4D scanning and design system. In addition, placing the preparation finish
line on enamel reduces the amount of microleakage compared to dentin.
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Microleakage Assessment of CAD/CAM Crowns with Various
Marginal Fit Parameters

Introduction
Historical background
After its use in various industries for more than 10 years, computer-aided design and computeraided manufacturing (CAD/CAM) technology was introduced to the dental field in the 1980s.
1, 2

CAD/CAM technology in dentistry was pioneered by Dr. Bruce Altschule in the United

States, Dr. Francois Duret in France, Dr. Werner Mormann, and Dr. Marco Brandestini in
Switzerland in the 1970s.1, 3

In 1984, based on an optical impression of an abutment tooth, Dr. Duret produced the first
dental CAD/CAM single unit full-coverage restoration with the functional shape of the
occlusal surface and marketed his system as Sopha Bioconcept system (Sopha Bioconcept, Inc,
Los Angeles, CA 90064). However, due to its complexity and high cost, this system did not
succeed commercially in the dental market.1, 3, 4

In 1985, based on a similar concept, Mormann and Brandestini developed the first
commercially available dental CAD/CAM system.5 They fabricated the first chair-side inlay
using a combination of an optical scanner and milling device and called the device CEREC®
(Sirona Dental Systems, Charlotte, NC 28273). This system development was innovative
because it permitted same-day ceramic restorations. The first CAD/CAM for composite
veneered restorations were used by Dr. Andersson, the developer of the Procera ® system
(NobelProcera, Nobel Biocare, Zurich, Switzerland).2, 3, 6
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In the 1990s, research concentrated on direct application of CAD/CAM technology for crowns
and fixed partial dentures (FPDs).2 Recently, CAD/CAM systems have been developed to
provide FPDs, implant abutments and framework patterns for removable partial dentures and
complete denture bases.3

In 2008, the E4D Dentist System TM (D4D Technologies, Richardson, TX) was introduced as
the only CAD/CAM system that uses a true laser for scanning hard and soft dental tissue,
impression material, occlusal registration material, and dental stone. It presents the working
principle of optical coherence tomography and confocal microscopy.7 This system consists of
a laser scanner, also known as the IntraOral Digitizer scanner (IOD), a design center and
milling unit.3 (Fig. 1) It has the ability to design multiple teeth at the same time, and it is
considered the only other system besides CEREC® that permits same-day in-office
restorations.8, 9

Traditional versus CAD/CAM techniques
The conventional fabrication process of porcelain-fused-to-metal crowns and FPD restorations
is based on duplication of the prepared teeth via elastomeric impressions and stone casts. A
wax pattern is made on the die(s), and a metal substructure is then fabricated using the lostwax casting technique, followed by application of veneering porcelain.10

(Fig. 2)

Currently, CAD systems construct virtual models based on data acquisition from intraoral
digital impressions or via scanning of a traditional impressions or casts. The virtual model is
used either to print a solid model via additive or subtractive manufacturing techniques, on

3

which the desired restorations are made in professional dental laboratories. An alternative, inoffice approach is to design the restoration digitally on the virtual model and mill it out of a
block using a milling machine specific to the system. CEREC® is one of the earliest systems
that utilized the in-office concept and became popular due the reduced treatment time in patient
care.3

Other CAD/CAM concepts that enable dentists or laboratory technicians to outsource certain
specialized procedures to processing centers using network connections have also been
introduced.2 The Procera® system is the first system to apply the outsourced fabrication of all
ceramic crowns and currently has a network between the processing centers in Sweden,
Canada, Japan, and the United States.11 (Fig. 3)

Advantages of CAD/CAM technology include elimination of potential sources of errors such
as impression distortions, die stone volumetric modifications, or casting imperfections.12
Furthermore, it reduces treatment time since patients can often receive their definitive
restorations in a single visit if an in-office milling machine is used.3 Labor reduction, ease of
automation, lack of cross-contamination and ease of data storage compared to storage of stone
casts for dental laboratories are also advantages of CAD/CAM technology. In addition, due to
the availability of newer all ceramic materials, CAD/CAM restorations offer better esthetics
compared to percaline fused to metal restorations.1, 2, 9

Some challenges associated with dental CAD/CAM technology include software design,
operator skill, and milling technologies, and ability of generating restorations that integrate
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functionally, esthetically, and biologically with the existing dentition as well as the entire
stomatognathic system.12

Performance of CAD restorations
CAD/CAM restorations have been suggested as being superior to traditional techniques in
terms of quality control, esthetics, time and accuracy.3, 13 Recently, two main dental materials
were introduced as innovative CAD/CAM ceramics: 1) lithium disilicate ceramics such as
e.max CAD and 2) hybrid materials (partially ceramic and partially resin composite) such as
Lava Ultimate.14 Success and survival rates of these restorations have been reported in the
literature.

In a systematic review of 16 articles that involved 1,957 restorations, Wittneben et al.8
investigated the long-term clinical survival rates of single tooth restorations fabricated with
CAD/CAM technology versus conventional restorations. The authors found no significant
differences in 5-year survival rates between CAD/CAM single-tooth Cerec 1, Cerec 2, and
Celay restorations and conventional restorations.

Henkel15 conducted a blinded study on 117 subjects, fabricating one crown based on
conventional impressions using standard trays and impression materials and another based on
digital impressions for each subject. He reported that in nearly 70% of the cases, participating
dentists preferred the marginal fit, contacts, occlusion, and time of adjustment of crowns made
with CAD/CAM technology over crowns generated from conventional impressions.
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Bindl et al.16 evaluated the clinical quality of CAD/CAM-generated posterior crowns using the
Cerec 2 CAD/CAM system and two different materials. Comparing 19 In-Ceram Spinell core
crowns to 24 In-Ceram Alumina core crowns, they defined the clinical quality of both
CAD/CAM generated crowns as excellent after a mean service time of 39 ± 11 months,

A nonrandomized longitudinal clinical trial was conducted by Fasbinder et al.17 to evaluate the
clinical performance of the IPS e.max CAD glass ceramic material (Ivoclar Vivadent Amherst,
N.Y.) for chairside CAD/CAM-generated crowns cemented with two different cements. The
crowns in the control group ( n=23) were cemented with a self-etching, dual-curing cement
(Multilink Automix Ivoclar Vivadent, NY, Amherst, NY) with a self-etching primer and
adhesive, while the crowns in the second group ( n=39) were cemented with an experimental
self-adhesive, dual-curing cement (EC) developed by Ivoclar Vivadent. Two examiners used
modified U.S. Public Health Service (USPHS)18 criteria to evaluate the crowns at baseline, six
months, one year and two years. The results revealed no incidences of crown fracture or
surface chipping, and the authors concluded that lithium disilicate crowns show a good
performance after two years of clinical service.

Bindl and Mörmann19 compared monolithic ceramic crowns (Vitablocs Mark II, Vident, Brea,
CA) fabricated with a CEREC 2 unit, with layered ceramic crowns (Vita In-Ceram Spinell,
Vident) to assess the survival rate of the crowns in term of fracture. All crowns (n =18 in each
group) were rated using (USPHS)18 criteria at baseline and after a service time of 2–5 years.
They reported that there was no significant difference between the two crown types for any of
the USPHS scores. The survival rates were 91.7% for In-Ceram Spinell and 94.4% for Mark
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II. They concluded that the clinical performance of mono-ceramic crowns were similar to
ceramic core crowns.

Use of different success criteria, continuous change in restorative materials, and updates to
CAD/CAM systems create challenges for the clinician to interpret the literature critically. Very
often the CAD restorations are evaluated based on the accuracy of their internal and marginal
fit over the prepared teeth.

Marginal accuracy of CAD restorations
Reporting and comparing studies related to marginal fit is confusing due to the lack of a clear
definition of restoration fit among investigators. Holmes et al20 reported that restoration fit can
be defined best in term of the ‘misfit’ measured at various points between the restoration and
the tooth including internal gap, marginal gap, overextended margin, underextended margin
and absolute marginal discrepancy. They also stated that the absolute marginal discrepancy,
which is the angular combination of the marginal gap and the extension error, will best reflect
the total restoration misfit.

The American Dental Association requires that the fit of a dental restoration on the supporting
abutment has to be within a range of 50 μm accuracy.21 In vitro studies have revealed mean
marginal gaps of 64–83 μm in CAD/CAM-generated all-ceramic single tooth restorations. 22,
23

Marginal discrepancy in the range of 100 μm have been reported to be clinically acceptable

in term of longevity of the crowns.24, 25
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Reich et al.26 conducted a study to test the hypothesis that the marginal and internal fit of
CAD/CAM fabricated all-ceramic three-unit fixed partial dentures (FPDs) can be as good as
with metal–ceramic FPDs. They fabricated 24 all-ceramic FPDs and randomly subdivided
them into three groups using the Digident CAD/CAM system (DIGI), the Cerec Inlab system
(INLA) and the Lava system (LAVA). The means ± SDs of marginal gaps were 92 ± 52 μm
for DIGI, 80 ± 50 μm for LAVA, 77± 44 μm for INLA and 67 ± 45 μm for conventional FPDs.
The study results suggest that the accuracy of CAD/CAM generated three-unit FPDs is
satisfactory for clinical use and that all CAD/CAM systems tested can compete well with
conventional systems for clinical fit.

Nakamura et al.27 examined the effect of the occlusal convergence angle of the abutment and
the computer’s luting space setting on the marginal and internal fit of Cerec 3 CAD/CAM allceramic crowns. A total of 45 mandibular second premolar all-ceramic crown with nine
conditions were established by combining three different settings of luting space (10, 30, and
50 μm) with three different occlusal convergence angles (4, 8, and 12 degrees) of the
abutments. After seating, the marginal gaps and the internal gaps were measured. They found
that when the luting space was set to 10 μm, the marginal gaps of the crowns were greater than
when it was set to 30 or 50 μm. When the luting space was set to 30 or 50 μm, the marginal
gaps ranged from 53 to 67 μm and were not affected by the occlusal convergence angle of the
abutment. They reached the conclusion that when the luting space was set to 30 μm, crowns
with a good fit could be fabricated on the Cerec 3 system, regardless of the occlusal
convergence angle of the abutment.
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Neves et al.24 reported that a difference in marginal fit between the heat-pressing process and
the CAD/CAM systems could attribute to multiple steps of the heat pressing technique.

Cementation of CAD restorations
One factor that affects the clinical fit and contributes to the success of CAD restorations is the
cementation process. During cementation of a restoration, incomplete seating may occur if
adequate space for cement is not provided internally. For traditional restorations, various
thicknesses of die spacer are applied on the die to provide space for the luting agent.28- 29
This space helps to reduce resistance of the cementing material to flow, which facilitates
complete seating of the restoration and provides a good marginal seal. The resistance of
cementing materials to flow may result in incomplete seat of the crown which may create
marginal discrepancies and subsequent microleakage.31

On the other hand, with the CAD/CAM technology the clinician has the ability to set the
internal ‘cement space’ parameters in the design software. For instance, when using the E4D
Dentist System, the virtual die space defines the internal fit of the final restoration to the die
or preparation. It is one parameter that can be set as a system default ahead of time or can be
changed according to each case. These parameters include not only occlusal and axial surfaces
of the preparation, but also the finish line (marginal ramp). In other words, all three parameters
can be selected independently.13 Therefore, if the luting space setting is too small, the crown
might contact the abutment. In contrast, the cement thickness might become too great if the
luting space setting is too large.

9

It is suggested that CAD/CAM ceramic materials have to be adhesively luted to tooth structure.
The adhesion between restoration and tooth structure is based on the combined effects of
micromechanical interlocking and chemical bonding. Interprismatic and intercrystalline
interlocking on enamel and hybridization on dentin are the main retention elements in adhesive
luting. Hydrofluoric acid is mainly used to increase the surface area and create microporosities
within the glass phase of the ceramic substrate. Chemical bonding is achieved by the use of a
silane agent through a bifunctional coupling molecule. Recently, a novel self-bonding resin
luting agent, RelyX Unicem, has gained attention due to its ability to bond to tooth structure
without using separate etchant and adhesive protocols.14, 31 However, the optimal approach for
cementation on enamel is still considered etch-and-rinse, whereas self-adhesive resin cements
are less favorable. In case of dentin, the self-etch approach is reported to be the favorable
method.14, 32

Frankenberger et al.14 evaluated the potential of novel CAD/CAM materials to bond to
different luting cements. They used four CAD/CAM materials: e.max CAD (lithium disilicate
glass ceramic; Ivoclar Vivadent, Schaan, Liechtenstein), Celtra Duo (zirconia-reinforced
lithium disilicate ceramic; Dentsply DeTrey, Konstanz, Germany), Lava Ultimate (resin nano
ceramic; 3M ESPE, Neuss, Germany), and Enamic (resin infiltrated ceramic; Vita, Bad
Säckingen, Germany).They also tested six different pre-treatment methods: silane,
sandblasting, sandblasting + silane, hydrofluoric acid (HF), HF + silane and control untreated
group. Luting agents under investigation were :1) Calibra Esthatic Resin Cement bonded with
Prim&Bond XP + Self-Cure Activator ( Dentsply DeTrey); and 2) RelyX Unicem ( 3M ESPE).
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They found that, when untreated, RelyX Unicem performed better (P < 0.05). Moreover,
sandblasting was the most effective method for Lava Ultimate (P < 0.05), whereas all other
materials showed best bonding when HF etching was used, followed by silane treatment. The
authors concluded that when following the manufacturers’ recommendations for the
pretreatment protocol, novel CAD/CAM materials showed a promising bonding capacity to
different types of luting resin cements.

However, in a study conducted to evaluate the cervical fit of all ceramic crowns (IPS
e.maxPress, Cergogold, and In Ceram) on bovine teeth with two luting agents before and after
cementation, Borges et al.33 prepared 90 bovine incisors for full coverage crowns with 30
crowns for each ceramic system. Then, 15 crowns of each ceramic system were luted with
resin cement (Variolink II) or resin-modified glass ionomer cement (RelyX luting), and the
marginal discrepancy was measured. The three ceramic systems showed a cervical fit after
cementation that was significantly inferior to the cervical fit before cementation. It can be
concluded that both cements studied increase the marginal discrepancy between the crown and
the preparation for the three ceramic systems evaluated.

Microleakage
Although the principles of resin-based luting cementation will provide a chemical bond in
addition to micromechanical bonding, the resistance of this bond to microleakage for various
marginal seating parameters is not well known. Minimizing the marginal gap is also necessary
to reduce cement dissolution and the potential for microleakage.23,24 Microleakage is
classically defined as the diffusion of substances, such as bacteria, oral fluids, molecules and/or
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ions, into a fluid-filled gap or a structural defect that is naturally present or that occurs between
restorative materials and tooth structure.31,34-37 The amount of microleakage is influenced by
many factors such as complex interactions between variables related to dental the restoration,
luting agent and tooth structure.38 The type of tooth substrate has an effect on the degree of
microleakage. Studies have shown that bonding to enamel is more predictable due to its higher
mineral content than resin infiltration in dentin, which is characterized by a much higher
hydrated collagen structure and less mineralized tissue.39, 40 Bonding studies to dentin have
demonstrated deficiencies on the sealing capacity compared to that of enamel.41-43
Different methods have been utilized to evaluate microleakage in tooth-restoration interface in
vitro. One of these methods is thermocycling. Thermocycling is an in vitro process of
subjecting an extracted tooth carrying a restoration to temperature extremes that comply with
those found in the oral cavity. This technique is usually combined with the use of tracers such
as dyes, radioactive isotopes, chemical tracers, and bacteria which aid in the detection of
microleakage. The amount of leakage is then quantified via imaging or measuring of the
affected areas in sectioned samples.44

Trajtenberg et al.31 compared the amount of microleakage of bonded ceramic crowns using
three different types of self-etching adhesive systems with and without a die spacer. They
prepared 18 molars for all ceramic IPS Empress crowns and placed the finish line 1.5 mm
below the cementum-enamel junction CEJ on the buccal side and 1.5 mm above the CEJ on
the lingual side, creating margins in enamel and dentin. Two die-spacing techniques were used
(three layers or no layer of die spacer) and each crown restoration was cemented with one of
three self-etching resin luting agents (Panavia F 2.0, Multilink and RelyX Unicem). The
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specimens were thermally cycled for 1,000 cycles, then immersed in a 5% methylene blue dye
solution for 24 hours. Analysis of microleakage was at x70 magnifications. The authors found
that Panavia F 2.0 resin luting agent exhibited the least degree of microleakage compared to
RelyX Unicem and Multilink at both the enamel and dentin margins. Also, the results showed
that the use of a conventional relief technique did not improve the marginal seal of IPS Empress
crowns against marginal leakage. The authors concluded that the degree of microleakage for
the die spacer group was not significantly different from the group without die spacer (p>0.1).
Another significant finding was the higher degree of microleakage on margins in dentin
compared to those on enamel (p<0.0001).

Microleakage can be related to margin misfit, although no strong correlation between margin
fit and microleakage scores in complete crowns has been demonstrated.45-47A study conducted
by Rossetti et al.38 to evaluate the existence of correlation between in vitro margin fit and
microleakage for complete crowns cemented with three different luting agents. Thirty human
premolars were prepared for full-coverage Ni-Cr cast crowns and then cemented with either
zinc phosphate (ZP), resin-modified glass-ionomer (RMGI) or a resin based luting agent (RC).
After thermocycling, margin fit (seating discrepancy and margin gap) was evaluated and
microleakage was recorded at × 100 magnification. The authors concluded that cast crowns
cemented with RMGI and RC had lower microleakage scores than ZP cement and that margin
fit parameters and microleakage showed no strong correlations.

Contrasting results were presented by Yüksel E et al.48 in a study that assessed the effects of
both marginal fit and cementation with different luting agents on microleakage of all-ceramic

13

crown systems. They prepared 36 extracted incisors for full coverage crowns and divided them
into three groups: CAD/CAM-fabricated ZrO2, heat pressed lithium-disilicate, and cast Cr-Co
copings as the control group. The restorations were cemented with either self-adhesive resin
cement or glass-ionomer luting cement and subjected to thermocycling. Microleakage was
scored using a five-point scale, and the marginal gap was measured using image analysis
software. The results exhibited lower levels of microleakage self-adhesive resin cement, while
CAD/CAM-fabricated ZrO2 copings showed smaller marginal discrepancy and less
microleakage in comparison to cast Cr-Co. The authors found that both marginal discrepancy
and cement type have significant effects on microleakage.

Studies on the effects of luting agents on microleakage,31, 45, 49 and marginal fit of different
crown systems have been conducted,23,

24, 26

but the number of studies that examine the

combined effects of luting agents and marginal fit of crown systems on microleakage is low.38,
48

Moreover, the studies on lithium disilicate crowns made with the E4D system are limited.

In the present study, we examined the effect of different marginal fit parameters (marginal
ramp) on micoleakage of lithium disilcate crowns made with the E4D system. Also, the effect
of tooth structure on micoleakage was assessed. The study results have clinical significance as
they address the optimal marginal fit parameters to minimize the amount of microleakage of
crowns fabricated with the E4D system.
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Aim and Hypothesis
Objective
This study aims to assess the amount of microleakage of CAD lithium disilicate crowns with
different marginal fit settings and different finish line locations.
Variables to be tested
- CAD/CAM lithium disilicate crowns with marginal seating levels (marginal ramp) of 0 mm,
0.25 mm and 0.75 mm.
- Finish line location on enamel and dentin surfaces.
Hypothesis
It was hypothesized that:
- The amount of marginal microleakage for lithium disilicate crowns fabricated at 0 mm and
0.25 mm (factory default) seating settings (marginal ramp) will be higher than for crowns
fabricated at 0.75 mm seating setting.

- The amount of marginal microleakage will be higher for crowns with margins in dentin
(below CEJ) than for those with margins in enamel (above CEJ).

Primary outcome
Marginal microleakage at the tooth-cement interface.
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Research Design
To determine the sample size for the proposed in vitro study, a pilot study with three samples
per group was conducted. Based on the means and standard deviations obtained in the pilot
study, a power calculation was performed using nQuery Advisor (Version 7.0). A sample size
of n=17 per group was found to be adequate to obtain a Type I error rate of 5%, a power of
80% to detect a difference between marginal ramps, and a power of 92% to detect a difference
between finish line locations in term of microleakage.

Inclusion criteria
- Extracted human first or second premolar teeth
- Caries free, unrestored teeth (extracted for orthodontic or periodontal reasons)

Exclusion criteria
- Endodontically treated teeth
- Teeth with restorations
- Teeth with root caries
- Cracked teeth (if the crack extended beyond the dentin-enamel junction)
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Materials and Methods
Tooth Preparations
First, each tooth was mounted in a plaster stone block. (Fig. 4) All premolars received a similar
full crown preparation using a 1.2 mm diameter diamond bur with a high speed air rotor
handpiece and water spray coolant. A chamfer margin of 1.2 mm circumferentially was
prepared 1.5 mm below the CEJ on the buccal side and 1.5 mm above the CEJ on the
lingual/palatal of each tooth. Occlusal reduction of 2 mm for all samples with rounded axiopulpal line angels. (Fig. 5) All preparations were performed by the same operator.

CAD/CAM process
All teeth were removed from the stone blocks and the samples randomly assigned to three
groups. Teeth were subsequently scanned by the same operator using the E4D system (D4D
Technologies, Richardson, TX). Each tooth was embedded in a stone model duplicated from
the typodont. The adjacent teeth were also scanned to aid in the scanning process using the
IntraOral Digitizer (IOD).

For designing, the E4D Design Center powered by the DentaLogic™ software version 4.5
was used. All internal space parameters (axial and occlusal spacer thickness) for the intended
restorations were set at 0.12 mm, except for the ‘marginal ramp’, which was set as follows:
group 1: marginal ramp of 0.0 mm (Fig. 6), group 2: marginal ramp of 0.25 mm (Fig. 7), and
group 3: marginal ramp of 0.75 mm (Fig. 8).
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All virtual designs were subsequently milled out of IPS e.max CAD lithium disilicate ceramic
blocks (Ivoclar, Schaan, Liechtenstein) using the D4D three-axes milling machine. Samples
underwent crystallization firing using a Programat® CS Furnace (Ivoclar, vivaden).
(Figs. 9-11)

Cementation
Before cementation, the root surfaces were sealed with a layer of varnish for insulation to a
level of 1 mm below the preparation margin and embedded in acrylic resin blocks. All crowns
were then cemented using adhesive universal resin-based luting cement RelyX™ Ultimate (3M
ESPE, St. Paul, MN) by the same investigator as follows: at room temperature, a thin layer of
cement was applied to the internal aspect of the crowns as evenly as possible and the crowns
were seated immediately with finger pressure. Excess cement was removed after tack curing
with 2 seconds at 1-mm distance with a light intensity of 400 mW/cm2 (Optilux; Dabi Atlante,
Ribeirao Preto, SP, Brazil). While under finger pressure, crowns were light cured on their
buccal and lingual surfaces for 40 seconds each and were then allowed to self-cure for an
additional 5 minutes.

Microleakage Testing
All samples were subjected to thermocycling for 5000 cycles between two water baths at 5°C
and 55°C with a dwell time of 15 seconds in each bath and 10 seconds of transfer time between
the two baths as recommended by the International Organization for Standardization (ISO) for
testing the adhesion of a crown to the tooth structure.48, 50 After thermal cycling, crowns were
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immersed in 50% silver nitrate dye solution for 2 hours in a dark room and then rinsed under
running water. The samples were then immersed in developer solution for 4 hours under
florescent light followed by rinsing again under running water.51 To assess the microleakage,
the samples were longitudinally sectioned in the midbucco-lingual plane with a low-speed
diamond saw (Isomat 1000 Precision Saw; Beuhler, 41 Waukegan Rd, Lake Bluff, IL 60044).

Dye penetration was recorded at ×10 magnification using a stereomicroscope (Olympus
SZX16, Tokyo, Japan). Microleakage was assessed by measuring the dye penetration through
the margin and along the axial and occlusal surfaces at the cement-tooth interface in µm. A
score assessment was then made using the method of Tjan et al.52 : 0= no microleakage; 1=
microleakage to one-third of the axial wall; 2= microleakage to two thirds of the axial wall;
3= microleakage along the full length of the axial wall, and 4= microleakage over the occlusal
surface.
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Statistical Analysis

For the continuous measurements, a mixed-effects model (using SAS version 9.4, SAS
Institute Inc., Cary, NC, USA) was used for statistical analysis to compare the amount of
microleakage in µm between the three marginal ramp groups (0 mm, 0.25 mm and 0.75 mm)
and to compare the amount of microleakage between dentin (finish line below CEJ) and enamel
(finish line above CEJ) aspects of each tooth among the groups.

Generalized estimating equations (GEE) (using SAS version 9.4, SAS Institute Inc., Cary, NC,
USA) were used to compare microleakage between the three marginal ramp groups’ score and
to compare the scored microleakage between the buccal and lingual aspects of each tooth
among the groups. Descriptive statistics were conducted for both statistical analyses.
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Results

Six samples were excluded from the study after the theromcycling step as they had multiple
cracks that resulted in complete diffusion of silver nitrate dye with 100% microleakage. They
were considered outliers and excluded from the statistical analysis.

The lowest microleakage mean ± SD was found in the 0.25 mm marginal ramp group with
25.6 ± 18.8 µm, followed by the 0 mm marginal ramp group with 28.3 ±11.8 µm. The highest
mean ± SD was in the 0.75 mm marginal ramp group with 29.3 ± 25.6 µm. The mixed-effects
model analysis revealed no statistically significant difference in the amount of microleakage
between the three marginal ramps groups (p = 0.8).

On average, crown margins on dentin exhibited more microleakage compared to margins on
enamel. The amount of microleakage in dentin (finish line located below the CEJ) and enamel
(finish line located above the CEJ) showed a statistically significant difference (p<0.001) with
a mean ± SD of 32.9 ± 21.7 µm for dentin and 22.6 ±15.8 µm for enamel. Means and SDs are
summarized in Table 1.

Analogous results were obtained from GEE analysis of the score assessment. Among the three
groups, 19.4% of the 0.75 mm marginal ramp group were scored as 0 microleakage, whereas
14.3% of the 0.25 mm and 3.4% of the 0 mm marginal ramps had scores of 0 microleakage.
On the other hand, 12.9% of the 0.75 mm marginal ramp group had a score of 3 microleakage,
whereas 3.6% of the 0.25 mm group and 0% of the 0 mm group scored as 3 microleakage. The
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difference in the amount of microleakage among the three groups was not statistically
significant (p = 0.96).

For dentin margins, 45.5% of the total samples had a microleakage scores of 2 and 3
microleakage compared to 22.8% for enamel margins. This difference in the amount of
microleakage was statistically significant (p < 0.001). Counts and percentages are reported in
Table 2 and Table 3.
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Discussion

Marginal openings and subsequent microleakage are among the primary causes of any fixed
restoration failures. Microleakage due to large marginal gaps can be caused by the increase in
the amount of cement exposed to oral fluids. Moreover, the mechanical properties of the luting
cement and the adhesion between cement and tooth structure can also promote microleakage.48

In this study we were testing whether the marginal ramp, which can be defined as the contact
line between the crown and the preparation finish line, could affect the amount of
microleakage. Basically, the assumption is that the higher the marginal ramp of the crown, the
broader the contact with the tooth finish line.

It was hypothesized that crowns designed with a marginal ramp of 0.75 mm would exhibit less
microleakage as they would have more contact with the preparation finish line, thus a smaller
marginal gap with less cement exposure to oral fluids. On the other hand, crowns with a
marginal ramp of 0 mm would show more microleakage as there is a greater chance for
marginal gap formation with such limited contact between crown and finish line with an
increased amount of cement.

The study results showed that there was no statistically significant difference (p>0.005) in the
amount of microleakage among the three groups with different marginal ramp, as all the
samples exhibited comparable amounts of microleakage.
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There is limited data in the literature about the effect of the marginal ramp on marginal gap
size and crown microleakage. Mously et al.53 reported that differences in marginal gap could
be attributed to the difference in the marginal ramp setting when using the E4D software.

In this study, microleakage was measured in micrometers using a computer program as well
as with a score assessment. The metric measurement is considered more accurate than the score
assessment as it permits quantitative as well as parametric statistical analyses of data.54

Various parameters have been documented to contribute to crown microleakage such as
alteration of the interfacial pressure as a resultant of a difference in coefficient of thermal
expansion between tooth structures and restorative material.55 Temperature variations,
inadequate moisture control leading to moisture absorption and polymerization shrinkage,
water absorption by the restorative material known as ‘hygroscopic absorption’, as well as
masticatory forces may also affect microleakage.44

Operator errors and/or the type of CAD/CAM system used may affect marginal gap accurancy
of the restoration due to differences in scanning, design and milling steps. For instance, the
Cerec Bluecam scanning process is based on blue-light scanning technology, which uses short
wavelengths resulting in a high accuracy level. On the other hand, the E4D system uses red
laser with a higher wavelength and captures images from different angles for accurate
scanning. Cerec Bluecam requires powder in the scanning process to prevent reflection during
capturing the images, while scanning in E4D system is a powder free process. Moreover, both
CAD/CAM milling machines contain similar 3-axis milling unit, but they differ in the shape
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of the cutting burs. The E4D mill has ellipsoidal diamond bur to mill the intaglio surface and
a tapered diamond bur to mill the external surface. The CEREC mill uses a small diameter tip
step rotary bur to mill the intaglio surface and a cylindrical diamond bur to mill the external
surface.24

The relation between microleakage and marginal gap is controversial in the literature. Yüksel
et al.48 reported that the marginal gap has a significant effect on microleakage. On the other
hand, Rossetti et al.38 and Piwowarczyk et al.47 found no strong correlation between
microleakage and margin gap in full crowns. White et al.55 found that the marginal opening
did not directly correlate with marginal microleakage.

Generally, the amount of microleakage in this study was expected to be low due to the
application of adhesive resin cement that has low solubility compared to other cements, which
plays an important role in providing a better marginal seal.56, 57 In addition, the use of lithium
disilicate glass ceramic blocks (IPS e.max CAD, Ivoclar, vivaden) was expected to decrease
the amount of microleakage due to their etchable glassy phase, which can enhance bonding to
the cement layer. There are several studies that proved the clinical efficacy of IPS e.max CAD
restorations.16, 17, 26 However, Neves et al.24 reported that lithium disilicate crowns fabricated
using with the E4D system exhibited more vertical and horizontal misfit compared to the
CEREC 3D Bluecam scanner and heat-pressing technique.
The amount of microleakage in this study was 78.5% of the total sample which is considerably
higher than reported in other studies. There is more than one reason to explain this high amount
of microleakage and could have an impact on microleakage assessment process. The
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disinfection method and storage conditions of the extracted teeth used in the study as well as
is the storage time of restored teeth before thermocycling are variables that could have affected
the outcome. The International Organization for Standardisation (ISO) recommends to store
cleaned teeth in distilled water or 0.5% chloramin-T trihydrate solution for a week maximum
and thereafter in distilled water at 4 ◦C or −5 ◦C. The temperature during preparation should
be (23±2) ◦C followed by a 24h period of storage in water at (37±2) ◦C before thermocycling
.50 The samples in this study were stored in distilled water for more than a week.

Another variable is the number of cycles and temperature used in the thermocycling process.
Although thermocycling is a widely acceptable method used in in vitro microleakage studies,
some researchers still consider it questionable. The literature shows that there is a wide range
in temperature extremes, transfer times between baths and dwell times. In brief, there is no
standard for thermocycling methodology in microleakage studies, which permits divergent
interpretation of results between various laboratory studies.54 Also, the number of cycles used
in different published studies vary and seems to be selected by convenience. In this study, an
increased number of cycles was selected. It is reported in the literature that 10,000 cycles
represent one year of function in the oral cavity based on the fact that cycles might occur
between 20 and 50 times per day.58 Nevertheless, some researchers reported that the degree
of dye penetration did not significantly depend on the number of thermal cycles to which the
sample was subjected.54

Microleakage along the tooth-restoration interface is still considered an observed problem in
clinical and laboratory studies. Moreover, bonding of dental materials to enamel is a well-
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known reliable procedure while bonding to dentin is somewhat more complex due to the
complexity of its substrate and the difference in mineral contents.54 The current study results
revealed that the amount of microleakage on the buccal aspect of the teeth, where the
preparation finish line was located below the CEJ, i.e., on dentin, was significantly higher
compared to the lingual aspect, where the finish line was above the CEJ, i.e., on enamel. This
result is in line with the data reported by Trajtenberg et al.31 Also, Uludag et al.59 reported that
microleakage for restorative margins in dentin was higher than in enamel, regardless of the
ceramic system and self-adhesive resin cement used.

There is no standardized method to measure the marginal fit and subsequent microleakage.
The most common methods are the cross sectional view, the direct view of the crown on a die,
the impression replica technique, and clinical examination.60 In this study, the cross-section
method was used to measure the marginal microleakage, which enables the measurement of
cemented restorations. Ferrari et al.41 mentioned that the cross-section method is an easier and
better way to assess the microleakage compared to direct viewing of the margins.

Furthermore, current literature showes that there is no restoration that could reproduce a perfect
marginal fit to the prepared tooth.61 Luting cements are used to fill the gap discrepancy between
the restoration and the tooth. Nevertheless, none of the available bonding agents could provide
a complete marginal seal and eliminate microleakage. The best marginal sealing and the lowest
degree of microleakage were observed with crowns cemented with resin cement. The location
of the preparation margin significantly influence the rate of microleakage.31
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There were some limitations in this study; lack of standardization in the sample preparation,
unknown storage condition of the samples, milling machine calibration and application of
standard mode of milling might have affected the amount of microleakage. Moreover, we did
not measure the vertical and horizontal gaps before cementation, so we can compare the
marginal fit before and after the cementation.

Future studies with standardized preparation and application of different types of cement that
differ in their solubility can be conducted to assess the effect of different marginal ramp setting
on microleakage.
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Conclusion

Within the limitations of the study, it can be concluded that the marginal ramp setting had no
significant effect on the amount of microleakage for crowns fabricated with the E4D scanning
system. Other factors should be considered such as tooth preparation, type of cement and
crown material in order to obtain a clinically acceptable marginal fit and a decreased amount
of microleakage. In addition, placing the preparation finish line on enamel will reduce the
amount of microleakage compared to finish line in dentin.
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Appendix A: Tables

Ramp Location
0.0 mm Below CEJ
Above CEJ
Total
0.25
Below CEJ
mm
Above CEJ
Total
0.75
Below CEJ
mm
Above CEJ
Total
Total
Below CEJ
Above CEJ
Total
Table 1

Mean (µm)
31.8
25.0
28.3
30.6
20.5
25.6
36.0
22.2
29.3
32.9
22.6
27.8

Std. Deviation(µm)
11.4
11.6
11.8
23.1
11.9
18.8
27.5
22.1
25.6
21.7
15.8
19.6

N
14
15
29
14
14
28
16
15
31
44
44
88

Means and Standard Deviations of Microleakage for different ramps settings
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Score
0 mm
Ramp

0.25 mm
0.75mm
Total

0
1
3.4%
4
14.3%
6
19.4%
11
12.5%

1
20
69.0%
13
46.4%
14
45.2%
47
53.4%

Total

2
8
27.6%
10
35.7%
7
22.5%
25
28.4%

3
0
0%
1
3.6%
4
12.9%
5
5.7%

29
100%
28
100%
31
100%
88
100%

Table 2 Count and percentage of microleakage scores for different marginal ramp groups

Score
Location

Total

Below CEJ
(Dentin)
Above CEJ
(Enamel)

Count
%
Count
%
Count
%

0
4
9.1%
7
15.9%
11
12.5%

1
20
45.5%
27
61.4%
47
53.4%

2
16
36.4%
9
20.5%
25
28.4%

3
4
9.1%
1
2.3%
5
5.7%

Table 3 Count and percentage of microleakage scores in enamel and dentin
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Total
44
100%
44
100%
88
100%

Appendix B: Figures

Figure 1 The E4D Dentist System (D4D Technologies)
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Figure 2 Conventional fabrication process of dental restoration
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Figure 3 An overview of current dental CAD/CAM systems used for the fabrication of
crown-bridge restorations
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Figure 4

Mounting technique

Figure 5

Preparation design
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Figure 6

Group 1: marginal ramp 0 mm

Figure 7

Group 2: marginal ramp 0.25 mm

Figure 8

Group 3: marginal ramp 0.75 mm
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Figure 9

Figure 10

Figure 11

Tooth sample ready for scanning

Crown design with E4D software

Milling the sample using the D4D three-axes milling machine
43

