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PROSPERO 2013:CRD42013003441. Clinical efficacy of composite vs ceramic for inlays and onlays 

manufacturing: a systematic review. Fron Chabouis H, Attal JP, Smail Faugeron V. 

- Un PHRC national (CECOIA) financé à hauteur de 237 000 euros 
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Inlays and onlays are fixed prostheses used to restore posterior teeth affected by 

medium-to-large substance loss [1]. An inlay is a prosthetis assembled by cementing or – 

preferably – bonding, which does not require cusp covering, while an onlay restores one or 

more cusps of the tooth. Inlays and onlays can be made of metal alloys, resin composite or 

ceramics. 

Despite improved dental care, such substance losses are still common in adults. The 

World Health Organization (WHO) estimates that about 5 billion people have carious lesions, 

affecting 60 to 90% of school-aged children and over 50% of adults, whose dental treatment 

costs may represent 5 to 10% of health expenditures in developed countries [2]. In France, 

each adult may have 1.1 to 1.2 decayed teeth, on average [3, 4], and the replacement of old 

restorations represents nearly two-thirds of dental restorations [5, 6]. 

Previously, these substance losses were usually treated with crowns, sometimes built-

up amalgams or rarely, gold inlays [7, 8]. The drawback of crowns is the tissue mutilation 

that results from the preparation [9]. After lengthy discussions of the possible toxicity of 

amalgams, because they contain mercury [10, 11], amalgam use is about to be banned in the 

European Union for environmental reasons [12]. Inlays made of precious alloys are 

excellent therapy [13], which some consider the gold standard, but they are now sometimes 

abandoned in favor of other materials because of their cost [14] and aesthetics. 

Today, science and technology have allowed for a changed paradigm [15] and have 

achieved adhesive partial restorations [16], which preserve healthy tissue [17]. For the 

former need to anchor crowns [18, 19], we substitute the adhesion of partial restorations [20]. 

For the former Black design preparations oriented toward amalgam retention, "extension for 

prevention", we substitute a conservative approach, "prevention of extension" [21]. Some 

clinicians still prefer crowns, because of habit or the longevity or ratio of cost to longevity of 

the restoration [8, 22-24]. However, any restoration has a lifespan and needs to be repaired or 

replaced at some point; tissue preservation is thus fundamental to re-intervene as easily and as 
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late as possible (i.e. conserve teeth on the arch to the end of the patient's life), which is the 

aim set by the World Health Organization [2]. With the population aging, trying to keep the 

teeth on the arch until the end of life is a challenge. However, with recent advances, we can 

achieve this goal. This work explores some of the advances. 

Preservation of coronary hard tissues is important from a biological aspect and for 

guaranteeing strength of the tooth-restoration entity [25]. In particular, preservation of 

enamel, the hard shell that provides both mechanical strength and ensuring absence of 

microleakage at the adhesive interface over time are essential [26-28]. This preservation is 

permitted by partial indirect restorations [9]. 

Preservation of the pulp tissue is also important and is associated with the 

preservation of hard tissues. For this purpose and before tissue engineering protocols are 

effective [29, 30], we can conceive treatments to promote the intrinsic potential of tooth repair 

[31]; the choice of a suitable material and dentin preservation are essential to reduce the 

likelihood of pulp complications [32]. As well, endodontic treatments implemented in case of 

pulp complications cause a significant loss of substance and have relatively high failure rates 

[33]. 

Still, in this goal for tissue preservation, some authors encourage the use of direct 

restorations, even in cases of very damaged teeth [34, 35]. However, the indirect technique 

has many advantages in these cases, whether considering management of the restoration’s 

morphologic features (occlusal anatomy, proximal and occlusal contacts, emergence profile), 

control of polymerization shrinkage or materials that can be used [36]. 

Finally, tissue preservation is associated with adhesion [37]. Inlays and onlays need to 

be adhesively cemented because preparations are generally not retentive; the implementation 

of the adhesive protocol also allows for strengthening the inlay and onlay materials, 

enhancing biomechanical strength of the restored tooth and filling undercuts [36, 38-40]. 

Hence, inlays and onlays are essential treatments in current minimally invasive 

dentistry. 

This thesis discusses inlays and onlays that can be made in a traditional manner by a 

technician or a dentist or by Computer Aided Design/Computer Aided manufacturing 

(CAD/CAM). This latter technology is becoming popular, as shown in Figure 1, and many 

think it will largely replace the traditional technique for producing inlays and onlays [41, 42]. 

Also, CAD/CAM can be used to standardize the production of inlays and onlays in a clinical 

trial. 

Because CAD/CAM is a technology of the future, this work focused on machined 

inlays and onlays. 
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Figure 1. Number of publications on CAD/CAM indexed in PubMed between 1970 and 2010 

 

Finally, two materials can be used to make tooth-colored inlays and onlays: 

composite and ceramics. The question posed in this work was whether composite or 

ceramic material is more efficient for CAD/CAM inlays and onlays. 

 

No systematic review has answered this question. No clinical trial has provided 

arguments on the long-term effect or clarification of the clinical factors that affect the choice 

of the two materials. In addition, in vitro studies have shown that no current material fully 

meets the specifications of these restorations. So we lack information to help choose 

composite or ceramic inlays and onlays, and further work is needed to answer the question. 

The objectives of this work were as follows: 

- to review the composite and ceramic materials that can be used to produce 

inlays and onlays and understand the specifics of machinable materials, 

- to review the data and evidence obtained from previous clinical studies 

comparing ceramic and composite inlays and onlays, 

- to develop the methodological tools necessary for clinical trials comparing 

composite and ceramic inlays and onlays and to design and conduct such a trial, 

- to compare the adhesive properties of machinable composites and ceramics used 

to produce inlays and onlays. 

Therefore, this work involved a systematic review, a clinical trial and an in vitro study 

comparing composites and ceramics used to produce inlays and onlays. 

 

0

200

400

600



Introduction 

 
 

5

In Chapter 1, CAD/CAM is defined, as are the specifications of machinable materials 

used to produce inlays and onlays, and then the manufacturing process – traditional or 

CAD/CAM – is discussed in terms of modifying the properties of composites and ceramics 

and whether the current materials meet the specifications listed. 

Systematic review and meta-analysis 

Systematic reviews and meta-analyses are the optimal approach to evidence-based 

dentistry [43]. In Chapter 2, we therefore conducted a systematic review comparing 

composite and ceramics for inlays and onlays. Because of lack of clinical studies on the 

subject, we extended the systematic review to aesthetic inlays and onlays made in the 

traditional way, although machined inlays and onlays were the focus of the study. We 

extracted all articles published in several major databases comparing composite and ceramic 

inlays and onlays in a randomized controlled clinical trial. We synthesized the data from these 

trials qualitatively and via a meta-analysis. This systematic review provides some information 

on the types of failures mainly encountered and gives us an idea of the material that works 

best in the short term. However, the studies do not allow for choosing between composite and 

ceramic inlays and overlays in the long term and have methodological shortcomings. 

Randomized controlled clinical trial 

Controlled clinical trials have long been recognized as the gold standard for evidence-

based research related to clinical interventions [43]. In Chapter 3, we designed and 

implemented a randomized clinical trial comparing machined composite or ceramic inlays and 

onlays, trying to apply a methodology as rigorous as possible. 

In the first section, we describe the trial design stages and discuss a critical 

methodological aspect of open and small clinical trials (which is often the case in operative 

dentistry): the choice of randomization method. 

In the second section, we describe the implementation stages of the trial, the protocol 

applied clinically, and the problems encountered and how they were overcome. 

Note that the implemented clinical trial is practice-based because private practitioners 

participated, the criteria used are almost exactly the same as those usually used for the 

treatment of patients and the clinicians did not receive additional training before the trial; the 
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results of the trial should thus have a good external validity and accurately answer the 

question. 

In vitro study 

Within the framework of the clinical trial, all clinical aspects of an inlay or onlay 

realization could not be assessed, so we wrote a protocol in which the only varying parameter, 

as much as possible, was the material machined: composite or ceramic. 

Adhesion is an essential element of tissue preservation and no study has compared the 

adhesive properties of current machinable composites and ceramics. 

To better understand the clinical phenomena related to adhesion of the restoration that 

occurs in a trial and study various factors that cannot all be simultaneously studied in a 

clinical trial (in particular the influence of the adhesive cement and the intaglio surface 

treatment), we performed an in vitro study comparing the adhesive properties of these 

machinable materials to different adhesive cements depending on the surface treatment 

chosen, presented in Chapter 4. 
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In this first chapter, we briefly define the terms of the subject. We first define dental 

CAD/CAM and explain how it appeared and developed. We then describe the specifications 

of machinable aesthetic materials for inlays and onlays and how they articulate with the 

properties of dental hard tissues. Then we describe which composites and ceramics can be 

used to produce inlays and onlays, how their production can be modified to optimize their 

properties and how CAD/CAM required or allowed for modifying their composition, structure 

and properties. Finally, whether current machinable composite and ceramic materials meet the 

specifications defined is discussed. 
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Computer Aided Design / Computer Aided 
Manufacturing (CAD/CAM) 

CAD/CAM is a recent industrial technology, resulting from the synthesis of CAD and 

CAM, which appeared with the introduction of numerically controlled machine tools (NCMT) 

in the 1970s [44]. CAD includes all software and geometric modeling techniques to design 

and virtually test products, here inlay and onlays. The objective of the CAM is to write the file 

containing the control program of the NCMT. 

Research and development of dental CAD/CAM started in the 1980s [45]. François 

Duret was the first dentist, in 1971, who became interested in the application of CAD/CAM in 

dentistry [46]; the second was Dr. Moermann, who invented the CEREC system [47], and the 

third was Dr. Andersson, who developed the Procera system [48]. Thus, materials that could 

not be manufactured traditionally by a dental technician became available. Indirect dental 

CAD/CAM requires the work of a technician, while direct dental CADCAM allows the 

dentist to perform the restoration chairside, in a single session. 

Many believe that CAD/CAM is a technology of the future, destined to grow more for 

practical and economic reasons [41, 42, 45, 49]. The third chapter discusses the focus on this 

technology because it allows, in a clinical trial, standardizing much of the clinical procedures 

and overcoming the technician factor that greatly influences traditional restorations. 

For now, the only possible computer-assisted manufacturing method for composites 

and ceramics is the subtractive mode (i.e., the machining of the inlay or onlay into a block of 

material). In the future, additive manufacturing techniques will probably appear and will 

provide less expensive and more environmentally friendly restorations [41, 50]. 

 

CAD/CAM being a technology of the future and machinable materials being less well 

known than the materials used for the traditional technique, we decided to focus specifically 

on the tooth-colored machinable materials used to produce inlays and onlays by 

CAD/CAM . 
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Specifications for tooth-colored inlay and onlay 
materials 

Target mechanical and physical properties are difficult to define because there is 

currently little correlation between the properties of composites and ceramics and their 

clinical performance [51, 52]. However, modern synthetic materials should be bio-inspired by 

enamel and dentin, which are the two major hard tooth tissues: enamel is the stiff outer layer, 

dentin is the softer bulk lying underneath, and the dentin–enamel junction (DEJ) is the 

interface between these tissues [53]. Thus, these tissue characteristics seem to dictate the 

specifications for an ideal composite or ceramic inlay and onlay material until optimal 

properties are defined. 

This section describes the mechanical, physical, biological and technical specifications 

that machinable restorations’ materials should have to mimic tooth tissue properties and 

obtain durable restorations. 

Mechanical specifications 

According to Ferracane, the main mechanical properties of consideration for use in 

evaluating direct composites and predicting clinical success are as follows [54]: 

- Flexure strength, fracture toughness, fatigue resistance, tensile strength and wear: 

important 

- Hardness, elastic modulus and compressive strength: intuitively important 

As Ferracane issued these recommendations for direct composites, we will try to adapt 

them to indirect composites and ceramics used for inlays and onlays in the following 

paragraphs. 

Flexural strength is especially important, because it includes tensile and compressive 

components and has some correlation with wear [54]. Thus, since the flexural strength of 

dental tissues is between 80 and 250 MPa for dentin [55-58] and about 80 MPa for the enamel 

[58], the flexural strength of the materials used should probably be at least 80 MPa (a superior 

limit may not exist as some materials with a very high flexural strength, such as zirconia, can 

perform well as prosthetic materials). ISO6872-1991 recommends that the flexural strength be 
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at least 100MPa for core dental ceramics and at least 50 and 55MPa for enamel and dentin 

ceramic masses. ISO10477-2004 mentions the flexural strength should be at least 50MPa for 

polymer-based crown and bridge materials. 

The elastic modulus describes the extent of deformation of a material submitted to a 

given stress; it is important to maintain form, especially under high forces [54]. Therefore, 

materials used to make inlays and onlays should probably have a modulus of elasticity close 

to that of dental hard tissues, so that their deformation is similar during chewing. The elastic 

modulus is also related to the stress transfer through the restorative material to the underlying 

tooth structure and adhesive interface and has some correlation with the material’s resistance 

to fatigue loading. The elastic modulus of tooth tissues is about 70-85 GPa [59-61] for enamel 

and 15-20 GPa [56, 59, 61, 62] for dentin. 

Although hardness is not the only factor that influences wear, this surface property is 

important [54]. Vickers hardness of tooth tissues is about 340-360 HV [63] for enamel and 

58-60 HV [63] for dentin. Because hardness is a surface property, an ideal restoration material 

would have a hardness close to that of enamel (except if the dentin of the antagonist tooth is 

exposed). 

Fracture toughness, which describes a material’s ability to resist the propagation of an 

existing crack under a particular state of stress [64], relates clinically to chipping and bulk 

fractures. The next chapter discusses that fracture is the most frequent failure type for ceramic 

inlays and onlays and is also a frequent cause of failure for composite partial restorations; it is 

thus an essential characteristic. 

Fracture toughness of tooth tissues is about 1-2 MPa.m0.5 for dentin [65, 66] and 0.7-1 

MPa.m0.5 for enamel [63, 67], depending on the measurement method chosen and the 

orientation of the dentinal tubules or enamel prisms. A restoration material should thus 

probably have a fracture toughness of at least 0,7 MPa.m0.5 (a superior limit cannot be defined 

as maximizing fracture toughness could be desirable). 

Compressive stress was reported by Ferracane as intuitively important, but most 

restorations likely fail in tension or shear. Fatigue resistance, tensile strength and wear are 

harder to test so they are not always reported and tests can vary. Enamel wear in the molar 

region is about 25-30 microns per year and about 15 microns per year in the premolar region; 

therefore acceptable clinical wear would be between 15 and 30 µm per year [68, 69]. 

Finally, Anusavice pointed out that computational methods and finite element stress 

analysis for predicting the time-dependent survivability of prostheses – ceramic prostheses in 

particular – because many factors can be taken into account (prosthesis design, elastic 

properties of the materials etc.), can be considered a future alternative to routine testing or, at 

least, as a complementary approach to fatigue testing [52]. 



Machinable materials for inlays and onlays: composite versus ceramics 

 12 

Physical specifications 

Still according to Ferracane, the main physical properties of consideration for use in 

evaluating composites and predicting clinical success are as follows [61]: 

- Adhesion, contraction/expansion stress, extent/depth of cure, solubility/sorption: 

important 

- Thermal expansion: questionable importance 

Ferracane also mentioned color stability, although he stated that it is mostly important 

for anterior teeth, and other properties that concern direct composites but not indirect ones 

(shrinkage during curing and viscosity). As far as possible, the material should still mimic the 

optical properties of dental tissues (transparency, translucency, reflection of light, color, 

fluorescence, opalescence etc.). 

The thermal expansion coefficient (TEC), which might affect marginal integrity [61], 

is about 17 10-6/°C for enamel and 10.5 10-6/°C for dentin [70]; therefore, a TEC of about 12 

10-6/°C is often aimed for. However, due to the low conductivity, diffusivity and effusivity of 

dental composite and ceramic materials, this property is not essential [61]. 

 

In terms of biocompatibility, the extent/depth of cure and solubility/sorption should be 

maximal and minimal, respectively, for inlay and onlay materials. Adhesion should be good 

and long lasting to optimize retention and longevity of the bond; it is mainly dictated by 

shrinkage and quality of the adhesive/cement [61] and by the surface treatment applied to the 

intaglio inlay-onlay surface [71]. ISO10477-2004 mentions the shear bond strength should be 

at least 5MPa for polymer-based crown and bridge materials. 

Contraction/expansion stress is difficult to test and thus rarely reported. 

Biological specifications 

Some properties of the material are essential biologically: biocompatibility and non-

toxicity in particular. They can be correlated with some physical properties 

(solubility/sorption and adhesion in particular). 
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Technical specifications 

Good reproduction of details, dimensional accuracy, short processing and finishing 

times and machinability for CAD/CAM blocks are important technical parameters for a 

material’s sustainability as an inlay-onlay material. 

 

After referring to the structure and composition of materials and making the 

connection with the manufacturing process, whether current machinable composites and 

ceramics used to produce inlays and onlays meet these specifications is evaluated. 
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Techniques and materials for tooth-colored inlays and 
onlays 

Many techniques and materials have been and are available to make tooth-colored 

inlays and onlays. The materials are not discussed exhaustively but rather how the structural 

and technical advances have modified the properties of these materials. 

Composite inlays and onlays 

The introduction of resin composites in the 1960s was a decisive step in the evolution 

of dentistry: this was the beginning of a cosmetic alternative to amalgams. The two major 

factors responsible for their properties are their structure/composition and their mode of 

polymerization [54]. These two aspects have evolved considerably for traditional and now 

machinable resin composites. 

Structure/composition of the material: resin composites 

Resin composites are all composed of a polymeric matrix – typically a dimethacrylate 

–, reinforcing fillers – typically made from radiopaque glass – (Figure 2), a silane coupling 

agent for binding the filler to the matrix, and chemicals that promote or modulate the 

polymerization reaction [51]. Increasing filler load improves various properties, including the 

mechanical properties, the wear and water absorption resistance of the material and the 

coefficient of thermal expansion [72-74]. 
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Figure 2. Structure of a machinable composite (Lava Ultimate, 3M Espe) 
Above: after polishing by scanning electron microscopy (SEM) 

The fillers of varying size can easily be distinguished, coated with the resin matrix. 
Below: polished and analyzed by atomic force microscopy (AFM) (left) and etched with HF 35% 10s (right), fillers 

are attacked preferentially and the resin matrix is observed. 
 

Direct versus indirect restoration technique 

Resin composites were first developed for direct restorations, so polymerization 

shrinkage and wear were initially relatively high, causing recurrent caries and timely aging of 

the restorations, which led to consider them for indirect restorations [54, 74].  

Traditionally manufactured composite inlays and onlays are usually stratified with 

different masses to mimic the optical properties of the tooth. The inlay or onlay may be made 

by the dentist, as a semi-direct technique, and the dentist often uses composites for the direct 

technique. It can also be made by a technician. The latter usually uses materials specifically 

intended to the indirect technique [74, 75]. 

The first major advantage of indirect composite restorations lies in the fact that the 

stresses due to polymerization shrinkage are exerted by a small mass of resin composite (the 

resin cement) compared to a direct restoration entirely made of resin composite [76]. This 

reduces the risk of post-operative sensitivity (due to tensile stresses on the odontoblastic 

processes) [77] and seems more favorable biomechanically [75, 78].  

The second major advantage over direct composite restorations consists in the ability 

to maximize the degree of polymerization and thus the mechanical properties of the tooth-

restoration entity [78-81]. 
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Polymerization of traditional indirect composites 

Initially, indirect composites were light-polymerized. However, unlike direct 

composites, photo-polymerization could be extended and the strobe light could be directed to 

all sides of the restoration [82]. Various developments have been proposed to maximize the 

conversion of C = C bonds of the resin matrix. A post-polymerization heat treatment (80-125 

° C) was first proposed (e.g. now in SR Adoro, Ivoclar-Vivadent and Charisma, Heraeus 

Kulzer, in which light and heat polymerization are done at the same time) [83-86], then 

replacing the normal atmospheric conditions by oxygen-free conditions was proposed 

(especially by substituting air with nitrogen; e.g. in Belleglass and now Premise Indirect, 

Kerr; or in Sculpture Plus, Pentron laboratory technologies) [77, 82]. Carrying out the 

polymerization gradually was also proposed (soft start polymerization; e.g. Belleglass NG, 

Kerr or Cristobal Plus, Dentsply) [87]. Finally, performing the polymerization under pressure 

was proposed (<10 bars in general; e.g. with Ivomat IP3 Oven, Ivoclar) [74]. 

Note that the major disadvantage of increasing the conversion rate is reduced potential 

for polymerization with the resin cement and thus in the adhesive properties of the material. 

CAD/CAM contributions 

MACHINABLE COMPOSITES 

A first machinable composite, whose composition was that of a direct light-cure 

composite, was commercialized as blocks (Paradigm MZ100, 3M Espe). However, its 

properties were very close to that of the corresponding direct composite and it will not be 

marketed for much longer. 

Actually, an increase in the inorganic phase can improve the properties of composites. 

For traditionally manufactured composites (by the direct or indirect technique), the viscosity 

must remain sufficient to allow the dentist or technician to layer the different masses. 

Industrial manufacturing of a composite block allows for increasing the filler rate, because the 

viscosity of the material is no longer a problem. However, fillers still have to be mixed with 

the matrix, which limits the filler rate (80% by weight in Lava Ultimate, 3M Espe, with 

approximately 60% of inorganic fillers and 20% of pre-polymerized resin fillers) (Figure 3). 

Finally, a composite with a new structure has been commercialized recently. This 

composite is made of a porous inorganic (ceramic) matrix, infiltrated by resin under very high 

pressure (Figure 2 and Figure 3). This technique allowed for further increasing the filler rate 

(75% in volume and 86% by weight in Enamic, Vita). This new material type has also been 

referred to as a “hybrid ceramic,” “polymer-infiltrated ceramic” or “polymer-infiltrated 

ceramic-network” material [88, 89]. 
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Figure 3. Structure of a polymer-infiltrated ceramic-network composite (Enamic, Vita) 
Above: polished (left) and etched with 35% HF 10s (right, the ceramic matrix was removed and the resin network 

is observed). 
Middle: some crystalline clusters (arrows and b) can be observed (left) and magnified (right) 

Below: analysis confirms the main remaining network (a) is made of resin (left) and indicates the crystalline 
clusters (b) contain Al, O and Si (right): they are the beds for the pigments and opacifiers. 

Indirect composites: traditional versus CAD/CAM machinable 

Table 1 shows some important properties of a traditional composite (Filtek Supreme 

Ultra, 3M, after which Lava Ultimate was conceived) and two machinable composites (Lava 

Ultimate and Enamic). 

 

a 

b 

a b 
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Modern traditional 

composite (Filtek 

Supreme Ultra) 

CAD/CAM composite 

(Lava Ultimate) 

CAD/CAM composite 

(Enamic) 

Flexural strength (MPa) 160 200 150-160 

Modulus of elasticity 

(GPa) 
11 13 30 

KIC (MPa.m
0.5

) 1.7 2 1.5 

Volumetric shrinkage 

(%) 
2 - - 

Table 1. Basic properties of traditional versus CAD/CAM machinable composites  
as published by their manufacturers 

 

This table shows that industrial production improves the mechanical properties of 

traditional structure composites. The flexural strength of composites is in the lower range of 

the specification (100-750 MPa). The elastic modulus of the new structure composite is closer 

to the target set (20 GPa or more). The composites’ toughness is similar to that of dentin, 

whether the composite is traditional or machinable. 

Note that thermal expansion coefficients were not reported by the manufacturers for 

the three materials in this table. 

Ceramic inlays and onlays 

Ceramic compounds are non-metallic inorganic synthesis solids with ionic or iono-

covalent bond. Ceramic materials are ceramic compounds treated with a ceramic process: 

these materials are prepared by consolidation at high temperature (sintering) of powders that 

are agglomerated (during layout). 

 

Dental ceramics are mainly composed of oxides (and possibly fluorides) [90]. There 

are three main categories of ceramics according to their microstructure: glass-based systems, 

glass-infiltrated crystalline-based systems and polycrystalline solids. [91-93] 

 

The category of ceramics most used to make inlays and onlays is the glass-based 

systems, which contain silica but also fillers that are usually crystalline. Two different glass-
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based sub-categories can be considered and are or have been used to make inlays and onlays: 

glass based systems with sparse crystals and crystal-reinforced glass-based systems. 

This category of ceramics can be obtained traditionally from powder and liquid or 

with the pressed technique, or through CAD/CAM by machining a block produced 

industrially. 

The two other categories of dental ceramics are used in this indication, but 

anecdotally; they are usually reserved for other indications. 

Glass based systems with sparse crystals 

These ceramics are ternary oxides: they are alkaline (Na2O, K2O, Li2O) aluminous 

(Al 2O3) silicates (SiO2). Their structure consists of a glass matrix containing approximately 

15-25 vol% of crystalline dispersed fillers, including leucite crystals (KAlSi2O6), quartz 

(SiO2), kaolin (Al2Si2O6 2H2O) or felspars: potassium feldspars (KAlSi3O8: orthoclase or 

sanidine), sodium feldspar (Na2Al 2Si6O16: albite) or calcium feldspar (CaAl2Si2O8: anorthit) 

(Figure 4). They also contain modifying oxides (B2O3) and oxides for modifying the optical 

properties (TiO2, ZrO2, SnO2, YO2) [90, 91, 94] 

 

  

Figure 4. Natural leucite (left) and albite (right, [95]) crystals 

 

Numerous ceramics in this category are sold, for veneering infrastructures in 

particular, and can be used to make inlays. 

Ceramics are brittle materials with fractures occurring with little or no plastic 

deformation. The fracture initiates from a defect and then propagates. Initiation occurs when 

the stress intensity factor at the crack tip (KI) reaches a critical level (KIC). The fracture 

propagates from the largest flaw favorably oriented to the tensile stresses and of size greater 

than a characteristic crack size. Crystals help to deflect, stop or delay the crack propagation; 

the nature of the crystal, its size and the percentage of crystallization therefore largely affect 
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the material properties [96]. Larger areas or volumes of stressed material increase the 

probability of critical flow content and fracture [20]. 

This subcategory, containing few crystals (and often important porosity), is very 

fragile. These ceramics can be used for small inlays, but in the context of larger inlays or 

onlays, which are subject to greater mechanical stress and have a relatively large portion of 

dentin margins, the next sub-category is preferable [91, 97]. 

Crystal reinforced glass-based systems 

This dental ceramic subcategory is the main one for inlays and onlays. The 

microstructure of these materials consists of a glass matrix surrounding a second phase of at 

least 30 vol% crystals that can be feldspar, leucite, lithium silicate, lithium disilicate or 

zirconia crystals. The material starts as a homogeneous glass. A secondary heat treatment 

(called “ceraming”) nucleates and grows crystals, which gives this class improved mechanical 

and physical properties because of the physical presence of the crystals and generation of 

compressive stress around the crystals. 

Heat-pressed crystal-reinforced glass-based systems 

These materials are traditionally obtained by pressing (i.e., ceramic injection from a 

heated glass-ceramic ingot). The equipment needed is relatively inexpensive. This 

subcategory comprises the following examples: 

LEUCITE-REINFORCED GLASS CERAMICS 

- IPS Empress Esthetic (Ivoclar) contains 35 to 45 vol% of leucite crystals of 1-5 µm 

that are formed by surface crystallization (i.e., the crystals grow slowly along the grain 

boundaries toward the center of the grain) and about 9% porosity. 

- Finesse (Denstply), Authentic (Jensen), PM9 (Vita), OPC (Pentron) and CZR 

(Noritake) are other examples of pressed ceramics that contain leucite crystals [91]. 

LITHIUM DISILICATE GLASS CERAMICS 

The glass matrix of e.max Press (Ivoclar) consists of 65-70 vol% of needle-like 

interlocked lithium-disilicate crystals (Li2Si2O5) of length 3-6 µm and diameter 0.8µm as the 

main crystalline phase and about 1% porosity [91, 98]. 
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LITHIUM-SILICATE AND ZIRCONIA REINFORCED GLASS-CERAMICS 

This is a brand new category. It comprises Celtra Duo (Dentsply/Degudent), which is 

heat-pressed in a crystallized state. 

 

Machinable crystal-reinforced glass-based systems 

In general, blocks are fabricated from starting powders that are mixed with a binder 

and then pressed into a mold or extruded into a block form. Then, the blocks are transferred to 

a furnace to remove the binder and sinter the block to full density. Blocks have improved 

density and mechanical properties as compared with powder/liquid or pressed ceramics 

because of the standardized manufacturing process [91]. Structurally, the main difference 

between the structure of machinable and traditional glass-based ceramics is the degree of 

porosity, which is very low in blocks [91]. Glass-based blocks are generally hard-machined, 

i.e. the block is sintered before machining [94]. 

The following machinable crystal-reinforced glass-based ceramics are currently 

commercialized [91, 99]: 

FELDSPAR-REINFORCED GLASS-CERAMICS 

- Vitablocs Mark II (Vident) contain a little less than 20% in weight of feldspar 

polygonal particles, in particular sanidine crystals of about 2-10 µm (Figure 5). 

Over 20 million restorations have been fabricated for more than 20 years. 

- Cerec blocks (Sirona) are very similar: the powder used is the same as that of 

Vitablocs Mark II.  
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Figure 5. Structure of a machinable glass-ceramic (Mark II) 
Above: 3,5% HF etched. Crystals in the glassy matrix (left), magnified crystal with lamellar twinning (right) 
Below: 3,5% HF etched, a polygonal crystal can be observed (left), polished to 0.25 µm, large clusters are 

sometimes observed (right). 

LEUCITE-REINFORCED GLASS-CERAMICS 

- IPS Empress CAD (Ivoclar Vivadent) is the successor product of ProCAD. The 

composition is the same as that of IPS Empress Esthetic; its structure is also 

comparable, except that it contains fewer defects (Figure 6). 
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Figure 6. Structure of a leucite-reinforced glass-ceramic (Empress CAD,  
above: etched with 3,5% HF for 10s, some lamellar twinning of the leucite crystals can be observed 

below: 10% HF etched for 20 s, a large leucite crystals’ cluster is observed). 

 

- Paradigm C (3M Espe). It contains approximately 30% leucite crystals. 

LITHIUM-DISILICATE REINFORCED GLASS-CERAMICS 

- e.max CAD (Ivoclar Vivadent) contains about 70% in volume of lithium disilicate 

crystals of about 1.5 µm (Figure 7). e.max CAD machinable blocks (Blue blocks, 

because of added coloring agents) contain approximately 40% lithium metasilicate 

crystals (Li2SiO3) of about 0.5 µm and lithium disilicate crystal nuclei. This 

structure allows for better machinability (bur wear in particular) of the material. 

After milling, a heat treatment (840-850°C) in a porcelain furnace transforms the 

lithium metasilicate into lithium disilicate [94, 98]. 
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Figure 7. Structure of a lithium-disilicate reinforced glass-ceramic (e.max CAD above and left: polished, above 
and right: 35% HF etched for 10 s, below: 10% HF etched for 20 s). 

Interlocked crystals can be observed, as well as the layered crystallographic structure. 

LITHIUM-SILICATE AND ZIRCONIA REINFORCED GLASS-CERAMICS 

This new category has just been commercialized. It comprises two materials: Celtra 

(Dentsply/Degudent) and Suprinity (Vita).  They contain 10% in weight of dispersed zirconia. 

Celtra Duo is processed in a crystallized state while Celtra CAD must be crystallized after 

milling. Vita Suprinity is delivered in a pre-crystalline state and must be cristallized after 

milling [100]. 

Other ceramic categories 

Some authors propose to make inlays and onlays with other ceramics. The other two 

categories that can be considered are as follows: 

- glass-infiltrated crystalline-based systems or infiltrated ceramics (In Céram). 

These ceramics are mainly composed of alumina, sintered in the solid phase and 

later infiltrated with glass. 

- Poly-crystalline solids: alumina and zirconia. These ceramics are sintered in the 

solid phase; their structure is exclusively crystalline [91]. 

The disadvantage of these ceramics is that they are more difficult to bond to tooth 

tissues [101]. In addition, zirconia – a material increasingly used in dental prosthesis – is 

sensitive to water degradation [102] and has been little evaluated in the context of full-contour 

restorations [101]. However, these ceramics may have mechanical advantages in certain 

cavity configurations, especially for large cavities [20]. 
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Traditional versus CAD/CAM ceramics for inlays and 
onlays 

Mechanical and physical specifications 

Table 2 shows some important properties of three traditional and three machinable 

ceramics. 

Felspathic ceramics benefit from industrial processing of CAD/CAM blocks as 

compared with traditional feldspathic restorations in terms of flexural strength and elastic 

modulus. Blocks contain much fewer defects than traditionally agglomerated powders. 

However, machining generates surface defects, which could be sites of crack initiation; 

flexural strength is indeed lower for machined bending bars. 

Blocks and ingots of glass-ceramic enriched with leucite have the same composition 

and therefore if machining generates more defects than pressing, then the restoration obtained 

in the traditional way could be stronger in the end. 

 

 Traditional 

feldspathic 

ceramic 

Mark II 

CAD/CAM 

ceramic 

IPS Empress 

Esthetic 

IPS Empress 

CAD 

IPS e.max 

Press 

IPS e.max 

CAD 

Flexural strength 

(MPa) 

100
a
 150

a
, 110

b
 160

a
 160

a
 400

a
 360

a
 

Modulus of 

elasticity (GPa) 

65-70 63 62 62 95 95 

KIC (MPa.m
0.5

) 1-1.2
d
 1.7

c
, 2.2

d
 1.3 1.3 2.75 2.25 

Coefficient of 

thermal 

expansion (10
-

6
/K) 

9-9.5 9.4 16.6 (100-

400) 

16.6 (100-

400) 

10.2 (100-

400°) 

10.2 (100-

400°) 

Table 2. Mean flexural strength, modulus of elasticity, fracture toughness and CTE of traditional and machinable 
glass-based ceramics as published by their manufacturers. 

aCut with laboratory devices, bMilled with dental CAD/CAM device, cSENB, dVickers indentation. 

 

With lithium disilicate-enriched glass-ceramics, mechanical properties of e.max CAD 

should be lower than e.max Press for two reasons: crystals are longer in e.max Press, and 

machining most probably creates small surface defects or even micro-fissures in e.max CAD. 

A recent study confirmed this hypothesis by comparing the fracture resistance of the assembly 
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of a mesio-occlusal-distal-lingual onlay in e.max Press or e.max CAD with a maxillary molar 

subjected to a compressive force [103]. 

Other specifications 

Regarding technical specifications, it seems that the accuracy of fit of ceramic 

restorations in the traditional way is higher – at least for now – than that of CAD/CAM 

restorations. For example, one study compared Mark II CAD/CAM restorations made with 

the Cerec machine and pressed leucite-reinforced– and lithium-disilicate–reinforced glass-

ceramics and found geometrical mean accuracy of 75, 52 and 60 μm, respectively [104]. Note 

that comparing the marginal adaptation of the same material, obtained in a traditional way or 

machined, would be better, and that this lesser “accuracy” might not be due to inaccuracy in 

the CAD/CAM chain but to ceramic chipping during milling (cf. conclusion p.146); technical 

properties of machinable materials have been studied very little. 



Chapter 1 – Definitions and specifications 

 
 

27 

Which of the two machinable materials should we 
choose? 

Table 3 shows a short summary of some physical and mechanical properties of 

machinable composite and ceramics materials compared to those of dental tissues (defined 

earlier in the specifications). 

 

 Composites Ceramics Tooth tissues 

 
Lava 

Ultimate 
Enamic Mark II 

IPS Empress 

CAD 

IPS e.max 

CAD 
Enamel Dentin 

Flexural 

strength (MPa) 
200 150-160 

150
a
, 

110
b
 

160
a
 360

a
 80 80-250 

Modulus of 

elasticity (GPa) 
13 30 63 62 95 70-85 18-20 

KIC (MPa.m
0.5

) 2 1.5 1.7
c
, 2.2

d
 1.3 2.25 0.7-1 1-2 

Coefficient of 

thermal 

expansion (10
-

6
/K) 

? ? 9.4 16.6 10.2 17 10.5 

Material wear 

(µm/an, µm
e
) 

48
e
 49

e
 23

e
 41

e
 33

e
 

30-50 

42
e
 

- 

Antagonist 

wear (µm/an, 

µm
e
) 

25
e
 29

e
 37

e
 67

e
 61

e
 

30-50 

49
e
 

- 

Table 3. Synthesis of the properties of machinable composites and ceramics  
compared to dental hard tissues 

aCut with laboratory devices, bMilled with dental CAD/CAM device, cSENB, dVickers indentation, 
eWear quantified by Mörmann [105]. 

 

No material fully meets all mechanical and physical specifications for the moment. 
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Thus, a compromise is necessary and, today, we still do not know whether composite 

or ceramic should be used for the CAD/CAM manufacturing of inlays and onlays. Yet 

millions of inlays and onlays have been milled. 

Therefore, a comparison of the different machinable materials used for fabricating 

inlays and onlays was needed. In terms of the in vitro study to be described, adhesion is an 

important physical specification and adherence of indirect compposites and ceramics is not 

intrinsic; however, machinable materials have never been compared on this aspect so far. 
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Résumé du chapitre en français 

La CFAO est une technologie industrielle récente, développée dans le domaine 

dentaire depuis les années 1980. Nous pensons, ainsi que de nombreux auteurs, que cette 

technologie est amenée à se développer pour des raisons pratiques et économiques. C’est 

pourquoi nous avons décidé de nous intéresser dans ce travail aux inlays-onlays réalisés en 

céramique ou en composite par CFAO, c’est-à-dire usinés. 

Nous avons défini le cahier des charges d’un matériau pour inlays-onlays d’après les 

propriétés des tissus dentaires (en particulier les tissus durs que l’on cherche à remplacer : 

l’émail et la dentine). Mécaniquement, ces tissus ont une résistance en flexion de 80 à 

250MPa, un module élastique de 15-20 GPa pour la dentine et de 70-85 GPa pour l’émail, une 

dureté de 350 Hv environ pour l’émail, une ténacité de 1-2 MPa.m0,5 pour la dentine et 

subissent une usure annuelle de 15-30µm. Afin de minimiser le vieillissement de 

l’assemblage dent-restauration, il est souhaitable que le matériau prothétique se rapproche de 

ces valeurs. Or, pour l’instant, aucun matériau ne présente toutes ces valeurs ; un compromis 

est donc nécessaire. Sur le plan des propriétés physiques, les propriétés thermiques importent 

peu car les composites et céramiques utilisés sont peu conducteurs, effusifs et diffusifs ; en 

revanche, leurs propriétés adhésives devraient être optimisées et sont mal connues, de même 

que leurs propriétés biologiques et leur biocompatibilité. Sur le plan technique, il est 

souhaitable que l’usinage soit facile et produise une restauration adaptée sans générer de 

défaut, mais ces aspects ont également été peu étudiés. 

Nous avons ensuite décrit les différents composites et céramiques permettant de 

réaliser des inlays-onlays. Différentes évolutions à partir des résines composites utilisées pour 

la méthode directe ont permis d’améliorer les performances des restaurations en composite 

indirectes (polymérisation progressive/sans oxygène/thermo-polymérisation/polymérisation 

sous pression). La CFAO permet d’aller plus loin en augmentant encore les taux de charge et 

le degré de polymérisation (très haute pression…). Les deux principaux composites usinables 

actuellement sont le Lava Ultimate (3M Espe) et l’Enamic (Vita), qui a une structure qui 

diffère des composites traditionnels. Les céramiques les plus adaptées aux inlays-onlays sont 

les céramiques à matrice vitreuse renforcées par des cristaux, dont les vitro-céramiques 

enrichies en feldspaths, à la leucite, au disilicate de lithium ou au silicate de lithium et à la 

zircone, qu’ils soient mis en forme par pressée ou usinés (Mark II, Vita ; Cerec blocs, Sirona ; 

Empress CAD, Ivoclar ; Paradigm C, 3M ; e.max CAD, Ivoclar ; Suprinity, Vita ; Celtra, 

Dentsply). 
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Background 

Two major classes of materials allow for making aesthetic inlays and onlays. The 

question examined in this chapter is which of the two materials is most clinically effective. 

Because this question concerns therapy, the type of study to best answer it is a 

systematic review of randomized clinical trials comparing composite and ceramic inlays and 

onlays in terms of clinical criteria. 

We wondered whether such a systematic review had already been published. No study 

was found by a search of the PubMed, Embase and Cochrane databases. Three reviews of the 

literature treating part of this problem were published: a 1997 review by Jean-François Roulet 

dealing with the advantages and disadvantages of aesthetic alternatives to dental amalgam 

[106] and a 2001 review by Hickel and Manhart updated in 2004 on the longevity of posterior 

direct and indirect restorations [13, 107]. 

Two systematic reviews dealt with inlays and onlays. The first concerned CAD/CAM 

single-unit restorations and reported an estimated 5-year survival rate of 90.6% [29,6-99,2] 

for composite and 94.2% [89,8-96,7] for ceramic restorations. However, different types of 

restorations were considered in the latter study and composite restorations were not assessed 

enough for a comparison [108]. 

The second systematic review, conducted by the Cochrane Collaboration, "Ceramic 

inlays for restoring posterior teeth" was published in 2003; it has not been updated and 

covered only one study comparing ceramic and gold inlays. The Cochrane search filter for 

clinical trials had not been applied [109]. 

In France, the High Authority for Health (HAS) published a report in 2009 on "Tooth 

reconstruction by embedded materials" (« Reconstitution d’une dent par matériau incrusté ») 

[110]. The report indicated "no differential indications between ceramic and composite inlays 

and onlays except for large-volume restorations where ceramic is preferred", whereas the 

"composite inlay/onlay has an advantage in case of repair" and finally that studies comparing 

composite and ceramic inlays and onlays have "short follow-up periods that do not allow for 

detecting a difference between composites and ceramic inlays and onlays." 

Because no systematic review answered the question posed, we conducted a 

systematic review of randomized clinical trials comparing composite and ceramic inlays and 

onlays in terms of clinical criteria. 
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Summary of the work that was carried out 

We performed this work before the clinical trial, which is discussed in the next 

chapter. However, the study entailed methodological difficulties. In particular, we could not 

find a search equation that identified all clinical studies evaluating composite and ceramic 

inlays and onlays because of indexing, which is still often approximate in dental studies: 

MeSH terms are not always accurate and are rarely used for indexing in PubMed. 

Along with the thesis, we worked on updating a Cochrane review entitled "Pulp 

treatments for extensive decay in primary teeth" [111]. In the end, the review was completely 

re-written for several reasons: the reasons for inclusion/exclusion in the initial review were 

not always clear and the review should comply with the latest version of the Cochrane 

handbook for systematic reviews of interventions [112]. Working with methodologists of the 

Cochrane Oral Health Group (based in Manchester) and the French Cochrane centre (based in 

Paris) allowed for increasing our knowledge of the methodology of systematic reviews. As 

well, the endpoints of these treatments were developed [113]. 

Upon publication of the trial protocol, to be detailed in the second chapter, we 

considered that it would be better to base the introduction on a systematic review and make a 

box section summarizing data from previous trials concerning the same question, as proposed 

by The Lancet in 2005 (cf. Figure 8 below). 
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Figure 8. Example of a “Research in context” panel from The Lancet [114] 

 

Therefore, we performed a systematic review of randomized clinical trials comparing 

composite and ceramic inlays and onlays. 

Drafting the protocol and registering the systematic 
review 

Search equation 

With experience in conducting a Cochrane review, a search equation of randomized 

clinical trials comparing composite and ceramic inlays and onlays could be defined. 

In particular, the Cochrane filter for clinical trials was changed by adding the term 

"clinical study" because many dental clinical studies are so called, and not "clinical trial" 

which is sought by the Cochrane method. The final search equation is in Appendix 1. 
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Data extraction form 

The data to extract from trials was defined and a data extraction form prepared 

(Appendix 2). 

Registering the review 

Finally, the systematic review was registered in the Prospero register on January 2, 

2013 (Appendix 3). 

Conducting the systematic review 

The search equation was implemented on December 24, 2012. 

Reports identified in each of the 3 databases were exported to Endnote, which allowed 

us to eliminate duplicates; 145 reports were retrieved by the search equation (Appendix 4). 

Articles that met the inclusion criteria were searched first on the title, then on the 

abstract or summary (Appendix 5), and finally on the full text (Appendix 6).  

The methodology and format of the tables we had developed for conducting the 

Cochrane review were followed again for this review. 

After completing the selection and data extraction, the Prospero record was updated on 

March 28, 2013. 

Revman 5 software, created by the Cochrane Collaboration, was used to analyze the 

risk of bias of included studies and create the corresponding figures, as well as for 

quantitative synthesis of primary endpoint data. 
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Publication 

The article below was written. Before submission, new publications on the subject 

were searched. 
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Supplementary information 

The tables needed to assess the risk of bias of the randomized clinical trials included in 

this systematic review, performed by use of Revman 5, are in Appendix 7. 
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Perspective 

The quantitative synthesis of failure data conducted in this systematic review could be 

useful to discuss the results from the Cecoia trial (described below), perhaps by Bayesian 

analysis: they would help construct the Bayesian prior. 
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Résumé du chapitre en français 

La question à laquelle nous avons tenté de répondre dans ce chapitre était : le 

composite ou la céramique est-il plus efficace cliniquement pour réaliser des inlays-onlays ? 

La meilleure méthodologie permettant de répondre à cette question est une revue 

systématique des essais randomisés. N’ayant trouvé aucune revue systématique sur ce sujet, 

nous avons décidé de réaliser une telle revue. 

Nous avons défini les critères d’inclusions : les essais randomisés comparant 

l’efficacité clinique d’au moins une céramique et au moins un composite pour la réalisation 

d’inlays ou d’onlays chez des adultes suivis pendant au moins 6 mois seraient inclus. Un 

formulaire d’extraction de données a été conçu ; des données générales sur l’essai seraient 

relevées, ainsi que les scores cliniques éventuels (USPHS, CDA ou FDI) et les types et 

nombres d’échecs. Une équation de recherche a été définie pour les bases de données 

Medline, Embase et le registre central Cochrane des essais cliniques. Celle-ci a été mise en 

œuvre en Décembre 2012. 

172 études ont été obtenues. La sélection a été faite sur le titre, puis sur le résumé par 

deux personnes indépendantes ; un consensus a été trouvé pour les cas de discordance. Le 

formulaire d’extraction de données a été rempli pour les études sélectionnées sur le résumé. 

Au final, quatre publications concernant deux essais cliniques répondaient aux critères 

d’inclusion. Ces deux essais publiés, totalisant 138 inlays chez 80 patients, présentaient un 

risque de biais élevé selon les critères définis par la Fondation Cochrane. Les scores 

d’évaluation cliniques étaient trop hétérogènes pour qu’une synthèse quantitative puisse être 

envisagée. Notons simplement que la forme anatomique et l’état de surface étaient en faveur 

de la céramique dans les deux études. En revanche, les échecs étaient bien décrits et une méta-

analyse a été réalisée. Celle-ci a montré que les inlays en céramique entrainaient dans ces 

études moins d’échecs à court terme (rapport de risque d’échec à 3 ans : 2 [0,38-10,55] en 

faveur de la céramique) mais ce résultat pourrait ne pas être valable à long terme. Notons 

qu’aucun essai randomisé n’a comparé des onlays en composite et en céramique ou n’a 

comparé ces deux matériaux pour des dents dépulpées. 

Des essais à faible risque de biais sont ainsi nécessaires en ce que concerne la 

comparaison des inlays-onlays en composite et en céramique, en particulier sur les dents 

dépulpées, pour pouvoir répondre à la question posée avec un bon niveau de preuve. 
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Background 

We have previously shown by a systematic review that very few clinical trials have 

compared composite and ceramic for manufacturing inlays and onlays, that the trials 

conducted have relatively high risk of bias and that the number of inlays and onlays evaluated 

in these trials was low. 

Therefore, our second objective was to design and implement a randomized clinical 

trial comparing composite and ceramic for inlays and onlays. 

This work was begun for a Master’s thesis. In this context, a draft protocol focused on 

different methodological aspects that were more-or-less specific to nonpharmacological dental 

clinical trials: the main outcomes, sample size, recruitment and follow-up of subjects and the 

choice of treatment allocation method. Regarding this last aspect, a program tailored for the 

planned clinical trial with the Visual Basic for Applications (VBA) software was used. This 

program generated the number of patients determined by the sample size, allocated them a 

treatment with two most classic randomization methods (stratification and minimization) and 

allowed for comparing the performance of these two methods in terms of predictability for the 

investigator and balance between the two treatment groups. However, this program could not 

be used for other clinical trials because it was adapted to the specific characteristics of the 

planned trial. So a second program was written to compare stratification and minimization for 

different types of clinical trials, among them dental nonpharmacological clinical trials. The 

first part of this chapter discusses the choice of the randomization method and this program. 

 

In the meantime, we conducted the various stages of the trial, which led to a modified 

protocol that had been published and to the recruitment and treatment of patients. These steps 

are described in the second part of this chapter. 
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Trial planning and randomization method choice 

Conducting a clinical trial starts with designing it. The choice of the randomization 

method is one essential aspect, for dental non-pharmacological trials in general and for trials 

comparing inlay and onlay materials in particular. This choice is even more true because 

blinding often cannot be implemented or only partially. In this investigation, composites can 

usually be easily distinguished from ceramics by a dentist practicing these types of 

restorations; therefore, blinding could not be implemented in the planned trial (operators and 

evaluators would be able to distinguish between composites and ceramics). 

In addition, when the trial sample size is not very large, the major known prognostic 

factors must be considered at the time of randomization to obtain treatment groups truly 

comparable (e.g., equivalent numbers of non-vital teeth in the "composite" and "ceramics" 

groups of our trial evaluating inlays and onlays). The two most common methods to consider 

these factors are stratification and minimization. The allocation sequence can be defined in 

advance for stratification, whereas minimization is a dynamic method and the treatment 

allocated depends on the characteristics of the patients already included (for more information 

about stratification or minimization, see publication below). 

Summary of the work that was carried out 

Definition of the program’s specifications 

Definition of trial parameters to be considered 

We first specified the parameters of a trial that may vary and should be considered to 

simulate the allocation of patients by stratification or minimization: 

- trial sample size (number of subjects required). In the protocol, the sample size 

required for our trial is 358. 

- number of factors to be considered in the stratification or minimization. In the 

scheduled trial, four factors were considered in light of the parameters identified in 

the literature as influencing the success of inlays and onlays: the operator and the 
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fact that the tooth to be treated is a premolar or a molar, vital or not, and the 

restoration to be made is an inlay or an onlay. 

- number of levels that each factor can take. In the planned trial, the operator factor 

could take 7 levels: 7 operators would make inlays and onlays, and the 3 other 

factors had 2 levels. 

- the sample size proportion expected in each level for each factor. For our trial, we 

estimated the following proportions: 18.75% of the subjects in each of the two 

university hospitals and 12.5% for each of the 5 private practitioners, 50% of inlays 

and 50% of onlays, 70% molars and 30% premolars, 80% vital teeth and 20% non-

vital teeth. 

Defininition of the randomization parameters to be considered 

We listed the stratification and minimization parameters that can be modified: 

- For stratification: the number of blocks. 

- For minimization: the proportion of random allocations and the possible inclusion of 

the treatment as a minimization factor. 

Definition of criteria for comparing different rand omization methods 

We then defined the outcomes, that is, the parameters for which we wanted to compare 

the different randomization methods. Four major parameters have been described in the 

literature. 

1. ALLOCATION PREDICTABILITY FOR THE OPERATOR 

For the investigator/operator not to be influenced at enrollment, the person must not 

know which treatment (here composite or ceramic) will be allocated to the patient. 

Predictability must be minimized, especially when blinding cannot be implemented. 

2. BALANCE BETWEEN TREATMENT GROUPS 

In our case, we wanted the "composite" and "ceramic" groups to be as close as 

possible. Indeed, group imbalance results in loss of power. 

3. BALANCE BETWEEN TREATMENT GROUPS IN PROGNOSTIC LEVELS 

To ensure validity of the results and the statistical analysis and for subgroup analysis, 

the method should not involve prognostic groups with no or very few subjects. For example, 

among non-vital teeth, we wanted almost as many composite and ceramic inlays and onlays. 
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4. POWER 

Power available for the statistical analysis of the primary endpoint can be taken into 

account for the choice of the allocation method. 

CHOOSING BETWEEN THESE 4 PARAMETERS 

We implemented the first 3 parameters in our software. The last parameter -- power -- 

was not retained because it would necessitate having data (pre-study or similar trial published) 

or simulating primary endpoint data for each patient. On the one hand, outcomes can take 

many forms, which would have greatly complicated the program. On the other, for many 

dental trials to date, speculating on the success of the treatments compared seemed unreliable. 

For the trial considered, the systematic review showed that only 2 trials compared composite 

and ceramic inlays and onlays and used outcomes different from those chosen and also 

evaluated different materials; their results could therefore not be used for power comparison. 

CALCULATION OF PREDICTABILITY 

We consulted the literature to determine how many allocations an investigator could 

remember. The values most frequently found were 1, 3, 5, or all allocations. 

Technical specifications 

We considered that investigators should be able to choose the number of simulations 

to be performed so that they can adapt the latter to the computational capabilities of his 

computer and to the complexity of the trial considered. 

Implementation: programming 

After this preliminary work, we created the program with Excel and Visual Basic for 

Applications (VBA) software, trying to clarify the different components of the code so that it 

can evolve. Of course, the program was debugged and verified step by step. 

Publication 

For the publication, we initially used the example of the trial being planned. However, 

because the trial was rather complex (high number of subjects and number of prognostic 

levels), comments from reviewers eventually led us to choose a simple trial (trial 0, recruiting 
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50 subjects and taking into account 1 prognostic factor and 2 operators) to illustrate our 

program. 

The article, as it was published, is presented below. 
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Supplementary information 

Appendix 8 shows the windows of the Excel program that the investigator can use. 

The "Homepage" window provides some explanation on how the program works. The 

"Simulations" window allows the investigator to enter the characteristics of the trial planned, 

to choose the parameters of the stratification and minimization to compare and to launch 

simulations (if all boxes are correctly filled). The "Results" window displays the results, that 

is, the predictability and balance of each method. 

Appendix 9 shows the lines of the underlying Visual Basic code that performs the 

simulations. 
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Trial implementation and protocol 

After the trial was planned, it had to be implemented. This required funding and so we 

started with answering a call for proposals. 

Summary of the work that was carried out: call for 
proposals and project appraisal 

Answer to a call for proposals 

In January 2011, we responded to a call for proposals from the national hospital 

clinical research program (Programme Hospitalier de Recherche Clinique: PHRC). The 

following documents were submitted: 

- The protocol: adapted and revised from the draft protocol issued for the Master’s 

thesis, by adding the technical and regulatory aspects, a provisional budget (Appendix 10) and 

the commitment of industrial partners to provide the materials. 

- The additional document requested (Appendix 11), the curriculum vitae of the 

investigators and their five main publications. 

In June 2011, the project was accepted and the reviewers made some comments; these 

comments were taken into account in a revised protocol. 

Project instruction 

The project instruction then began. A clinical study coordinator (coordinatrice d'étude 

clinique: CEC), a statistician and a data manager were assigned to our project by the 

managers of the Clinical Research Unit (Unité de recherche clinique: URC). We were also 

assigned a project coordinator at the Department of Clinical Research and Development 

(DRCD) of Assistance Publique-Hôpitaux de Paris (AP-HP). With the URC team, we 

revalidated the scientific aspects and began to prepare and organize patients, imaging, and 

medical device circuits (which were validated once we obtained the funds). 
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Types of clinical research, regulatory bodies and compliance with research 
principles 

To better understand the steps taken to implement the trial designed, Figure 9 

describes the regulatory authorities that should be informed for each type of clinical research 

project [115]. These bodies ensure that the research meets the following essential principles 

[116]: 

- Research foundation principles 

o Importance of cognitive prerequisites: Research must take into account the 

latest scientific knowledge; it must be original without harming patients, and 

any research on human beings must have previously been subject to an 

animal experiment. 

o Researchers competence principle: the French law only allows 

doctors/dentists who have had training and experience with the research 

subject to conduct such research. 

o Principle on the purpose and conditions for conducting clinical research: the 

research should aim to improve the scientific knowledge of humans and how 

to improve the human condition without the interest of science or society 

overriding the interest of people. Research must maintain a balance between 

the expected benefit and the risk involved. Research should be conducted 

under conditions that ensure scientific rigor and security. 

- Principles for the respect of a strict method while conducting research 

- Principles for the consent of the subjects included in the research 

- Special cases of research conducted on certain categories of persons (pregnant 

women, children etc.). 
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Figure 9. French regulatory bodies that should be informed depending on the clinical research type 

 Mandatory,    recommended, or    optional procedure. 
DRCI: Direction for clinical research and innovation; CPP: Persons protection committee; ANSM: National agency 

for the security of medicines and health Products; CNIL: National commission for informatics and freedom; 
SIGREC: national software for the administrative management and the monitoring of inclusions in clinical trials; 

CCTIRS: Advisory Committee on information processing in the field of health research; 
ARS: Regional health agency. 
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Classification of the research as routine care or biomedical research 

The trial we wanted to conduct was interventional. In France, interventional studies 

can be classified as "routine care" or "biomedical research". 

"ROUTINE CARE" INTERVENTIONAL CLINICAL STUDIES 

This category concerns projects in which the intervention changes current practice in a 

minimally invasive way (e.g. randomization or harmless examination). Specifically, the 

definition of the Code for Public Health (Code de la Santé publique) is as follows: 

The research: 

aims "to assess routine care, other than those on drugs, when all procedures are performed 
and products are used in the usual way but specific monitoring arrangements are set by a 
protocol" [117], 

"the objective is to evaluate actions, action combinations or medical strategies for 
prevention, diagnosis or treatment that are common practice, that is to say covered by a 
professional consensus, in accordance with their instructions. "[118], 

and in which: "The specific monitoring implemented in this research implies only 
negligible risks and constraints for the person who participates in the research." [118] 

EXCEPT the following situations which correspond to biomedical research: 

Research that focuses on techniques or strategies innovative or considered obsolete; 

Research that focuses on the evaluation of an innovative combination of actions or 
products, even if each of them - taken individually - is commonly used; 

Research on a comparison of medical strategies, when one of these strategies can, in the 
state of knowledge, be considered superior to the other in terms of safety and efficiency 
[118]. 

"BIOMEDICAL RESEARCH" INTERVENTIONAL CLINICAL STUDIES 

This category involves projects for which the intervention changes current practice in 

an invasive way (e.g., medication intake, medical device insertion or constraining 

examination). Specifically, the definition of the Code for Public Health is as follows: 

Research arranged and practiced on human beings for the development of biological or 
medical knowledge are permitted under the conditions laid down in this book and are 
hereinafter referred to by the terms “biomedical research” [117]. 

EXCEPT two types of research covered by other texts: non-interventional research and 
“routine care” research. 
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CHOOSING BETWEEN "ROUTINE CARE" AND "BIOMEDICAL RESEARCH" IN THE CASE 
OF CECOIA 

Initially, we considered that composite and ceramic inlays and onlays fell within the 

“routine care” category because they were a combination of common practice dental 

procedures, and the CAD/CAM technology used in the trial had been authorized and 

marketed for a long time in France. 

However, in view of the tripartite meeting described below, the DRCD asked us to 

show that the number of composite and ceramic inlays and onlays made annually in 

France was close, to justify a minimally invasive randomization. We then contacted a dozen 

large dental laboratories, and only one of them was making ceramic inlays and onlays. 

We were not concerned with collections declaration because these declarations relate 

to biological samples, and the only collection in our trial involved impressions and plaster 

replicas. 

The different risk levels in “biomedical research” (involving medical 
devices in particular) 

Biomedical studies are divided into four categories (the classification of medical 

devices is described p.76): 

o A: low or negligible predictable risk. This category includes in particular 

clinical investigations on the following: 

� Medical devices (MDs, Dispositifs médicaux/DM in French) marked 

“CE” of class I, IIa or IIb in current practice 

� MDs marked “CE” of class I 

o B: predictable risk similar to that of usual care. This category includes in 

particular clinical investigations on the following: 

� MDs marked “CE” of class IIa, IIb or III in current practice with 

short follow-up on use but without demonstrated efficiency 

� MDs marked “CE” of class IIa used off indication 

� Class I MDs that are not marked “CE” except if they are invasive or 

active. 

o C: high predictable risk. This category includes in particular clinical 

investigations on the following: 

� MDs marked “CE” of class III with short follow-up on use 

� MDs of class IIb in research context 
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o D: very high predictable risk. This category includes in particular clinical 

investigations on the following: 

� Class I (invasive or active), IIa, IIb or III MDs that are not marked 

“CE” 

� MDs of class III in research context 

Each risk level corresponds to a different level of monitoring. For level A, monitoring 

mainly includes verification of consent (if consent was planned in the protocol). Serious 

adverse events (SAEs) should be communicated to the sponsor (who transmits them to the 

ANSM and CPP). A report must also be sent to the sponsor annually and at the end of the 

study. For level B, monitoring includes verification of the existence of the patients included, 

the signatures and consistency of the dates on consent, endpoints reported in files, the 

reporting and monitoring of SAEs, and the fulfillment of the eligibility criteria by comparing 

the data entered in the case report form to those of medical records and control of products’ 

management. 

Tripartite meeting 

In November 2011, the tripartite meeting took place and involved: 

- The main investigators (Jean-Pierre Attal and me) 

- Representatives of the DRCD 

- The main representatives of the URC interested in our project (the budget 

coordinator and our clinical study coordinator in particular) 

At this meeting, the scientific and technical regulatory aspects were validated and 

some documents were signed. We decided that the trial was “biomedical research” at A risk. 

Instruction stages with the URC 

With our clinical study coordinator, we first established a Gantt schedule accounting 

for the times for approval by the different regulation bodies (Table 4 below) and for the 

documents to be submitted (described below) using the MS Project program. 

Then we prepared the study materials: Case report form (CRF, Appendix 12), consent 

documents and other documents of the investigator workbook. We printed them or had them 

printed (CRFs in particular). 
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Regulatory body Time for approval 

DRCI 1-2 months 

CPP 35 days 

ANSM 60 days 

CNIL 2-4 months  

Ministry of research for collection declaration 3 months 

ARS for collection declaration 3 months 

Table 4 - Time for the response of regulatory bodies 

 

We then looked at the implementation of the randomization. After determining that the 

randomization method most suitable for our trial was minimization incorporating 30% 

randomness, we determined how to implement this method. The statistician of the URC then 

told us about two options they use: 

- the free Minim software running on MS-DOS and thus requiring a person of the unit 

to start the program for each randomization. This solution seemed inappropriate 

because work schedules of private practitioners often conflict with those of public 

sector employees (e.g., they work on Saturdays). In addition, the Minim software did 

not allow for incorporating randomness in the randomization. 

- the Randoweb online software developed for AP-HP but which apparently only 

allowed for stratification. 

On the internet, we found alternatives that were not free or were free for different 

types of minimization [119] but not allowing online minimization, and this seemed the most 

appropriate to facilitate recruitment. 

Therefore, we developed our interface for online minimization. This interface allowed 

the investigator to connect with a login and password. The investigator would then include the 

patient by entering the first letters of the last name and first name and date of birth. In the 

same session or in a later one, the investigator could then randomize any patient already 

included after entering the necessary minimization characteristics. So that investigators (other 

than that us who had chosen the method) were not tempted to guess the treatment assigned to 

the next patient, we added factors not required for minimization. We also inserted a table 

where the investigator could access all inclusions, but the table mentioned only the treatment 

assigned to the last patient included to limit any indication compromising non-predictability 

of allocation. 
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However, because we also had to include patients and we had programmed the 

website, someone else needed to manage the website during the inclusion period and monitor 

inclusions. The IT engineer of the unit was supposed to do it. However, for reasons of time 

and confidence in the security of the interface, with agreement by the DRCD, we would not 

use our interface and we found that Randoweb could actually be modified to allow for 

minimization (the creator of Randoweb being an IT teacher of Paris VI University). A specific 

module was added. We tried to secure the data entered by the investigators as well as the 

software allowed, for example, by entering controls on patient birth dates (who should be 

between 18 and 70 years). Compared to the interface we had tailor-made, Randoweb had the 

following shortcomings: 

- Inclusion and randomization modules were independent, and therefore patients who 

had not been included could be randomized. To limit this risk, we added a box to the 

randomization form where the investigator had to enter the inclusion number. 

However, that number could be wrong. 

- Investigators could access all their inclusions at any time, which could compromise 

the non-predictability of allocations. 

Very recently, a website for free online minimization was created [120]. 

In collaboration with the IT engineer and the statistician, the minimization algorithm 

and interface were tested before the inclusions started. A document explaining the process to 

investigators was created. The regulatory DRCD document on randomization implementation 

was completed and approved in July 2012. 

Instruction stages with the DRCD 

At the same time and with our DRCD manager, we prepared a list of the products that 

would be used in our study and their value to determine those for which we needed to 

establish a contract. Given the sums involved, we decided to establish contracts with the 5 

major industrial contributors: Sirona Kerr, Ivoclar, Komet and 3M Espe. 

Because these industrial partners would not be able to intervene at the time of analysis 

and publication of the trial results, we tried to offload them from tasks that are usually 

requested by the DRCD and performed them ourselves (specific labeling of all products, 

resupply of the different centers throughout the inclusions, registration of lot numbers and 

monitoring of all products) to facilitate and accelerate the acceptance of the contract (this step 

often takes a long time). 

We also discussed the valorisation to industrial partners. To be able to intervene in the 

final publication, industrial partners must purchase the entire trial (the total budget + 
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valorisation costs). To access the report that we would submit to the DRCD and decide on this 

possible purchase, the fees charged to industry partners were very high. We asked for a 

decrease because these partners would have eventual access to the publication. An example of 

a contract (Appendix 13) and its Appendix (Appendix 14) are presented in the Appendix. 

CLASSIFICATION OF MEDICAL DEVICES 

For the Appendix, we needed to define the category of the medical devices used. 

Classification of medical devices is based on the following criteria [121] : 

- The duration of implementation of the medical device 

Temporary: Normally intended for continuous use for less than 60 minutes. 

Short term: Normally intended to be used continuously 30 days or less. 

Long term: Normally intended for continuous use for more than 30 days. 

Thus, in our trial comparing composite and ceramic inlays and onlays, temporary 

(powder for the optical impression, silicone impressions etc.) and long-term (adhesive, resin 

cement, composite or ceramic block) medical devices are used. 

- The location of the medical device in the body 

Invasive device: device that partially or fully penetrates the body, through a body orifice 
or the body surface. 

Body orifice: Any natural opening in the body and the outer surface of the eyeball, or any 
permanent artificial opening, such as a stoma. 

Surgically invasive device: invasive device that penetrates the body through the body 
surface, by or as part of a surgical procedure. 

Devices other than those referred to above and which produce penetration other than 
through an existing body orifice shall be treated as surgically invasive devices. 

Implantable device: any device intended to be totally introduced into the human body or 
to replace an epithelial surface or the surface of the eye, through surgery, and remain in 
place after surgery. Any device intended to be partially introduced into the human body 
through surgical intervention and intended to remain in place after the procedure for a 
period of at least 30 days. 

Thus, in our trial, the medical devices used are invasive but not surgically invasive. 

The rule regarding the materials used in our trial is thus as follows: 

All invasive devices with respect to body orifices, other than surgically invasive devices 
and which are not intended for connection to an active medical device or which are 
intended to be connected to an active Class I medical device are: 

Class I if they are intended for temporary use, 
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Class IIa if they are intended for short-term use, except if they are used in the oral cavity 
to the pharynx, in an ear canal up to the ear drum or in a nasal cavity, in which case they 
are part of the class I, 

Class IIb if they are intended for long-term use, except if they are used in the oral cavity 
to the pharynx, in an ear canal up to the ear drum or in a nasal cavity and are not likely to 
be absorbed by the mucous membrane, in which case they are included in class IIa. 

Thus, in our trial, the medical devices used fall within class I for temporary medical 

devices and within class IIa for long-term devices. 

Records for regulatory bodies and their acceptance 

We also prepared the appropriate records for regulatory bodies (CPP and ANSM in 

particular). 

COMPOSITION OF THE RECORD TO BE SUBMITTED TO THE COMMITTEE FOR THE 
PROTECTION OF PERSONS (CPP) 

The record was submitted by email on March 20, 2012 and included the following: 

a letter of submission 

a form for opinion query (MDs) 

the additional document (Appendix 15) 

the IDRCB number: 2012-A00093-40 

the protocol 

the information and consent form (Appendix 16) 

a document showing professionnal liability (Responsabilité civile professionnelle: RCP) 
or investigator's brochure 

the insurance certificate 

the DRCI opinion letter and letter of adequacy of resources 

the draft case report form 

operators curriculum vitae 

The CPP gave a favorable opinion on the Cecoia trial on May 14, 2012. 

COMPOSITION OF THE RECORD TO BE SUBMITTED TO THE NATIONAL AGENCY FOR 
THE SECURITY OF MEDICINES AND HEALTH PRODUCTS (ANSM) 

The following documents were submitted to the National Agency for the Security of 

Medicines and Health Products (ANSM) by email on March 20, 2012: 
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- a letter of submission 

- the IDRCB number: 2012-A00093-40 

- the protocol 

- a document showing professionnal liability or the investigator's brochure 

- the insurance certificate 

- the DRCI opinion letter 

- the CPP opinion letter 

- the form for authorization of a clinical trial 

- the CE markings of the materials used in the trial 

The ANSM authorized the research on May 22, 2012. 

There was no submission to the CNIL or the CCTIRS because the project was part of 

the MR-001methodology of reference, that is, the URC and DRCD governing our project 

follow standards for the automated processing of personal data. This treatment must ensure 

the privacy, confidentiality and security of the data (staff training, staff and premises 

dedicated to computing, IT administrators and security of IT resources). Therefore, the 

submission of each project to the CNIL and CCTIRS is not necessary. 

End of the instruction and authorization to start recruiting 

At the end of January 2012, an insurance was subscribed for the trial. In August 2012, 

the DRCD authorized the recruitment to start. In September 2012, the trial was registered at 

ClinicalTrials.gov (Appendix 17) and recruitment began. In November 2012, the EUR 236 

700 funding was released by the DRCD and assigned to our project. 

Publication 

The protocol was re-written following CONSOlidated guidelines for Reporting Trials 

(CONSORT) for non-pharmacological trials [122] and submitted in November 2012 to the 

journal Trials. 

The article, as it was published, is presented below. 
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Supplementary information 

Cecoia trial’s website 

To make the article easier to read and improve the visibility of the CECOIA trial, we 

also programmed a website entitled cecoia.fr, which is bilingual (English and French), 

updated regularly and includes information for researchers and patients (Appendix 18). 

Comments on inclusion criteria 

We decided not to allow proximal box elevation in the trial, because failures caused by 

this technique would be specific and significantly complicate the interpretation of the results 

concerning proximal FDI items. However, we believe that this technique is useful in many 

cases where the proximal margin is intra-sulcular or subgingival [123]. 

The use of a post was not indicated for endodontically treated teeth to better preserve 

hard tissues and because posts do not seem to increase the mechanical strength of 

endodontically treated teeth restored by an inlay or onlay [124, 125]. 

Summary of the work that was carried out: trial 
implementation and recruitment 

Once the instruction phase was completed, we began the implementation phase, with 

the recruitment and follow-up of patients. 

This stage began with the set-up meeting, which took place on 10 September 2012. 

Recruitment could then officially begin and the first patient was included on September 14, 

2012. However, the opening of some centers was delayed for two reasons discussed below. 

Opening centers in a multicenter trial 

First, for any multicenter trial, it is necessary to send two documents to each French 

center: 

- A letter of information about the trial to the Director and the pharmacist (for medical 

devices) 
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- A financial agreement 

Inclusions can start in the center once the agreement is signed by the director of the 

center. Thus, the center of Toulouse could open in November 2012 only. 

Modifying the protocol 

Second, we were notified in August 2012 that one of the operators in Toulouse would 

not be able to include patients. Because the minimization was based on a given number of 

operators, we decided to include another private practitioner instead. This is considered a 

substantial modification of the protocol, and we needed to submit a letter specifying the 

amendment and the updated protocol to the CPP. The letter was submitted on October 5 and a 

favorable opinion was received on October 18. 

Actions to promote the recruitment 

Information, communication, and incentive measures were taken at different levels to 

best adapt to the circumstances and needs of each investigator. 

In university hospitals: Charles Foix and Toulouse 

COMMUNICATION 

To facilitate inclusions, we created a small leaflet explaining the procedure to the 

medical staff of university hospitals (teachers, interns and externs) for any patient likely to 

match the inclusion criteria. We also organized briefing meetings every morning for a week in 

Charles Foix. 

ORGANIZATION 

We trained two last-year students, who helped us identify patients who may be 

included, to make the inlays and onlays and to make the one-week follow-up assessments. 

One of the two will be selected as an evaluator after she defends her dentistry thesis. 

FINANCIAL ASPECTS 

Note that, since the introduction of activity-based funding as a mode for financing 

French hospitals in 2004 (T2A) (see Figure 10 below), hospital department managers urge 

their medical staff to do clinical research. Indeed, clinical research is valued by MERRI funds 

(Missions of Education, Reference Research and Innovation), which include funding for 
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scientific publications (SIGAPS) and for clinical research (SIGREC). SIGREC comprises two 

scores: the "Trial" score and the "Inclusions" score. 

For a multicenter phase III clinical trial, the Trial score is worth 10 points for the 

sponsor hospital, 1 point for other hospitals. One SIGREC point was worth 2523 euros in 

2012, for a 25,000 euro fund for Charles Foix hospital and 2,500 euros for Toulouse hospital. 

The Promoter Inclusions score counts the total number of inclusions made in the 

previous year for which the institution was a promoter. A point of this score was worth 523 

euros in 2012; a penalty was applied for more than 200 inclusions, for 523x (200 + (200x0.8)) 

= 188,280 euros for our 400-inlusions trial (if all the inclusions were performed in hospitals) 

and thus 188,280 x 63 / 400 = about 29,600 euros for Charles Foix on 10 September 2013 (63 

patients included). 

The Investigators Inclusions score counts the number of inclusions made in the 

institution for trials sponsored by another health facility. A point was worth 496 euros in 

2012, for 496x37 = about 18,000 euros for Toulouse to 10 September 2013 (37 patients 

included). 

Thus, hospital department managers participate in encouraging trial recruitment. 
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Figure 10. Funding of public hospitals in France (2010) 
MIGAC: Misssions of general interest and assistance to contracting (Missions d’intérêt general et d’aide à la 
contractualisation), MERRI: Educationnal, reference and innovation missions (Missions d’enseignement, de 

référence et d’innovation), SIR : Research information system (Système d’information de la recherche), SIGREC: 
Research and clinical trials information and management system (Système d’information et de gestion de la 
recherche et des essais cliniques), SIGAPS : System for the query, management and analysis of scientific 

publications (Système d’interrogation, de gestion et d’analyse des publications scientifiques) 

Private practice 

Private practitioners invested in this project all have extremely busy schedules, and we 

did our best to limit the time they spent and the formalities to be completed. 

For example, we had planned a compensation for the practitioner up to 100 euros per 

patient enrolled for the time spent in completing the documents, pouring plaster for study 

replicas etc. The DRCD usually distributes these funds annually and we arranged that 

practitioners would be paid every 20 inclusions, to encourage recruitment. To simplify their 

task, we prepared a standard invoice for each operator to be completed every 20 inclusions so 

that they would just have to send it by email to the DRCD. 

SIGAPS SIGREC 

Teaching allocation (around €11,000 per student) Research allocation (calculated by SIR) 

Variable share (recurrent structures (e.g. 

CIC), contracts (e.g. PHRC, INSERM)) 

Modular 

share 

Fixed share 

(staffing mainly) 

MERRI 

Funding directly 

based on activity 

Mixed funding 

(emergencies, transplants) 

Grant funding 

(MIGAC) 

Funding based on hospital activity (T2A) 
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In all centers 

INFORMATION 

A newsletter was sent regularly to the investigators to notify them of the evolution in 

number of inclusions and remind them of some aspects of the protocol according to the 

remarks made by the clinical research associate who does the monitoring etc. 

After each inclusion and each randomization, all operators received an email. 

COMMUNICATION 

The main investigator received the inclusion curves and a table with the inclusions 

made by each center every month and contacted by telephone those operators who had made 

few inclusions in the previous month. 

We held a second meeting in January 2013 to motivate investigators and share our 

experiences. 

Inclusions rate 

The following is the inclusions’ curve as of September 10, 2013. 

 

Figure 11. Inclusion rate up to September 2013 

Even though we had submitted a questionnaire to the operators during trial design and 

we had downgraded the number of inclusions they announced and taken actions to encourage 

the inclusions, the inclusion rate was approximately two times lower than expected, as 219 

patients had been included on September 10, 2013, instead of the 400 originally planned (13 

September 2013). 
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Extension of the inclusion period 

Because the inclusion period was supposed to end on September 13, 2013, we needed 

to extend the period of inclusion. This is a substantial change in the protocol and therefore we 

needed to re-ask the opinion of the CPP. Also, we needed to extend the insurance. Figure 12 

shows the new inclusion curve obtained with a 2-year inclusion period. 

 

 

Figure 12. Inclusion curve with 2-year inclusion period (up to 28 September 2013) 

Inclusions by center 

 

Figure 13. Trial recruitement by center (28 september 2013) 
H: Hospital; PP: Private practice. 

As Figure 13 shows, the number of inclusions varied by center. Only one patient 

refused to participate in the center of Charles Foix because of favorable conditions for the 
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patient (free inlay or onlay and compensation of 100 euros after the two follow-up visits). 

Two and one patients refused to participate at A. Gaucher’s and C. Moussally’s practices, 

respectively. 

Figure 14 and Figure 15 show two examples of the clinical time-by-time protocol 

implemented for each patient included. 

   

     

   

 A  B  C 

 D  E  F  G  H 

 I  J  K 
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Figure 14. Realization of a composite inlay on vital tooth 36 (patient 018) 
A. Inclusion bitwing radiograph. B. Patient online inclusion (on Randoweb). C. Choice of color for both a 

composite and ceramic block. D. Initial clinical situation: the tooth is restored by a defective aged amalgam. 
E. Situation after removal of amalgam. F. Powdered tooth for optical impression. G. 3 optical impressions made 
(maxillary, mandibular and buccal biting). H. Models in occlusion. I. Preparation. J. Outline of the preparation 

margins. K. Computer-aided design of the inlay. L. Randomization: a composite inlay will be realized. M. 
Machining of the inlay. N. Inlay try-in. O. A dental dam is placed. P. Etching of enamel. Q. The adhesive used 
(Optibond XTR, Kerr). R. The adhesive was placed. S. Sandblasting of the intaglio inlay surface (50 microns 
alumina). T. The silane used (Monobond Plus, Ivoclar Vivadent). U. Silane application on the intaglio inlay 
surface. V. Cementation, glycerin is placed on the cement margins and the cement is light-polymerized. 

W. Polishing of the margins. X. Application of colored light-curing flowable composites. Y. Final result. Z. Retro-
alveolar radiograph at the one-week follow-up. a. Equipment used for the follow-up assessment. b. Completed 

case report form and plaster replicas. 

 L  M  N  O 

 P  Q  R  S 

 T  U  V  W  X 

 Y  Z  a  b 
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Figure 15. Realization of a ceramic inlay on non-vital tooth 24 (patient 006) 
A. Inclusion bitwing radiograph. B. Initial clinical situation: the substance loss has been temporarily restored by 

glass ionomer after endodontic treatment. C. After removal of glass ionomer. D. After adhesive has been placed. 
E. After flowable composite base application. F. After the ceramic inlay has been adhesively cemented. 

G. Polishing and occlusion adjustment. H. Retro-alveolar radiograph at the one-week follow-up. 

Baseline characteristics of included patients/teeth 

Table 5 shows the demographic characteristics of included patients. Although these 

criteria are not taken into account at the time of randomization, the sex and age distributions 

are similar in both treatment groups. 

 

 Composite Ceramic Total 

Sex    

Male 45 (42.9%) 44 (40.7%) 89 (41.8%) 

Age    

18-30 

31-50 

51-70 

19 (18.1%) 

46 (43.8%) 

40 (38.1%) 

24 (22.2%) 

57 (52.8%) 

27 (25%) 

43 (20.2%) 

103 (48.3%) 

67 (31.5%) 

Total 105 (49.3%) 108 (50.7%) 213 (100%) 

Table 5. Baseline characteristics of included patients/teeth 
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Perspective 

In the context of this work, we have completed the first step – the design – of a clinical 

trial comparing machinable composite and ceramics for the fabrication of inlays and onlays. 

The second stage, implementation, is well under way, but we need to finalize the recruitment 

of the 400 patients and insure the quality of patient follow-up for at least 2 years. Finally, in 2 

years, we will be able to start analyzing the results, write the report required by the DRCD 

and the publication, with the analysis of the primary endpoint for composite versus ceramic 

inlays and onlays. We will also study the properties of the FDI instrument in the context of 

the CECOIA trial. 

 

In the future, other clinical prognostic factors of inlays and onlays could be assessed. 

Proximal box elevation is a protocol increasingly common to treat deep cavities whose 

margins are below the cement–enamel junction, and comparing different protocols to 

optimize this procedure might be interesting [126]. In the CECOIA trial, we compared 

leucite-reinforced glass-ceramic (Empress CAD) and composite (Lava Ultimate) materials, 

but other machinable materials are appearing on the market (including Vita Enamic and the 

successor). We also mentioned earlier that the mechanical properties of ceramic inlays and 

onlays pressed by a dental technician could be higher than machined inlays and onlays and 

testing this hypothesis clinically could be of interest. Finally, erosive lesions are increasingly 

common in developed countries [127], and advanced stages often require a treatment with 

overlays; bonding the latter restorations to eroded hard tissues and maintaining them over 

time require clinical evaluations that could interest us, although these situations present a 

number of methodological and practical difficulties that would have to be overcome [128]. 
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Résumé du chapitre en français 

La première partie de ce chapitre concerne la conception de l’essai et en particulier un 

aspect méthodologique : la randomisation. Différentes méthodes permettent de prendre en 

compte les principaux facteurs pronostiques lors de la randomisation; les deux plus classiques 

sont la stratification et la minimisation. Le choix entre ces deux méthodes dépend de 

nombreuses caractéristiques de l’essai. Des statisticiens avaient suggéré que le choix de la 

méthode la plus adaptée pourrait se faire à l’aide de simulations, mais aucun programme 

n’était disponible. Nous avons ainsi décidé de réaliser un programme permettant de comparer 

la stratification et la minimisation en fonction des principales caractéristiques de l’essai 

(nombre de sujets nécessaire, nombre de centres…) en termes de l’équilibre d’effectif obtenu 

en fin d’essai entre les deux bras de traitement et de la prédictibilité de l’allocation pour les 

investigateurs recrutant les patients. Ce programme (Hermès) est accessible à tous 

gratuitement sur internet et le code a été explicité de sorte que des modifications puissent être 

apportées pour certains designs spécifiques. 

La deuxième partie de ce chapitre traite de la mise en œuvre de l’essai CECOIA 

(CEramic and COmposite Inlays Assessment). Nous avons d’abord répondu à l’appel d’offre 

du Programme hospitalier de recherche clinique de 2011 et un financement de 237 000 euros 

a été accordé. Le projet a ensuite été instruit en partenariat avec le Département de la 

recherche clinique et du développement de l’Assistance publique – Hôpitaux de Paris et avec 

l’Unité de recherche clinique de l’Hôpital européen Georges Pompidou. Les autorisations 

nécessaires ont été obtenues auprès de l’Agence nationale du médicament et du Comité de 

protection des personnes; des contrats ont été établis avec les partenaires industriels 

fournissant le matériel ; les documents de l’essai ont été créés ou finalisés, en particulier le 

protocole et le cahier d’observation ; un site internet a été créé (cecoia.fr). L’essai a été 

enregistré dans le registre clinicaltrials.gov et le protocole a été publié dans la revue Trials : 

400 patients nécessitant une restauration de type inlay-onlay doivent être inclus dans 2 centres 

hospitalo-universitaires et 5 cabinets dentaires, la randomisation prend en compte 4 facteurs 

pronostiques majeurs des inlays-onlays. Le recrutement a commencé en septembre 2012. En 

octobre 2013, 246 patients ont été recrutés et traités par un inlay-onlay en composite (Lava 

Ultimate) ou en céramique (Empress CAD), dont plus de 65 par nous-mêmes. Les 

restaurations sont évaluées à une semaine par les opérateurs et à 1 et 2 ans par deux 

évaluateurs à l’aide du critère de jugement principal de la Fédération Dentaire Internationale. 

Nous aurons les résultats en 2017. 
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Background 

These pages are designed to better situate the publication that follows in the 

process of this thesis. 

 

The clinical trial detailed in the previous section will, hopefully, provide 

valuable information on the comparative efficacy of composite and ceramic inlays and 

onlays and on clinical factors that may guide clinical decision to one or the other of the 

two materials. 

However, the results will not be available until 2015-16, and in the meantime, it 

seems desirable to base clinical decisions on evidence from materials research rather 

than on empirical aspects. 

In addition, the influence of some clinical factors could not be evaluated in the 

ongoing CECOIA trial, for example, the influence of the choice of adhesive cement on 

the relative effectiveness of the two interventions or the choice of the material of a same 

class that has a different microstructure (e.g., lithium-disilicate glass-ceramic rather than 

leucite reinforced glass-ceramic). 

Finally, comparing data from the clinical trial and laboratory study might be 

interesting, and elements from in vitro research could perhaps help better understand the 

data observed clinically. 

Among the important characteristics of materials mentioned in the introduction, 

this chapter describes the in vitro study of the adhesive properties of machinable 

materials. Actually, poor bond quality at the ceramic–cement or dentin–cement 

interface can significantly reduce the fracture initiation load-bearing capacity of inlays 

and onlays. Thus, a principal determinate in the long-term success of these restorations 

relies on the strength and durability of the interface between the resin cement and the 

bondable surface of the processed inlay-onlay intrados [129]. 

We selected several materials frequently used for machining inlays and onlays. 

These materials are described in Table 1 of the publication. We also studied the 

influence of the surface treatment and adhesive cement, which we will describe. 
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Surface treatment 

Composite 

Indirect composite inlays and onlays have a highly polymerized surface with few 

unreacted free-end radicals for bonding to the resin cement [81, 82]. 

Micromechanical component of adhesion 

Several surface treatments have been advocated to promote adhesion between 

the resin cement and the indirect composite restoration: sandblasting with 50-µm 

alumina particles [71, 130] or reactive sandblasting with silica-coated alumina particles 

are the two recommended procedures [131]. Sandblasting is more common because 

alumina is cheaper and more common than silica-coated alumina in dental laboratories 

and offices; sandblasting is also the procedure recommended by the manufacturer of the 

composite evaluated (Lava ultimate, 3M Espe). The resulting surface topography can be 

seen in Figure 16. 

 

 

Figure 16. Scanning electron microscopy of the surface of a machinable composite (Lava Ultimate) 
treated by sandblasting. 

Chemical component of adhesion and wettability 

In addition to mechanical roughening, applying proprietary softening agents, 

wetting agents, or silane can enhance the bond strength between the restoration and the 

resin cement [71, 130]. 
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As a bifunctional molecule, a silane is supposed to act as a coupling agent 

between the hydroxyl groups of the silica (of the inorganic fillers in composites) on the 

inlay-onlay surface and the methacrylic groups of the resin cement [132], thus resulting 

in a crosslinked siloxane polymolecular layer that forms an interpenetrating polymer 

network [133]; its role as a wetting agent has also been widely described [133]. The 

interest of silane in bonding indirect composites has been discussed [130, 134]; the 

manufacturer of the material studied recommends applying a silane if the cement 

requires one. 

 

Note that the resin-infiltrated ceramic-based composite (Enamic, Vita) is not 

treated by sandblasting. Indeed, the recommendation of the manufacturer is to etch the 

surface with hydrofluoric acid. In the absence of literature on the subject, the latter 

surface treatment was selected (Figure 17). However, for characterization of the outer 

surface of the restoration, the manufacturer specifies that etching or soft sandblasting be 

performed. 

 

 

Figure 17. Surface of a machinable composite (Enamic, Vita) 
treated by hydrofluoric acid (HF)-etching (HF 10% 60 s). 

Ceramics 

The reference surface treatment for glass-based ceramics is etching with 

hydrofluoric (HF) acid [71, 135]. The resulting surface topography can be seen in 

Figure 18. The application of silane is generally recommended [71, 135]. 
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Figure 18. Surface of machinable ceramics treated by HF-etching. 
From left to right: albite-reinforced glass-based ceramic (Vita Mark II),  

leucite-reinforced glass-ceramic (Empress CAD) and  
lithium disilicate-reinforced glass-ceramic (e.max CAD) 

Resin cements 

The choice of resin cement clearly plays a role in the quality and durability of 

the interface [71, 136, 137] as well as in the strength of the tooth restored with an inlay 

or onlay [138, 139]. We thus decided to evaluate this important factor in this work. 

Different types of resin cements currently exist; resin cements can be classified 

according to their adhesive properties or mode of polymerization. We tested a 

representative from each of the three adhesive categories, as discussed in the article 

below. 

Regarding the mode of polymerization, resin cements can be light-cured, dual-

cured or chemically cured. We evaluated only dual-cured resin cements because 

chemically cured resin cements require a long setting time; light-cured resin cements 

allow for easier manipulation, but the thickness of the inlay or onlay and the tooth 

structure can lead to incomplete polymerization [140]. 
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Summary of the work that was carried out 

We realized 900 samples (5 machinable materials x 3 resin cements x 6 surface 

treatments x 10 samples per batch), which we tested in shear after 24 hr. 

The 6 surface treatments were designed to assess the contribution of the 

micromechanical component (4000-grit polishing; 800-grit polishing; surface treatment 

of reference, i.e., sandblasting or etching) and chemical component (silane or not) in 

adhesion. 
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Publication 

Influence of surface treatments on adhesion of cements to tooth-colored 

machinable materials 

 

Hélène Fron Chabouis1,2,3, Stéphane Le Goff1, Mie-Leng Tang1, Nicolas 

Lebon1,3, Laurent Tapie1,3, Jean-Pierre Attal1,2 

 

1. Department of Biomaterials (URB2i, EA4462), Université Paris Descartes, Sorbonne Paris 

Cité, Montrouge, France 

2. Dental Department, Charles-Foix Hospital, AP-HP, Ivry-sur-Seine, France 

3. Université Paris 13, Sorbonne Paris Cité, Villetaneuse, France 

Abstract 

Objectives. The effect of different surface treatments on the adhesion of resin 

cements to tooth-colored machinable materials was evaluated. 

Methods. Five materials (Mark II, MK; Empress CAD, EMP; e.max CAD, EM; 

Lava Ultimate, LU; Enamic, EN) were divided into 6 groups by surface treatment: 

polished to 4000 or 800 grit, sandblasted for LU / hydrofluoric acid (HF)-etched for 

other materials; with or without silane. A macro shear test was used to test adhesion of 

each material with 3 resin cements (NX3, Nx; Panavia F2, Pv; RelyX Unicem, Ru). 

Failure type was characterized. Polished specimens’ roughness was evaluated with a 

contact profilometer. Data were analyzed by ANOVA and Tukey’s test. 

Results. Bond strength was significantly affected by surface treatment, cement 

and machinable material (p<0.0001). Bond strength was positively correlated with 

roughness for MK, EM, EN and LU. 

Significance. Bond strength was mainly increased by sandblasting LU and HF-

etching MK, EMP, EM and EN. Silanization may not be necessary for sandblasted LU 

or HF-etched MK and EMP but may be useful for EM and EN. Ru yielded the highest 
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bond strength, regardless of machinable material or surface treatment. These results 

need to be confirmed by other studies. 

Keywords 

Adhesion, cement, CAD/CAM, surface treatment, silane, sandblasting, etching, 

composite, ceramic, shear. 

Introduction 

Computer-assisted design/manufacturing (CAD/CAM) is becoming more 

common in dental laboratories or offices (chairside). Thus, single-unit dental 

restorations, particularly posterior crowns or inlays, are increasingly being made from 

blocks. Various tooth-colored materials exist for this type of restoration. Resin 

composite and glass ceramics are the 2 most common aesthetic alternatives. The 

longevity of these restorations depends on the quality of their adhesion to dental tissues 

[1, 2]. The adhesion depends on several factors, including the chosen resin cement and 

quality of the 2 interfaces: intaglio surface–cement and cement–dental tissues. The latter 

interface is better known, but information is lacking on the machinable material–cement 

interface. 

Many resin cements are available. Resin cements can be divided into 3 

subgroups based on the adhesive system used for treating the tooth surface before 

cement application: 1) etch-and-rinse adhesive system, 2) self-etching adhesive system 

and 3) no adhesive system is required for self-adhesive cements [3]. These cements 

have different affinities for machinable materials [4]. Reference surface treatments to 

establish the micromechanical component of the adhesion to the intaglio surface are 

hydrofluoric acid etching and sandblasting for glass ceramics [5] and composites [6], 

respectively. Silane application to add a chemical component for adhesion is 

controversial [7]. 

Different tooth-colored materials can be machined to produce posterior single-

unit restorations. They include 3 ceramics (Mark II, MK; Empress CAD, EMP; e.max 

CAD, EM) and 2 resin composites recently marketed (Lava Ultimate LU; Enamic, EN) 

[8]. From a July 17, 2013 systematic search of the literature evaluating the bond 

strength of one of these materials to a resin cement, we identified 44 articles: 4 did not 

describe evaluation of bond strength to one of the machinable materials mentioned or to 

their traditional equivalent; most (n=17) described evaluation of bond strength to dentin 

[4, 9-24] and only 11 described evaluation of bond strength to CAD/CAM materials, all 
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machinable ceramics (1 EMP [4], 9 MK [14, 19, 20, 22, 23, 25-28] and 1 ProCad [29]). 

All other articles described materials obtained by conventional methods. No study has 

evaluated bond strength to EM, LU and EN. CAD/CAM-produced materials do not 

necessarily have the same properties as their traditional counterparts because their 

microstructure – or their chemical composition – differs.  

Here, we evaluated the adhesive performance of contemporary, machinable, 

tooth-colored blocks. We monitored variables most often mentioned to modify 

adhesion: surface treatment impact on the shear bond strength of 3 resin cements to 3 

glass ceramics and 2 resin composite machinable materials. Three null hypotheses were 

tested: 

1 - The surface treatment does not affect adhesion of the resin cement to the 

machinable material. 

2 - The resin cement does not influence adhesion to the machinable material. 

3 - The machinable material does not affect adhesion of the resin cement. 

Materials and methods 

1. Specimens of CAD/CAM materials 

We used 5 CAD/CAM materials: MK, EMP, EM, EN and LU. The 

manufacturers and compositions of the materials are in Table 1. For each material, we 

obtained 3-mm-thick slices by cutting 14-L blocks for Cerec using a diamond disc in a 

cutting machine (Discotom 5, Struers, Ballerup, Denmark) with a 2-mm/min feedrate. 

Slices were embedded in resin (3 cm diameter, 1 cm high) and ground-finished with 

800- or 4000-grit silicon carbide metallographic abrasive paper (PSA backed Silicon 

carbide paper, Struers) under water-cooling in a polishing machine (Planopol-3, 

Struers). 
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Material Product (composition
a
) Code Batch  

no. 

Manufac-

turer 

CAD/CAM 

material 

Mark II fine particle feldspar (crystal phase <20 wt%) 

ceramic (SiO2 56-64 wt%, Al2O3, Na2O, K2O, CaO, TiO2, 

pigments) 

MK 13021 Vita 

Empress CAD leucite-reinforced (35-45%vol) glass 

ceramic (SiO2 60-65 wt%, BaO, Al2O3, CaO, CeO2, Na2O, 

K2O, B2O3, TiO2, pigments) 

EMP P73700 Ivoclar-

Vivadent 

e.max CAD lithium-disilicate reinforced (70%vol) glass 

ceramic (SiO2 >57 wt%, Li2O, K2O, P2O5, ZrO2, ZnO, Al2O3, 

MgO, pigments) 

EM P69721 Ivoclar-

Vivadent 

Enamic resin-infiltrated ceramic (Ceramic network 86 

wt% : SiO2, Al2O3, Na2O, K2O, B2O3, CaO, TiO2 ; Infiltration 

resin : UDMA, TEGDMA) 

EN 33320 Vita 

Lava Ultimate resin nano-ceramic composite (Matrix: 

highly crosslinked polymeric resin. Fillers 80 wt%: silica, 

zirconia, aggregated zirconia/silica clusters) 

LU N49053

7 

3M ESPE 

Cement 

NX3 dual cured resin cement (TEGDMA, mineral fillers 

cont. resin composite) 

Nx 446498

7 

Kerr 

Panavia F2 dual cured resin cement (Filler 2µm 71wt%: 

silanized Ba-B-Si-glass; BPEDMA, MDP, DMA, 

dibenzoylperoxide, N,N-diethanol-p-toluidine, silica 

sodium fluoride) 

Pv 041120 Kuraray 

Rely X Unicem self-adhesive dual cured resin cement 

(Filler <9.5µm 72wt%: Glass particles, silane-treated silica 

& calcium hydroxide; methacrylate phosphoric acid 

ester, DMA, sodium p-toluenesulfinate, cont. resin 

composite) 

Ru 495937 3M ESPE 

Surface 

treatment 

Hydrofluoric acid (9,5 % HF) HF 120000

1496 

Bisico 

Porcelain Primer silane (ethanol, acetone, 3-

methacryloxypropyl 

trimethoxysilane, >1%) 

Si 120000

1342 

Bisico 

Resin 

composite 

Grandioso nano-hybrid resin composite (BisGMA, 

TEGDMA, 89% wgt inorganic fillers) 

RC 121345

5 

Voco 

Table 1. Materials used in this study 
BisGMA: bisphenol-A-diglycidylmethacrylate; BPEDMA: bisphenol-A-polyethoxy dimethacrylate; DMA: 

aliphatic dimethacrylate; MDP: 10-methacryloxydecyl dihydrogen phosphate; TEGDMA: triethyleneglycol 
dimethacrylate; UDMA: urethane dimethacrylate; cont.: containing. 

aManufacturers’ data. 
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2. Surface treatment of specimens 

For each of the 5 CAD/CAM materials, specimens were randomly divided into 6 

surface-treatment groups: 

Group 1: Polished to 4000 grit (control group) 

Group 2: Polished to 800 grit 

Group 3: Polished to 4000-grit and silanized 

Group 4: Polished to 800-grit and silanized 

Group 5: Sandblasted for LU or hydrofluoric acid (HF) etched for MK, EMP, 

EN and EM. 

Group 6: Sandblasted (LU) or HF etched (MK, EMP, EN, EM) and silanized. 

Silanization involved use of a silane (Si) coupling agent that was applied on the 

surface with a microbrush for 60s, left to dry for 10 s and then gently air-dried with a 

hair-dryer 10 cm away from the surface (T° 50±5°C) for 30 s. MK, EMP and EN were 

HF-etched for 60 s. EM was HF-etched for 20 s. HF was rinsed thoroughly for 10 s. 

Then specimens were immersed in an ultrasonic water bath for 3 min. LU was 

sandblasted for 10 s at 2.0 bar pressure with 50 μm alumina. 

3. Adhesive cementation of specimens 

Resin composite (RC) cylinders (5 mm diameter and 5 mm high) were obtained 

with use of a Teflon mold, light polymerized, sandblasted with 50 µm alumina and 

silanized (with Si). One RC cylinder was adhesively luted to the treated machinable 

material surface (cleaned with alcohol by use of a microbrush) with 1 of 3 dual-

polymerizing adhesive resins (NX3, Nx; Panavia F2, Pv; RelyX Unicem, Ru) under 

consistent pressure by the same operator. The polymerization light tip (Radii Plus, SDI) 

was placed 5 mm away from the adhesive interface and the resin cement was cured for 

40 s from 2 opposite directions with a 1500 mW/cm2 minimum output. 

4. Shear testing of specimens 

We obtained 10 specimens for each of the 6 surface treatments, 5 machinable 

materials and 3 adhesive resins combinations, for 900 specimens. The specimens were 

stored in a distilled water bath at 37°C for 24 h. A universal testing machine (Lrx, 

Lloyd) was used to apply the shear force at a crosshead speed of 0.5 mm/min. Shear 

bond strength (SBS) was recorded for each specimen. 
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5. Microscope examination 

To assess the failure patterns, we examined the fractured interfaces of the 

specimens under a light microscope (SZM10, Olympus, Tokyo) at ×20 magnification. 

Debonded surfaces were assigned to patterns of cohesive failure (within the composite 

cylinder or within the machinable material), adhesive failure at the interface, or mixed 

adhesive/cohesive failure (within the composite cylinder or within the machinable 

material). Scanning electron microscopy (SEM; JSM-6400, JEOL Ltd, Tokyo) 

examination was conducted for the representative specimens of each failure pattern and 

to compare surface aspects of groups 1 and 5. 

6. Roughness of surfaces 

The roughness of polished surfaces (groups 1 and 2) was evaluated over a 1-

mm2 surface at a 2-µm pace with a contact profilometer (Talysurf, Taylor Hobson) and 

Winmmb software (Akilog, Besançon, France).  

7. Statistical analysis 

Data are presented as mean (SD) and were analyzed by ANOVA, with multiple 

comparisons by Tukey’s test. Stata 12 (StataCorp., College Station, TX) was used for 

analysis. P<0.05 was considered statistically significant. Pearson correlation coefficient 

was used for correlation analysis. 

Results 

We could use 885 specimens for analysis; 15 specimens were lost because of 

manipulation or testing machine errors. Mean (SD) shear bond strength (MPa) of each 

machinable material/surface treatment/resin cement combination is presented in Table 

2. 
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Surface treatment Cement CAD/CAM material 

MK EMP EM EN LU 

1. Control (4000 

grit) 

Nx 4.9 (1.8) 18.5 (4.4) 4.4 (1.3) 8.1 (2.7) 5.7 (1.5) 

Pv 5.5 (1.8) 5.5 (2.3) 3.7 (1.2) 8.8 (3.3) 0.0 (0.0) 

Ru 6.6 (5.2) 15.0 (7.4) 4.0 (0.9) 16.3 (8.5) 13.2 (6.3) 

2. Polished (800 

grit) 

Nx 20.6 (8.8) 13.6 (4.5) 5.8 (1.3) 14.4 (4.8) 11.5 (4.7) 

Pv 14.5 (7.7) 9.4 (4.9) 4.6 (0.9) 15.8 (6.9) 5.9 (4.2) 

Ru 16.2 (5.5) 19.9 (9.2) 5.3 (2.3) 19.4 (6.7) 20.3 (6.7) 

3. Silane (4000 

grit) 

Nx 7.8 (5.5) 6.5 (2.6) 18.7 

(10.5) 

24.6 (7.1) 7.8 (2.3) 

Pv 7.8 (3.7) 12.7 (7.9) 12.0 (4.0) 10.5 (4.1) 2.6 (5.2) 

Ru 9.6 (6.1) 15.1 (7.6) 26.4 (7.6) 22.1 (8.9) 16.3 (5.4) 

4. Silane (800 grit) Nx 24.0 (5.9) 24.4 (7.2) 9.4 (4.9) 25.7 (6.7) 17.6 (5.4) 

Pv 17.2 (4.7) 20.5 (4.4) 9.5 (3.4) 25.1 (5.4) 9.1 (3.6) 

Ru 30.4 (5.7) 26.5 (6.1) 24.5 (5.8) 27.3 (6.7) 28.8 (3.7) 

5. Sandblasting/ 

HF etching 

Nx 30.0 (4.8) 28.7 (6.3) 29.9 (6.8) 25.4 (7.6) 24.8 (6.9) 

Pv 36.2 (5.8) 36.5 (6.7) 24.3 (3.6) 33.3 (6.0) 24.3 (5.6) 

Ru 33.3 (4.6) 32.2 (6.7) 30.5 (4.6) 33.5 (5.5) 33.4 (5.2) 

6. Sandblasting/ 

HF etching + silane 

Nx 30.0 (4.7) 30.0 (3.6) 29.9 (4.6) 28.8 (6.3) 18.9 (5.4) 

Pv 29.3 (6.4) 31.1 (7.3) 31.2 (3.7) 34.4 (8.2) 19.9 (2.4) 

Ru 32.0 (7.8) 29.9 (9.4) 30.8 (3.8) 34.7 (4.6) 30.5 (6.6) 

Table 2. Mean (SD) shear bond strength (MPa) of cements to tooth-colored machinable materials with 
different surface treatments.  

HF: hydrofluoric acid 

 

Mean (SD) MPa was 8.1 (6.5) for surface treatment group 1, 13.1a (7.9) for 

group 2, 13.5a (9.2) for group 3, 21.3 (8.7) for group 4, 30.3b (6.9) for group 5 and 29.5b 

(7.1) for group 6. Mean (SD) shear bond strength was 18.3a (10.5) for cement Nx, 16.8 a 

(12.1) for Pv and 22.8 (10.9) for Ru. Mean (SD) shear bond strength was 20.0a,c (12.0) 
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for MK, 20.7a (11.0) for EMP, 17.0b,c (11.4) for EM, 22.8a (10.5) for EN and 16.1b 

(10.7) for UL. 

The surface treatment that yielded the highest SBS values was group 5 for UL, 

MK and EMP and group 6 for EM and EN (Table 6). The highest SBS values were 

obtained with the resin cement Ru whatever the machinable material. Highest SBS 

values were obtained with sandblasting/HF etching (surface treatment group 5) 

whatever the cement. 

 

Surface 

treatment 

CAD/CAM material 

MK EMP EM EN LU 

1. Control 

(4000 grit) 

5.7 (3.4)
AB

 13.0 (7.5)
DEFG

 4.0 (1.1)
A
 11.1 (6.5)

BCDE
 6.3 (6.6)

ABC
 

2. Polished 

(800 grit) 

17.1 (7.7)
EFGH

 14.3 (7.7)
DEFG

 5.2 (1.6)
AB

 16.5 (6.3)
EFGH

 12.6 (7.9)
CDEF

 

3. Silane (4000 

grit) 

8.4 (5.1)
ABCD

 11.4 (7.2)
BCDE

 19.3 (9.7)
GHIJ

 19.7 (9.1)
GHIJ

 8.9 (7.2)
ABCD

 

4. Silane (800 

grit) 

23.9 (7.6)
IJKL

 23.8 (6.3)
IJKL

 14.5 (8.6)
DEFG

 26.0 (6.1)
JKLM

 18.5 (9.3)
FGHI

 

5. 

Sandblasting/ 

HF etching 

33.2 (5.6)
N
 32.3 (7.1)

MN
 28.2 (5.7)

KLMN
 30.7 (7.3)

MN
 27.5 (7.1)

KLMN
 

6. 

Sandblasting/ 

HF etching + 

silane 

30.4 (6.3)
LMN

 30.3 (7.0)
LMN

 30.6 (4.0)
MN

 32.6 (6.9)
MN

 23.2 (7.3)
HIJK

 

Table 6. Mean (SD) shear bond strength (MPa) of CAD/CAM materials with different surface treatments  
and Tukey’s analysis. 

Mean values with letters in common are not significantly different according to Tukey’s test 
(p>0.05). 

 

Three-way testing (material, surface treatment and cement) revealed that the 

bond strength was most affected by the surface treatment (F=398.9, P < 0.001) and less 

affected by the cement (F=92.4, P < 0.001) and type of machinable material (F=41.3, P 

< 0.001), with significant interactions between these 3 factors (P < 0.001) (Table 3). 
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Table 3. Three-way ANOVA of the shear bond strength by CAD/CAM material, surface treatment, adhesive 
cement and interaction terms 

 

Failures were adhesive in 64.6%, 30.5%, 30.3%, 70.8% and 41.8% for LU, MK, 

EMP, EM and EN specimens, respectively (Table 4). Cohesive failures into the resin 

composite cylinder occurred rarely (n=7). Adhesive failure at the resin cement–resin 

composite cylinder interface never occurred. Few adhesive failures were dislodged 

(n=10, all in the LU group polished to 4000-grit and luted with Pv). 

 

Source of variation Sum of 

squares 

df Mean squares F P-value 

CAD/CAM material 5249.2 4 1312.3 41.3 <0.0001 

Surface treatment 63324.5 5 12664.9 398.9 <0.0001 

Cement 5865.6 2 2932.8 92.4 <0.0001 

CAD/CAM material x surface 

treatment 

7432.0 20 371.6 11.7 <0.0001 

CAD/CAM material x cement 2318.1 8 289.8 9.13 <0.0001 

Surface treatment x cement 2148.4 10 214.8 6.8 <0.0001 

CAD/CAM material x surface 

treatment x cement 

4398.5 40 110.0 3.5 <0.0001 

Total 116030.1 884    
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Surface 

treatment 

Cement CAD/CAM material 

MK EMP EM EN LU 

1. Control (4000 

grit) 

Nx 9/0/0 1/0/9 10/0/0 10/0/0 10/0/0 

Pv 9/0/0 10/0/0 10/0/0 10/0/0 10/0/0 

Ru 10/0/0 5/1/4 9/0/0 10/0/0 10/0/0 

2. Polished (800 

grit) 

Nx 4/2/4 5/0/5 10/0/0 9/0/1 10/0/0 

Pv 0/10/0 8/1/1 10/0/0 8/1/1 10/0/0 

Ru 0/9/1 2/1/7 10/0/0 7/1/2 4/5/1 

3. Silane (4000 

grit) 

Nx 9/0/1 10/0/0 9/1/0 4/3/3 10/0/0 

Pv 7/2/0 7/1/1 9/0/0 8/0/0 10/0/0 

Ru 10/0/0 4/1/5 8/2/0 4/2/4 10/0/0 

4. Silane (800 

grit) 

Nx 0/2/8 1/3/6 10/0/0 3/4/3 7/2/0 

Pv 0/10/0 0/3/7 10/0/0 0/1/9 10/0/0 

Ru 0/4/6 0/3/7 6/4/0 1/2/6 1/7/2 

5. Sandblasting/ 

HF etching 

Nx 0/8/2 0/5/5 2/8/0 0/2/8 2/5/3 

Pv 0/7/3 0/2/8 1/9/0 0/5/5 3/6/1 

Ru 0/5/5 0/5/4 6/4/0 0/2/8 0/3/7 

6. Sandblasting/ 

HF etching + 

silane 

Nx 0/8/2 0/5/4 3/7/0 0/2/8 4/5/1 

Pv 0/2/8 0/3/7 0/10/0 0/1/9 2/7/0 

Ru 0/2/8 0/1/8 3/7/0 0/0/10 2/3/5 

Table 4. Number of adhesive/mixed/cohesive failures after shear testing  
in each machinable material/resin cement/surface treatment batch  

 

Cohesive failures into MK, EMP and EN produced material dust (which was 

removed before inserting the next specimen). SEM images of cohesive failures and 

fissure initiation in EMP and EN are in Figure 1. 
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Fig. 1. SEM photomicrographs of cohesive failure and initial fissure stage in EMP and EN: (A) Cohesive 
failure in EMP with 800-grit treatment. (B) EMP fragment about to be pulled. (C) Fissure in EMP with 
adhesive failure. (D) Fissure in EMP at higher magnification. (E) Cohesive failure in EN with 800-grit 

treatment. (F) Fissure in EN with mixed failure. (G) Fissure in EN at higher magnification. 

 

Mean shear bond strength of specimens without cohesive failure did not differ 

greatly from total values (Table 2, Table 5), except for the group 2–MK–Nx association 

(11.1 [4.1] MPa without cohesive failure vs. 20.6 [8.8] MPa for all 10 specimens). 
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Surface treatment Cement CAD/CAM material 

MK EMP EM EN LU 

1. Control (4000 

grit) 

Nx 4.9 (1.8) 18.4 (0) 4.3 (1.3) 8.1 (2.7) 5.7 (1.5) 

Pv 5.5 (1.8) 5.5 (2.3) 3.7 (1.2) 8.8 (3.3) 0 (0) 

Ru 6.6 (5.2) 12.4 (7.9) 4.0 (0.9) 16.3 (8.5) 13.2 (6.3) 

2. Polished (800 

grit) 

Nx 11.1 (4.1) 12.3 (4.1) 5.8 (1.3) 13.9 (4.7) 11.5 (1.7) 

Pv 14.5 (7.7) 8.2 (3.4) 4.6 (0.9) 14.5 (6.1) 5.9 (4.1) 

Ru 15.7 (4.9) 11.1 (4.1) 5.3 (2.3) 17.4 (4.0) 18.9 (5.4) 

3. Silane (4000 

grit) 

Nx 6.1 (1.8) 6.4 (2.6) 18.7 (10.5) 24.9 (7.3) 7.8 (2.3) 

Pv 6.7 (1.2) 10.3 (3.2) 12.0 (4.0) 10.5 (4.1) 2.6 (5.1) 

Ru 9.6 (6.1) 11.8 (5.8) 26.4 (7.6) 20.5 (10.4) 16.3 (5.4) 

4. Silane (800 grit) Nx - 14.8 (0) 9.4 (4.9) 19.3 (6.1) 17.6 (5.4) 

Pv 17.2 (4.7) 22.5 (5.7) 9.5 (3.4) 28.1 (0) 9.1 (3.6) 

Ru - 29.3 (0) 24.5 (5.8) 21.7 (6.0) 28.8 (4.0) 

5. Sandblasting/ 

HF etching 

Nx - - 29.9 (6.8) 35.4 (4.3) 22.1 (5.1) 

Pv - - 24.3 (3.6) 31.1 (7.1) 23.3 (4.5) 

Ru - - 30.5 (4.6) 37.4 (8.2) 26.68 (0) 

6. Sandblasting/ 

HF etching + 

silane 

Nx - - 29.9 (4.6) 30.4 (3.2) 17.8 (4.1) 

Pv - - 31.2 (3.7) 37.1 (0) 19.9 (2.4) 

Ru - - 30.8 (3.8) - 25.2 (4.7) 

Table 5. Mean (SD) shear bond strength (MPa) of cements to CAD/CAM materials  
with different surface treatments in specimens without cohesive failure. 

 

Surface roughness parameters of the 5 machinable materials in surface treatment 
groups 1 and 2 are in Table 7. Roughness was greater in group 2 (800-grit) than group 1 
(4000-grit) for all materials. Correlation of bond strength and roughness ranged from 
0.4 to 0.69 for MK, EM, EN and LU. The correlation was negative (-0.11) for EMP. 
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Material Surface treatment Ra (µm) Rq (µm) Rt (µm) Sd (%) Correlation 

MK 

Control (4000 grit) 0.014 0.039 1.07 100.04 

0.69 

Polished (800 grit) 0.077 0.181 69.56 100.14 

EMP 

Control (4000 grit) 0.039 0.069 0.6 100.07 

-0.11 

Polished (800 grit) 0.086 0.123 11.46 100.08 

EM 

Control (4000 grit) 0.015 0.041 0.48 100.04 

0.40 

Polished (800 grit) 0.128 0.172 1.46 100.21 

EN 

Control (4000 grit) 0.008 0.045 1.19 100.02 

0.40 

Polished (800 grit) 0.083 0.127 1.79 100.15 

LU 

Control (4000 grit) 0.012 0.041 0.72 100.02 

0.40 

Polished (800 grit) 0.165 0.301 71.44 100.36 

Table 7. Surface roughness parameters of the 5 polished machinable materials and correlation  
between surface roughness parameters and bond strength 

Ra: Surface roughness arithmetic average; Rq: Surface roughness quadratic average;  
Rt: Maximum height of the profile 

 

SEM images of MK, EMP, EM and LU surfaces polished (group 1) and HF-

etched (group 5) are in Figure 2. 
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Fig. 2. SEM photomicrographs of machinable material surfaces HF-etched or sandblasted on one side vs 
polished on the other side: (A) MK, (B) EMP, (C) EM and (D) UL. 
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Discussion 

This in vitro study was designed to investigate the effect of different surface 

treatments on the adhesion of 3 cements to five machinable materials for tooth 

restoration. Sandblasting/etching appears to be the key factor affecting bond strength to 

MK, EMP, EM, EN and LU materials (null hypothesis 1 is rejected). Bond strength 

exceeded 18 MPa with sandblasting/HF-etching for all 3 cements and all 5 machinable 

materials, so reliable adhesion to these materials can be expected. This finding seems to 

be commonly accepted for older MK, EMP and EM materials but has not been 

demonstrated for newer LU and EN materials. Bond strength was greater with Ru than 

with Nx and Pf cements in this study (null hypothesis 2 is rejected). The bond strength 

varied among materials (null hypothesis 3 is rejected). 

This study confirmed the major influence of the surface treatment of the intaglio 

surface in 2 aspects. First, adhesion was greater for samples polished to 800 than 4000 

grit. Although this was not significant for MK, a significant difference was observed for 

LU and EN; the difference was smaller for EMP and EM (Table 6). The major effect of 

the mechanical component can be explained by an increase in surface area that 

optimizes the chemical component of adhesion or by the influence of surface roughness, 

which allows for a micromechanical interlock. Some authors lean toward the first 

explanation [26, 30, 31], and others lean toward a greater influence of the second 

explanation. In this work, we found a positive correlation between bond strength and 

roughness of 0.40 to 0.69 for 4 materials. The correlation was slightly negative for 

EMP; properties of the polished EMP surface may be favorable to adhesion because 

bond strength values were > 13 MPa for Nx and Ru cements. Second, sandblasting or 

etching significantly increased bond strength. HF etching, by dissolving the glassy 

matrix and crystals differently, creates “Gruyere-cheese”–like cavities and undercuts in 

MK and EMP and smaller ones in EM (Figure 2). Airborne particle abrasion cleans and 

increases the surface area of polymeric materials [32]. We wanted to evaluate the 

correlation between increase in bond strength and surface roughness after etching or 

sandblasting, but the roughness created was in the micrometer range, and in undercuts 

for etching (Figure 2), so the profilometer used did not allow for correctly assessing the 

roughness. Although 2D technologies have been used in several studies [33-36], 3D 

high-resolution technologies (e.g., 3D-laser scanning microscopy [30] or focused ion 

beam) would allow for evaluating this association of roughness and adhesion. Studying 

this association and defining the ideal roughness profile for bonding each material 

would allow for adapting the machining strategies. It would also require some 

knowledge about the roughness parameters of intaglio surfaces obtained with 

contemporary machining systems used in dentistry and their burs. 
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Overall, we revealed a significant effect of silanization on samples polished to 

4000 grit. This difference was significant for EM and EN but not MK, EMP and LU 

materials. The silane is meant to increase hydrophobicity of the surface and therefore 

allow for better wettability by the cement, which is generally hydrophobic. Covalent 

bonds with hydroxy groups of the surface and methacrylic groups of the cement can 

also be expected. EM and EN surfaces could be less hydrophobic or more prone to 

forming siloxane bonds; contact angle measurements could help determine the 

mechanism. 

However, we could not demonstrate a significant effect of silanization after 

sandblasting or etching. Furthermore, bond strength values were slightly higher after 

silanization for EM and EN materials although not significantly and slightly lower for 

MK, EMP and LU materials (Table 6). The surface behavior of EM and EN may differ 

from that of MK, EMP and LU. According to manufacturer’s instructions, surface 

treatments for cementing these machined restorations are as follows: HF etching, 

silanization and optional application of a thin layer of bonding material (for luting 

composites of higher viscosity) for MK; HF etching and silanization for EMP, EM and 

EN; and 2-bar sandblasting with ≤ 50 µm alumina particles for LU. Thus, our results are 

in line with manufacturer recommendations for EM, EN and LU, but silanization of MK 

and EMP may not be required. For MK, another study found significant improvement 

with silanization in adhesion of polished specimens but no significant improvement of 

HF-etched specimens with the Vickers indenter methodology [37]. For LU, a study of a 

traditional indirect composite showed that sandblasting was mandatory and silanization 

was optional [6]. 

The silane solution we used was 1 bottle and contained ethanol and acetone as 

solvents; solvents can vary between commercial formulas. Determining whether the 

effect of silane on MK and EMP depends on solvents or conditioning in 1 or 2 bottles 

could be of interest. However, our results are consistent with those of previous studies 

[29, 38, 39]; the >1% concentration of 3-methacryloxypropyltrimethoxysilane is typical 

of dental silanes, and silane condensation was promoted by heat as recommended by 

many authors [31, 40]. 

SBS values differed between cements. Therefore, bonding mechanisms other 

than surface texture and silane application occurred. The superior adhesion of Ru could 

be explained in several ways. First, its mechanical properties may be greater; indeed, Ru 

allows for extensive cross-linking of cement monomers, thus resulting in high 

molecular-weight polymers [3]. Second, its viscosity may be lower or its fillers smaller, 

allowing for microcavity infiltration; in fact, because its fillers are larger than those of 

Pv (see Table 1), only the assumption of lower viscosity remains possible. While 

preparing specimens, Pv seemed more viscous than Nx and Ru; Nx low viscosity could 

also explain the good adhesion of Nx, which does not contain reactive groups, to EMP 
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polished surfaces. Third, the wettability of Ru could be high, for example, because of 

greater hydrophobicity, but it is supposed to be hydrophilic before it forms a 

hydrophobic matrix [3]. Finally, it could develop chemical interactions with the 

machinable materials studied. Indeed, Ru can allow for the formation of strong 

hydrogen bonds with hydroxyl groups because of its multifunctional methacrylate acid 

groups [3], but the improvement in bond strength due to silanization in polished 

specimens questions this explanation. 

The phosphate ester group in methacryloxydecyl-dihydrogen-phosphate (MDP)-

based Pv has been reported to interact with porcelain surfaces and facilitate adhesion. 

However, in this study, the bond strength values with Pv were no better than those with 

Nx. Actually, Pv is popular especially for infiltrated and polycrystalline ceramics [41, 

42]. Ru is particularly efficient for the materials used in this study [4, 12]. Another 

study showed short-term shear adhesion values more favorable for Ru than Pv; after 

thermocycling, bond strength was similar for both cements with IPS Empress but 

remained more favorable for Ru with Empress 2 [43]. The only dislodged adhesive 

failures occurred for the Pv–LU combination; another study found that bond strength 

values with an indirect composite were lower for Pv than 2 other cements [11]. 

This study showed that bond strength differed depending on the selected 

machinable material. In samples polished to 4000-grit, SBS values were greater for 

EMP and EN than LU, MK and EM. Roughness could be responsible in part for this 

result because EMP had the highest Ra value (0.039 µm) and EN the highest Rt value 

(1.31 µm). However, roughness is not sufficient to explain the results obtained for the 

samples polished to 800 grit. Other surface variables may be involved, such as pollution 

of the surface, surface energy, microstructure and crystal/matrix proportion. One could 

expect the bond strength of a machined composite to be slightly lower than that of an 

indirect composite restoration obtained in the traditional way because of higher 

conversion rates. LU bond strength was indeed the lowest in this study. Note that EN 

has no traditional equivalent. According to manufacturer’s instructions, Ru should not 

be used to cement EN inlays and onlays. However, we found that SBS values for EN 

were higher for Ru than Pv and Nx. 

Different adhesion tests have been described, the most classic being microtensile 

and shear bond strength testing. Considering the clinical significance of experiments, 

shear testing takes into account all component forces involved in the mouth (e.g., 

tension, compression). The disadvantage of this test is that it can exacerbate the 

importance of the mechanical component of adhesion. Therefore, the major effect of 

surface treatment we demonstrated may be explained largely by the test chosen. 

However, the microtensile test favors the chemical component, and one study found 

higher microtensile bond strength after HF etching than after HF etching and 
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silanization for the machinable ProCad glass ceramic [29]; this finding seems to agree 

with our results for MK and EMP. 

Finally, it would be best to use a fracture mechanic approach [44, 45]; apparent 

interfacial fracture toughness has been used [46], but microtensile samples must be 

prepared so that the cement interface can be weakened when sawing; the notchless 

triangular prism (NTP) method [47] is being used to test cement adhesion to machinable 

materials so examining SBS and NTP results will be of interest. For a leucite-reinforced 

ceramic polished to 1 µm or HF-etched, Moharamzadeh et al. found 317 and 364 J/m2 

toughness, respectively, after 24-hr aging by the chevron-notch short-rod method; this 

result is in line with our findings for EMP cemented with Nx (18.5 vs 28.7 MPa) [55]. 

Testing a machinable material–cement–machinable material rather than a 

machinable material–cement–resin composite assembly might have limited the number 

of variables of influence. This has been done in some studies evaluating materials 

obtained in the traditional way [29, 38, 39, 48]. However, obtaining such cylinders from 

machinable blocks is difficult but may be pursued to confirm our results. However, we 

found almost no failure in the composite cylinder, and in contrast to other studies 

involving cylinders made of cement [26, 28, 49, 50], the same composite material was 

used to apply the shear stress in all samples. 

We did not perform luting procedures under a constant load, and cement 

thickness may have varied among samples. The disadvantage of this technique consists 

in increased variability. However, the advantage is that we kept close to clinical 

bonding conditions, in which cement thickness is variable and the application is not 

under constant pressure. 

Many cohesive failures occurred in the materials, especially MK, EMP and EN 

materials. These testing results may be interpreted as mechanical strength of the 

materials rather than bond strength between the machinable material and luting agent. 

Scherrer et al. proposed to discard all broken specimens with cohesive failure [45]. 

However, bond strength values of specimens without cohesive failure (Table 5) were 

almost the same as overall values (Table 2). The main difference concerned the group 

2–MK–Nx association: the value without cohesive failure seemed to be more in line 

with other values. Furthermore, the clinical durability of MK and EMP is well 

documented, so cohesive failures may indicate that adhesion of the cement to these 

materials is sufficient, and retrieving results of samples with cohesive failures may 

select samples that were less well bonded. 

We did not implement artificial aging. However, several studies have shown that 

artificial aging does not necessarily alter bond strength values [4, 28, 51]. Nevertheless, 

other studies have found a significant difference [38, 44, 52, 53]. Thermocycling, the 

most commonly used technique, does not always result in lower adhesion values [44] 
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and could induce a post-polymerization of polymeric materials that would differ from 

the phenomena that occur in the mouth [43]. Testing sample fatigue would be 

interesting [52]; however, one study failed to show a significant effect of fatigue on 

shear bond strength to leucite-reinforced glass ceramic [54]. 

Our in vitro results must be confirmed by clinical studies. The current study was 

a preliminary investigation of possible results and variables that we will not be able to 

study in our randomized controlled trial comparing LU and EMP inlays and onlays 

adhesively cemented to dental tissues with an etch-and-rinse adhesive (Optibond XTR) 

and a dual-polymerizing resin cement (Nx). 

Conclusion 

In our study of the effect of different surface treatments on the adhesion of resin 

cements to tooth-colored machinable materials : 

1. Shear bond strength was most affected by sandblasting of LU and HF etching 

of MK, EMP, EM and EM materials. 

2. Silanization did not increase the bond strength of sandblasted LU or HF-

etched MK and EMP specimens. The bond strength of HF-etched EM and EN was 

increased with silanization but not significantly. 

3. The cement also influenced bond strength values. Overall, bond strength was 

greater with Ru than Pv and Nx cement. 

4. Bond strength differed between materials; we found cohesive failures with 

MK and EMP and to a lesser extent EN. 

5. Shear bond strength was positively correlated with roughness parameters for 4 

of the machinable materials evaluated. 

These conclusions need to be confirmed by durability and clinical studies. 
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Supplementary information 

For this article, we performed a systematic search of the literature. The elements 

necessary for the implementation of this review, the results of which are briefly 

presented in the introduction section of the publication, are in Appendix 19. 

In addition, we performed mechanical tests, a scanning electron microscopy 

study and a study of roughness, of which we will present the main results. 

Mechanical testing of evaluated machinable materials 

We evaluated some basic mechanical properties of the machinable materials 

evaluated in the preceding publication. 

Materials and methods 

For each machinable material, 2-mm-thick slices were obtained by cutting 14-L 

blocks for Cerec using a diamond disc in a precision cutting machine (Isomet, Buehler, 

Lake Bluff, IL, USA) at 275 rpm. The slices were ground-finished to 4000-grit silicon 

carbide metallographic abrasive paper (PSA backed Silicon carbide paper, Struers, 

Ballerup, Denmark) under water-cooling in a polishing machine (Planopol-3, Struers, 

Ballerup, Denmark). One slice of each material was gold-sputtered in a sputtering 

device. Vickers hardness was measured (MH-3, Metkon, Bursa, Turkey). Other slices 

were cut by use of the precision cutting machine, to obtain 10 bar-shaped specimens of 

each material (2 mm x 4 mm x 18 mm). Flexural strength of the materials was measured 

and adapted to accommodate bar sizes that could be sectioned from commercially 

available mill blocks. The three-point bending test was performed on the specimens 

using the universal testing machine at a cross-head speed of 1 mm/min. The flexural 

strength (FS) in MPa was calculated as: 
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where p is the load at fracture (N), L is the span length (16 mm), and b and d are 

the width and thickness, respectively, of the specimens in mm. 

Results 

The results are presented in Table 6. 

 

 MK EMP EM EN LU 

Vickers hardness 

(HV1/20) 

620.6 (34.8) 514.5 (34.9) 615.7 (14.6) 207.8 (15.8) 105.9 (3.3) 

Flexural strength 

(MPa) 

102.3 (7.1) 123.2 (15.0) 330.3 (46.3) 125.1 (12.3) 219.9 (7.1) 

Table 6. Mean Vickers hardness and flexural strength (SD) of machinable materials 

Discussion 

Our results are relatively similar to those advanced by industry (presented in 

Chapter 1). All flexural strength values are a little lower than those from the 

manufacturers, except for LU. Because the materials used throughout this work are 

from the same batch, we wanted to check that they had performances similar to those 

reported by their respective manufacturers. 

Scanning electron microscopy imaging of evaluated 
machinable materials 

Materials and methods 

Specimens that were 800-grit and 4000-grit polished were gold-sputtered in a 

sputtering device and analyzed by scanning electron microscopy (SEM) (JSM 6400, 

Jeol, Tokyo, Japan) at 15 kV to observe topographical changes of surfaces. 
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Results 

The results are presented in Figure 19. 

Discussion 

This study allowed for better understanding, by observing surface images, the 

adherence observed for the different materials polished. For samples polished to 4000-

grit, MK and EM seem to be the least rough, and their adherence is the lowest. For 

samples polished to 800-grit, the surface of EM seems less rough and its adherence is 

the lowest; surfaces of MK, EN and EMP appear rougher and their adherence values are 

the highest. EN roughness seems to be explained by its two-phase structure, whereas the 

surfaces of MK and EMP appear to have surface defects, mainly of tear-type (which 

machining grooves seem to confirm). 
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Figure 19. Surfaces polished to 800-grit (left) and 4000-grit (right) 
of machinable materials (from top to bottom: MK, EMP, EM, EN and LU). 
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Roughness evaluation of machinable materials 
evaluated 

We wanted to study the correlation between surface roughness and adherence, 

that is, quantify the contribution of the mechanical component in adhesion of 

machinable materials. 

SEM images showed that the anfractuosities created by the action of etching 

ceramics – with their cavernous geometry – would not be available to traditional 

roughness assessment techniques. However, to become familiar with these techniques 

and roughness parameters, we applied three techniques: 

1. Mechanical profilometry with a mechanical scanning microscope (Talysurf, 

Taylor Hobson) applied only on polished surfaces because the tip comes into 

contact with the material in this technique and cavernous hollows might 

therefore damage the tip (the tip used was a Vickers diamond). 

Area assessed: 1 mm2. Pitch: 2 μm. 

The results are presented in the previous publication. 

2. Profilometry with an atomic force microscope (AFM, Nano-R2, Pacific 

Nanotechnology) used in non-contact mode but still a risk of damaging the 

tip because of the crevices created by the etching of ceramics. 

Area assessed: 400 µm2. Pitch: 19.5 nm. 

- Optical profilometry by focal variation (Alicona): This technique is non-

contact, and we applied it to surfaces polished and treated with the reference 

treatment (Figure 20 and Figure 21). 

Area assessed: 0.2 mm2. Vertical resolution: up to 10 nm. 
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Figure 20. Acquisition of roughness parameters through focal variation (Alicona). 
Composite sample (Lava Ultimate) polished on its left and sandblasted on its right 

Left: 2D image acquired under the microscope with cutting axis in red. 
Right: roughness profile (from which roughness parameters are calculated) 

 

     

Figure 21. 3D representation of the different machinable materials treated with their reference surface 
treatment obtained by focal variation 

From left to right: MK, EMP, EM and LU. 

 

Roughness parameters obtained by these two techniques are in Table 7. The least 

rough surface would be for EM and the roughest would be for MK. Regarding EMP and 

LU, the results differ depending on the technique. Although MK may have among the 

highest adherence values (at least using the traditional resin cement Nx), EM did not 

have the lowest adherence values because its values were very close to those of MK. 

This finding is probably due to partial assessment of the crevices and cracks created by 

reference surface treatments because of insufficient resolution (for focal variation 

perhaps) or undercuts that are not accessible. 

 

Technique Parameter MK 

 

EMP 

 

EM 

 

LU 

 

Focal variation (µm) Ra 1.56  0.42 0.0653 1.34 

AFM (µm) Sa 0.67±0.05 0.62±0.08 0.09±0.003 0.45±0.04 

Table 7. Summary of average roughness parameters (Ra and Sa) of the machinable materials with their 
reference surface treatment obtained by focal variation or AFM, respectively. 
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Perspective 

Because traditional rugosity evaluation techniques do not allow for properly 

assessing the rugosity of HF-etched glass ceramics, we will investigate other techniques 

that may help to explore this rugosity parameter more comprehensively. 

We have tested samples for adhesion in shear after 24-hr water storage, but our 

results could be affected by the aging of samples. 

We conclude this chapter with the correlations that we could observe between 

our in vitro results and the clinical results of the CECOIA trial we are conducting. 

Adhesion and surface roughness 

Traditional methods do not allow for accurate assessment of the roughness of the 

samples treated with the reference surface treatment, mainly because these techniques 

do not explore undercuts. For samples polished to different grits, some studies have 

used a confocal microscope. However, this technology would probably also not allow 

for complete exploration of the caves created by etching ceramics, which are close to or 

smaller than 1 µm (Figure 22). 
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Figure 22. SEM imaging of the surface roughness of the different machinable materials treated with their 
reference surface treatment (Mark II [MK], Empress CAD [EMP], e.max CAD [EM], Enamic [EN]  

and Lava Ultimate [LU]) 

 

A 3D technique seems be required because undercut shapes should be imaged. 

Figure 23 shows the various 3D analysis techniques as well as their resolution. 

MK EMP 

EM EN 

LU 
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Figure 23. Resolution and sample volume analyzed with various 3D analysis techniques. 
According to Vivet [54] 

 

Because it takes at least 3 voxels in each of the three directions to view an 

object, a voxel should be < 300 nm in our case. Non-destructive X-ray micro-computed 

tomography would not image 1-µm crevices because the voxel size is at least 0.75 μm 

(with standard micro-CTs). Therefore, images must be obtained by dual-beam Focused 

Ion Beam (FIB)/SEM. This technology has the disadvantage of being destructive but the 

advantage of being 3D and having a suitable resolution (each voxel is typically a few 

nanometers) for the roughness of our surfaces. Acquisitions of samples similar to those 

used for the shear tests would provide different information, including extent of the 

surface modifications induced by surface treatments; structure of the material at the 

heart of the block (without the modifications due to sawing of the block); structure, 

geometry and surface roughness of the surface-treated machinable material; and resin 

cement penetration into the cracks. 

Adherence and aging 

In conclusion of the article, we mentioned that it would be interesting to 

compare the results obtained after 24 hr to that obtained after aging. To this end, we 

made an additional 200 samples that are currently in the oven, comprising 40 samples of 

each of the 5 machinable materials studied (MK, EMP, EM, EN and UL), cemented 

with resin cement Nx, and treated with the following surface tretments: 

- polished to 4000 grit 
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- polished to 4000 grit and silanized 

- HF-etched (MK, EMP, EM and EN) or sandblasted (UL) 

- HF-etched (MK, EMP, EM and EN) or sandblasted (UL) and silanized. 

We will apply 6-month water storage before testing these specimens, to comply 

with current reommendations [141]. We will thus better understand the aging process of 

the machinable material–resin cement interface involved in aging of inlays and onlays. 

We will especially get a better idea of the value of silane application, because some 

authors have reported that the addition of silane may lessen over time. This could be 

due to the hydrolysis of siloxane (-Si-O-Si-) bonds [142] and/or to susceptibility to 

stress corrosion and water uptake of the interface between the resin cement and the 

silane coupling agent [143]. 

In vitro adherence results and clinical CECOIA trial 
results 

Regarding the CECOIA clinical trial, the machinable materials used are LU and 

EMP, treated by sandblasting/etching and silanization, respectively, and the resin 

cement used is Nx (corresponding to batch numbers 88 and 34 of our in vitro study). 

The bond strength values for both groups after 24-hr water-storage are 18.9 (5.4) for LU 

and 30.0 (3.6) for EMP. Although bond strength was lower for LU than EMP, 

Tukey’s analysis performed on all 90 batches did not reveal a significant difference 

between these two batches at alpha risk 5%. 

One can expect the bond strength to be related to the following FDI items: 

- Item 5 (Fracture of material and retention), especially in terms of retention. 

However, because shear bond strength values are relatively high for both materials, the 

retention rate should be close to 100% and this item will probably mostly reflect 

material fractures. Actually, fractures appear to be one of the most common types of 

failures, especially for ceramic inlays and onlays (see systematic review p.36). 

- Item 13 (Tooth integrity - enamel cracks, tooth fractures). We have seen that 

adhesion strengthens the tooth-restoration assembly. Therefore, composites (LU) could 

also be less favorable than ceramics (EMP). However, because bond strength values are 

not significantly different, this item should be considered in relation to other factors 

involved in the occurrence of tooth fractures such as as the volume of residual dental 

tissues, pre-existing cracks, the thermal expansion coefficient of the material, the 

contact intensity with the antagonist, the existence of parafunctional habits or stress 

intensity due to polymerization shrinkage [139]. However, the resin cement used is the 
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same for both materials and should not differentially influence their clinical success. 

The other factors are identified in follow-up sessions or may be deduced from the 

registered data. 

These assumptions are valid for the initial clinical assessment (one week) but not 

for the clinical assessment after 2 years. To get an idea of the latter, the study of aged 

samples seems necessary. 

Finally, the FDI item 11 concerns postoperative sensitivity and tooth vitality and 

we know that the quality of adhesion greatly affects the pulp response [141]. 

Composites (LU) could, thus, be less favorable than ceramics. However, we will see in 

the conclusion that the pulp response may be mainly affected by the resin-cement 

biocompatibility. 
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Résumé du chapitre en français 

Dans le premier chapitre, nous avions vu que les propriétés adhésives des 

différents matériaux usinables permettant de réaliser des inlays-onlays avaient été peu 

étudiées. C’est pourquoi ce chapitre compare l’adhérence en cisaillement des principaux 

matériaux disponibles. Notre objectif a été d’étudier l’influence de trois paramètres sur 

l’adhérence : le traitement de surface appliqué sur l’intrados prothétique, la colle utilisée 

et le matériau usinable choisi (composite ou céramique). 6 traitements de surface ont été 

appliqués (polissage au grain 4000, polissage au grain 800, sablage/mordançage à 

l’acide fluorhydrique ; suivi ou non de l’application de silane) afin d’évaluer 

l’importance relative de la composante micromécanique et de la composante chimique 

dans l’adhérence finale. La rugosité des surfaces polies a été évaluée à l’aide d’un 

profilomètre afin d’étudier la corrélation entre rugosité de surface et adhérence. 3 colles 

duales ont été appliquées (NX3 : colle traditionnelle appliquée après un adhésif de type 

mordançage-rinçage ; Multilink Automix : colle traditionnelle appliquée après un 

adhésif automordançant ; Rely X Unicem : colle auto-adhésive). 5 matériaux usinables 

ont été évalués : Mark II, Empress CAD, e.max CAD, Enamic, Lava Ultimate. Au total, 

900 échantillons ont été réalisés et testés après stockage dans l’eau pendant 24h à 37°C. 

L’adhérence était essentiellement influencée par le traitement de surface (le 

sablage pour le composite et le mordançage à l’acide fluorhydrique pour les céramiques 

et l’Enamic augmentent significativement l’adhérence). L’application de silane, qui est 

recommandée par certains auteurs, n’augmentait pas significativement l’adhérence des 

échantillons traités par sablage ou mordançage (e.max et Enamic) voire la diminuait 

(Mark II, Empress CAD et Lava Ultimate). La colle influençait aussi l’adhérence et le 

Rely X Unicem permettait une meilleure adhérence. Les ruptures cohésives étaient 

fréquentes pour la Mark II, l’Empress CAD et l’Enamic mordancés, du fait de leur plus 

faible ténacité. Une corrélation positive entre rugosité et adhérence a été observée pour 

4 des 5 matériaux évalués. 

Outre ce travail, les propriétés mécaniques (résistance en flexion, dureté 

Vickers) et la rugosité de ces matériaux ont été évaluées. Les perspectives comprennent 

une évaluation plus précise de la rugosité des surfaces traitées, l’évaluation de 

l’adhérence après stockage dans l’eau pendant au moins 6 mois et l’étude de la 

corrélation entre les résultats observés in vitro et ceux qui seront obtenus dans le cadre 

de l’essai clinique. 
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In the first chapter, we showed that no tooth-colored machinable material fully 

meets the specifications for fabricating inlays and onlays. A compromise is necessary, 

and comparison of the different materials, including clinically, is required. This 

situation motivated this work. 

The second chapter describes a systematic review of randomized clinical trials 

comparing composite and ceramic inlays and onlays. Only two studies were selected; 

both had a high risk of bias. The quantitative synthesis of results for failures from these 

two studies showed an overall 3-year risk ratio for failure of 2 [95% confidence interval 

0.38-10.55] (p>0.05), favoring ceramic inlays. However, this trend could be reversed in 

the long term. In addition, no study has compared composite and ceramic onlays and no 

study has compared these two materials for non-vital teeth. Thus, further clinical studies 

are needed. 

In the third chapter , we first introduced the methodological tools for the design 

of such studies; we created a special tool for any investigator to choose the 

randomization method most suitable for the intended clinical trial. The trial considered 

will include 400 patients with vital or non-vital teeth to be treated by an inlay or onlay 

in order to obtain 358 patients randomized. We then obtained a budget of €237,000 and 

implemented the trial to limit bias as much as possible. More than 230 patients have 

been included so far in the 7 centers, including more than 60 in our center. We will have 

to wait until the inclusions and 2 years of follow-up are completed to analyze the 

comparative clinical effectiveness results of composite and ceramic inlays and onlays; 

we also hope to obtain funds to extend the follow-up duration. We also discuss different 

clinical studies we would be interested in conducting. 

In the fourth chapter, while waiting for the results of the clinical trial and to 

better understand them, we decided to compare the adhesion of different machinable 

composites and ceramics to produce inlays and onlays. We took this opportunity to 

study the influence of other factors that we could not assess in the clinical trial such as 

resin cement and surface treatment choice. We found that shear bond strength was most 

affected by sandblasting or hydrofluoric acid (HF) etching of the machinable material, 

that silanization did not necessarily increase the bond strength of sandblasted or HF-

etched machinable material surfaces, that the cement also influenced bond strength 

values, that bond strength differed between materials and that shear bond strength was 

positively correlated with roughness parameters for most machinable materials 

evaluated. 

In tandem with our clinical trial projects, other aspects could be studied in vitro, 

which would help better understand the clinical efficacy of the two materials and the 

results to be obtained in the trial. The differential machinability  of materials is an 
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important aspect that has been little studied. We will see in the first part of this 

conclusion which aspects of machinability we would study and why. Studying how and 

why machinable materials age is also fundamental to understanding the failures 

occurring in clinical trials and to develop new and better materials. We will discuss 

various aspects of aging that we would like to study in a second part of this 

conclusion. 
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Machinability 

As observed in the introduction, CAD/CAM production of dental restorations is 

the way of the future. However, machining causes changes in the structure and surface 

of the material, the extent and consequences of which have been little studied. Different 

research paths seem particularly interesting in terms of clinical practice. Such paths 

include better understanding the structure and surface changes resulting from machining 

the different materials depending on machining parameters, attempting to optimize the 

polishing of the upper inlay or onlay surface after machining, trying to define which 

intaglio surface roughness is desirable to reduce the risk of fracture of the restoration 

and, finally, comparing the respect of thin layers of restorations depending on material 

and machining parameters. 

Machinability and surface defects 

Milling could be responsible for the creation of surface defects or microcracks 

(see Figure 24 below). Defects are sites of initiation of cracks that secondarily develop 

into fractures [144]. One of the extensions of our work may thus involve study of 

phenomena occurring at the surface during machining and the quantification and 

classification of defects depending on the material and machining parameters (wear of 

burs, among others). 

 

  

Figure 24. Marginal ridge of a ceramic inlay made of lithium-disilicate reinforced glass-ceramic  
(e.max CAD) machined with a milling unit (MCXL CEREC, Sirona) 
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Condition of the upper surface, glazing/ 
characterization and polishing 

The condition of the upper surface is important, both in tribological (a rough 

upper surface wears out more and wears the antagonist more) and mechanical terms 

(micro-surface defects are initiation sites for fractures). Studying the effectiveness of 

maneuvers of polishing and glazing for ceramics or characterizing for composites to 

eliminate defects and machining grooves (Figure 25 and Figure 26), depending on the 

material and relevant machining parameters, would be of interest. 

 

   

Figure 25. Marginal fossa of a composite inlay (Lava Ultimate) 
Left: raw machining. Right: polished (with cups) 

  

Figure 26. Marginal ridge of a composite inlay (Lava Ultimate) 
Left: raw machining. Right: polished (with cups) 

Surface condition/roughness and fracture mechanics 

As Anusavice recommended [52] and Lohbauer did [144], we could try to 

estimate the fatigue lifetime of machinable materials depending on their surface 

roughness. We should adapt the methodology these authors used: confocal laser 

scanning microscope for surface roughness evaluation would not allow for correct 
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evaluation of the roughness of etched ceramics, and the four-point bending test they 

used to evaluate flexural strength and slow crack-growth parameters cannot be 

implemented with CAD/CAM blocks of length < 20 mm. This procedure would allow, 

as in the work of Lohbauer, to compare the results expected by these calculations to 

those observed in the CECOIA trial. 

Machinability and respecting thin layers 

Minimal invasive dentistry often requires making partial restorations of fine 

thickness, and our restorations usually have thin layers at the margins. Hence, 

comparing the respect of thin thicknesses depending on the material and machining 

parameters could also be an interesting line of research. Composites seem more 

favorable than ceramics in this aspect (Figure 27 below, Appendix 20 and Appendix 

21), which could lead to better marginal adaptation of composite inlays and onlays, in 

light also of the material wear being closer to that of the resin cement [74, 145]. 

 

  

Figure 27. Respect of thin layers during milling: proximal edge of a ceramic inlay 
(Left: Empress CAD) and the same inlay made of composite (Right: Lava Ultimate) 
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Aging 

Aging of inlays and onlays can be mechanical, tribological or chemical, among 

other types. 

Mechanical aging 

Fatigue 

To study mechanical aging, performing fatigue tests would be of interest [52]. 

Indeed, the forces applied in conventional mechanical tests are much higher than normal 

functional forces (about 10 to 40 N during chewing and swallowing, the maximum bite 

force being around 230 N) [146]. Fatigue tests were performed on extracted 

endodontically treated molars restored by machined composite (Paradigm MZ100, 3M 

Espe) or ceramic (Mark II, Vita) overlays. The survival rate after 185,000 fatigue cycles 

(force 200–1400 N) was 0% for ceramic overlays and 73% for composite overlays 

[147]. This result can be explained by the brittle behavior of ceramics [20, 96] and the 

lower elastic modulus of composites. 

This study is interesting but concerns a particular clinical situation. The behavior 

should be verified to be similar for inlay restorations and different machinable materials 

compared. The structure of Enamic (Vita) in particular is very different from that of the 

materials used so far. The cement also seems to play an important role [148]. 

Computer simulations to study the mechanical 
strength and aging of adhesively cemented 
machinable materials 

We saw that bonding enhances the mechanical strength of the inlay or onlay [36, 

38-40]; for glass ceramics in particular, fracture failure is typically initiated from the 

internal surface and resin cements may strengthen these materials by crack-bridging 

[40, 149]. Thus, conventional mechanical tests in which the materials are tested 
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independently of the cement and dental tissues fail to reveal how they will behave once 

cemented. A 3D-modelling and finite element analysis of the different partners of the 

assembly, taking into account their structure, followed by simulated fatigue of the 

assembly [150-152], could help better understand mechanical aging phenomena [52] 

occurring by the different partners and compare the biomechanical behavior of 

machined composite and ceramic inlays and onlays. This work was started by Magne 

(2D modeling of two inlay and onlay configurations on vital maxillary molars [153]), 

and our work would consist of perfecting the models and studying the impact of 

prognostic factors (pulp vitality, premolar or molar, inlay or onlay etc.) on the choice of 

the most suitable machinable material. 

Models could be controlled and calibrated using the fatigue tests and 

calculations of fatigue lifetime of machinable materials mentioned above, then using the 

results of the CECOIA clinical trial. We may also attempt to determine the optimal 

thickness of resin cement for each material, because we have seen that the cement is 

needed on biomechanical and adhesive grounds, but a minimum thickness is desirable 

in terms of biocompatibility (see Chemical aging and biocompatibility below), 

microleakage [54] and marginal aging and adaptation [154]. 

Tribologic aging 

The aging of surfaces is also an interesting aspect that could influence the choice 

of machinable material for an inlay or onlay. Several studies of materials obtained in the 

traditional way showed that aging of the upper surface was greater for composite than 

ceramic inlays and onlays [155], but the wear of the opposing enamel surface in contact 

with the inlay or onlay was higher for ceramics [156]. 

Regarding machinable materials, Mörmann recently compared the wear of 10 

machinable materials and enamel [105]. We reported the results obtained in Chapter 1 

(p. 27). These results should be enough to understand the results observed in the Cecoia 

trial: composite (Lava Ultimate) seems to wear slightly more than ceramic (Empress 

CAD), whereas ceramic should lead to increased wear of the enamel antagonist. We 

will determine whether our clinical results confirm Mörman’s in vitro results. 

The wear of restorations in the trial can be measured by traditional methods 

using replicas (e.g., the method developed by the Oral Health and Science University 

[OHUS] [69]) and we will also consider trying to obtain it from optical impressions 

and the resulting point clouds to compare measurement methods. 
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Chemical aging and biocompatibility 

Finally, chemical degradation over time could be a decisive argument in favor of 

ceramic inlays and onlays. Actually, because ceramics are oxides, they are 

fundamentally inert. This nonreactive quality provides synthetic ceramics with excellent 

biocompatibility [90]. In contrast, composites contain a resinous matrix, the conversion 

of which does not reach 100% even if the rate can exceed 80% for indirect composites 

(direct composites can approach 50%) [81].  

Although all marketed materials have passed the tests defined by ISO standards 

[157, 158], most studies conclude a certain toxicity of released monomers and 

oligomers [159]. Bisphenol A, which could be released by composites with Bis-GMA in 

their matrix, is currently under the spotlight, but other monomers and components could 

be released and show toxicity [160-162]. 

However, no study has compared the biocompatibility of the different 

machinable materials. Few studies have determined the relative areas of adhesive, 

cement and machinable material exposed in the mouth for an inlay or onlay. Thus, we 

would like to begin by determining these surfaces for a composite or a ceramic inlay or 

onlay, using the replicas made for the Cecoia trial. 

Then we would like to quantify the conversion rate of machinable materials 

containing resin and the relative monomer release of these machinable materials and 

some cements and adhesives [163]. Indeed, unbound, free monomers seem to be greatly 

responsible for the cytotoxicity of resin composites on pulp and gingival cells and may 

be implicated in the allergic potential of these materials [159]. We have already begun 

this work: Figure 28 shows the compared release of two machinable composites and 

Figure 29 shows their release compared to that of a same exposed surface of two resin 

cements. 
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Figure 28. Chromatogram of two machinable composites (  Lava Ultimate and  Enamic) 
obtained by High-performance liquid chromatography (HPLC) after 15 days. Retention times with the 

parameters used are about 0.6 min for HEMA, 0.95 min for TEGDMA, 1.35 min for UDMA and 1.7 min for 
bis GMA. The earliest peaks correspond to solutions of the stationary and mobile phases or impurities. 
Manufacturers mention the following monomers in the composition of their products: UDMA, bis-GMA, 

TEGDMA and a complex in Lava Ultimate; UDMA and TEGDMA in Enamic. 

 

 

Figure 29. Chromatogram of two machinable composites (  Lava Ultimate  Enamic) and two resin 

cements (  Nexus 3, Kerr ;  Panavia F2, Kuraray) obtained by HPLC after 15 days. The release of the 
machinable composite is almost not detectable at this scale, whereas the release of cements is very 

detectable. Manufacturers mention the following monomers in the composition of their products: HEMA in 
Nexus 3; the description is vague for Panavia. 



Conclusion 

 151 
 

The toxicity of amalgams [11] and resin composites [159] used for the direct 

technique seems increasingly obvious, and indirect partial restorations are a solution to 

reduce this toxicity while meeting the principles of tissue preservation. Such 

restorations allow for esthetic restorations and limiting the release and potential toxicity 

almost to the single cement margin. 

Moreover, new materials being developed and marketed could better meet the 

specifications of machinable restoration materials and help with more efficient and 

sustainable restorations; examples are zirconia-reinforced lithium silicate ceramics 

(Suprinity, Vita and Celtra, Dentsply/Degudent) [100] or the next generation of 

polymer-infiltrated ceramic-network composites developed by Dr. Sadoun. 

Further progress could still be made in terms of the structure or composition of 

machinable materials. In terms of structure, multi-layer blocks could better adapt to the 

dental structure composed of two hard tissues with different properties [53, 164]. In 

terms of composition, blocks or adhesive systems could benefit from incorporation of 

bio-active [165] or anti-oxidant [159] elements or functional nanoparticles [51, 166]. 

Finally, the necessary evolution toward additive CAD/CAM techniques will necessarily 

be accompanied by an evolution of materials and their properties [41]. A world of 

possibilities to treat our patients is thus opened at the intersection of adhesive partial 

restorations, science materials and dental CAD/CAM. 

We finish this report of the study of materials by emphasizing that choosing an 

effective material is necessary but not sufficient for the success and longevity of our 

inlays and onlays. Restoration longevity depends on many other factors such as the 

operator, the teaching hospital or private practice framework and time constraints faced 

by practitioners, patient clinical factors (e.g., occlusion, inlay or onlay, vital or non-vital 

tooth, caries risk and compliance) or restoration maintenance and health policies (inlays 

and onlays are poorly covered by health insurance and maintenance of restorations 

cannot be codified with the French social security). The clinical setting, which probably 

is of paramount importance, has not had the important place it deserves in this thesis, 

but the analysis of the results of the CECOIA trial should allow us to obtain a better 

idea of the relative importance of some of these factors in the success of inlays and 

onlays. Other studies, in vitro and clinical, will be needed to confirm our results and 

explore aspects that we could not study in this work. Step by step, we can improve the 

quality and longevity of our restorations and contribute to the improvement of the oral 

and general health of our patients. 
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Appendix 1. Detailed search strategies applied to 
MEDLINE, Embase and Central for the systematic 
review 

Search equations for each database included the Cochrane filter for randomized 

controlled trials, slightly modified by including the term « clinical study ». 

1. Medline search strategy: 

(composit* OR paradigm[Title/Abstract] OR Isosit[Title/Abstract] OR Coltene 

Brilliant[Title/Abstract] OR Visio-Gem[Title/Abstract] OR Concept[Title/Abstract] OR 

Artglass[Title/Abstract] OR belleGlass[Title/Abstract] OR Targis[Title/Abstract] OR 

Colombus[Title/Abstract] OR Sinfony[Title/Abstract] OR Sculpture[Title/Abstract] OR 

Cristobal[Title/Abstract] OR Herculite[Title/Abstract] OR Targis[Title/Abstract] OR 

Vectris[Title/Abstract] OR Tescera[Title/Abstract] OR Gradia[Title/Abstract]) AND 

(*ceramic* OR Empress OR emax OR e.max OR Mk II OR MkII OR Mark 

[Title/Abstract]) AND (inlay* OR onlay* OR partial coverage 

restoration*[Title/Abstract]) NOT (fixed partial denture* OR FPD* OR bridge* OR 

implant*[Title/Abstract]) 

combined with the Cochrane Search filter for randomized controlled trials 

for MEDLINE (slightly modified: « clinical study » added): 

"randomized controlled trial"[Publication Type] OR "controlled clinical 

trial"[Publication Type] OR "randomized"[Title/Abstract] OR "placebo"[Title/Abstract] 

OR "drug therapy"[MeSH Subheading] OR "randomly"[Title/Abstract] OR 

"trial"[Title/Abstract] OR "clinical study"[Title/Abstract] OR "groups"[Title/Abstract]) 

NOT "animals"[MeSH Major Topic] 

2. Embase search strategy: 

(composit*:ab OR paradigm:ab OR (Coltene NEAR/1 Brilliant):ab OR Visio-

Gem:ab OR Concept:ab OR Artglass:ab OR belleGlass:ab OR Targis:ab OR 

Colombus:ab OR Sinfony:ab OR Sculpture:ab OR Cristobal:ab OR Herculite:ab OR 
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Targis:ab OR Vectris:ab OR Tescera:ab OR Gradia:ab) AND (ceramic*:ab OR 

empress:ab OR emax:ab OR mkii:ab OR mark*:ab) AND (inlay*:ab OR onlay*:ab) 

NOT ((partial NEAR/1 denture*):ab OR fpd*:ab OR bridge*:ab OR implant*:ab) 

combined with the Cochrane Search filter for randomized controlled trials 

for EMBASE (slightly modified: « clinical study » added): 

random*:ab OR factorial*:ab OR crossover*:ab OR (cross NEAR/1 over*):ab 

OR 'cross-over':ab OR placebo*:ab OR (doubl* NEAR/1 blind*):ab OR (singl* 

NEAR/1 blind*):ab OR assign*:ab OR allocat*:ab OR volunteer*:ab OR 'crossover 

procedure' OR 'double-blind procedure' OR 'randomized controlled trial' OR 'single 

blind procedure' OR (clinical NEAR/1 study):ab NOT animal NOT nonhuman NOT 

'animal experiment' 

3. Central Search Strategy: 

#1 COMPOSITE RESINS single term (MeSH) 

#2 Paradigm or (Coltene near Brilliant) or (Visio near Gem) or Concept or 

Artglass or belleGlass or Targis or Colombus or Sinfony or Sculpture or Cristobal or 

Herculite or Targis or Vectris or Tescera or Gradia 

#3  (#1 or #2) 

#4  CERAMICS single term (MeSH) 

#5  Empress or Emax or Mkii OR Mark 

#6  (#4 or #5) 

#7  INLAYS single term (MeSH) 

#8  inlay* or onlay* 

#9  (#7 or #8) 

#10 (partial near denture*) or FPD or bridge* or implant* 

#11 (#3 AND #6 AND #9 NOT #10) 



Machinable materials for inlays and onlays: composite versus ceramics 

 166 

Appendix 2. Data extraction form for the systematic 
review 
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Appendix 3. Protocol of the systematic review 
registered in Prospero 
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systematic search 
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Record 

n° 

Selection on 

title 

Selection on 

abstract 

Comments concerning clinical studies 

 I/E Reason 

for 

exclusion 

I/

E 

Reason for 

exclusion 

N 

patients 

N 

teeth 

Follow 

up 

Material Technique Restoratio

n 

1 I  E In vitro       

2 E In vitro         

3 I  E In vitro       

4 I  E In vitro       

5 I  E In vitro       

6 E In vitro         

7 I  E In vitro       

8 E In vitro         

9 I  E In vitro/no 

follow up 

- 53 0 Ce8 CC I 

10 E In vitro         

11 E In vitro         

12 E In vitro         

13 E In vitro         

14 E In vitro         

15 E In vitro         

16 E In vitro         

17 E In vitro         
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18 E Not IO         

19 E In vitro         

20 E In vitro         

21 E In vitro         

22 E In vitro         

23 E In vitro         

24 I  E In vitro       

25 I  E Comparison: 

IO materials 

(but no 

ceramic) 

? ? 3 y. Co6 

Co7 

T ? 

26 E Not IO         

27 I  E In vitro       

28 I  I Comparison: 

IO materials 

43 80 3 y. Ce4 

Co5 

CC I 

29 E Not IO         

30 I  E In vitro       

31 I  E Comparison: 

luting agent 

34 96 6 y. Ce1 T IO 

32 I  E Comparison: 

luting agent 

39 98 51 m. Ce2 T I 

33 I  E In vitro       

34 I  E Comparison: 

luting agent 

34 96 12 y. Ce1 T IO 

35 I  E No control 20 50 4 y. Ce10 T I 

36 I  E No control 20 50 2 y. Ce10 T I 

37 E In vitro         

38 E In vitro         

39 I  E Comparison: 

IO materials 

but no 

25 80 28 m. Ce3 

Ce4 

T 

CC 

IO 
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composite 

40 I  I Comparison: 

IO 

manufacturi

ng 

73 270 2.3-5 y. Gold, 5 

Ce, 2 Co 

Mostly T, 

some CC 

I 

41 E In vitro         

42 E In vitro         

43 I  E In vitro       

44 E In vitro         

45 E In vitro         

46 E Not IO         

47 I  E No control 28 50 4 y. Ce5 CC I 

48 E Review         

49 E In vitro         

50 E In vitro         

51 E In vitro         

52 E Case 

report 

        

53 I  E In vitro       

54 I  E No follow up - 80 0 Co1, 

Ce1 

T I 

55 I  E In vitro       

56 I  I Comparison: 

IO materials 

47 94 2 y. Ce, Co T O 

57 I  E Review       

58 I  I Comparison: 

IO materials 

15 36 75 m. Ce1, 

Co4 

T I 

59 I  I Comparison: 

IO materials 

15 36 60 m. Ce1, 

Co4 

T I 

60 E In vitro         
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61 I  E Comparison: 

luting agent 

31 94 4 y. Ce1 T I 

62 I  E Comparison: 

luting agent 

16 39 6 y. Ce1 T I 

63 I  E Comparison: 

luting agent 

34 96 8 y. Ce1 T I 

64 I  E Comparison: 

luting agent 

24 57 4 y. Ce2 T I 

65 I  E Comparison: 

luting agent 

31 94 8 y. Ce1 T I 

66 I  E Comparison: 

luting agent 

34 96 4 y. Ce1   

67 I  E In vitro       

68 I  E Comparison: 

base 

material 

101 173 0 Ce6 CC I 

69 E In vitro         

70 I  E In vitro       

71 I  E No control 51 99 53 m. Co4 T I 

72 E In vitro         

73 I  E In vitro       

74 E In vitro         

75 I  E In vitro       

76 I  E In vitro       

77 I  I Comparison: 

IO materials 

45 71 3 y. Co1 

Co2 

Co3 

Ce1 

T I 

78 I  I Comparison: 

IO materials 

45 71 2 y. Co1 

Co2 

Co3 

T I 
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Ce1 

79 E In vitro         

80 I  E In vitro       

81 I  E In vitro       

82 E In vitro         

83 E In vitro         

84 I  E Not IO - 33 8 y. Cerana  - inserts 

85 I  E Comparison: 

IO materials 

but no 

composite 

20 80 5 y. Ce1 

Ce10 

Ce5 

gold 

T 

T 

CC 

T 

I 

86 I  E Comparison: 

luting agent 

25 43 18 m. Co4 T IO 

87 E In vitro         

88 I  E In vitro       

89 I  I  230 ? 2 y. Co8 

Co10 

Ce11 

Ce8 

T 

T 

T 

CC 

IO 

90 E In vitro         

91 I  E No control 108 200 10 y. Ce13 CC IO 

92 I  E Comparison: 

IO materials 

but no 

composite 

16 32 8 y. Ce7 

Ce8 

CC I 

93 I  E Comparison: 

luting agent 

31 62 4 y. Ce9 T IO 

94 I  E No control 794 2328 - Ce5 CC I 

95 E In vitro         
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96 E In vitro         

97 I  E In vitro       

98 I  E In vitro       

99 E In vitro         

100 E Not CS         

101 E In vitro         

102 E In vitro         

103 I  E In vitro       

104 E In vitro         

105 I  E In vitro       

106 I  I Comparison: 

IO materials 

45 71 3 y. Co1 

Co2 

Co3 

Ce1 

T I 

107 I  E In vitro       

108 E In vitro         

109 I  E In vitro       

110 I  E No control 390 810 17.3 m. Ce1 T IO 

111 I  E In vitro       

112 E In vitro         

113 I  E Comparison: 

luting agent 

27 66 10 y. Ce7 CC I 

114 I  E Comparison: 

luting agent 

27 66 5 y. Ce7 CC I 

115 I  E Comparison: 

luting agent 

27 66 2 y. Ce7 CC I 

116 I  E In vitro       

117 E In vitro         

118 E In vitro         
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119 E In vitro         

120 E In vitro         

121 E In vitro         

122 E In vitro         

123 I  E In vitro       

124 I  E No control 36 130 2 y. Ce1 T IO 

125 I  E Comparison: 

luting agent 

30 83 1 y. Ce1 T IO 

126 I  I Comparison: 

IO materials 

37 58 1 y. Ce5 

Co8 

Ce12 

Co9 

CC 

T 

T 

T 

I 

127 I  I Comparison: 

IO materials 

37 58 5 y.    

128 I  I Comparison: 

IO materials 

37 58 10 y.    

129 E In vitro         

130 E In vitro         

131 E In vitro         

132 E In vitro         

133 I  E Comparison: 

luting agent 

29 79 5 y. Ce1 T I 

134 I  E Comparison: 

luting agent 

50 118 6 y. Feldspat

hic ? 

  

135 I  E In vitro       

136 I  E Comparison: 

luting agent 

29 79 2 y. Ce1 T I 

137 I  E Comparison: 

IO materials 

(heat 

treatment) 

- 30 3 y. Co T I 
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Restoration: I: inlay or O: onlay or IO: inlay/onlay 

I/E: I: inclusion; E: exclusion 

Reasons of exclusion: Not IO: intervention does not involve inlays or onlays 

Follow-up: m: months, y: years 

Material: Ce: ceramics (Ce1: IPS Empress, Ce2: Cergogold, Ce3: e.max Press, 

Ce4: ProCad, Ce5: Cerec blocks, Ce6: Celay, Ce7: Vita Mk II, Ce8: Dicor, Ce9: IPS 

Empress 2, Ce10: Mirage 2 (fibre-reinforced), Ce11: Cerinate, Ce12: Vitadur N, Ce13: 

Vita MkI), Co: composite (Co1: Tetric, Co2: Blend-a-lux, Co3:Pertac-Hybrid Unifil, 

Co4: Targis, Co5: Paradigm, Co6: Admira, Co7: Grandio, Co8: Brilliant DI, Co9: 

Estilux, Co10: P-50) 

Technique: T: traditional (restoration generally made by a dental technician, else 

made by the practitioner himself), CC: CAD-CAM 

but no 

ceramic 

138 I  E In vitro       

139 I  E Comparison: 

IO materials 

but no 

ceramic 

? 345 3 y. Co ? 

Co4 

T I 

140 E In vitro         

141 I  E In vitro       

142 E In vitro          

143 I  E In vitro       

144 I  E In vitro       

145 I  E In vitro       
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Appendix 6. Record selection on the basis of the full 
text 

Study Reference 

no. 

Language I/E Reason for exclusion 

1 28 English I  

2 40 German E In fact a retrospective study: among 407 inlays that 

had been done with various materials, 260 inlays 

(made of different 9 materials) were randomly 

selected to be evaluated after 2 years (and 3 or 5 

years for the oldest inlays): “Für den statistischen 

Vergleich wurden nach dem Zufallsprinzip von 

jedem Inlay 30 Zähne ausgewählt und im 2-, 3- und 

5-Jahresvergleich ausgewertet.” 

3 56 English E No randomization reported 

4 58, 59 French E No randomization reported 

5 77, 78, 106 English E Not true randomization. In smaller cavities: 

composite randomized; in larger cavities: ceramic. 

6 90 English E Not a real clinical study since evaluations consist 

only in impressions and no clinical evaluation was 

made. Randomization is also unclear: “specimens 

were selected on a randomized basis”, but 4 inlay 

systems were used and the number of restorations 

per system varies greatly (Cerec: 120, Cerinate: 50, 

Brilliant: 30, P-50: 30). Note that one or more 

specific cements were used for each inlay system 

(total= 6 cements). 

7 126, 127, 128 English I  
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Appendix 7. Risk of bias tables 

Fasbinder trial 

 

Thordrup trial 
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Appendix 8. The HERMES program: the 3 tabs of 
the Excel interface 

A. The « Homepage » tab 
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B. The « Simulations » tab 

The "Simulations" tab is filled with the characteristics of the Cecoia trial: 358 

patients/teeth should be randomized, including an expected 50% inlays and 50% onlays, 

30% premolars and 70% molars, 80% vital teeth and 20% non vital teeth. 

 

 

C. The « Results » tab 
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Appendix 9. VBA code for the simulations. 

A. «Main » module 
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B. . « Simulation » module 
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C. « Minimisation » module 
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D. « Stratification » module 

 

 



Appendix 

 195 
 

E. « Balance » module 

 

F. « Prediction » module 
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G. « Useful functions » module 
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Appendix 10. Estimated budget of the CECOIA trial 
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Appendix 11. Appendix document submitted to the 
call for proposals (PHRC national 2011) 
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Appendix 12. Case report form (main pages) 
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Les formulaires d’évaluation à 2 ans sont identiques à ceux de l’évaluation à 1 an. 
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Appendix 13. Contract with an industry partner of 
the CECOIA trial 
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Appendix 14. Technical appendix to the contract 
with an industry partner of the CECOIA trial 
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Appendix 15. Additional document submitted to the 
committee for the protection of persons (CPP) 

Numéro d’enregistrement de la recherche : IDRC 2011-A01658-33 

Titre complet de la recherche :  

Essai randomisé multicentrique comparant la céramique et le composite dans le 

traitement des pertes de substance dentaires par inlays-onlays réalisés par CFAO : essai 

CECOIA 

Justification et analyse critique de la pertinence de la recherche :  

La prévalence de la carie dentaire dans le monde est estimée à plus de 90% des 

adultes par l’OMS. Quand la perte de substance liée à la carie est de petit volume, un soin 

simple est réalisé. Lorsque la perte de substance est importante, les praticiens ont 

l’habitude de réaliser des couronnes qui présentent l’inconvénient d’être mutilantes. Il 

existe toutefois une technique intermédiaire, les inlays-onlays (le DM étudié), de plus en 

plus employés, car très respectueux des tissus dentaires. Le métal étant rejeté par la 

population (corrosion, inesthétique, biocompatibilité), le praticien a le choix entre 2 

matériaux : le composite et la céramique. La céramique est un matériau biocompatible et 

résistant à l’usure, mais cassant. Le composite est moins cassant, mais s’use. Les études 

publiées dans la littérature ne permettent pas de choisir entre céramique et composite pour 

réaliser des inlays-onlays : défauts méthodologiques et absence d’essai clinique comparant 

ces deux matériaux. Ainsi, le choix entre inlay-onlay en composite ou en céramique varie 

en fonction des pays sans raison valable (en France, c’est souvent le composite qui est 

préféré, contrairement aux USA par exemple). 

Elle concerne de très nombreux patients et une thérapeutique moderne encore trop 

peu utilisée en France (les inlays-onlays). Aucun véritable essai clinique n’a été réalisé à ce 

sujet jusqu’à présent. Elle pourrait avoir un impact sur la longévité des restaurations 

dentaires et plus globalement sur le coût de la prise en charge des restaurations par 

l’Assurance Maladie. 

Hypothèse principale de la recherche et objectifs :  

Comparer les performances cliniques des inlays-onlays en céramique et en 

composite. 

Evaluation des bénéfices et des risques que présente la recherche, notamment les 
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  bénéfices escomptés pour les personnes qui se prêtent à la recherche et les risques 

prévisibles liés au traitement et aux procédures d'investigation de la recherche (incluant 

notamment la douleur, l'inconfort, l’atteinte à l’intégrité physique des personnes se prêtant 

à la recherche, les mesures visant à éviter et/ou prendre en charge les événements) :  

- Les patients bénéficieront d’un traitement de grande qualité (protocole opératoire, 

plateau technique et matériaux optimaux), d’un suivi régulier sur 2 ans ainsi que d’une 

compensation des contraintes de la recherche. 

- Les risques prévisibles liés au traitement pour les patients sont très faibles : 

l’inlay-onlay est un soin courant. Seuls le matériau et la technique justifient d’une 

recherche biomédicale. 

Dans le cadre de leur participation à ce projet, s’ils sont inclus puis leur dent 

randomisée, les patients peuvent bénéficier de traitements qui sont, chacun, utilisés en 

pratique habituelle. En ce qui concerne leur prise en charge, la participation à la recherche 

ne leur fait donc courir aucun risque particulier.  

Les risques encourus lors de la participation à cette recherche sont négligeables et 

sont identiques à ceux de la prothèse dentaire traditionnelle (allergie à l’un des matériaux 

utilisés, très rare ; fracture de votre dent ou de la restauration, rare ; reprise de carie, rare si 

votre hygiène bucco-dentaire est bonne ; sensibilités, rares et le plus souvent juste après le 

traitement ;…). 

Le risque de réaction allergique à un composant n’est pas totalement exclu.  

Les éléments de surveillance propres au protocole de recherche (mesure du critère 

de jugement principal avec empreintes et photographie) ne présentent que des risques 

négligeables pour les patients. 

Lors de l’empreinte sectorielle, le silicone n’est quasiment jamais avalé ou en 

quantité négligeable, une dent trop mobile pourrait éventuellement être extraite. 

Les risques encourus lors de l’empreinte optique, nécessaire pour la CFAO, sont 

quasiment nuls. 

La poudre d’Optispray, utilisée pour l’empreinte optique, peut éventuellement être 

avalée en faible quantité).En grande quantité, certains composants de la poudre d’Optispray 

peuvent provoquer une atteinte des poumons en cas d’ingestion, une irritation en cas de 

projection dans l’œil, un dessèchement ou des gerçures de la peau en cas d’exposition 

répétée et somnolence et vertiges en cas d’inhalation de vapeurs. Au vu des quantités 

utilisées et du mode d’utilisation de la poudre d’Optispray, aucune de ces complications 

n’a été rapportée à ce jour. 

Les risques encourus par les patients lors de la participation à cette recherche sont 

donc négligeables.  

Cette recherche présente un bon rapport bénéfice / risque. 
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Justifications de l'inclusion de personnes visées aux articles L. 1121-5 à L. 1121-8  

et L. 1122-1-2 du code de la santé publique (ex : mineurs, majeurs protégés etc.…) et 

procédure mise en œuvre afin d’informer et recueillir le consentement de ces personnes ou 

de leurs représentants légaux : 

Ces personnes ne seront pas incluses. 

Description des modalités de recrutement des personnes (joindre notamment tous 

les supports publicitaires utilisés pour la recherche en vue du recrutement des personnes) : 

Les investigateurs proposeront à tous leurs patients nécessitant une restauration par 

inlay-onlay et répondant aux critères d’éligibilité de participer à l’essai. Dans les salles 

d’attentes des 6 centres, une affiche permettra d’informer les patients, et des prospectus 

donneront de plus amples informations. 

Procédures d'investigations menées et différences par rapport à la prise en charge 

habituelle, le cas échéant :  

Le suivi impliquera le remplissage d’une grille d’évaluation du DM (instrument de 

la Fédération Dentaire Internationale) par l’évaluateur en présence du patient et la 

réalisation de radiographies de contrôle tous les ans (ce qui correspond à la fréquence 

habituelle du contrôle radiographique), voire de photographies endo-buccales. De plus, une 

prise d’empreintes (pour étudier l’usure du DM) sera réalisée de façon classique (comme 

c’est le cas pour la réalisation de toutes les prothèses dentaires conventionnelles) 

annuellement. 

Description des actes et/ou procédures SOIN RECHERCHE 

Préliminaires (Choix de la teinte…) x  

Préparation de la cavité x  

Empreinte optique x  

Conception assistée par ordinateur x  

Randomisation   x 

Fabrication assistée par ordinateur x  

Essai clinique de l’inlay-onlay x  

Maquillage/polissage x  

Collage  x  

Finitions et réglage de l’occlusion x  

Evaluation initiale (1 semaine à 1 mois) et  

Evaluations de suivi (à 1 an et à 2 ans) 

radiographie 

grille des critères FDI  

 

 

x 

 

 

 

x 
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Justification de l’existence ou non :  

-  d’une interdiction de participer simultanément à une autre recherche ; 

- d’une période d'exclusion pendant laquelle la participation à une autre recherche 

est interdite. 

Chaque patient est informé sur le fait que sa participation à cette recherche durera 

24 mois et que cela implique qu’il devra informer son chirurgien-dentiste de sa 

participation à une autre recherche, si celle-ci se fait en même temps que l’essai CECOIA 

 

A l’issue de la recherche, il n’y a pas de période d'exclusion pendant laquelle la 

participation à une autre recherche est interdite. 

0 

Modalités et montant de l'indemnisation des personnes se prêtant à la recherche, le 

cas échéant : 

Les inlays-onlays seront gratuits dans les CSERD (alors qu’ils coutent 

habituellement environ 300 euros après remboursement de la part sécurité sociale) et 

payants dans les cabinets dentaires (le coût est de l’ordre de 500-600 euros).  

 

Tous les patients qui seront venus à leurs 3 rendez-vous de suivis (t= 1 semaine, 1 

an, 2 ans) seront indemnisés pour ces 3 déplacements à hauteur de 100 euros. 

1 

Motifs de constitution ou non d’un comité de surveillance indépendant :  

Un comité de surveillance indépendant ne parait pas nécessaire pour cet essai, du 

fait du niveau de risque très faible encouru par les participants. 

2 

Nombre prévu de personnes à inclure dans la recherche : 400 
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Appendix 16. Information notice and consent for 
patients of the CECOIA trial 

 



Machinable materials for inlays and onlays: composite versus ceramics 

 236



Appendix 

 237 
 



Machinable materials for inlays and onlays: composite versus ceramics 

 238



Appendix 

 239 
 

 



Machinable materials for inlays and onlays: composite versus ceramics 

 240

Appendix 17. Enregistrement dans le registre 
clinicaltrials.gov 
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Appendix 18. Homepage of the cecoia.fr website 
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Appendix 19. Elements of the systematic review on 
the bond strength of five machinable esthetic 
materials to resin cements 

Search equation 

(((((bond strength*) OR ((adhe* AND MPa)))) AND ((((((Mark2 OR Mk 2 OR 

Mk2 OR mark 2 OR mkii OR mk ii OR mrakii OR mark ii OR albite*)) OR (emax cad 

OR (emax AND CAD) OR (lithium* AND *disilicate* AND ceramic*))) OR (empress 

cad OR empress cad OR (leucite* AND ceramic*))) OR enamic) OR (lava ultimate OR 

(lava AND ultimate))))) AND ((adhesive*) AND (cement* OR luting*)) 

Articles retrieved 

1: Akgungor G, Akkayan B, Gaucher H. Influence of ceramic thickness and 

polymerization mode of a resin luting agent on early bond strength and durability with a 

lithium disilicate-based ceramic system. J Prosthet Dent. 2005 Sep;94(3):234-41. 

2: Cekic I, Ergun G, Lassila LV, Vallittu PK. Ceramic-dentin bonding: effect of 

adhesive systems and light-curing units. J Adhes Dent. 2007 Feb;9(1):17-23. 

3: D'Arcangelo C, De Angelis F, D'Amario M, Zazzeroni S, Ciampoli C, Caputi 

S. The influence of luting systems on the microtensile bond strength of dentin to 

indirect resin-based composite and ceramic restorations. Oper Dent. 2009 May-

Jun;34(3):328-36. 

4: De Angelis F, Minnoni A, Vitalone LM, Carluccio F, Vadini M, Paolantonio 

M, D'Arcangelo C. Bond strength evaluation of three self-adhesive luting systems used 

for cementing composite and porcelain. Oper Dent. 2011 Nov-Dec;36(6):626-34. 

5: de Melo RM, Valandro LF, Bottino MA. Microtensile bond strength of a 

repair composite to leucite-reinforced feldspathic ceramic. Braz Dent J. 2007;18(4):314-

9. 

6: Della Bona A, Anusavice KJ, Mecholsky JJ Jr. Apparent interfacial fracture 

toughness of resin/ceramic systems. J Dent Res. 2006 Nov;85(11):1037-41. 
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7: Della Bona A, Anusavice KJ, Mecholsky JJ Jr. Failure analysis of resin 

composite bonded to ceramic. Dent Mater. 2003 Dec;19(8):693-9. 

8: Doucet S, Tavernier B, Colon P, Picard B. Adhesion between dental ceramic 

and bonding resin: quantitative evaluation by Vickers indenter methodology. Dent 

Mater. 2008 Jan;24(1):45-9. Epub 2007 Apr 10. 

9: Eminkahyagil N, Arman A, Cetinşahin A, Karabulut E. Effect of resin-

removal methods on enamel and shear bond strength of rebonded brackets. Angle 

Orthod. 2006 Mar;76(2):314-21. 

10: Ergun G, Cekic I, Lassila LV, Vallittu PK. Bonding of lithium-disilicate 

ceramic to enamel and dentin using orthotropic fiber-reinforced composite at the 

interface. Acta Odontol Scand. 2006 Oct;64(5):293-9. 

11: Fabianelli A, Pollington S, Papacchini F, Goracci C, Cantoro A, Ferrari M, 

van Noort R. The effect of different surface treatments on bond strength between leucite 

reinforced feldspathic ceramic and composite resin. J Dent. 2010 Jan;38(1):39-43. 

12: Falkensammer F, Freudenthaler J, Pseiner B, Bantleon HP. Influence of 

surface conditioning on ceramic microstructure and bracket adhesion. Eur J Orthod. 
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Information retrieved 

Ref Test Partner 1 Adhesive Cement Partner 2 Aging Bond strength 

(MPa) 

1 SBS Dentin 

(M3) 

1 Step Illusion Empress 2 10mn OR 

24h 1000TC 

13.2-15.9 

2 MTBS Dentin (M) 1 Step + Duolink IPS Empress 24h 6000TC 8.6-19.6 

3 MTBS Dentin XP Bond 

Enabond 

ED Primer 

Core X Flow 

Enacem 

Panavia 

RelyX Unicem 

Composite 

(Enamel-Plus 

HFO) 

Ceramic (Reflex, 

Wieland) 

24h 5000TC 18.29-31.39 

 

 

4.36-7.16 

4 MTBS Dentin (M) - iCem SA 

Maxcem 

RelyX Unicem 

Enacem 

Panavia F2 

Composite 

IPS Empress 

  

5 MTBS Composite 

(Z250) 

- Single Bond Leucite 

reinforced : 

Omega 900 (Vita) 

7day H2O 10.17-10.19 

6 Apparen

t 

interfaci

al 

fracture 

toughne

ss 

Composite 

(Z100) 

- - Empress 2 

 

 

Empress 1 

7 days air 

(indentatio

n) 

24h air 

HF 0.31 

S 0.13 

HFS 0.41 

HF 0.26 

S 0.23 

HFS 0.30 

7 MTBS Composite Scotchbond - Empress 1 

 

30day H2O HF 9.9 

S 27.2 
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(Z100) MPP   

Empress 2 

HFS 20.6 

HF 41.7 

S 30.1 

HFS 56.1 

8 Vickers 

indenter 

method

ology 

 One Step  Ceramic Vitapan 

3D master 

  

9 E        

10 MTBS Dentin or 

enamel (M) 

One Step + Duolink ± fiber 

reinforced 

composite 

Empress 2 6000TC  

11 MTBS Composite 
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ns 
(feldspathic, leucit
e, leucite-free, 
and fluorapatite) 
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SmartCem 2 
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5000TC+H2

O 6months 

7.23 (24h) 

 

9.47 
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Scotchbond 

MPP 
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Rely X ARC 

Vitablocs Mark II 24h  H2O 22Hf / 29HfS 
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(Tetric  n-
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- Rely X ARC e.max Press 24h  H2O 
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23.9 
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9.1 
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(Multicore 
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28 

40 

19 
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40 / 20 

40 / 27 
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single bond 

Rely X ARC IPS Empress 2 

(surfacettt + Rely 

X ceramic primer) 
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Er,Cr :YSGG 

3.6-3.8 

Polish1000 1.9 

22 MTBS Lithium-

disilicate 

ceramic 

Dentin 

(M3) 

 

 

 

manufact. 

Recomm. 

Multilink 

Panavia F 

Superbond C&B 

 Multilink 

Panavia F 

Superbond C&B 

Lithium-disilicate 

ceramic (HF4%+S) 

None / 

12000TC 

150 days 

H2O 

18 / 18 

27 / 16 

27 / 27 

no sign diff 

after aging 

23 TBS Dentin (M) Syntac TetricCeram Leucite reinforced 

ceramic inserts 

(SonicSys) 

24h  H2O 10 (pre etched 

pre silanated) 

10 (HF+S) 

24 µSBS 

(+rough

ness) 

  Variolink 2 

Linkmax HV 

Clearfil esth. cem 

Superbond C&B 

Glass ceramic 

with leucite 

crystallites 

None / 

30000TC 

 

25 SBS IPS 

Empress 2 

- Variolink 2 

 

MonobndS+Var2 

IPS Empress 2 

P=H3PO4 

24h  H2O / 

100000TC 

P14 /0,HF53/4

7,A31/0 

P65/53,HF71/
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Super Bond 

 

PorcelainLinM+SB 

HF=HF20s 

A=airabr 

61,A65/60 

P11/0,HF31/2

4,A17/0 

P36/27,HF35/

35,A35/27 

26 µSBS (cement) - Variolink 2 Empress Esthetic 

(leucite-

reinforced) 

24h  H2O HF60s-S 18 

HF40s-S 22
a
 

HF60s+unfille

d resin 25
a
 

27 E        

28 MTBS ProCad - Variolink 2 ProCad 24h  H2O H3PO4 19 

H3PO4-S 27 

HF 37.6 HFS 

34.6 

29 SBS Dentin  Variolink 2 

Panavia F2 

Multilink 

Rely X Unicem 

Maxcem 

NobelRondo 

Finesse All-Ceram 

(leucite) 

Sinfony 

(composite) 

1week H2O xxx 

30 SBS Dentin Excite DSC 

ED Primer 

Multil. A+B 

- 

- 

Variolink 2 

Panavia F2 

Multilink 

Rely X Unicem 

Maxcem 

NobelRondo 

Finesse All-Ceram 

(leucite) 

Sinfony 

(composite) 

1week H2O Cf PDF 

31 SBS Composite 

(Herculite 

XRV) 

 (RelyX ARC) 

Panavia F 

(Variolink 2) 

(Compolute) 

ReyX Unicem 

IPS Empress (HFS) 

 

IPS Empress 2 

(HFS) 

30mn / 

14days H2O 

1000TC 

P 10 / 23 

U 13 / 22 

P  7 / 10 

U 14 / 18 

 

32 Push out 

BS 

Dentin 

(M3) 

Excite Variolink 2 e.max Press 24h  H2O 17 

33 MTBS Composite 

(2 

different) 

Adhesive ? - Vita Mark II 30days  

H2O 

7000TC 

HFS 30 / 34 

34 MTBS Dentin (M) Syntac 

Syntac 

OptibSolo+ 

OptibSolo+ 

(p: pre 

curing) 

Tetric ceram 

Variolink 2 

Prodigy 

Nexus 2 

Vitablocs Mark II 

2mm / 4mm thick 

24h  H2O 16/p19/10/p17 

17/p22/14/p28 

14/p16/12/p16 

18/p22/16/p22 
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Table 8. Information retrieved from the systematic search : bond strength test used, partners of the 
assembly, aging process and bond strength results 

35 SBS (Cement) - Rely X Unicem 

Callibra 

Variolink 2 

Vita Mark II 5000TC, 

10000TC 

Cf table 

36 SBS   Variolink 2 

Nexus 

Panavia F2 

Vita Mark II 24h dry / 

+5000TC 

HF 

H3PO4 

H3PO4 

37 E SBS Metal 

bracket 

  IPS Empress 

esthetic… 

  

38 MTBS Dentin - 

 

 

 

ED Primer 

ED Primer 

Prime&bon

dNT, Excite 

Unicem 

(Maxcem, 

Monocem, 

Multilink Sprint) 

Panavia F2 

(Clearfil esthetic 

cement, Calibra, 

Variolink 2) 

Vita Mark II (HF, 

S, Heliobond) 

1week H2O 20 

 

 

 

20 

39 PBS Dentine ? 

(bovine 

incisors) 

Clearfil SE B  Z250 

Esthet-x 

  

40 MTBS (cement)  

- 

Variolink 2 

RelyX U100 

Biscem, Maxcem 

Elite 

Vita Mark II 

(no 

conditionning) / 

HFS 

Immediate, 

12000TC 

24/19TC 

23/22TC 

41 TBS Dentin  

Syntac 

 

Syntac 

RelyX Unicem 

Variolink 2 

G-Cem, ArtcemGI 

Variolink 2 

artBloc Temp 

(PMMA : no ttt / 

50µm Al2O 3 

 Vita Mark II (HF S 

Heliobond) 

Initial, 

TCL : « a » 

(6000TC, 

1.2millionF

C) 

0/a0/2.2/a1.9 

0/a0/0/a0 

 

7.3/a6.4 

42 SBS composite  ?? Leucite reinforced 

pressed (HF S) 

1week H2O 

1000TC / 

+27500FC 

 

43 TBS Enamel / 

dentine 

 Vita Cerec ? 

Panavia 21 

TF 

Vita Mark II 

(Plat 2 ceramic) 

 8.9 / 8.5 

7.5 / ? 

poor 

44 TBS Dentin 

(M3) 

ED Primer 2 Clearfil esthetic 

cement 

IPS e.max press 24h  H2O + 

6000TC 

Median 22.6 
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TC = thermocycles  FC = fatigue cycles TCL= thermomechanical cyclic loading  SCT = Schwickerath crack 
initiation test 
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Appendix 20. Machinability of different tooth-
colored materials: upper surfaces of machined inlays 

  

  

 

Figure 30. SEM images of the upper surfaces of inlays machined with a milling unit (Cérec MCXL, Sirona) 
A. MK, B. EMP, C. EM, D. EN, E. LU 
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Appendix 21. Machinability of different tooth-
colored materials: intaglio surfaces of machined 
inlays 

  

  

 

Figure 31. SEM images of the intaglio surfaces of inlays machined with a milling unit (Cerec MCXL, Sirona) 
A. MK, B. EMP, C. EM, D. EN, E. LU  

(The machining strategy in circular arcs adopted by the Cerec system is objectified, especially for LU)  


