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Chapter 1
General introduction

This chapter is based on the following paper:
Van den Breemer CR, Özcan M, Gresnigt MMM, de Kuijper M, Bakker SG, Cune MS.
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General introduction

Restoring dental tissues: indirect versus direct
Dental hard tissues, missing due to caries or trauma, can be restored using various dental materials 
in an attempt to re-establish the lost biomechanical, functional and optical features of the tooth. In 
restorative dentistry, restorations are made using either indirect or direct fabrication methods. Direct 
restorations by means of resin-based composite materials are associated with a less time consuming 
clinical workflow, namely tooth preparation is followed by providing the restoration in the mouth in 
one clinical session. On the other hand, indirect restorations require a workflow of tooth preparation, 
impression making, temporary reconstruction, laboratory fabrication and finally the permanent delivery 
of the restoration. Such restorations were traditionally made using either gold or metal-ceramic. Recent 
advances in glassy matrix and polycrystalline oxide ceramics, as well as in polymeric materials allow for 
the elimination of metals used as a base for the restoration and because of superior light dynamics 
better optical results can be offered. Depending on the amount of tissue loss and the aimed optical 
outcome, both direct and indirect restoration methods can be indicated. 

Consequences of full circumferential versus partial tooth preparation
Unfortunately, the indirect restoration methods require more reduction of tooth material in order to 
achieve optimal thickness for mechanical durability of the restoration material as opposed to the direct 
method.1 Dentists often use tooth preparation for full crowns and fixed dental prosthesis (FDP) by full 
circumferential removal of intact enamel and/or dentin (Fig. 1a-1b), which serves for macro-mechanical 
retention of the restoration.1 This yields to several biological consequences such as tooth sensitivity. 
Furthermore, particularly in deep preparations close to the pulp, loss of tooth vitality occures, needing 
root-canal treatment.2,3 Clinical studies show that 0.8-5.6% of single all-ceramic crowns and 2.8-5.9% of 
all-ceramic FDP’s suffer from endodontic complications within 5 years post-operatively.4,5

 
With the advances in adhesive technologies, restorative materials can be bonded to dental tissues 
where their survival does not rely on mechanical retention principles alone, but also on physicochemical 
interactions between the enamel/dentin-luting agent-restoration complex. Consequently, the 
conventional tooth preparation concepts for indirect restorations have changed over the years: partial 
tooth preparation became adequate for restoring the missing dental tissues (Fig. 1c) when using 
restorative materials that can be adhered to. The preparation design according to this method is less 
time consuming and mainly involves removing the caries, old restoration material and undercuts 
followed by smoothening of the tooth surface. 
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With the advances in adhesive technologies, restorative materials can be bonded to dental tissues 
where their survival does not rely on mechanical retention principles alone, but also on physicochemical 
interactions between the enamel/dentin-luting agent-restoration complex. Consequently, the 
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Figure 1a-c. Images of a) intact tooth (white = enamel, yellow = dentin), b) full circumferential tooth preparation that requires 

removal of a substantial amount of enamel and dentin. Note the complete removal of enamel. c) partial tooth preparation that 

requires less removal of sound tooth structure. Note the presence of enamel. 

While full circumferential tooth preparations can result up to 67.5% to 75.6% of tissue loss, partial tooth 
preparation yields to 5.5% to 27.2% of tissue loss, hence can be considered substantially less invasive.1 
Teeth prepared employing a partial tooth preparation method can be restored with either an inlay, 
overlay, onlay or veneer. The clinical survival of such minimal restorations in the posterior region ranges 
between 92% and 95% after 5 years,6 and 91% after ten years,6 depending on the material type. The 
most frequently reported complications are fracture/ chipping (4%), endodontic complications (3%), 
secondary caries (1%) and debonding of the restoration (1%).6

Advances in luting materials
The longevity of indirect restorations made of ceramic materials is highly dependent on the adhesive 
procedures that entails conditioning the tooth surface, conditioning of the intaglio surface of 
the restoration, the type of luting agent and the polymerization protocols.7 Both glassy matrix and 
polycrystalline ceramics require physical-chemical surface conditioning methods in order to achieve 
micromechanical retention of the resin composite to such ceramics.7 While glassy matrix ceramics are 
typically conditioned using hydrofluoric acid followed by cleaning and silanization and adhesive resin 
application,8 the polycrystalline ceramics require initial surface roughening using air-borne particle 
abrasion, silanization and the use of phosphate monomer containing resin composite when adhesion to 
the restoration material is desired.9,10 A large number of studies have dealt with this topic over the past 
decades with varying results, as a result of the chosen test method employed for assessing the adhesion 
potential of luting cements. Therefore, there exists perplexity as to which luting agent results in a 
durable adhesion for each ceramic material, which is essential for the longevity of indirect restorations. 

It also has to be noted that adhesion has two components: both to the restorative material and to 
the dental tissues, namely enamel and/or dentin. Adhesion of resin-based materials to enamel is 
well-established using 35-38% phosphoric for the removal of hydroxyapatite from enamel prisms 
selectively, yielding excellent, durable, micromechanical retention. However, durability of adhesion 
to dentin is still considered challenging due to the nature of dentin.11,12 Adhesion to dentin is more 

a) b) c)
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difficult to accomplish and is less predictable as dentin is a porous material that contains a significant 
amount of water and organic material.12 Dentin is composed of apatite crystal particles embedded 
in a proteinaceous matrix that includes type I collagen. It is intimately connected with pulpal tissues 
through numerous fluid-filled tubules.13 Under constant outward pulpal pressure, this fluid flows to the 
exposed dentin surface that is naturally moist and thus intrinsically hydrophilic. 13 The hydrophilic dentin 
definitely presents a major challenge for the interaction of modern adhesives with this substrate. For 
this reason, many dental adhesives combine hydrophilic and hydrophobic monomers in their chemical 
composition.14 While hydrophilic groups enhance the wettability to the dental hard tissues, hydrophobic 
groups interact and copolymerize with the restorative material. Consequently, the manufacturers have 
developed dentin adhesives that are compatible with humid environments. In this context, water plays 
another important role in the partial hydrolytical degradation of adhesive polymers, decreasing their 
physical properties over time. Furthermore, absorption of water at the dentin-resin interface leads to 
plasticization of the adhesive resulting in lower bond strengths.14-17 This phenomenon could potentially 
be overcome by optimal sealing and infiltration of the dentin.

Immediate Dentin Sealing (IDS)
In adhesion studies on dentin, the vast majority of the laboratory studies focused on freshly cut dentin 
but this can only represent the type of dentin encountered in direct restorations but not in indirect 
ones. In direct restorations, typically after etching or conditioning the dentin with acidic primers 
and application of adhesive resin, resin composite is directly bonded onto dentin. The adhesive 
resin infiltrates into the conditioned dentin, completely sealing the collagen, forming a hybrid layer. 
Immediate adhesive application after preparation for direct restorations results in optimal adhesive 
strength.18 This procedure is a routine step when providing direct restorations. 

In the workflow of indirect restorations, adhesive promoters are predominantly applied before luting the 
indirect restoration, referred to as “Delayed Dentin Sealing” (DDS). Thus, with the DDS method, a hybrid 
layer is created at the final stage of the luting workflow that is then subjected to immediate loading of 
the restoration (Fig. 2). However the results of this delayed application of the adhesive layer results in 
lower adhesive strength.19,20 Therefore, the IDS (Immediate Dentin Sealing) method has been proposed 
to seal the dentin immediately after tooth preparation but prior to impression taking. 11 Applying an 
adhesive resin layer directly after tooth preparation in an indirect workflow (Fig. 2) was postulated to 
protect the pulp from bacterial invasion, avoid surface contamination during the temporary phase, 
protect dentin by hybridization, reduce post-operative sensitivity, prevent water-uptake and increase 
bond strength.21

The clinical problem related to hypersensitivity is in fact multifactorial.22 Dentin exposure may 
cause bacterial diffusion and trigger a pulpal inflammatory response with subsequent formation of 
reparative dentin.23-25 In several studies, a significant correlation between microbial microleakage and 
pulpal inflammation has been demonstrated.24,26-28 In a relatively short period of time (up to 4 days), 
bacteria can infiltrate the tubules and the odontoblastic processes, collagen fibers, kinetics of tubular 
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fluid, and immunological function do not seem to be sufficient to inhibit this process.22 Prevention 
of hypersensitivity in indirect restorations could be performed by the application of adhesive resins 
(IDS).21 In addition, immediate application of the adhesive resin has the benefit of increased maturation 
before luting the indirect restoration as the tensile stress on the hybrid layer is postponed for several 
weeks.19,29,30 In laboratory studies the benefit on adhesive strength of the IDS method in comparison to 
a delayed adhesive application was demonstrated.19,30,31

Figure 2. Different workflows of Immediate (IDS) and Delayed (DDS) Dentin Sealing procedures.

Aspects of IDS 
Although the application of IDS improves the adhesive strength in different in vitro studies the application 
method is still debated. Some studies used only one adhesive bonding system while others modified the 
system by the application of two or more adhesive layers or included the use of a flowable resin layer. 
Moreover, there is no consensus to date as to which method is most suitable for optimal conditioning 
of the IDS coated dentin prior to luting the indirect ceramic restoration. Several methods have been 
recommended to clean and condition the IDS surface, such as mechanical cleaning with pumice or 
air-borne particle abrasion using alumina or silica-coated alumina particles.32 Furthermore, little is 
known on how the IDS or DDS influences the fracture strength and longevity of partial restorations. 
These questions form the backbone of this thesis.

Objectives of this thesis
The following objectives were addressed in this thesis:
1- to organize the current knowledge and the manner in which cements are used for the cementation  
 of glass-ceramics, with a particular emphasis on the benefits of IDS;
2- to evaluate the IDS application methods using different adhesive resin systems and surface   
 conditioning methods and employing different adhesion test methods in vitro;
3- to assess whether the fracture strength of ceramic and composite materials are affected by the  
 application of IDS;
4- to evaluate tooth sensitivity, patient satisfaction and clinical survival of partial posterior ceramic  
 restorations bonded employing the IDS or DDS method in a randomized clinical trial;
5- to asses the clinical performance of ceramic partial restorations with the use of IDS prospectively.
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Abstract

Aim
The aim of this comprehensive review is to systematically organize the current knowledge regarding 
the cementation of glass-ceramic materials and restorations, with an additional focus on the benefits 
of Immediate Dentin Sealing (IDS).

Materials and methods
An extensive literature search concerning the cementation of single-unit glass-ceramic posterior 
restorations was conducted in the databases of MEDLINE (Pubmed), CENTRAL (Cochrane Central 
Register of Controlled Trials) and EMBASE. To be considered for inclusion, in vitro and in vivo studies 
should compare different cementation regimes involving a “glass-ceramic/cement/human tooth” 
complex.

Results
88 studies were included in total. The in vitro data were organized according to the following topics: 
(micro) shear and (micro) tensile bond strength, fracture strength and marginal gap and integrity. For in 
vivo studies survival and quality of survival were considered.

Conclusions
In vitro studies showed that adhesive systems (3-steps, etch-and-rinse) result in the best (micro) shear 
bond strength values compared to self-adhesive and self-etch systems when luting to human dentin. The 
highest fracture strength is obtained with adhesive cements in particular. No marked clinical preference 
for one specific procedure could be demonstrated on the basis of the reviewed literature. The possible 
merits of IDS are most convincingly illustrated by the favorable microtensile bond strengths. No clinical 
studies regarding IDS were found. 
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Introduction

Bonded glass-ceramic restorations have gained popularity, particularly after new materials, bonding 
systems, cements and cementation techniques became available in recent years. Nowadays different 
ceramics are introduced for the use of posterior restorations; being either an oxide-ceramic or 
a glass-ceramic. Glass-ceramics are of special interest in this review because their silica content 
and micromechanical interlocking structure allows adhesive cementation to enamel and dentin. 
Consequently, glass-ceramic restorations can withstand tensile forces without cement failure, even if 
the preparation of the tooth is non-retentive. Since the surface treatment of feldspathic porcelain in 
19831 became available, new materials have evolved into high strength and esthetic glass-ceramics 
such as lithium disilicate. This higher strength compared to earlier glass-ceramics are reached because 
of a different firing process.2 Contemporary glass-ceramic fixed dental crowns possess good optical and 
mechanical properties, thus mimicking natural teeth to a large extent.3-5 

To ensure proper attachment of an indirect restoration, basically two aspects have to be taken into 
consideration: conditioning of the ceramic material and conditioning of the tooth substrate followed by 
cementation. The most commonly used conditioning method for the glass-ceramic surface these days 
is application of hydrofluoric acid and silanization, as reviewed by Tian et al.6 Cements are considered 
necessary to obtain durable retention of the restoration and good marginal seal, as well as maintaining 
original color and marginal outline. The first dental luting agents were water based cements like zinc 
phosphate and glass ionomer cements. With the introduction of resin cements, properties like solubility 
and adhesion improved thereby, allowing a minimally invasive preparation design.7 Contemporary resin 
cements vary in properties like viscosity, whether or not they need light curing, and whether they are 
adhesive, self-etching or self-adhesive. However these cements require some kind of conditioning 
procedure of the tooth substrate and indirect restoration. 
 
In addition, sealing of dentin tubules with a filled adhesive resin directly after tooth preparation and 
prior to (digital or analogue) impression taking is presumed to result in improved bond strength, less 
gap formation, decreased bacterial leakage and reduced dentin sensitivity.8 This procedure may be 
highly clinically relevant and was first tested in vitro by Pashley et al.9 and described in 1996 as the dual 
application of dentin bonding agents.10  Later Magne et al. referred to it as ‘Immediate Dentin Sealing’ 
(IDS).8 
 
Compared to luting with water based cements, adhesive cementation is more difficult and 
time-consuming and moisture control is more important. A clinical study showed a tendency to higher 
fracture rates among posterior compared to anterior crowns, and indirect bonded restorations in 
molars revealed higher failure rates than premolar crowns.11 Hence cementation of glass-ceramics 
in the posterior region appears clinically the most challenging and thus is of clinical relevance for 
further investigation. There is little homogeneity between studies in terms of materials, test method 
and analysis. For in vitro studies four types of testing are predominantly applied; (micro)shear bond 
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strength, (micro)tensile bond strength, fracture strength and marginal gap. The outcomes of these 
studies are of importance as this could predict the long term results of indirect restorations. 
 
A shear bond strength test evaluates the degree to which two attached specimen resist shear. A true 
shear test is difficult to perform because one of the specimen is always fixed to the test device. Instead, 
a microshear bond strength test is preferable, in which a cross-sectional area of 1mm2 is generally used 
for greater uniformity of stress distribution. This test results in more adhesive failures at the bonding 
interface instead of cohesive failures in the substrate, which is considered to be more realistic.6 
 
A tensile bond strength test is performed perpendicular to the bonded interface and is therefore 
generally adopted as the most valid bond strength test at this moment.12 However it is hard to control 
the alignment of specimen, and non-uniform stress distribution across the bonding surface occurs. 
With a microtensile test the small size of the specimen leads to a more favorable stress distribution and 
to bond failures that lie closer to their ultimate strengths.13 
 
Fracture loading, fracture resistance, load-to-failure, breaking strength and fracture strength are 
considered synonymous terms. They are used to indicate the stress at which a specimen fails by occlusal 
loading, and in the following, the term ‘fracture strength’ will be adopted. In general, restored teeth are 
progressively, occlusally loaded until fracture by means of a stainless steel ball. Fracture strength and 
fracture type are the most common outcome parameters. 
 
The marginal gap reflects the quality of marginal adaptation and is commonly studied by means of 
microleakage experiments (e.g. with dye penetration or silver staining and/or by scanning electron 
microscopy SEM), either with or without thermocycling and with or without loading in a chewing 
simulator. With conventional non-adhesive restorations the size of the marginal gap is considered of 
paramount importance for the (quality of) survival of the restoration and should be as small as possible. 
The size of the marginal gap may not be as critical when using materials that can be luted adhesively to 
the tooth substrate, such as glass-ceramics. 
 
There appears to be a plethora of materials, cements, bonding systems, and cementation techniques 
for luting glass-ceramics to posterior teeth. The aim of this systematic review is to focus on cements 
and organize the current knowledge and the manner in which cements are used for the cementation of 
glass-ceramic materials and restorations, with an additional focus on the benefits of IDS.
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Materials and methods 

Search Strategy
A comprehensive literature search was undertaken in the databases of MEDLINE (1950 – 1 January 
2015) (Pubmed), CENTRAL (1800 – 1 January 2015) (Cochrane Central Register of Controlled Trials) and 
EMBASE (1966 – 1 January 2015) by means of a combination of MeSH terms and text words. The English 
language restriction was applied and articles without an available abstract were not considered. The 
search strategy is outlined in Table 1.

Table 1. Search Strategy.

MEDLINE

((“Ceramics”[Mesh] OR ceramic*[tw]) AND (“Cementation”[Mesh] OR “Dental Cements”[Mesh] OR cementation*[tw] OR 

immediate dentin seal*[tw] OR luting[tw] OR lute[tw] OR dental adhesives[tw] OR resin coat*[tw]))  

NOT (veneer*[TI] OR posts*[TI] OR implant*[TI] OR zirconi*[TI] OR alumina[TI] OR “zirconium oxide”[Supplementary Concept]) 

NOT (“Case Reports”[Publication Type] OR “Review”[Publication type]) AND English[lang]

Run data search: January 1, 2015 (1868 results)

EMBASE

‘dental ceramics’/exp OR ceramic*:ab,ti AND (‘cementation’/exp OR ‘tooth cement’/exp OR cementation*:ab,ti OR ‘immediate 

dentin sealing’:ab,ti OR luting:ab,ti OR lute:ab,ti OR ‘dental adhesives’:ab,ti OR ‘resin coating’:ab,ti)  

NOT (veneer*:ti OR posts*:ti OR implant*:ti OR zirconi*:ti OR alumin*:ti) NOT (‘case report’/exp OR ‘review’/exp) AND[english]/lim 

Run data search: January 1, 2015 (806 results) 

COCHRANE Library (Trials) (search in ti,ab,kw)

ceramic* AND (cement* OR immediate dentin seal* OR luting OR lute OR dental adhesive* OR resin coat*) 

Run data search: January 1, 2015 (332 results)

Study Selection
Titles and abstracts of the identified publications were screened by one of the authors. Full-text 
documents were obtained for all articles meeting the inclusion criteria. Additional hand searching was 
performed by following up on the reference lists from included articles. Full text analysis to decide on 
inclusion/exclusion was subsequently performed by two reviewers  and Cohen’s Kappa was used as the 
measure of agreement. Disagreements were resolved by manner of discussion.
 
Methodological quality regarding the risk of bias in selected articles was assessed by one of the authors 
according to the criteria as set by the Cochrane Collaboration (Table 2,3,4,5 and 6). 
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Table 2. Assessment of risk of bias of included in vitro ((micro) shear bond strength) studies (n = 17) according to the Cochrane 

collaboration’s tool.  

Authors Adequate 

sequence 

generation?

Allocation 

concealment?

Blinding? Incomplete 

outcome data

Free of selective 

reporting? 

addressed?

Free of other 

bias? 

[22] UNCLEAR NA NA UNCLEAR Yes Yes

[16] UNCLEAR NA NA No Yes Yes

[27] UNCLEAR NA NA Yes Yes Yes

[25] UNCLEAR NA NA Yes No Yes

[26] UNCLEAR NA NA Yes Yes Yes

[29] UNCLEAR NA NA UNCLEAR Yes Yes

[28] UNCLEAR NA NA UNCLEAR Yes Yes

[23] UNCLEAR NA NA UNCLEAR Yes Yes

[30] UNCLEAR NA NA UNCLEAR Yes Yes

[31] UNCLEAR NA NA UNCLEAR Yes Yes

[24] UNCLEAR NA NA Yes Yes Yes

[21] UNCLEAR NA NA No Yes Yes

[20] UNCLEAR NA NA UNCLEAR Yes Yes 

[15] UNCLEAR NA NA UNCLEAR Yes Yes

[19] No NA NA Yes Yes Yes

[17] UNCLEAR NA NA Yes Yes Yes

[18] UNCLEAR NA NA Yes Yes Yes

Table 3. Assessment of risk of bias of included in vitro ((micro) tensile bond strength) studies (n = 14) according to the Cochrane 

collaboration’s tool. 

Authors Adequate 

sequence 

generation?

Allocation 

concealment?

Blinding? Incomplete 

outcome data

Free of selective 

reporting? 

addressed?

Free of other 

bias? 

[34] UNCLEAR NA NA UNCLEAR Yes Yes

[37] UNCLEAR NA NA Yes Yes No

[33] UNCLEAR NA NA Yes Yes Yes

[44] UNCLEAR NA NA UNCLEAR Yes Yes

[42] UNCLEAR NA NA Yes Yes Yes

[40] UNCLEAR NA NA UNCLEAR Yes Yes

[32] UNCLEAR NA NA UNCLEAR Yes Yes

[35] UNCLEAR NA NA Yes Yes Yes

[45] UNCLEAR NA NA UNCLEAR Yes Yes

[43] UNCLEAR NA NA UNCLEAR Yes Yes

[38] UNCLEAR NA NA Yes Yes Yes

[39] UNCLEAR NA NA Yes Yes Yes

[36] UNCLEAR NA NA Yes Yes Yes

[41] UNCLEAR NA NA UNCLEAR No Yes
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Table 4. Assessment of risk of bias of included in vitro (fracture strength) studies (n = 11) according to the Cochrane collaboration’s tool.

Authors Adequate 

sequence 

generation?

Allocation 

concealment?

Blinding? Incomplete 

outcome data

Free of selective 

reporting? 

addressed?

Free of other 

bias? 

[52] UNCLEAR NA NA UNCLEAR No Yes

[49] UNCLEAR NA NA UNCLEAR Yes Yes

[47] UNCLEAR NA NA UNCLEAR Yes Yes

[48] No NA NA UNCLEAR No Yes

[54] No NA NA UNCLEAR No Yes

[55] UNCLEAR NA NA UNCLEAR Yes Yes

[59] UNCLEAR NA NA No Yes No

[53] UNCLEAR NA NA UNCLEAR No No

[58] UNCLEAR NA NA UNCLEAR Yes Yes

[56] UNCLEAR NA NA UNCLEAR Yes Yes

[60] UNCLEAR NA NA UNCLEAR Yes Yes

In case of multiple clinical studies in which the same restorations were analyzed at different time 
intervals, leading to different publications, the study with the longest follow-up was selected for 
definitive analysis.

Inclusion criteria
Only articles about glass-ceramic materials were considered. Clinically, the focus was on single unit 
posterior restorations. Included studies should compare different cementation regimes and involve a 
“glass-ceramic/cement/human tooth”-complex. Studies regarding the benefits of IDS attracted special 
attention. Descriptive studies (e.g. technical notes), systematic reviews, case reports or studies with 
less than ten patients were excluded (Figure 1). Descriptions such as ‘selective double-bond technique’, 
‘resin coating technique’ or ‘adhesive resin liner’ were considered synonymous for IDS. 

Data extraction
The included studies were divided into in vitro and in vivo studies. For in vitro studies the data were 
organized according to the following topics: (micro) shear and (micro) tensile bond strength, fracture 
strength and finally marginal gap and integrity. For in vivo studies survival and quality of survival were 
considered. 
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Table 5. Assessment of risk of bias of included in vitro (marginal gap) studies (n = 26) according to the Cochrane collaboration’s tool.

Authors Adequate 

sequence 

generation?

Allocation 

concealment?

Blinding? Incomplete 

outcome data

Free of 

selective 

reporting? 

addressed?

Free of other 

bias? 

[72] No NA NA UNCLEAR Yes Yes

[76] UNCLEAR NA NA UNCLEAR Yes Yes

[50] UNCLEAR NA NA UNCLEAR No Yes

[79] UNCLEAR NA NA UNCLEAR Yes Yes

[74] UNCLEAR NA NA UNCLEAR Yes Yes

[73] UNCLEAR NA NA UNCLEAR Yes Yes

[71] UNCLEAR NA NA Yes Yes Yes

[63] UNCLEAR NA NA UNCLEAR Yes Yes

[78] UNCLEAR NA NA Yes Yes Yes

[77] UNCLEAR NA NA UNCLEAR No Yes

[70] UNCLEAR NA NA No Yes Yes

[62] UNCLEAR NA NA UNCLEAR No Yes

[66] UNCLEAR NA NA UNCLEAR Yes Yes

[67] UNCLEAR NA NA UNCLEAR No Yes

[80] UNCLEAR NA NA UNCLEAR Yes Yes

[75] UNCLEAR NA NA Yes UNCLEAR Yes

[57] UNCLEAR NA NA Yes UNCLEAR Yes

[82] UNCLEAR NA NA Yes Yes Yes

[46] UNCLEAR NA NA No Yes Yes

[65] UNCLEAR NA NA UNCLEAR No Yes

[61] UNCLEAR NA NA Yes No Yes

[51] UNCLEAR NA NA UNCLEAR Yes Yes

[64] UNCLEAR NA NA UNCLEAR No Yes

[81] UNCLEAR NA NA UNCLEAR Yes Yes

[68] UNCLEAR NA NA Yes No Yes

[69] UNCLEAR NA NA Yes Yes Yes



2

Cementation of glass-ceramic posterior restorations: A systematic review | 27

Table 6. Assessment of risk of bias of included In vivo studies (n = 20) according to the Cochrane collaboration’s tool. 

Authors Adequate 

sequence 

generation?

Allocation 

concealment?

Blinding? Incomplete 

outcome data

Free of 

selective 

reporting? 

addressed?

Free of other 

bias? 

[83] UNCLEAR UNCLEAR UNCLEAR Yes Yes Yes

[99] UNCLEAR UNCLEAR UNCLEAR Yes No Yes

[94] No UNCLEAR UNCLEAR No No No

[93] UNCLEAR UNCLEAR UNCLEAR Yes Yes Yes

[101] UNCLEAR UNCLEAR UNCLEAR Yes No Yes

[91] UNCLEAR UNCLEAR UNCLEAR Yes Yes Yes

[87] UNCLEAR UNCLEAR UNCLEAR Yes No No

[89] UNCLEAR UNCLEAR UNCLEAR Yes No No

[97] UNCLEAR UNCLEAR UNCLEAR Yes Yes Yes

[98] UNCLEAR UNCLEAR UNCLEAR Yes Yes Yes

[92] UNCLEAR UNCLEAR UNCLEAR Yes Yes Yes

[84] UNCLEAR UNCLEAR UNCLEAR Yes Yes Yes

[88] UNCLEAR UNCLEAR UNCLEAR Yes No Yes

[102] UNCLEAR UNCLEAR UNCLEAR Yes No Yes

[100] Yes UNCLEAR Yes Yes Yes Yes

[95] UNCLEAR UNCLEAR UNCLEAR UNCLEAR No No

[96] UNCLEAR UNCLEAR UNCLEAR Yes No Yes

[86] UNCLEAR UNCLEAR UNCLEAR Yes Yes No

[85] UNCLEAR Yes UNCLEAR Yes Yes Yes

[90] UNCLEAR Yes UNCLEAR Yes Yes Yes

Results

The searches of MEDLINE (Pubmed), CENTRAL (Cochrane Central Register of Controlled Trials) and 
EMBASE resulted in 3008 publications. After exclusion of double publications, 2117 publications 
remained for title and abstract analysis. 1121 articles were hereafter included for full-text analysis. Only 
a limited additional number of publications was found after checking the references of the included 
studies. Application of specified exclusion criteria resulted in 88 publications that could be included in 
the review. The exclusion criteria are described in Figure 1.
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Identified articles (n = 3008)

MEDLINE search n = 1868

EMBASE search n = 806

COCHRANE search n = 332

HAND search n = 2

Included for title and abstract 

analysis (n = 2117)

Included for full text analysis

(n = 1121)

Included for data analysis (n = 88)

*In vivo: n = 20

*Fracture Strength: n = 11

(+3 double in MG / +1 double in TS n = 15)

*Marginal gap: n = 26

*(Micro) Tensile strength: n = 14

(+1 double in MG n = 15)

*(Micro) Shear Bond strength: n = 17

Excluded articles based on specific criteria (n = 1033)

Not a “glass-ceramic/cement/human tooth”- complex / Not a single restoration n = 443

Not cementation as examined variable / results not specified for each cement n = 184

Not intended outcome measure n = 303

Systematic review / descriptive study of letter n = 48

Anterior tooth or tooth number not specified n = 33

Case report or n ≤10 n = 3 

Same research population / Study retracted n = 16

Not full text available in library n = 3 

Title and abstract excluded (n = 996)

Double articles excluded (n = 891)

Figure 1. Algorithm of study selection procedure.

Interobserver agreement (Cohen’s kappa) regarding final in- or exclusion of studies that were proposed 
after full text analysis was 0.80 (IBM SPSS 22), which is generally considered to be a strong level of 
agreement.14 Initial disagreements were generally caused by ambiguities in the study design or the 
characterization of materials used.

The included studies were assessed for their risk of bias according to the Cochrane library (Table 2,3,4,5 
and 6). Assessment of allocation concealment and blinding of participants, personnel and outcome 
assessors for included in vitro studies proved difficult and hardly ever applicable. Sequence generation 
and incomplete outcome data for in vitro studies are not explained in most cases but just named. 
Assessment ‘unclear’ on incomplete outcome data generally implies that no missing data were reported. 
Most studies in this review did not report sequence generation, for in vitro studies the relevance of this 
can be subject of debate. For in vivo studies sequence generation, allocation concealment and blinding 
were often assessed as ‘unclear’, because studies often did not describe these procedures. Overall 
the included studies had a low risk of bias. More specifically; a low risk of bias was assessed for shear 
bond strength studies, for tensile strength studies and marginal gap studies. An unclear risk of bias was 
assessed for fracture strength studies and in vivo studies. 
 
Because of their great variety it is important to divide contemporary resin cements in subgroups 
regarding their curing type, their viscosity and whether they are either adhesive (with a 3-step adhesive), 
self-etching (with a 2-step or 1-step adhesive) or self-adhesive. This terminology is not used consistently 
in literature. An overview is presented in Figure 2. 
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Figure 2. Choices in commonly used resin composite cements. 

Cements that are named in this study will be specified as one of these three types, which usually 
depends on the adhesive used. Cement and adhesive system brand names, manufacturers, city and 
countries of origin are presented in Table 7. 

Dual–cure cement

Panavia F2.0 

Variolink II 

Nexus-High

RelyX ARC 

Light–cure cement

Dyract

RelyX Veneer 

 

High-viscous cement

Variolink Ultra 

Microfil Pointic C 

Cerec Duo Cement 

Spectrum-TPH

Low-viscous cement

Variolink II 

Nexus-High

Adhesive cement (3-step)

*With a 3-step adhesive (1:etch,

2:primer, 3: bonding)

Variolink II / Syntac 

RelyX ARC 

Self-etching cement (2–step)
*With a 2-step adhesive (1:etch + primer

and 2:bonding or 1:etch and 2: primer +

bonding)

*With a 1-step adhesive (1: etch + primer +

bonding)

Variolink II / Excite DSC 

Panavia F2.0 

Multilink (Automix) 

Clearfil Esthetic Cement 

Duolink

RelyX Unicem 

Nexus 2 

Self-adhesive cement (1-step)

Maxcem (Elite) 

Multilink Sprint 

RelyX Unicem 

G-Cem

iCem

Monocem

Chemical–cure cement 
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Table 7. Cement and adhesive system brand names, manufacturers, city and countries of origin.

Adapter SingleBond 2, 3M ESPE, Seefeld, Germany

All-Bond 2, Bisco Inc., Schaumburg, IL, USA

Authentic, Ceranay, Stuttgart, Germany

Aquacem, Dentsply deTrey, Konstanz, Germany

Biomer, Dentsply Caulk, Milford, DE, USA

Cavex Clearfil F2, Cavex, Norden, Germany 

Cergo, DeguDent, Hanau, Germany

Cergogold, DeguDent, Hanau, Germany

Chemiace II, Sun Medical, Moriyama City, Japan

Clearfil Esthetic Cement, Kuraray, Tokyo, Japan

Clearfil Protect Bond, Kuraray, Tokyo, Japan

Clearfil SA, Kuraray, Tokyo, Japan

DeTrey Zinc, Dentsply deTrey, Konstanz, Germany

Definite Multibond primer, DeguDent, Hanau, Germany

Definite cement, DeguDent, Hanau, Germany

Dicor cement, Dentsply, York, PA, USA

Dicor LAC, Dentsply deTrey, Konstanz, Germany

Ducere LFC, Ducere, Rosbach, Germany

Duo-Link, Bisco Inc., Schaumburg, IL, USA

Dycal, Dentsply Caulk, Milford, DE, USA

Dyract-Cem, Dentsply DeTrey, Konstanz, Germany

ED Primer II, Kuraray, Tokyo, Japan

Enforce, Dentsply, São Paulo, Brazil

Excite (DSC), Ivoclar Vivadent, Schaan, Liechtenstein

Finesse, Dentsply Ceramco, Burlington, NJ, USA

Fleck’s, Mizzy Inc, Cherry Hill, USA

Fuji I, GC Corp., Tokyo, Japan

Fuji Plus (F), GC Corp., Tokyo, Japan

G-Cem, GC Corp., Tokyo, Japan

Geristore, Dent-Mat, Santa Maria, USA

GC Fuji Cem, GC Corp., Tokyo, Japan

Go!, 3M ESPE, Seefeld, Germany

Harvard, Richter-Hoffman, Berlin, Germany

Harvard cement, Harvard Dental, Berlin, Germany

iCem, Hereaus Kulzer, Hanau, Germany

Illusion Universal Cementation System, Bisco Dental products, 

Richmond, BC, Canada

IPS E.max Press, Ivoclar Vivadent, Schaan, Liechtenstein

IPS Empress (I) (II), Ivoclar Vivadent, Schaan, Liechtenstein

Ketac-Cem, 3M ESPE, , St. Paul, MN, USA

Linerbond 2V, Kuraray, Osaka, Japan

Metabond, Sun Medical, Moriyama City, Japan 

Maxcem, Kerr-Hawe, Orange, CA, USA

Microfil Pontic C, Hereaus Kulzer, Hanau, Germany

Mirage, Chameolon Dental, Kansas City, KA, USA

Mirage ABC, Chameolon Dental, Kansas City, KA, USA

Mirage FLC, Chameolon Dental, Kansas City, KA, USA

Multilink (Automix), Ivoclar Vivadent, Schaan, Liechtenstein

Multilink primer, Ivoclar Vivadent, Schaan, Liechtenstein

Multilink Sprint, Ivoclar Vivadent, Schaan, Liechtenstein

Nexus, Kerr Corp, Orange, CA, USA

Nexus 2, Kerr Corp, Orange, CA, USA

Nexus 3, Kerr Corp, Orange, CA, USA

Nexus-High, Kerr Corp, Orange, CA, USA

Noritake Super porcelain, Noritake Dental Supply Co. Ltd., Nagoya, Japan

One Coat Bond, Coltene/Whaledent AG, Altstätten, Switzerland 

Optibond FL, Kerr Corporation, Orange, United States

Panavia 21, Kuraray, Osaka, Japan

Panavia F2.0, Kuraray, Osaka, Japan

Panavia F, Kuraray, Osaka, Japan

Protect Liner F, Kuraray, Osaka, Japan

Prodigy, Kerr Corp., Orange, CA, USA

RelyX ARC, 3M ESPE, St. Paul, MN, USA

RelyX Veneer, 3M ESPE, St. Paul, MN, USA

RelyX Unicem (Clicker), 3M ESPE, St. Paul, MN, USA

Single Bond, 3M ESPE, Seefeld, Germany

Self-etching primer A+B, Ivoclar Vivadent, Schaan, Liechtenstein

SmartCEem 2, Dentsply Caulk, Milford, DE, USA

Spectrum-TPH, Dentsply Caulk, PA, USA

SpeedCEM, Ivoclar Vivadent AG, Schaan, Liechtenstein

Super-Bond C&B, Sun Medical, Moriyama City, Japan

Super porcelain EX-3, Noritake Kizai Co., Ltd., Nagoya, Japan

Syntac (classic), Ivoclar Vivadent, Schaan, Liechtenstein

Temp Bond, Kerr, Corporation, Orange, United States

Tetric flow, Ivoclar Vivadent, Schaan, Liechtenstein

Universal glass ionomer, Super Dent, Westbury, NY, USA

Variolink II, Ivoclar Vivadent, Schaan, Liechtenstein

Variolink II base, Ivoclar Vivadent, Schaan, Liechtenstein

Variolink II refill, Ivoclar Vivadent, Schaan, Liechtenstein

Variolink II Ultra, Ivoclar Vivadent, Schaan, Liechtenstein

Vitadur Alpha, Vita, Vita, Bad Sächingen, Germany

Vita Cerec Duo Cement, Coltene/Whaledent AG, Altstätten, Switzerland 
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Generally, different cement brands, cement types or cementation techniques were compared in the 
included studies (e.g. water based cements among which are zinc phosphate (Harvard); polycarboxylate 
cement (Harvard); glass ionomer (Fuji I; Ketac-Cem; Dyract-Cem) and resin cements (Panavia 2; RelyX 
Unicem; Multilink; MaxCem; G-Cem; Prodigy; Nexus; Vita Cerec Duo Cement and Clearfil Esthetic 
cement) in combination with several brands of glass-ceramic restorations.

1.1 In vitro studies
1.1.1 (Micro) Shear bond strength (n=17 studies)
Seventeen studies could be identified that met the inclusion criteria, their risk of bias is overviewed in 
Table 2.
 
In only one study different groups of luting agents were used and the authors concluded that zinc 
phosphate cement and glass ionomer cements produced the lowest shear bond strengths, whereas the 
highest shear bond strengths were found with two self-etching cements (Panavia F2.0 and Multilink) 
and one self-adhesive resin cement (RelyX Unicem).15 
 
Several studies16-22 (n=7) compared different resin cements in a shear bond strength test. Adhesive 
cements produced significantly higher shear bond strength values to dentin.16,17 When comparing 
self-adhesive cements with self-etching cements, the self-etching cements showed the highest bond 
strengths to dentin.18 To enamel a self-etching cement (Variolink II /Excite DSC) produced better results 
compared to another self-etching cement (Clearfil Esthetic cement/ ED primer II).19 When different 
self-etch resin cements were compared Duo-Link showed the highest bond strength, followed by 
Variolink II (with Excite DSC) and Nexus 2 showed the lowest.20 To dentin and enamel the adhesive 
cement Variolink II and the self-etch cement Panavia F2.0 showed the highest shear bond strengths, 
with Variolink II reaching the highest values.21 In another study a similar conclusion was reached, but 
with no difference between Panavia F2.0 and Variolink II.22 
 
Others, using a push-out test, concluded that an adhesive cement (Variolink II / Syntac) did not perform 
better than three self-adhesive cements.23 To enamel three different self-etching resin cements with 
different setting modes (dual-cure, light-cure, flow) were compared in a microshear bond strength test, 
no significant differences were seen.24 
 
Four studies25-28 focused specifically on the presumed benefits of IDS compared to Delayed Dentin 
Sealing (DDS). In two studies different dentin adhesives acted as an IDS and the authors concluded 
that they did not alter the retentive strength of adhesively luted ceramic restorations using either of 
the tested bonding systems.25,26 Two other studies concluded that IDS using Clearfil SE Bond resulted in 
improved shear bond strength compared to DDS.27,28 
 
The application of fluoride- or triclosan based desensitizing agents prior to adhesive cementation did 
not influence the shear bond strength29, nor did laser- etching of the dentin compared to a self-etch 
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(Clearfil Esthetic) and an etch-and-rinse cementation procedure (Variolink II).30 Application of a silane 
coupling agent to the ceramic surface after etching with hydrofluoric acid increases the shear bond 
strength.31 
 
In summary, some evidence supports the use of adhesive cement with respect to the shear bond 
strength compared to self-adhesive and self-etch systems when luting all ceramic materials to human 
dentin. There is little evidence to support the assumption that IDS improves the shear bond strength 
especially when Clearfil SE Bond was used. 

1.1.2 (Micro) Tensile Bond Strength (n=15 studies)
Fifteen articles could be included investigating the effect of different cements on glass-ceramic 
restorative materials with a (micro) tensile bond strength test, their risk of bias is overviewed in Table 3.
 
When comparing different cement groups, glass ionomer cement (Aquacem) yielded far lower 
tensile bonding strengths (2-3 times) compared to a self-etch resin cement (Dicor LAC). 32 In studies 
comparing different resin cements results were opposite or similar about which cement, self-etching 
or self-adhesive, resulted in the highest tensile bond strength33-35 or obtained similar results for each 
cement, be it adhesive, self-etching or self-adhesive.36 Values were still worse than those obtained 
using adhesive luting agents37,38 (personal communication). But in another study this was contradicted 
because the self-etching cement did better than the adhesive cement.39 When a less commonly used 
self-etching adhesive system (Super Bond C&B) was used, a higher tensile bond strength was obtained 
compared to two other self-etching cements.40  
 
It was hypothesized that the tensile bonding strength is not so much dependent on the type of adhesive 
approach, but more so on the chemical composition and viscosity of the cement used. Interestingly, 
the use of self-etch adhesive combined with a restorative composite (Clearfil SE bond with Clearfil 
APX) yielded higher tensile bond stresses to dentin than dedicated self-adhesive, self-etch and adhesive 
cements.39 But no such difference was found when the same material (Clearfil APX) was used with 
another bonding system (Linerbond 2V).41 
 
Overall, auto-cure lead to a lower microtensile bond strength when compared to dual-cure cement 
modes.42,43 Precuring of the adhesive layer increased tensile bond strengths.43 As before, tensile bond 
strengths were also higher for enamel than for dentin, i.e. in a study by Habekost et al.44 The effect of 
IDS on microtensile bond strength was tested in two studies. An IDS layer (one or two resin coatings) 
applied directly after preparation yielded higher values compared to applying it just prior to cementation 
or not at all. No temporary restorations were made.45,46 
 
In summary, no one particular cement or adhesive system, be it self-etching, self-adhesive or adhesive 
showed overall superior results with respect to (micro) tensile bond strength. IDS improved microtensile 
bond strength in both included studies.
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1.1.3 Fracture strength (n=15 studies)  
Fifteen studies could be identified that met the inclusion criteria, their risk of bias is overviewed in Table 
4. Seven studies47-53 examined the effect of different cement groups like zinc phosphate, glass ionomer 
or resin cements. Regardless of the preparation type, specimens with crowns that were adhesively 
cemented were stronger upon occlusal loading than those with conventionally cemented crowns.47 
Several other researchers came to a similar conclusion: zinc phosphate cements were associated with 
the lowest fracture loads 48  and adhesive cements increased fracture load significantly compared to glass 
ionomer and zinc-phosphate cement. 49,50 When comparing two self-adhesive cements with an adhesive 
cement and a glass ionomer cement, the self-adhesive cement (RelyX Unicem) revealed the highest 
fracture strength. 51 In one study the authors concluded that the cement type had no statistical significant 
effect on fracture resistance within the ceramic system52 and in another study there were no differences 
found in fracture strength between glass ionomer, zinc phosphate and composite resin cements.53  
 
Seven studies44,54-59 were included that examined the performance of different resins cements. Different 
variations of dentin bonding agents and resin luting materials were tested (1: Mirage ABC and Mirage 
FLC; 2: Metabond; 3: All-bond 2 and Duolink; 4: Scotchbond multipurpose and 3M indirect porcelain 
bonding kit; 5: Mirage ABC and 3M Indirect porcelain bonding kit). Mirage porcelain crowns were luted 
to premolars. The last two groups produced higher fracture strengths than the other three, suggesting 
that 3M indirect bonding kit was of significant influence.54 In a study comparing two-different dual-cure 
resin cements, it was unclear which adhesive system was used for each cement so the cements cannot 
be considered adhesive, self-etching or self-adhesive. The authors hypothesize that cements with a 
higher flexural modulus exhibit higher values of fracture resistance for the ceramic/tooth assembly.55 
Others also suggest that the modulus of elasticity or the preparation design may be of larger influence 
than the adhesiveness of resin cements.44,56 In one study the authors concluded that the cement type 
had a significant effect on fatigue resistance in favor of the self-etching Panavia F257 , but other authors 
concluded Panavia F did the poorest, compared to other dual-cured resin cements.58 When comparing 
a dual-cure cement (RelyX ARC) with a light-cure cement (RelyX Veneer), no significant differences in 
loads at failure between the tested cement group 59 were seen.
 
One study described the effect of the thickness of IDS materials (Clearfil SE Bond and Protect Liner F) on 
the fracture strength of IPS Empress II crowns cemented with Panavia F. The film thickness formed by 
Clearfil SE Bond and Protect Liner F increased the fracture load of IPS Empress II crowns.60  
 
In summary, teeth that are restored with an indirect glass-ceramic restoration, with respect to in 
vitro fracture strength of posterior adhesively cemented specimen, exhibit higher fracture strength 
with adhesive cements. Literature is inconclusive about the type of resin cement used. The modulus 
of elasticity is considered more important that the type of resin cement. There are no data found in 
the literature on fracture strength using contemporary glass-ceramics, such as lithium disilicate. So, 
extrapolation of the findings to current materials and cementation protocols should only be done with 
great reservations. Little evidence supports the use of IDS in increasing the fracture load.60 
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1.1.4 Marginal gap and marginal integrity (n=26 studies) 
Twenty-six studies could be identified that met the inclusion criteria, their risk of bias is overviewed 
in Table 5. The effect of different viscosities was given special attention by several authors. The in 
vitro studies focusing on marginal gap and marginal integrity are too numerous to allow for individual 
discussion. Therefore the relevant findings evolving from these studies are outlined underneath.
 
A consistent finding is that the least microleakage and the best marginal adaptation is obtained when 
using a resin cement.50,61-64 These cements are also the least affected by artificial ageing. A glass ionomer 
cement exhibited a considerable drop in marginal adaptation after thermocycling, and such a finding 
seems relevant to clinical practice.51 
 
Four studies65-68 focused on the effect of resin cements with different viscosities on marginal adaptation 
when luting a glass-ceramic restoration. The degree of viscosity was generally referred to as ‘high’ 
(e.g. Variolink Ultra; Microfil Pontic C; Cerec Duo cement; Spectrum-TPH) or ‘low’ (e.g. Variolink II; 
Nexus-High), without further physical description of the terms ‘high’ or ‘low’. Both the initial size of the 
gap and the viscous properties of the luting agent were found to influence the final marginal (and also 
internal) gap width and marginal integrity. For relatively small discrepancies between the outline of the 
preparation and the margin of the restoration, low and high viscous cements result in similar interface 
widths after cementation.65 Highly viscous cement is recommended for restorations with a larger luting 
space.66,67 Even luting spaces greater than 100µm can be partially compensated by a resin cement. In 
such cases highly viscous, filled composite cements are recommended when considering the quality of 
post-cementation marginal integrity.68 
 
When applying resin cements, the degree of microleakage is generally higher on dentin margins than on 
enamel margins.57,69-75 Cement systems involving an etch and rinse approach result in higher percentages 
of gap-free margins in enamel than other luting systems, although in one study no difference was found 
between the etch and rinse cement (Panavia F2.0) and a self-adhesive resin cement (RelyX Unicem).76 
However, self-etch adhesives and self-etch cements are also capable of sealing dentin tubules 77-79 or 
were even considered superior to the etch-and-rinse approach regarding this aspect. 80  

In a study involving the cementation of partial crowns, preparation design was of no influence with 
respect to the size of the marginal gap.63 Five studies46,75,80-82 investigated the potential benefit of an IDS 
on the marginal gap. A temporary restoration was provided in only one of the studies.80 In two studies 
the flowable composite extended to the cervical margin,75,81 whereas in the other studies contamination 
of the margin with resin material was avoided,80,82 which seems a relevant difference when looking at 
marginal adaptation. In most studies, less microleakage was seen when applying IDS compared to no 
IDS.75,80-82 However, one study found little difference in reducing microleakage at the dentin interface 
and even increased it at the enamel interface.46 
 
In summary, adhesive resin cements showed the least microleakage and are least affected by artificial 



2

Cementation of glass-ceramic posterior restorations: A systematic review | 35

aging. With a large marginal gap a highly viscous cement is recommended, when the gap is smaller 
(without specification of ‘small’ and ‘large’) there is no advantage but also no disadvantage of using 
a highly viscous cement. Compared to enamel, there was generally more microleakage in dentin. 
There was little proof that with etch-and-rinse systems a higher percentage of gap-free margins could 
be obtained in enamel, compared to dentin. With self-etching systems and self-adhesive systems 
equivalent or even more gap-free margins were reached in dentin. IDS was generally considered of 
merit in reducing microleakage.

1.2 In vivo studies (n=20 studies)
There were twenty clinical studies on glass-ceramic restorations comparing different cementation 
protocols, but protocols and materials were seldom similar among different studies. Their risk of bias 
is overviewed in Table 6. Clinical performance is described as survival or success, often with additional 
qualitative measures such as USHPS-criteria (United States Public Health Services criteria) and 
CDA-criteria (California Dental Association criteria).
 
Mirage fired feldspathic restorations were luted with either a dual cure composite (Mirage) or a glass 
ionomer luting cement (Fuji I), resulting in 2% and 15% lost or fractured restorations, respectively, after 
a maximum observation period of 3 years. The predominant complication was adhesive bond failure 
at the cement-porcelain interface83 as also concluded by others.84 Clinically, good marginal adaptation 
and marginal seal and consequently little marginal discoloration, as well as good wear resistance were 
observed, as expressed according to the USHPS criteria. No difference was seen in the cementation 
procedure. Marginal breakdown of this type of restoration cement with glass ionomer was also seen in 
a different study.85  
 
In another, similar study restorations could be evaluated after 6 years with 12% and 26% failures 
respectively. The difference was already obvious at the 3-year recall period.86 In contrast to the former 
study, a deterioration of qualitative parameters was seen during the initial 3 years when judged 
according to USPHS-criteria regarding marginal adaptation and surface roughness for the dual-cure 
cement group, and even more so for the glass ionomer group. The use of a light-cured (Mirage) instead 
of a dual-cured adhesive cement (Mirage FLC) presumably caused incomplete curing of the cement 
because of insufficient penetration of the light through the inlays, with concomitant reduction in 
fracture strength.87 The insufficient penetration was associated with 80% versus 20% fracture of the 
Mirage restorations after a mean observation period of just over one year, especially in thin restorations 
(< 2mm). These restorations were so thin because a lining cement was used in case of deep preparations 
(Dycal or a glass ionomer). A similar protocol to protect the vital pulp was adopted in the study by 
van Dijken et al.86, which should be kept in mind when extrapolating the results to other situations or 
current cementation protocols.
 
In another split mouth study, Cerec (Vita Mark II) inlays were cemented with either a dual cured (Vita 
Cerec Duo cement, Vita) or chemically cured resin cement (Cavex Clearfil F2) and evaluated according 
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to the CDA-criteria. Twenty-three percent of the restorations were replaced, all from the dual cured 
resin cement group within a 10-year period. Possibly, the self-curing capacity of the dual-cured resin 
cement was insufficient to achieve adequate hardening in order to withstand the stresses and strains 
that can arise in posterior regions. Although no differences in qualitative parameters were reported 
between baseline and after 10 years, acceptable scores for marginal discoloration after 10 years were 
seen more frequently in the dual-cured than in the chemically cured cement group (58% versus 78%).88  
 
Klink and colleagues also used Vitablocs Mark II full crowns, partial crowns and inlays luted with either 
Variolink II or RelyX Unicem. According the CDA-criteria inlays and partial crowns performed well. 
Prevalence of complications or failure was highest for crowns. They concluded that success was related 
to patient factors and restoration type, not luting protocol.89 Others also found that resin cement type 
was not of influence on success using the same ceramic material.90 It is noteworthy that the margins 
were entirely in enamel.
 
In a study by Gemalmaz and colleagues two adhesive cements (Variolink ultra and Enforce) and a glass 
ionomer cement (Geristore) were used to lute Ducere LFC ceramic inlays resulting in 13%, 13% and 33% 
failures respectively after a little more than 2 years. Margins were evaluated by SEM on gypson models. 
Deterioration of marginal adaptation, rate of submargination and marginal discoloration of surviving 
restorations luted with the glass ionomer cement were markedly inferior to those luted with the other 
two cements, with the restorations cemented with Variolink ultra performing the best.91 
 
In a prospective dual-center study, the clinical behavior of adhesively luted pressed glass-ceramic 
restorations (Cergogold) was evaluated using two cementation regimens (personal communication). 
One group of restorations was luted with Definite Multibond primer with corresponding adhesive and 
Definite cement and the other with Syntac classic (3-steps) with Variolink ultra cement. Survival rates 
were 93% and 95% respectively after 4 years, with the first group exhibiting more hypersensitivity 
shortly after cementation of the restoration (27% versus 0%). Hence both luting protocols provided 
similar results when compared according to USPHS criteria and by SEM.92 A similar conclusion was 
reached in a different study by the same group involving other patients after 4 years of clinical service.93 
Two operators luted Cergogold inlays in 39 patients using protocols same to those previously described. 
Considerable interoperator differences were observed with respect to annual failure rate (0.6 versus 
6.2%).
 
Lithium disilicate restorations were cemented with either a commercially available self-etching dual 
curing cement (control, Multilink Automix) or a self-adhesive dual-curing ‘experimental’ cement 
originating from the same company (experimental). Both cements had qualitatively similar results after 
2 years of function as assessed by the modified USPHS-criteria. All restorations functioned for 2 years 
without crown fracture or surface chipping. The undisclosed nature of the experimental cement leaves 
little room for practical comparison or interpretation. The publication did not mention the type of 
restoration that was provided (full, circumferential or partial).94 For this restoration type, inlays luted with 
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resin-modified glass ionomer cement (Fuji plus F) or a self-cured resin composite cement (Panavia 21) 
yielded similar results after 5 years.95 IPS Empress (leucite reinforced glass-ceramic) restorations were 
cemented with different adhesive approaches and can function successfully for 15 years.96 Others also 
saw good long term results, but described a significant amount of deterioration of marginal adaptation 
in the long run, even though modern adhesive procedures were used. Overall failure rates of this type 
of restoration were in the order of 8-10 % after 10 years.97-99 A classic etch-and-rinse approach (Syntac 
classic/Variolink II) produced better marginal integrity when cementing leucite-reinforced glass-ceramic 
inlays than a contemporary self-adhesive resin cement (Relyx Unicem) after 2 years in function.100  
Another author favored dual-cure cements based on 12-year results 101 , whereas the viscosity of the 
cement (low versus high) was not of influence on success in a large prospective study after 10 years. 102 
 
In conclusion, most included, rather heterogeneous clinical studies involve relatively old, no longer 
available restoration types or systems. The use of lining cements in several older protocols challenges 
external validity. Cementation protocols involving glass ionomer cements generally (but not always) 
result in more fracture and loss of restorations as well as poorer qualitative performance of surviving 
restorations compared to protocols involving adhesive resin cements. Studies comparing cementation 
protocols for more contemporary restorative materials (lithium disilicate) are rare and involve 
self-etching, self-adhesive or adhesive procedures. None of these cementation protocols can be 
considered clearly superior in clinical performance on the basis of the reviewed literature.  
 
There is limited evidence that light-cured resin cements perform worse than dual-cured cements, 
whereas solely chemically cured resin cements perform the best. Results obtained with technically 
challenging adhesive cementation procedures may be operator-dependent. Marginal deterioration is 
frequently reported, also when using adhesive cements.
 
No clinical studies evaluated the potential benefits of IDS protocols were identified.

Discussion

This review is aimed at organizing knowledge regarding the cementation of glass-ceramic restorations, 
particularly posterior, single unit ones, with a special emphasis on the possible merits of IDS. The topic is of 
interest to the clinician because of the growing number of all ceramic restorations that are being placed. 
They substitute metal and metal-ceramic crowns and are advantageous because they are relatively cheap 
in light of the current gold price, their manufacturing price and because of their superior esthetics. In early 
years, glass-ceramics were cemented with conventional cements like glass ionomers, with limited adhesive 
properties. This reflects on the results, as demonstrated in this comprehensive review and consequently 
challenges the external validity of data subtracted from these studies to contemporary, strengthened 
glass-ceramics (leucite reinforced glass-ceramic and lithium disilicate). By removing superficial glass 
content by etching, glass-ceramics can be cemented adhesively and as a result allow non-retentive 
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preparation forms, maintaining sound tooth tissue. This may help avoiding endodontic complications.

Bonding to dentin has traditionally been considered to be more challenging than to enamel. IDS may 
provide better results with respect to the bonding capacity and it is possibly also more friendly to the 
pulp. Over 3000 studies were initially identified for this review, but many were discarded, predominantly 
because they did not compare different cementation protocols or evaluated a “glass-ceramic/cement/
human tooth” complex. The selection on articles in the English language only may have introduced 
some bias.
 
The in vitro and in vivo studies that were included proved dramatically heterogeneous. Consequently, 
they do not allow meta-analysis or relevant grouping because of different test methods (e.g. tooth and 
substrate preparation, dimension and geometry of the restoration or tested ceramic, tooth number, 
storage conditions, artificial aging / thermocycling or not, cyclic loading or not, cementation protocols 
(e.g. a single or a double adhesive layer), testing machines, standardization of the test method, crosshead 
speed of the testing device and the size of the steel ball during instrumentation, the use of a ‘stress breaker’ 
such as a rubber dam, film thickness of luting cements, or (lack of) definition of outcome parameters, 
particularly the mode of failure). It was decided to include studies only if they compared cements or 
cementation procedures, thus correcting for the heterogeneity in some manner. Often it was complicated 
to categorize the cementation procedures into ‘adhesive’, ‘self-etching’ or ‘self-adhesive’ because of the 
chosen bonding agents and the confusing way that they were applied and described.
 
With respect to the application of IDS, terminology and the clinical application in the literature 
regarding this procedure is different. The present authors regard IDS as a procedure in which a resin 
layer is applied immediately after preparation, followed by impression taking and the provision of a 
temporary restoration in combination with a temporary cement. Eventually, this restoration is replaced 
by a glass-ceramic one, which is luted to the re-activated IDS layer and the uncovered tooth structure 
by means of a resin cement. In the current review, when no temporary restoration was provided in an 
evaluated study, it is referred to as a ‘resin coating’, which is fundamentally different. The manner in 
which such an intermediate layer is applied and conditioned is also expected to be of influence and 
often different among studies that were included. 
 
Nevertheless and possibly as a result of the rather rigorous inclusion and exclusion criteria, the included 
studies in the review are generally considered of good methodological quality as evaluated by the 
Cochrane’s collaboration tool of bias.
 
In vitro studies identify some differences in outcome resulting from the tested protocols or variables. 
These are generally not reflected in the rather more crude, clinical outcome measures, such as survival 
of a restoration, presented in in vivo studies. Therefore it is tentatively suggested that when luting 
modern glass-ceramics to posterior teeth, adhesive protocols that are the most operator and patient 
friendly may be preferred.
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Conclusion

Bearing in mind the shortcomings and limitations of this review as described above, the following 
conclusions are drawn. 
 
From in vitro studies it can be concluded that adhesive systems (3-steps, etch-and-rinse) show the best 
(micro) shear bond strength values compared to self-adhesive and self-etch systems when luting to 
human dentin. For (micro) tensile strength values or evaluation of the marginal gap no such preference 
can be identified on the basis of the reviewed literature. The highest fracture strength is obtained using 
adhesive cements, rather than water based cements like glass ionomer.
 
Clinical studies comparing cementation protocols for contemporary restorative glass-ceramic materials 
(lithium disilicate) are rare and involve self-etching, self-adhesive and adhesive procedures. No marked 
clinical preference for one specific procedure could be demonstrated on the basis of the reviewed 
literature.
 
Few studies focus on the possible merits of IDS. The benefits are most convincingly illustrated by the 
favorable microtensile bond strengths when compared to negative or positive controls in vitro. No 
clinical trials have been performed and deleterious clinical consequences, be it objective or subjective 
were not reported.
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Abstract

Aim
This study evaluated the shear bond strength (SBS) of resin cement to dentin after applying 2 Adhesive 
(A) systems with a combination of 4 different Immediate Dentin Sealing (IDS) strategies and 2 Surface 
Conditioning (SC) methods.

Materials and methods
Human third molars (n = 140) were collected and randomly devided (n = 70 each) between the two 
A systems (Clearfil SE Bond (Kuraray) (AC) or Optibond FL (Kerr) (AO)). The A groups were further 
divided into four IDS strategies (2 x one adhesive layer (IDS-1L); 2 x two adhesive layers (IDS-2L); 2 
x one adhesive layer and one flowable layer (IDS-F); 2 x no layer of adhesive (DDS, Delayed Dentin 
Sealing)). Finally, each strategy group had one of the two SC methods (only pumice (SC-P); pumice and 
silica-coating (SC-PS)), except the DDS group where only SC-P was used. Resulting into 14 groups of 10 
specimens each.
 
The occlusal coronal third was removed from each molar crown with a diamond saw (Isomet 1000) and 
IDS was applied followed by temporary restorations. These were removed after two weeks of water 
storage and the IDS surfaces were subsequently conditioned. The standard adhesive procedure (Syntac 
Primer and Adhesive, Heliobond (Ivoclar Vivadent)) was executed, followed by the application of a resin 
cement (Variolink II, (Ivoclar Vivadent)) and photo-polymerization. 
 
All specimens were subjected to thermocyclic aging (10.000 cycles, 5-55°C). Shear force was applied 
to the adhesive interface in a universal testing machine (1mm/min). Fracture types and locations after 
loading were classified. The data were analyzed using ANOVA and independent-samples t-tests.

Results
AO groups exhibited higher mean SBS values (14.4 ± 6.43) than AC groups (12.85 ± 4.97) (p=0.03). 
Analysis of variance showed the main effect of the applications on the SBS in the different groups 
(p=0.00). Both DDS groups showed significantly lower SBS values compared to all IDS groups (IDS-1L, 
IDS-2L, IDS-F). No significant differences in SBS results were found between the IDS groups (p=0.43), 
and between SC methods (p=0.76). Dentin-cement interface failures diminished with the application 
of IDS.

Conclusions
IDS improves the shear bond strength compared to DDS. No significant differences were found between 
the tested conditioning methods.
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Introduction

The use of glass-ceramics in combination with micro-mechanical and chemical adhesion to dentin 
facilitates minimal invasive preparation procedures. Good adhesion to dentin and enamel is especially 
important when bonding partial ceramic restorations. A component of the overall strength of the 
tooth-restoration complex relies on the quantity and the quality of the remaining enamel 16 and the 
quality of the adhesive procedure. 26  
 
Pashley et al. postulated that sealing the dentin with a dentin bonding agent immediately after 
preparation reduces the permeability of the dentin, both in the short and in the long term. 30 This 
technique has evolved into what is now known as “Immediate Dentin Sealing” (IDS).30,31 It improves 
bond strength as well as the marginal and internal adaptation of the restoration and reduces 
post-operative sensitivity.13,15,23-27,31,38 In vitro studies obtained higher bond strength to dentin using IDS 
(16.34-19.04 MPa) compared to Delayed Dentin Sealing (DDS; 0.26-14.90 MPa).3 With the IDS method, 
maturation of the adhesive interface is possible between the two visits of the patient (visit 1: tooth 
preparation/impression and visit 2: restoration delivery). Therefore, the tensile stress on the hybrid 
layer is postponed for several weeks.13,26,27 This is different to the DDS method where the hybrid layer 
is applied in the second visit and is then immediately loaded on the occlusal surface. Possibly resulting 
in shrinkage which negatively influences the tensile stress. Polymerization of the dentin bonding agent 
prior to cementation ensures a hybrid layer that is not influenced by stress which is exerted during 
cementation.13,23,25,27 The hybrid layer discourages contamination and denaturation of the dentin until 
the indirect restoration is seated.23 
 
The three-step etch-and-rinse system is seen as ‘the gold standard’ among adhesive systems but there 
is a quest for simpler and less time-consuming techniques.42 The etching step is omitted with self-etch 
adhesives and this is considered to be more user friendly, less technique sensitive and has a good clinical 
track record as well.5,33,42 The quality of the bond and the bond strength to dentin can be increased by 
applying more than one adhesive layer.8,19,20,29 The application of a flowable layer on the adhesive layer 
also improves adhesive strength (20.8 MPa and 27.2 MPa compared to 10.5 MPa and 17.7 MPa without 
flowable composite).21 
 
Different surface conditioning methods can be used to re-activate the IDS layer prior to bonding the 
indirect restoration, which can influence the IDS bond strength.1,34,39 Polishing and air borne particle 
abrasion with silica coated aluminium oxide or glycin proved to be equally efficient.17 Air-borne particle 
abrasion with both aluminium oxide and fluoride-free pumice paste systems7,14,15,24 also yielded good 
results with respect to bond strength. However, it is unknown which method is most suitable for 
conditioning the sealed dentin surface. 
 
The objective of this study therefore was to compare the effect of different adhesive systems, different 
IDS application methods and different surface conditioning methods on the Shear Bond Strength (SBS) 
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to dentin. Three hypothesis were tested: (1) there is no significant difference in effect between the 
different adhesive systems on SBS; (2) there is no significant difference in the outcome of the IDS 
strategies regarding SBS; and (3) SBS is not significantly affected by different surface conditioning 
methods. 

Materials and methods

Study Design
Three independent variables were tested in this study; Adhesive (A) system, Immediate Dentin Sealing 
(IDS) strategies and Surface Conditioning (SC) methods. 140 sound human molars were randomly 
divided into fourteen groups of 10 teeth each. These were subjected to the following experimental 
protocols: 

I) two adhesive (A) systems (AC: Clearfil SE Bond (Kuraray, Osaka, Japan) and AO: Optibond FL (Kerr,  
 Orange,CA, USA)); 

II) four different IDS strategies (one adhesive layer (IDS-1L); two adhesive layers (IDS-2L); one   
 adhesive layer and one flowable layer (IDS-F)); no adhesive layer (DDS, Delayed Dentin Sealing));  
 and 

III) two different SC methods (only pumice (SC-P); pumice and silica-coating (SC-PS)).  Only SC-P was  
 used in the DDS group because the IDS did not have to be activated but merely the temporary   
 cement had to be removed (leading to fourteen groups instead of sixteen).

A flowchart showing the experimental group distribution is presented in Figure 1.  

Figure 1. Experimental flowchart showing distribution of groups. (A: adhesive; AO: Optibond FL (Kerr); AC: Clearfil SE Bond (Kuraray)); 

IDS: Immediate Dentin Sealing; DDS: Delayed Dentin Sealing; IDS-1L: one adhesive layer; IDS-2L: two adhesive layers; IDS-F: one 

adhesive layer and one flowable layer; DDS: no adhesive layer; SC: surface conditioning; SC-P: pumice and SC-PS: pumice and 

silica-coating).

Specimen preparation 
Recently extracted, sound human molars (N=140) were collected, stored in water and used a maximum 
of 1 month post extraction. Each specimen was embedded in PMMA in a PVC ring to facilitate handling 
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and for the seating in the universal testing machine. The occlusal coronal third of the crown was 
removed with a diamond saw (Isomet 1000, Buehler, Lake Bluff, IL, USA) thereby exposing a flat dentin 
surface (Figure 2).

Figure 2. Situation before testing. Tooth embedded in PMMA in a PVC ring. The occlusal coronal third of the crown is removed 

thereby exposing a flat dentin surface.

The dentin surfaces were polished using soflex disks (3M ESPE, St Paul, USA (Coarse and Medium)) 
and verified for the absence of enamel and/or pulp tissue exposition using a stereo-microscope 
(magnification 35x, Wild M5A, Heerbrugg, Switzerland). 

Immediate Dentin Sealing (IDS) 
The brands, types, main chemical compositions, manufacturers and batch numbers are described in Table 1.

In the AC + IDS-1L groups, primer (Clearfil SE Bond, Kuraray) was applied onto the dentin for 20 seconds 
and air dried. A thin layer of adhesive (Clearfil SE Bond, Kuraray) was applied by a light brushing motion, 
gently air dried and photo-polymerized (Bluephase 20i, Ivoclar Vivadent, Schaan, Liechtenstein) for 10 
seconds (1000 mW/cm2) (Figure 3).

Groups AC + IDS-2L received the same procedure as groups AC + IDS-1L except that an additional layer of 
adhesive was applied which was photo-polymerized separately. The AC + IDS-F groups also had the same 
initial procedure as groups AC + IDS-1L, but then a flowable composite (Grand IO Flow, VOCO GmbH, 
Cuxhaven, Germany) was administered after adhesive application, followed by photo-polymerization. 
To prevent the formation of an oxygen inhibition layer, glycerin gel (Liquid Strip, Ivoclar Vivadent) was 
applied after the last photo-polymerized layer, and this was finally photo-polymerized for another 40 
seconds in all groups. The dentin was not sealed in the AC + DDS group. 
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Table 1. The brands, types, main chemical compositions, manufacturers and batch numbers.

Product Type Manufacturer Composition Batch-number

Optibond FL Adhesive resin Kerr, Orange, CA, USA Primer: HEMA, GPDM, PAMM, ethanol, 

water, photo-initiator 

Adhesive: TEGDMA, UDMA, GPDM, 

HEMA, bis-GMA, filler, photo initiator 

3661962

Clearfil SE Bond Adhesive resin Kuraray, Osaka, Japan Primer: HEMA, hydrophilic 

dimethacrylate, water, photo-initiator

Adhesive: MDP, HEMA, bis-GMA, 

hydrophilic dimethacrylate, water, photo-

initiator, silanated colloïdal silica. 

041872

GrandIO Flow Flowable 

composite

VOCO GmbH, Cuxhaven, 

Germany

1,6-hexanediylbismethacrylate , BIS 

GMA, Triethylene glycol dimethacrylate 

1105070

Liquid Strip Glycerin gel Ivoclar Vivadent, Schaan, 

Liechtenstein

Glycerin gel

Tempbond NE Zinc-oxide cement Kerr, Scafati Salermo, 

Italy

Zinc oxide, mineral oil 3498437

53498433 

CoJet-sand Blasting particles 3M ESPE, St Paul, 

Minnesota, USA

Aluminium trioxide particles coated with 

silica, particle size: 30 μm

442859

459719

ESPE-Sil Silane coupling 

agent

3M ESPE, Seefeld, 

Germany

Ethyl alcohol, methacryloxypropyl, 

trimethoxysilane

437637

Pumice Pumice sand Denteck, Zoetermeer, 

The Netherlands

Microvesiculair glass, silica

Total-Etch Etching gel, 37% 

Phosphoric acid

Ivoclar Vivadent, Schaan, 

Liechtenstein

37% phosphoric acid (H3PO4) P14739

P30006

P10807

Syntac Primer Adhesive Resin Ivoclar Vivadent, Schaan, 

Liechtenstein

Water, acetone, maleic acid, 

dimethacrylate

P17329

Syntac Adhesive Adhesive Resin Ivoclar Vivadent, Schaan, 

Liechtenstein

water, glutaraldehyde, maleic acid, 

polyethyleenglycodimethacrylaat

P15364

Heliobond Adhesive Resin Ivoclar Vivadent, Schaan, 

Liechtenstein

Bis-GMA, dimethacrylate, initiators, 

stabilizers

P06157

Variolink II base Adhesive cement Ivoclar Vivadent, Schaan, 

Liechtenstein

Base: Bis-GMA, urethane dimethacrylate, 
triethylene glycol dimethacrylate, barium 
glass, ytterbium trifluoride, Ba-Al-
fluorosilicate glass, spheroid mixed oxide, 
catalysts, stabilizers, pigments

Catalyst: Bis-GMA, urethane 
dimethacrylate, triethylene glycol 
dimethacrylate, barium glass, ytterbium 
trifluoride, Ba-Al-fluorosilicate glass, 
spheroid mixed oxide, catalysts, 
stabilizers, pigments

N53690 

N23645 

 

M54620 

N31040 
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Figure 3. Situation before testing. Photo-polymerization of the adhesive layer as part of the application of the Immediate Dentin 

Sealing layer.

 

Regarding groups AO + IDS-1L, the dentin was etched for 15 seconds with 37% phosphoric acid (Total 
etch, Ivoclar Vivadent) then rinsed thoroughly with water and air for 15 seconds. The surface was air 
dried, but not desiccated, for 3 seconds and Primer (Optibond FL Primer, Kerr) was applied with a light 
brushing motion for 15 seconds, withdrawn for 10 seconds and suction dried for 15 seconds. A thin layer 
of adhesive (Optibond FL Adhesive, Kerr) was applied onto the surface using a light brushing motion 
for 15 seconds and photo-polymerized for 10 seconds (>1000mW/cm2). Groups AO + IDS-2L were 
subjected to the same procedure as the AO + IDS-1L groups, except that a second layer of adhesive was 
applied which was photo-polymerized separately. The IDS-F groups also had the same initial procedure 
as groups AO + IDS-1L but then a flowable composite (Grand IO flow, VOCO GmbH, Cuxhaven, Germany) 
was applied after adhesive application, followed by photo-polymerization. To prevent the formation 
of an oxygen inhibition layer, glycerin gel (Liquid Strip, Ivoclar Vivadent) was applied after the last 
photo-polymerized layer, and this was finally photo-polymerized for another 40 seconds in all groups. 
The dentin was not sealed in the AO + DDS group.

Temporary restoration
After the IDS application, a temporary restoration (Protemp 4, 3M ESPE, Seefeld, Germany) was luted 
onto the flat dentin surface using a temporary zinc-oxide luting cement (Tempbond NE, Kerr, Scafati 
Salermo, Italy) (Figure 4). The specimens were stored in water at room temperature for two weeks.

Surface conditioning and build-up
The temporary restorations were removed after two weeks. 
 
The teeth in the SC-P groups were cleaned using pumice (Pumice sand, Denteck, Zoetermeer, the 
Netherlands). The pumice was manually constituted with two small scoops of pumice into a small 
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dappen glass with a little bit of water. Any redundant water was removed from the dappen glass with 
a cotton roll. Then the pumice was applied with a rotary brush for 10 seconds. The teeth in the SC-PS 
groups were conditioned using pumice and silica-coating (distance 10 mm, angle 45 degrees, 2 bar; 
CoJet-sand, SiO2, 3M ESPE). In the DDS groups, SC-P was used to remove the temporary cement. 

Figure 4. Situation before testing. A temporary restoration is luted onto the flat dentin surface before storage.

All specimens were rinsed thoroughly with water and air dried for 15 seconds. In the SC-PS group, silane 
(silane coupling agent, ESPE-sil, 3M ESPE) was applied (according to the Özcan et al 28 method) onto the 
IDS surfaces and left to dry for 5 minutes. 

Primer (Syntac Primer, Ivoclar Vivadent) was then brushed lightly onto all specimens for 15 seconds 
and slightly air dried. A thin layer of adhesive (Syntac Adhesive, Ivoclar Vivadent) was applied onto the 
surface with light brushing motions for 10 seconds and slightly air dried. Another layer of adhesive 
(Heliobond, Ivoclar Vivadent) was brushed onto the dentin and not photo-polymerized. Two plastic 
tubes (diameter 3 mm, height 5 mm) filled with composite cement (Variolink II, Ivoclar Vivadent) were 
placed onto the dentin and glycerin gel (Liquid Strip, Ivoclar Vivadent) was applied around the tubes (to 
prevent the formation of an oxygen inhibited layer) after which the composite was photo-polymerized 
from all angles for 40 seconds (>1000mW/cm2) (Figure 5). 

Shear bond strength (SBS) testing
All the specimens were artificially aged by thermocycling (Willitec, Munich, Germany): x10.000 cycles 
between 5-55°C with a dwell time of 30 seconds. The specimens were subsequently mounted in a 
universal testing machine (1 mm/min). The maximum shear force to produce a fracture was recorded 
(MPa). Specimens that failed before actual testing (pre-testing failure) were counted and explicitly 
noted which meant they were taken into account when calculating the mean SBS. 
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Figure 5. Situation before testing. Two plastic tubes filled with composite cement placed onto the dentin.

Failure analysis
Failure sites were initially observed using an optical microscope (Opmipico, Zeiss, Oberkochen, Germany) 
at x24 magnification and classified as follows: D (fracture in dentin), DC (fracture interface dentin and 
cement), DI (fracture interface dentin and IDS), IC (fracture interface IDS and cement) and C (fracture 
in the cement). Additionally, representative specimens from each group were sputter-coated with a 
3 nm layer of gold (80%) / palladium (20%) (90 s, 45mA; Balzers SCD 030, Balzers, Liechtenstein) and 
analyzed using cold field emission Scanning Electron Microscope (SEM) (LEO 440, Electron Microscopy 
Ltd, Cambridge, United Kingdom). 

Statistical analyses
Data were analyzed using the SPSS 22 (PASW statistics 18.0.3, Quarry Bay, Hong Kong China) statistical 
software package. As the data were normally distributed, parametrical tests were applied to find 
possible differences between the groups in terms of A (AC; AO) systems (independent-samples t-test), 
IDS strategies (IDS-1L; IDS-2L; IDS-F; DDS) (ANOVA, Student-Newman-Keuls), and SC methods (SC-P; 
SC-PS) (independent-samples t-test), on SBS results.
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Results

Shear bond strength (SBS) testing
Disregarding the subgroups, the AC specimens (M= 12.85, SD = 4.97) exhibited lower mean SBS 
values than the AO samples (M= 14.4, SD = 6.43, independent-samples t-test, t(256)= 2.23, p=0.03). 
Analysis of variance showed the main effect of the different applications on the SBS (F(13, 261)= 
14.02, p=0.00). Group AC + DDS + SC-P resulted in the lowest SBS, followed by group AO + DDS + 
SC-P (Student-Newman-Keuls tests). The DDS groups exhibited significantly lower mean SBS values 
compared to the IDS groups (IDS-1L, IDS-2L, IDS-F). The difference in SBS values among the IDS groups 
were not statistically significant (Student-Newman-Keuls tests, p=0.43) (Figure 6, Table 2). No significant 
differences were observed between the SC-P (M= 15.15, SD= 4.99) and SC-PC specimens (M= 14.97, 
SD= 4.43, independent-samples t-test, t(233)= .30, p=0.76). 

	  Figure 6. Boxplot of the SBS (MPa) per group. (A: adhesive; AO: Optibond FL (Kerr); AC: Clearfil SE Bond (Kuraray)); IDS: Immediate 

Dentin Sealing; DDS: Delayed Dentin Sealing; IDS-1L: one adhesive layer; IDS-2L: two adhesive layers; IDS-F: one adhesive layer and 

one flowable layer; DDS: no adhesive layer; SC: surface conditioning; SC-P: pumice and SC-PS: pumice and silica-coating).
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Table 2. Mean shear bond strength (MPa) with standard deviation (SD) for different groups.(A: adhesive; AO: Optibond FL (Kerr); 

AC: Clearfil SE Bond (Kuraray)); IDS: Immediate Dentin Sealing; DDS: Delayed Dentin Sealing; IDS-1L: one adhesive layer; IDS-2L: two 

adhesive layers; IDS-F: one adhesive layer and one flowable layer; DDS: no adhesive layer; SC: surface conditioning; SC-P: pumice and 

SC-PS: pumice and silica-coating).

Shear Bond Strength (MPa)

Groups Mean SD Min Max

AC + IDS-1L + SC-PS 14.56 2.91 9.3 10.04

AC + IDS-2L + SC- P 14.30 2.62 10.39 20.92

AC + IDS-F + SC-PS 14.50 2.17 10.29 19.08

AC + IDS-1L + SC-P 16.05 2.61 10.80 21.72

AC + IDS-2L + SC- P 13.68 4.07 3.13 21.49

AC + IDS-F + SC-P 13.95 3.01 9.01 21.91

AC + DDS + SC-P 3.09 2.46 0.00 6.98

AO + IDS-1L + SC-PS 17.04 5.95 7.63 26.58

AO + IDS-2L + SC- PS 14.91 5.83 6.13 27.43

AO + IDS-F + SC-PS 14.49 5.30 3.01 23.84

AO+ IDS-1L + SC-P 14.49 6.39 2.70 28.66

AO + IDS-2L + SC- P 17.13 6.82 3.37 25.76

AO + IDS-F + SC-P 15.58 5.08 7.44 24.32

AO + DDS + SC-P 7.35 4.57 0.00 16.67

Failure analysis
Dentin-cement interface fractures were seen less frequently with the application of IDS (Table 3). Mainly 
cohesive failures occurred with AC but there were hardly any failures in the cement. Regarding AO, the 
failures were mostly of an adhesive nature in the dentin-IDS interface (Figure 7). All the pre-testing 
failures were in the DDS group.
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Table 3. Summary of failures (%). D: cohesive failure in dentin, DC: dentin-cement failure, DI: dentin-IDS failure, IC: IDS-cement failure 

C: cement failure. (A: adhesive; AO: Optibond FL (Kerr); AC: Clearfil SE Bond (Kuraray)); IDS: Immediate Dentin Sealing; DDS: Delayed 

Dentin Sealing; IDS-1L: one adhesive layer; IDS-2L: two adhesive layers; IDS-F: one adhesive layer and one flowable layer; DDS: no 

adhesive layer; SC: surface conditioning; SC-P: pumice and SC-PS: pumice and silica-coating).

Groups D DC DI IC C PTF

AC + IDS-1L + SC-PS 70 0 15 15 0 -

AC + IDS-2L + SC- PS 50 0 45 5 0 -

AC + IDS-F + SC-PS 40 0 15 45 0 -

AC+ IDS-1L + SC-P 50 0 50 0 0 -

AC + IDS-2L + SC- P 45 0 15 40 0 -

AC + IDS-F + SC-P 45 0 5 45 5 -

AC + DDS + SC-P 0 80 0 0 0 20

AO + IDS-1L + SC-PS 40 0 60 0 0 -

AO + IDS-2L + SC- PS 40 0 40 0 20 -

AO + IDS-F + SC-PS 20 0 55 5 20 -

AO + IDS-1L + SC-P 30 0 70 0 0 -

AO + IDS-2L + SC- P 30 0 25 15 30 -

AO + IDS-F + SC-P 33 0 6 44 17 -

AO + DDS + SC-P 0 90 0 0 0 10

Figure 7. SEM images of adhesive fracture surface between dentin and Immediate Dentin Sealing layer interface. (D: dentin, I: 

Immediate Dentin Sealing). 
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Discussion

The survival rate of glass-ceramic posterior restorations relies strongly on the strength of the adhesive 
interface. The weakest link of the interface is the connection of the adhesive to dentin.11,16,18 The 
application of an immediate dentin sealant (IDS) layer onto freshly exposed dentin increases the bond 
strength to dentin22,37 especially when large dentin surfaces are exposed.2 
 
Based on the results of the present study, the hypotheses suggesting that there is no significant difference 
in effect between the IDS application methods on SBS and that there is no significant difference in the 
outcome of the different bonding systems regarding SBS, can be both rejected. The hypotheses that 
SBS is not statistical significantly affected by different surface conditioning methods can be accepted.

In general it is really difficult to perform a ‘true’ shear bond strength and therefore shear bond strength 
is not very reliable.40 Although the shear bond strength is often used to describe differences between 
groups and some methodological cautions can be taken to increase reliability. To avoid adhesive area 
modification during resin cement pouring in this study, tubes (which were filled with resin cement) were 
attached to the dentin and then photo-polymerized. This was thought to overcome resin cement pouring. 
 
The application of IDS in any form improved the shear bond strength of composite cement to dentin. 
This result was found in other studies too.13,15,23-27,31,38 Higher bond-strength can be explained due to a 
better adhesion to freshly cut dentin26,30,31 compared to dentin which is contaminated by temporary 
cement.32 Polymerization of the IDS layer before impression taking prevents the hybrid layer from 
degradation13,26,31 and allows it to mature without any tensile forces. 26 Other studies demonstrated that 
the use of multiple adhesive layers19,20 or the use of an extra layer of flowable composite8,21 results in 
higher bond strengths. This is in contrast with the results of our study. Perhaps this was due to the fact 
that the present study used filled adhesives because unfilled adhesives need more layers to cover the 
dentin completely.20,38 However, the bond strength results are better when specimen are not aged.19 
Most of the studies refrained from thermocycling or they thermocycled for only a minimum number of 
cycles.13,15,25-27 There is a difference between the bond strength in the short and long term. The adhesive 
strength in the long term is significantly lower, since degradation occurs within the adhesive interface.4 
Micro-mechanical retention is reduced by 30-40% in 6 to 12 months.6 Since the results of this study 
prove that the application of an IDS layer (in any form) results in better bond strength than with the use 
of DDS, our clinical recommendation is to use an extra adhesive layer or flowable composite to create a 
thick adhesive layer. In clinical practice, a thin IDS layer is more vulnerable when using silica-coating and 
the dentin may become re-exposed. This in turn will be detrimental to the bond strength. A thick IDS 
layer provides a smooth preparation in little chair time and it is easier to eliminate undercuts. 
 
This study could not prove that one conditioning method is superior over the other. Looking at the 
clinical application, the use of silica-coating is recommended over the use of pumice. Cement residues 
are easier to remove using silica-coating in comparison to pumice because with sandblasting it is 
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easier to reach difficult parts of the preparation compared to a rotary brush which is used for the 
application of pumice. Therefore, we recommend creating a thick IDS layer which is conditioned with 
silica-coating because the clinical application is easier, not because of a higher bond strength. In the 
literature, silica-coating in combination with silanization is often described as a better alternative than 
only sand blasting. Silica-coating enlarges the adhesive surface area by depositing silica particles onto 
the composite surface. This enables better mechanical retention.28 This is in contrast to sand blasting 
with alumina, where loss of filling particles may occur, which can reduce the interaction with silane. This 
in turn reduces the composite to composite bond strength.35 
 
Optibond FL resulted in a significantly higher bond strength compared to Clearfil SE Bond, however the 
standard deviation of Optibond FL is much higher. Clinically, this means that the consistency of Clearfil 
SE Bond is slightly better. Although less time-consuming techniques are popular42, the three-step 
etch-and-rinse system is seen as ‘the gold standard’ in literature9,10,36 and in fact attained the highest 
bond strengths in this study. Optibond FL is a filled adhesive resin with a uniform film thickness of 
around 88 micron.38 
 
Less dentin-cement interface failures were seen with the application of IDS, but more failures were 
seen with the application of IDS in the dentin, the dentin – IDS interface and the cement – IDS interface. 
The presence of cohesive failures in the dentin could indicate that the actual bond strength to dentin 
surpasses the maximal dentin strength and does not provide actual strength at the interface. Cohesive 
failures were not excluded from the failure analysis and this may have influenced the results in our study. 
Failures in the substrate are seen more often in shear bond strength studies because this test creates 
a non-homogenous stress distribution on the surface. This may lead to non-valid (worse) results.12,41 In 
some of the control groups, the tubes detached spontaneously during thermal cycling. This pre-test 
failures could have been caused by insufficient dentin adhesion or technical malfunction. No pre-test 
failures were described by studies on adhesion of resin cement to an IDS layer.15,23-27  

Conclusions

The following can be concluded from this study:
1-  Applying Optibond FL yields the highest shear bond strength, however Clearfil SE Bond showed a  
 smaller standard deviation. 
2-  IDS improves shear bond strength, compared to the DDS strategy.
3-  No significant differences were found on conditioning the IDS layer with pumice or silica coating. 

Clinical relevance 
When bonding a glass-ceramic partial indirect restoration, using an Immediate Dentin Sealing improves 
the bond strength to exposed dentin. From several tested methods to re-activate the IDS layer, no single 
procedure was associated with superior obtained SBS values.
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Abstract

Aim
This study evaluated the micro-tensile bond strength (μTBS) of resin-based composite (RBC) to dentin 
after different Immediate Dentin Sealing (IDS) strategies and surface conditioning (SC) methods and 
upon two 0water storage times. 

Material and methods
Human molars (n = 48) were randomly divided into eight experimental groups, involving four different 
IDS strategies, namely ‘IDS-1L’ with one layer of adhesive, ‘IDS-2L’ with two layers of adhesive, ‘IDS-F’ 
with one layer of adhesive and one layer of flowable RBC and ‘DDS’ (Delayed Dentin Sealing) with no 
layer of adhesive (control), and involving two different SC methods, namely ‘SC-P’ with pumice rubbing 
and ‘SC-PC’ with pumice rubbing followed by tribochemical silica-coating. The μTBS test was performed 
after one-week (1-wk) and six-month (6-m) water storage, being recorded as the ‘immediate’ and 
‘aged’ μTBS, respectively. Composite-adhesive-dentin micro-specimens (0.9x0.9x8-9mm) were stressed 
in tensile until failure to determine the μTBS. Failure mode and location of failure were categorized. 
Two-way analysis of variance (ANOVA) was applied to analyze the data for statistically significant 
differences between the experimental groups (p<0.05).

Results
Two-way ANOVA revealed no significant differences between the 1-wk µTBS specimens for IDS strategy 
(p=0.087) and SC methods (p=0.806) . However, the interaction of IDS strategy and SC methods appeared 
statistically significant (p=0.016). The 6-m specimen evaluation showed no significant difference in μTBS 
for SC (p=0.297) and SC/IDS interaction (p=0.055), but the μTBS of the IDS strategies differed significantly 
among them (p=0.003). For tribochemical silica-coated IDS, no significant effect of aging on μTBS was 
recorded (p=0.465), but there was a highly significant difference in μTBS depending on the IDS strategy 
(p<0.001). In addition, the interaction of IDS and aging was borderline statistically significant (p=0.045). 
The specimens failed predominantly at the adhesive-dentin interface for all experimental groups. 

Conclusions
Dentin exposure during clinical procedures for indirect restorations benefits from the application of 
Immediate Dentin Sealing (IDS), which was shown to result in higher bond strength. No significant 
differences were found between cleaning with solely pumice or pumice followed by tribochemical 
silica-coating.
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Introduction

In restorative dentistry, one of the primary goals is to preserve tooth tissue. Removing large amounts of 
dental structure adversely affects the pulp and may lead to pulp damage.6,20 When it comes to restoring 
posterior teeth with large cavities, partial indirect restorations in glass-ceramic or feldspathic porcelain 
may be indicated. Literature reveals that such restorations have a survival rate of 91% in ten years.24 
The cause of failure involves fractures (4%), endodontic complications (3%), secondary caries (1%) and 
debonding (1%). 24 Fractures and de-bonding are often seen in cases where restorations are bonded to 
dentin.13 Creating a strong bond to dentin that is durable over time, is more challenging than to enamel 
because of dentin’s intrinsic hydrophilic nature.3 An inadequate seal of dentin by the adhesive may 
cause post-operative sensitivity, marginal staining and recurrent caries. Hence, the survival and success 
of (partial) indirect restorations is often related to the remaining quantity and quality of enamel.15

  
In order to improve bond strength to dentin, Pashley et al.26 introduced the so called “dual bonding 
technique”, which consists of the application of two layers of adhesive resin onto dentin. Applying 
an adhesive layer directly after crown preparation protects the pulp from bacterial invasion, reduces 
postoperative sensitivity and increases bond strength. Other studies revealed that multiple adhesive 
layers can further improve bond quality and strength 8,17,19,27 The purpose of sealing dentin directly 
after preparation is to avoid surface contamination during the temporary phase and to protect dentin 
by hybrization, so avoiding sensitivity and preventing water-uptake. This requires the adhesive be 
light-cured immediately, which is commonly not recommended at the time of cementation to avoid 
restoration-fit problems.32

  
In 2005, this concept evolved to “Immediate Dentin Sealing” (IDS). Prior to luting in the second visit, 
one commonly recommends to decontaminate the IDS by tribochemical silica-coating21,22, this not 
only micro-roughens the surface, thereby improving micro-mechanical interlocking, but also cleans 
the surface and enables chemical co-polymerization of the resin-based cement with the IDS.1,33,37 
Falkensammer et al. 14 concluded that polishing and air-borne particle abrasion with silica-coated 
alumina (Al2O3) and glycine are equally efficient methods to condition IDS surfaces. Other studies 
showed that soft air-abrasion34, air-borne particle abrasion with Al2O3 

11,22,23 or fluoride-free pumice 
paste systems 5,12,21 resulted in the highest bond strength. However, it is unknown which method is most 
suitable for conditioning IDS prior cementation.
  
Results from a recent systematic review indicate that the effect of IDS on bond strength is predominantly 
tested using a micro-tensile bond strength (μTBS) approach.38 μTBS is generally accepted as one of 
the most valid bond-strengths tests because this test is performed perpendicular to the adhesive 
interface.10,35 Using a μTBS test, a more favorable stress distribution is achieved resulting from the small 
specimen size.
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The objective of this study was to compare different IDS applications and surface-conditioning (SC) 
methods by determing the bond strength to dentin with and without water-storage aging. The null 
hypotheses tested were that (1) there is no significant difference in μTBS among the 4 IDS strategies 
investigated, (2) neither among the two SC methods, and (3) this for the ‘immediate’ (1-week) and 
‘aged’ (6 month) μTBS. 

Materials and methods

Specimen preparation
Human molars (n=48) were collected, stored in distilled water and used at maximum 1 month post 
extraction. Each specimen was embedded in gypsum to facilitate handling. The occlusal coronal third 
of the crown was removed with a diamond saw (Isomet 1000, Buehler, Lake Bluff, IL, USA), thereby 
exposing a flat mid-coronal dentin surface. The dentin surfaces were verified for the absence of enamel 
and/or pulp-tissue exposition using a stereo-microscope (Wild M5A, Wild, Heerbrugg, Switzerland). 

Study design
The flattened specimens were randomly divided into a total of eight experimental groups, involving 
four different IDS strategies, namely ‘IDS-1L’ with one layer of adhesive, ‘IDS-2L’ with two layers of 
adhesive, ‘IDS-F’ with one layer of adhesive and one layer of flowable RBC and ‘DDS’ (Delayed Dentin 
Sealing) with no layer of adhesive (control), and involving two different SC methods, namely ‘SC-P’ with 
pumice rubbing and ‘SC-PC’ with pumice rubbing followed by tribochemical silica-coating. The μTBS 
test was performed after one-week (1-wk) and six-month (6-m) water storage, being recorded as the 
‘immediate’ and ‘aged’ μTBS, respectively.

Immediate Dentin Sealing (IDS)
The brand, manufacturer, main chemical composition and batch number are detailed in Table 1 for the 
different products used in this study.

Regarding IDS-1L, the flat dentin was etched for 15 s with 37% phosphoric acid (Total etch, Ivoclar 
Vivadent, Schaan, Liechtenstein) and rinsed thoroughly with a water-air spray for 15 s. The surface 
was air-dried but not desiccated for 3 s, upon which a primer (Optibond FL Primer, Kerr, Orange, CA, 
USA) was applied with a light brushing motion for 15 s, gentle air-dried for 10 s and suction-dried for 
15 s. A thin layer of heated (40 °C) adhesive resin (Optibond FL Adhesive, Kerr) was applied onto the 
surface using a light brushing motion for 15 s and photo-polymerized for 10 s (Bluephase Style, Ivoclar 
Vivadent) (>1000 mW/cm2). Regarding IDS-2L, the same procedures were performed with the addition 
that a second layer of adhesive was applied likewise as described above for the first adhesive layer. 
Regarding IDS-F, the same procedure was performed as for IDS-1L with the addition that a flowable 
resin-based composite (RBC) (Grand IO Flow, VOCO, Cuxhaven, Germany) was additionally applied in 
a thin layer of about an average thickness of 1 mm and separately light-cured for 40 s. Finally in all 
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groups after glycerin gel (K-Y, Johnson&Johnson, Sezanne, France) was applicated and light-curing was 
repeated for 40 s.

The DDS was considered the control; the dentin was not sealed directly after preparation.

Table 1. The brand, manufacturer, main chemical composition, and batch number of the different products used (in alphabetical order).

Product (manufacturer) Composition Batch number

CoJet sand
 (3M, Seefeld, Germany)

Aluminium oxide (Al2O3) particles coated 
with silica (particle size: 30 μm)

446317/534151

Durelon
  (3M)

Powder: zinc oxide, stannous fluoride, 
tin dioxide  Liquid: water, polyacrylic acid

514362
510198

Enamel plus HFO UD2
  (Micerium, Avegno, Italy)

1,4-Butandioldimethacrylate, urethane 
dimethacrylate, Bis-GMA

2015007203

ESPE-Sil
  (3M)

Ethyl alcohol, 3-methacryloxypropyl- 
trimethoxysilane, methyl ethyl ketone

598868

Glycerin Gel
   (K-Y, J&J, Sezanne, France)

Purified water, glycerin, methylparaben, 
propylparaben, propylene glycol, 
hydroxyethylcellulose, dissodium 
phosphate, sodium phosphate, 
tetrasodium EDTA

2744V

Grand IO Flow
  (Voco, Cuxhaven, Germany)

1,6-Hexanediylbismethacrylate, BIS 
GMA, triethylene glycol dimethacrylate

1512472

Monobond Plus
  (Ivoclar Vivadent, Schaan, Liechtenstein)

Ethanol, 3-trimethoxysilsylpropyl-
methacrylate, methacrylated phosphoric 
acid ester

T07775

Optibond FL
  (Kerr, Orange, CA, USA)

Primer: HEMA, GPDM, PAMM, ethanol, 
water, photo-initiator 
Adhesive: TEGDMA, UDMA, GPDM, 
HEMA, bis-GMA, filler, photo-initiator

5534310

5594053

Total Etch
  (Ivoclar Vivadent)

37% phosphoric acid (H3PO4) L049

Temporary restoration
After dentin preparation, a temporary restoration (Protemp 4, 3M, Seefeld, Germany) was cemented 
onto the flat dentin surface using a zinc-carboxylate cement (Durelon, 3M). The temporary phase 
consisted of 3-week water storage.

Surface conditioning and composite build-up
After three weeks, the temporary restorations were removed with a scaler (H5 Anterior Scaler, Hu-Friedy, 
Chicago, IL, USA). Next, the surfaces of half of the specimens for each of the four IDS groups were solely 
cleaned by pumice rubbing (SC-P), while those of the other half of the specimens were cleaned by 
pumice rubbing and additionally tribochemically silica-coated (SC-PS) at a distance of 10 mm following 
a 45o angulation (2 bar; CoJet sand, SiO2, 3M). All specimens were subsequently rinsed thoroughly 
with water and air-dried for 15 s, upon which a silane coupling agent (ESPE-SIL, 3M) (according to 
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the method of Özcan et al. 25) was applied and left to dry (5 min) according to the method of Özcan et 
al. 25 The primer (Optibond FL Primer, Kerr) was then applied onto all specimen surfaces with a light 
brushing motion during 15 s, gentle air-dried for 10 s and hereafter suction-dried for 15 s. A thin layer 
of heated (40 °C) adhesive resin (Optibond FL Adhesive, Kerr) was next applied onto the surface with a 
light brushing motion for 15 s and air-dried for 10 s without light curing. A RBC build-up (±6 mm) was 
subsequently constructed (HFO composite, Micerium, Avegno, Italy) on the prepared surfaces by filling 
a transparent silicon mould in three to four layers. Caution was taken to avoid air bubbles between the 
adhesive and RBC layers. The build-up was photo-polymerized through the silicon mould using the LED 
light-curing unit from each side for 40 s; this was repeated after having removed the mould and having 
applied Glycerin Gel (Johnson&Johnson) at the outer RBC surface.

Aging and micro-tensile bond strength (μTBS) testing
After 1-week storage in 0.5% chloramine T solution at 37°C, micro-specimens were cut for μTBS 
testing. Per experimental group, 24 micro-specimens were tested immediately to measure the 1-week 
μTBS, while another set of 24 micro-specimens were tested upon 6-month storage to measure the 
6-month aged μTBS. The bond strength to dentin was determined using a standardized μTBS protocol 

.31 In order to obtain 12 rectangular micro-specimen sticks per experimental group (0.9×0.9×8-9mm), 
the restored teeth were sectioned perpendicular to the interface using an automated water-cooled 
precision diamond saw (Accutom-50, Struers, Ballerup, Denmark). 30,40 The dimension of the sticks were 
precisely measured by means of a digital caliper (CD-15CPX, Mitutoyo, Kanagawa, Japan), from which 
the cross-sectional area was calculated (approximately 0.9 mm2). The micro-specimens were fixed to a 
modified μTBS testing jig 31 using cyanocrylate glue (Model Repair II Blue, Dentsply-Sankin, Tokyo, Japan) 
and tested in tension mode at a crosshead speed of 1.0 mm/min using an LRX testing machine (Lloyd, 
Hampshire, UK) equipped with a load cell of 100 N. The bond-strength values were calculated in MPa 
by dividing the imposed force (in N) at the time of fracture by the bonded area (in mm2). Specimens 
that failed before actual testing (pre-testing failure or ‘ptf’), were explicitly noted, counted as 0 MPa in 
further analyses and so taken into account for the calculation of the μTBS means. 

Failure pattern analysis
The failure modes were evaluated using a stereo-microscope (Wild M5A, Wild) at a magnification of 
up to ×50 and classified as follows: failure in dentin; failure at the adhesive-dentin interface; failure in 
the adhesive resin; failure at the adhesive-composite interface and failure in composite. Representative 
specimens in each group were selected for further ultra-structural characterization using scanning 
electron microscopy (SEM). The latter specimens were sputter-coated using a 3-nm thick layer of gold 
(80%) and palladium (20%) (90 s, 45mA; Balzers SCD 030, Balzers, Liechtenstein) prior to being examined 
using a cold field-emission SEM (Feg-SEM; LEO 440, Leo Electron Microscopy, Cambridge, UK).

Statistical analysis
All data were analyzed using a statistical software package (SPSS 22, PASW statistics 18.0.3, Quarry 
Bay, Hong Kong, China). Kolmogorov-Smirnov and Shapiro-Wilk tests were used to test for a normal 
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distribution of the data. As the data were normally distributed, the data were divided in two experiments 
according to aging (1-wk; 6-m) and surface conditioning (SC-P; SC-PS). Two-way ANOVA and post-hoc 
testing were applied to verify possible differences among the groups for the parameters of IDS, SC and 
aging on μTBS. In all tests, p<0.05 was considered to be statistically significant.

Results

The IDS strategy (F(1, 217.3) = 2.265, p=0.087, ŋ2 = .072) and type of SC (F(1, 217.3) = 0.061, p=0.806, 
ŋ2 = .001) did not produce statistical difference after 1-wk of water aging (Table 2).

Table 2. Mean micro-tensile bond strength (MPa)* for the different IDS and surface-conditioning strategies (SC) at 1 week and after 

6-month aging.

1 week IDS-1L IDS-2L IDS-F DDS

SC-P 29.8 (13.3)a,A 26.4 (11.2)a,A 29.1 (13.7)a,A 30.2 (17.1)a,A

SC-PS 35.2 (19.0)a,A 39.2 (15.2)a,B 28.1 (13.6)a,A 16.0 (13.5)b,B

6 months IDS-1L IDS-2L IDS-F DDS

SC-P 29.5 (11.6)a,A 37.1 (13.9)a,A 27.9 (14.3)a,A 21.1 (17.0)b,A

SC-PS 35.6 (7.3)a,A 29.3 (13.7)a,A 40.6 (14.9)a,A 21.4 (10.3)b,A

*Mean (standard deviation); same small superscript letters indicate absence of statistically significant difference in the rows and 

same capital superscript letters indicate absence of statistically significant difference in the columns (p<0.05); IDS: Immediate 

Dentin Sealing; IDS-1L: IDS with 1 layer of adhesive; IDS-2L: IDS with 2 layers of adhesive; IDS-F: IDS with one layer of adhesive and 

one layer of flowable RBC; DDS: Delayed Dentin Sealing (control); SC-P: Surface Conditioning with pumice; SC-PS: SC followed by 

tribochemical silica-coating. 

However, the interaction of IDS and SC strategy was statistically significant (F(3, 217.3) = 3.649, p=0.016, 
ŋ2 = .111). Hence, the magnitude of the difference between the two surface-conditioning methods 
after 1-wk water aging depends on the IDS strategy that was applied. Silica-coated (SC-PS) specimens 
from IDS-2L showed the highest mean 1-wk μTBS. The mean μTBS was significantly higher (Fig. 1) when 
silica-coating (SC-PS) was used for this particular IDS strategy (F(1, 217.3) = 4.556, p=0.036, ŋ2 = .049).  

In contrast, following a DDS strategy SC-PS achieved significantly lower μTBS than SC-P (F(1, 217.3) = 
5.630, p=0.020, ŋ2 = .060).
  
After 6-m water aging, SC did not significantly affect μTBS (F(1, 173.6) = 1.099, p=0.297, ŋ2 = .012), while 
the IDS strategy significantly influenced μTBS (F(3, 173.6) = 5.110, p=0.003, ŋ2 = .148). The interaction 
of IDS and SC was not significant (F(3, 173.6) = 2.631, p=0.055, ŋ2 = .082). Post-hoc tests revealed that 
regardless the type of SC all IDS strategies differed significantly (p=0.001 to p=0.004) from the DDS 
group, but not from each other (Table 2, Fig. 2).  
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Figure 1. Boxplot of micro-tensile bond strength (MPa) (left) and estimated marginal means of micro-tensile bond strength (MPa) 

(right) for the different IDS and surface-conditioning strategies at 1 week. IDS: Immediate Dentin Sealing; IDS-1L: IDS with 1 layer of 

adhesive; IDS-2L: IDS with 2 layers of adhesive; IDS-F: IDS with one layer of adhesive and one layer of flowable RBC; DDS: Delayed 

Dentin Sealing (control); SC-P: Surface Conditioning with pumice; SC-PS: SC followed by tribochemical silica-coating.

Figure 2. Boxplot of micro-tensile bond strength (MPa) (left) and estimated marginal means of micro-tensile bond strength (MPa) 

(right) for the different IDS and surface-conditioning strategies after 6-month aging. IDS: Immediate Dentin Sealing; IDS-1L: IDS with 

1 layer of adhesive; IDS-2L: IDS with 2 layers of adhesive; IDS-F: IDS with one layer of adhesive and one layer of flowable RBC; DDS: 

Delayed Dentin Sealing (control); SC-P: Surface Conditioning with pumice; SC-PS: SC followed by tribochemical silica-coating.
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Although not significant, the highest mean μTBS was reported for SC-PS specimens from the IDS-F 
group (14.9 MPa) and the lowest values for the DDS group regardless the SC method (±21 MPa). 
  
Table 2 shows that the aging time (F(1, 200.3) = 0.000, p=0.997, ŋ2 = .000) and IDS strategy (F(3, 200.3) 
= 0.765, p=0.517, ŋ2 = .025) did not produce statistical difference for the SC-P groups. There was no 
interaction of these factors as well (F(3, 200.3) = 1.989, p=0.121, ŋ2 = .064). For the SC-P specimens, the 
highest mean μTBS was observed for the 1-wk IDS-2L group and the lowest for the 6-m DDS group (Table 
2). However, in general the SC-P groups demonstrated stable μTBS means in time without significant 
differences among groups (Fig. 3).

Figure 3. Boxplot of micro-tensile bond strength (MPa) (left) and estimated marginal means of micro-tensile bond strength (MPa) 

(right) for the different IDS strategies and two evaluation times (1-wk: at 1 week; 6-m: after 6-month aging), when the surface was 

conditioned with pumice (SC-P). IDS: Immediate Dentin Sealing; IDS-1L: IDS with 1 layer of adhesive; IDS-2L: IDS with 2 layers of 

adhesive; IDS-F: IDS with one layer of adhesive and one layer of flowable RBC; DDS: Delayed Dentin Sealing (control).

For the SC-PS specimens, the aging factor produced no significant difference (F(1, 190.6) = 0.538, 
p=0.465, ŋ2 = .006). However, there was a highly significant difference in mean μTBS among the 
IDS strategies (F(3, 190.6) = 8.097, p < .001, ŋ2 = .216). DDS surfaces conditioned with silica (SC-PS) 
exhibited the significantly lowest μTBS (p < 0.001 for all pair wise comparisons). The aging/IDS strategy 
interaction was also statistically significant (F(3, 190.6) = 2.801, p=0.045, ŋ2 = .087). Hence, for SC-PS 
specimens, the magnitude of the difference between the two aging evaluations relied on the strategy of 
IDS employed. The former was predominantly and interestingly caused by a positive effect of aging on 
the μTBS means of silica-coated (SC-PS) specimens from the IDS-F group (F(1, 190.6) = 4.886, p=0.020, 
ŋ2 = .053) (Fig. 4), which ultimately led to the highest μTBS reported (Table 2, 40.6±14.9 MPa). 
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Figure 4. Boxplot of micro-tensile bond strength (MPa) (left) and estimated marginal means of micro-tensile bond strength (MPa) 

(right) for the different IDS strategies and two evaluation times (1-wk: at 1 week; 6-m: after 6-month aging), when the surface was 

conditioned with pumice followed by tribochemical silica-coating (SC-PS). IDS: Immediate Dentin Sealing; IDS-1L: IDS with 1 layer of 

adhesive; IDS-2L: IDS with 2 layers of adhesive; IDS-F: IDS with one layer of adhesive and one layer of flowable RBC; DDS: Delayed 

Dentin Sealing (control).

Figure 5a-b. SEM photomicrographs of fracture surfaces from representative specimens after micro-tensile bond-strength testing. 

(a) Adhesive failure at the adhesive–composite interface (IDS-1L, SC-PS, 6-m). (b) Adhesive failure at the adhesive-dentin interface. 

(DDS, SC-PS, 6-m). Note the exposed dentin tubuli. IDS: Immediate Dentin Sealing; IDS-1L: IDS with 1 layer of adhesive; IDS-2L: IDS 

with 2 layers of adhesive; IDS-F: IDS with one layer of adhesive and one layer of flowable RBC; DDS: Delayed Dentin Sealing (control); 

1-wk: at 1 week; 6-m: after 6-month aging.
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Table 3. Overview of pre-testing failures (ptf), total number of specimens (n) and failure analysis (%)

1 week ptf n S I B B/C C

IDS-1L + SC-P 0 12 11 67 22

IDS-1L + SC-PS 0 12 17 17 67

IDS-2L + SC-P 0 12 67 33

IDS-2L + SC-PS 0 12 50 33 17

IDS-F + SC-P 1 12 63 25 13

IDS-F + SC-PS 0 12 11 78 11

DDS + SC-P 1 12 100

DDS + SC-PS 4 12 100

6 months ptf n S I B B/C C

IDS-1L + SC-P 0 12 9 91

IDS-1L + SC-PS 0 12 80 20

IDS-2L + SC-P 0 12 76 25

IDS-2L + SC-PS 0 12 25 75

IDS-F + SC-P 1 12 33 67

IDS-F + SC-PS 0 12 67 33

DDS + SC-P 3 12 80 20

DDS + SC-PS 1 12 50 50

IDS (Immediate Dentin Sealing); IDS-1L (IDS with one layer of adhesive); IDS-2L (IDS with two layers of adhesive); IDS-F (IDS with one 

layer of adhesive and one layer of flowable RBC); DDS (Delayed Dentin Sealing) with no layer of adhesive (control group); SC (surface 

conditioning); SC-P (surface conditioning with pumice rubbing); SC-PC (surface conditioning with pumice followed by tribochemical 

silica-coating); 1-wk (‘immediate’); 6-m (‘aged’); ptf (pre-testing failure); S (failure in dentin); I (failure at the adhesive-dentin 

interface); B (failure in adhesive); B/C (failure at the adhesive-composite interface) and C (failure in composite).

Failure was predominantly observed at the adhesive-dentin interface for all the evaluated groups. The 
least failures were seen at the adhesive-composite interface and within dentin or composite (Fig. 5). 
The majority of pre-testing failures were related to the DDS groups (Table 3). 

Discussion

Glass-ceramic posterior restorations have a good survival rate; however, their prognosis is highly 
dependent on the strength of the adhesive interface. The weakest link of the interface is the connection 
of the adhesive to dentin.10,13,15 In order to increase the adhesive strength of resin-based materials to 
dentin in indirect restorations, the concept of IDS was introduced. It was shown in an in vitro study 
that ceramic laminate veneers could benefit when large surfaces of dentin were exposed.15 Freshly 
exposed dentin is the most ideal substrate for dentin bonding.28,29 How to apply IDS and how to clean or 
condition the IDS layer during the luting phase has not been studied to date.32 
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After 1 week of aging, the magnitude of the difference between the two surface-conditioning methods 
depended on the type of IDS used. This may be explained by the assumption that with only a thin 
layer of IDS, tribochemical silica-coating, which also involves sandblasting, may largely remove the 
IDS layer, thereby decreasing bond strength.  Hence, a thicker IDS layer and silica-coating appeared 
more favourable. This confirms the observations by Stavridakis et al.36 They demonstrated the risk 
of re-exposure of dentin after conditioning the preparation, which may be reduced by using a filled 
bonding agent like Optibond FL (Kerr). In the present study, the three-step etch-and-rinse adhesive 
Optibond FL (Kerr) was chosen because this adhesive is known for its high filler load and high mechanical 
strength resulting in higher μTBS.10 However, after 6 months, this particular effect was not observed. 
All different IDS strategies obtained higher bond strengths than the control group (DDS), independent 
of the surface-conditioning method used. Therefore, the adhesive application to dentin directly after 
preparation is important to achieve higher bond strength. Hashimoto et al. 17 concluded that bond 
strength increased with each adhesive coating up to four layers. Ito et al. 19 concluded that simply 
applying more layers of adhesive could improve the bond strength and the quality of dentin adhesion, 
especially if the layers were light-cured separately. Multiple layers of adhesive resin are thought to 
create a thicker adhesive layer without affecting the hybrid-layer quality. The increased bond strength 
results from an improved stress distribution and increased elasticity of the adhesive layer.4,39 However, 
others claim that each adhesive has its own ideal thickness and that this should be respected in this 
multi-layering technique. 7

  
In contrast to the results of our study, others have observed that bond strength decreased over time10,16, 
which was attributed to hydrolytic degradation of the adhesive interface.2,25 Our results demonstrate 
that using IDS the adhesive interface was stable over time; we could not find a significantly different 
effect between the 1-wk and 6-m water-storage data. Further investigation is needed to find out if this 
could be due to an improved resin impregnation associated with an IDS application. According to Magne 
et al. 23, good bond strength of the definitive restoration to the sealed dentinal surface can be achieved 
even up to an extended provisionalization phase of 12 weeks. In thid study the provisionalization phase 
was three weeks, which according to Magne et al. 23 could not have affected bond strength. 
  
When surfaces were cleaned using pumice, a stable μTBS over time was recorded without a 
significant difference among the IDS strategies. Surfaces conditioned with tribochemical silica-coating 
demonstrated a more positive effect upon 6-month aging than the solely pumice-rubbed surfaces. A 
higher mean bond strength was obtained with a thicker IDS layer compared to a DDS strategy. High 
mean μTBS values and small standard deviations were seen in the IDS-1L group, when specimens were 
silica-coated, this upon 1-wk (35.2±19 MPa) and 6-m (35.6±7.3 MPa) aging. Others attributed the 
improved bond strength recorded using tribochemical silica-coating to the additional chemical bonding 
of the applied silane coupling agent to the silica-coated surface. 1,33,37

  
Most failures in the 1-wk and 6-m aged groups were seen at the adhesive-dentin interface, it might 
be interesting to see whether there would be more differences in bond strength after a longer period 
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of aging. Pre-testing failures were predominantly seen in the DDS groups, probably due to do water 
uptake of the dentin. In the DDS group, no adhesive interface was created (directly after preparation) 
while this adhesive interface was necessary to prevent water uptake from the tooth (in the temporary 
crown phase).18 A disadvantage from the μTBS is that not only the actual ‘bond strength' is measured, 
but rather the strength of the complete assembly including dentin and composite 9 possibly resulting in 
a higher strength that surpasses the interfacial strength. Yet, μTBS is generally accepted as one of the 
most valid bond strength tests.35 According to the review of Qanungo et al. 32 and based on the results 
of this study significant differences have been demonstrated between IDS and DDS, and this being more 
in favour of IDS. 

Conclusions

From this study, the following can be concluded:
1- the micro-tensile bond strength recorded for specimens prepared with any type of the three IDS  
  strategies investigated were higher compared to DDS;
2- cleaning with pumice only or with additional tribochemical silica-coating did not affect μTBS.  
  When using a silica-coating technique, a thick IDS layer is recommended;
3- a one-layer IDS and surface conditioning involving pumice rubbing with additional tribochemcial  
  silica-coating appears to be an effective, consistent, durable and relatively less time-consuming  
  IDS procedure. 

Clinical relevance
For partial indirect restorations, Immediate Dentin Sealing is recommended, as bond strength remains 
stable over time.  
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Abstract

Aim
 Limited information is available on the effect of Immediate Dentin Sealing (IDS) on the fracture strength 
of indirect partial posterior restorations. This study evaluated the effect of IDS on the fracture strength 
and failure types of two indirect restorative materials.

Materials and methods
Standard MOD inlay preparations were made on sound molars (N=40, n=10 per group) and randomly 
divided into four groups to receive the inlay materials with and without the application of IDS: Group 
L-IDS-: Li2Si2O5 (Lithium disilicate, IPS e.max) without IDS; Group L-IDS+: Li2Si2O5 with IDS; Group 
MR-IDS-: Multiphase resin composite (MR, Lava Ultimate) without IDS; MR-IDS+: MR with IDS. Inlays 
made of L were etched with 5% hydrofluoric acid, and MR inlays were silica coated. After silanization, 
they were cemented using adhesive resin cement (Variolink Esthetic DC). The specimens were 
thermo-mechanically aged (1.2×106 cycles, 1.7 Hz, 8000 cycles, 5–55 °C) and then subjected to load 
to failure (1 mm/min). Failure types and locations of debondings were classified. Data were statistically 
analyzed using ANOVA, Mann Whitney U-test and Chi-square tests (α=0.05). Two-parameter Weibull 
distribution values including the Weibull modulus, scale (m) and shape (0), values were calculated.

Results
After aging conditions, no apparent changes were observed in marginal integrity but occlusal wear 
facets were more common with MR than with L (p < 0.001). Material type and the application of 
IDS significantly affected the results (p=0.013). While group L-IDS- showed the lowest mean fracture 
strength (1358 ± 506 N) among all groups (p < 0.05), application of IDS significantly increased the results 
significantly (L-IDS+: 2035 ± 403 N) (p=0.006). MR groups with and without IDS, did not show significant 
difference (MR-IDS-: 1861 ± 423, MR-IDS+: 1702 ± 596 N) (p=0.498). When materials without IDS are 
compared, L showed significantly lower results than that of MR (p=0.035). With the application of IDS, no 
significant difference was noted between L and MR materials (p=0.160). Weibull distribution presented 
the highest shape (0) for L-IDS+ (5.66) compared to those of other groups (3.01–4.76). Neither the 
material type (p=0.830), nor the application of IDS (p=0.54) affected the severity of the failure types. 
In 95% of the cases, the IDS layer left adhered on the tooth surface after fracture tests. In groups 
where no IDS was used, resin cement remained on the tooth surface in 44% of the cases (p=0.001). 
No significant differences were observed between the materials with respect to cement remnants or 
IDS after fracture (p=0.880). The incidence of repairable failure types (83%) was more common with L 
than with MR (75%) material (p > 0.05).

Conclusions
Immediate Dentin Sealing improves adhesion, and thereby the fracture strength of inlays made of 
lithium disilicate but not that multiphase resin composite.  
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Introduction

Minimally invasive dentistry strives for preservation of enamel as much as possible since removing large 
amount of tooth structure has an adverse effect on the pulp and may lead to vitality loss.1,2 Current 
restorative concepts are based on the bio-emulation philosophy that restored teeth can mimick both the 
biomechanical and structural properties of a natural tooth.3-5 By taking biology, mechanics, function and 
aesthetics into account, a harmonious and natural restorative result could be achieved.6 A restoration 
following these principles can either be made from a direct or an indirect restorative material, where the 
former is chosen when restoration of morphology and function is difficult to restore.4,7,8 A restoration 
made of an indirect restorative material that suits a minimally invasive preparation is a so-called partial 
restoration. In the application of indirect partial restorations several components are relevant, namely 
the material, adhesive cementation to dentin/ enamel, and the bonding procedures.
 
Indirect partial restorations could be made of various materials. Gold onlays are reliable restorative 
options with success rate of 92% over nine years.6,9-11 Studies on ceramic indirect restorations show 
survival rate between 90 and 100% after five years6,9,12-14 and a success rate between 89 and 91% after 
ten years. 7,14 On the other hand, multiphase resin composite restorations present three-year survival 
rate of 100%15, while others reported a two-year survival rate of 90%15, with an average annual failure 
rate of 0−11.8%. 12

 
Limited information is available on the clinical survival of indirect resin composites.14-18 Likewise, little is 
known on the multiphase resin composite (MR, Lava Ultimate, 3M ESPE) but it is claimed that restorations 
made of this material have comparable fatigue resistance with those made of ceramics.19 The most 
common cause of failure of inlays made of either ceramic or resin composite is fracture.11,12,14,20-23 Such 
fractures are primarily within the restorative material, followed by fractures in the tooth.7,16,20,21 In fact, 
adhesive cementation provides chemical and micro-mechanical attachment of the restoration to the 
tooth and re-establishes the integrity of the tooth and circumvents microleakage.2,24,25 In that respect, 
sealing the dentin immediately after tooth preparation using a dentin bonding agent to the freshly cut 
dentin, the so called ‘Immediate Dentin Sealing (IDS)’, was advocated in early 1990’s.26 Several studies 
have shown that application of IDS after tooth preparation ensures improved bond strength of resin 
based materials5,27,28 and ceramic restorations to dentin.28-35 However, it is ambiguous whether the 
application of IDS would have a similar positive effect on the fracture strength of inlays.
 
The objective of this study therefore was to compare the fracture strength of lithium disilicate (Li2Si2O5) 
and multiphase resin composite material with and without the application of IDS. The hypothesis tested 
was that the presence of IDS would positively contribute to the fracture strength of the glass-ceramic 
and the indirect resin composite material compared to conventional adhesive cementation.
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Material and methods

Specimen preparation
The brands, types, manufacturers, chemical compositions and batch numbers of the materials used for 
the experiments are listed in Table 1. Schematic description of the experimental design is presented in 
Fig. 1.
 
Sound human molars (N=40) of similar size, free of restorations, fractures, caries and root canal 
treatment were selected from a pool of recently extracted teeth (< 6 months). All teeth were screened 
on the presence of cracks through blue light illumination and those with cracks were eliminated. The 
selected teeth were placed in polyvinylchloride (PVC) tubes (height: 10 mm; diameter: 15 mm) and 
filled with polymethylmethacrylate (Probase Cold, Ivoclar Vivadent, Schaan, Liechtenstein) up to 1 mm 
below the cement-enamel junction (CEJ). After photographs were made from each specimen, they 
were scanned using an intraoral scanner (Lava 3M ST scanner, 3M ESPE, St. Paul, USA). The scanned 
images served for the definitive form of the restorations after preparation. Specimens were stored in 
distilled water at 37 °C during the experiments.
 
Teeth were randomly divided into four groups to receive the inlay materials with and without the 
application of IDS: Group L-IDS-: Li2Si2O5 (Lithium disilicate, IPS e.max Press, Ivoclar Vivadent, Schaan, 
Liechtenstein) without IDS; Group L-IDS+: Li2Si2O5 with IDS; Group MR-IDS-: Multiphase resin composite 
(MRC, Lava Ultimate, 3M ESPE, St. Paul, USA) without IDS; MR-IDS+: MR with IDS.
 
Standard MOD cavity preparations were made in each tooth (bucco-lingual width: 5 mm, depth: 2 mm 
from the fissure, approximal outline: 1 mm above the CEJ) using different burs (no. 6856,8856, TPS2-8, 
TPS2-9, Komet Dental, Lemgo, Germany). The width of the preparation determined the thickness of 
the remaining walls, depending on the size of the tooth. The axial walls were prepared with divergence 
of < 6% to eliminate undercuts. The dimensions of the preparations were checked using an electronic 
caliper and adjusted after the preparation where needed.

Immediate Dentin Sealing
In groups L-IDS+ and MR-IDS+, IDS was applied immediately after tooth preparation. A self-etching primer 
(Clearfil SE Bond, Kuraray Co., Tokyo, Japan) was actively applied to the dentin surface for 20 s, air-dried 
gently with oil-free air, until a dry and glossy appearance of the dentin was maintained. Hereafter, an 
adhesive resin (Clearfil SE Bond, Kuraray Co.) was applied with a microbrush on the dentin only and 
photo-polymerized for 10 s using an LED polymerization device (Bluephase 20i, Ivoclar Vivadent) from a 
distance of 2 mm. Then, flowable resin composite (Tetric Evoflow, Ivoclar Vivadent) was applied on the 
dentin surface in order to increase the thickness and protect the IDS layer and photo-polymerized for 40 
s. The output of the polymerization device was >1000 mW/cm2 throughout the experiment verified by 
a radiometer (Bluephasemeter, Ivoclar Vivadent). After application of glycerine gel (Johnson & Johnson, 
Sezanne, France), the surface was again photo-polymerized for 40 s. Excess adhesive resin on enamel was 
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removed using a fine grid diamond bur (no. 862EF, Komet Dental, Lemgo, Germany) and rubbers (no. 
9619, Komet Dental) under an operatory microscope (x10 Opmipico, Zeiss, Oberkochen, Germany). Digital 
photos were made from 5 sides and then the teeth were scanned again using an intraoral scanner (Lava 
3M ST Scanner, 3M ESPE) after which the STL files were sent to the dental laboratory.

Temporary and permanent restorations
In groups L-IDS+ and MR-IDS+, glycerin gel (Johnson & Johnson) was applied on the IDS layer before 
placing the provisional restorations in order to prevent adhesion between IDS and the provisional 
material (Protemp 4, 3M ESPE). Provisional restorations were adjusted using polishing discs (Sof-Lex 
Contouring and Polishing Disks, 3M ESPE) and luted with temporary cement (Durelon, 3M ESPE). 
Specimens were stored in distilled water at 37 °C for 3 weeks. One dental technician fabricated lithium 
disilicate inlays according to the instructions of the manufacturer. Ceramic restorations were milled 
in wax and then pressed and glazed in a ceramic oven (Programat EP5000, Ivoclar Vivadent) while 
multiphase resin composite restorations were milled in a 5-axis milling machine (Lava 3M CNC 500, 3M 
ESPE) and glazed.

Adhesive cementation
After removing the provisional restorations, each tooth was cleaned with pumice and the fit of the ceramic 
restorations was controlled using an optical microscope (×10, OpmiPico, Zeiss). A dual-polymerized 
resin composite cement (Variolink Esthetic DC, Ivoclar Vivadent) was used for cementation of the 
ceramic restorations. A two-step bonding procedure (Adhese Universal, Ivoclar Vivadent) with separate 
conditioning of the IDS layer was employed to ensure adhesion. Cementation surfaces of the ceramic 
inlays were conditioned using 5% hydrofluoric acid (IPS Ceramic etching gel, Ivoclar Vivadent) for 20 
s, rinsed with water and a neutralizing powder (IPS Ceramic neutralizing powder, Ivoclar Vivadent). 
The restorations were ultra-sonically cleaned (Emag, Valkenswaard, the Netherlands) in distilled water 
for 5 min. Hereafter the restorations were dried, silanized (Monobond Plus, Ivoclar Vivadent) and 
hot air-dried for 60 s. Adhesive resin was applied (Adhese Universal, Ivoclar Vivadent) to the ceramic 
surfaces, air-thinned but not photo-polymerized. 
 
Cementation surfaces of the resin composite restorations were tribochemically treated (CoJet Sand, 3M 
ESPE) for 10 s with nozzle angle of 45°, distance of 10 mm at 2 bar pressure using a chairside air-abrasion 
device (Dento-Prep, RØNVIG A/S, Daugaard, Denmark). Silane coupling agent (ESPE-SIL, 3M ESPE) was 
applied on the adhesion surface, left to react for 5 min and hot air-dried for 2 min. Adhesive resin was 
then applied (Adhese Universal, Ivoclar Vivadent) with a microbrush on the composite surface.
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Table 1. The brands, types, chemical compositions, manufacturers and batch numbers of the main materials used in this study.

Brand Type Manufacturer Composition Batch number

Clearfil SE Bond: Primer Primer Kuraray Co., Tokyo, 

Japan

10-Methacryloyloxydecyl dihydrogenphosphate (MDP), 

2-Hydroxyethyl methacrylate (HEMA), Hydrophilic 

dimethacrylate, dl-Camphorquinone, N, N-di-ethanol-p-

toluidine, water

200022

Clearfil SE Bond: Bond Bonding Kuraray Co. 10-Methacryloyloxydecyl dihydrogenphosfate (MDP), 

Bisphenol A diglycidylmethacrylate (bis-GMA), 

2-Hydroxyethyl methacrylate (HEMA), Hydrophobic 

dimethylacrylate, dl-Camphorquinone, N, N-di-ethanol-p-

toluidine, Silanised colloidal silica

2T0038

Tetric Evoflow Flowable composite Ivoclar Vivadent, 

Schaan, 

Liechtenstein

Dimethacrylates (38% wt), barium glass, ytterbium 

trifluoride, highly dispersed silicon dioxide, mixed oxide 

and copolymer (62% wt). Additives, catalysts, stabilizers 

and pigments (<1% wt). Particle size: 40 nm (0.04 μm) - 

3000 nm (3 μm). Mean particle size: 550 nm (0.55 μm)

S14454

Glycerin Gel Glycerin gel Johnson & Johnson, 

Sezanne, France

Glycerin gel 3099VA

Durelon Carboxylate cement 3M ESPE, St. Paul, 

Minnesota, USA

Powder: Zinc oxide, stannous fluoride, tin dioxide. Liquid: 

Water and polyacrylic acid

525252

CoJet Sand Particle for air-

abrasion

3M ESPE Aluminium trioxide particles coated with silica, particle 

size: 30 μm

446317 

446317

ESPE-Sil Silane 3M ESPE Ethyl alcohol, methacryloxypropyl, trimethoxysilane 551520 

550016

Total-Etch Etching gel, 37% 

Phosphoric acid

Ivoclar Vivadent 37% phosphoric acid (H3PO4) T20546

Adhesive Universal Bonding Ivoclar Vivadent Methacrylates, ethanol, water, highly dispersed silicon 

dioxide, initiators and stabilizers

T28040 

T24701

IPS Ceramic Etching Gel < 5% Hydrofluoric Acid Ivoclar Vivadent <5% Hydrofluoric ccid T19032

IPS Ceramic Neutralizing 

Powder

Neutralizing powder Ivoclar Vivadent 25-50% sodium carbonate, 25-50% calcium carbonate T11686

Monobond Plus Silane Ivoclar Vivadent Ethanol, 3-trimetho-xysilsylpropylmetha-crylaat, 

methacrylated phosphoric acid ester

T07775 

T21454

Variolink Esthetic Dual cure resin 

composite cement

Ivoclar Vivadent Monomers: Urethane dimethacrylate, methacrylate. 

Fillers: ytterbium trifluoride and pheroid mixed oxide 

initiators, stabilizers and pigments. Particle size: 0.04-0.2 

μm. Mean particle size: 0.1 μm. Total volume of inorganic 

fillers: approx. 38%.

T15625 

T30447

Lava Ultimate Multiphase resin 

composite (Shade A2)

3M ESPE 80% nano ceramic components with 20% of polymer 

matrix

498875

IPS e.max Press Lithiumdiscilicate 

(Shade A2)

Ivoclar Vivadent SiO2, Li2O, K2O, MgO, ZnO, Al2O3, P2O5 and other oxides R59340, 

R64197, 

R61630, 

R70382 
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Figure. 1. Flow-chart showing experimental sequence and allocation of groups. 
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In groups L-IDS- and MR-IDS-, teeth were etched with 37% H3PO4 (enamel: 30 s, dentin: 10 s, Total-etch, 
Ivoclar Vivadent) and rinsed with copious water for 30 s. In groups L-IDS+ and MR-IDS+, the IDS layer 
was tribochemically treated (CoJet, 3M, ESPE) using a chairside air-abrasion device (Dento-PrepTM, 
RØNVIG A/S, Daugaard, Denmark) for 4 s with nozzle angle of 45°, distance of 10 mm at 2 bar pressure. 
Enamel was etched with 37% H3PO4 for 30 s, rinsed and air-dried. Silane (ESPE-Sil, 3M ESPE) was applied 
one coat on the silica-coated IDS surfaces left to react for 5 min. Subsequently, adhesive resin (Adhese 
Universal, Ivoclar Vivadent) was applied to the whole pre-paration using a microbrush for 20 s.
 
Inlay restorations were cemented using dual-poymerized resin composite cement (Variolink Esthetic 
DC, Ivoclar Vivadent) and excess cement was removed with microbrushes. Glycerin gel (Johnson & 
Johnson) was applied at the margins of the restorations and photo-polymerized for 40 s from labial, 
lingual and incisal sides (Bluephase, Ivoclar Vivadent, light output: >1000 mW/cm2). Margins were 
polished using soflex discs (Sof-lex Contouring and polishing disks, 3M ESPE) and rubber burs (no. 9619, 
Greenies, Komet Dental).

Aging and fracture test
All specimens were artificially aged in a chewing simulator (SD Mechatronik CS-4.8 Chewing Simulator, 
Feldkirchen-Westerham, Germany) using a ceramic antagonist sphere (50 N) on the occlusal plane 
for 12×106 cycles, 1.7 Hz) and hydrolytically aged (×8000 cycles between 5–55 °C) in distilled water. 
Changes in marginal gap and occlusal wear were evaluated after thermo-mechanical loading under 
optical microscope (×40, Leica Wild Heerbrugg, M3Z Schott Zeiss KL200).
 
The specimens were then mounted in the jig of the Universal Testing Machine (810 Material Test 
System, MTS, Eden Prairie, USA) and loaded with a 8 mm steel ball perpendicular to the occlusal surface 
at a crosshead speed of 1 mm/min. The maximum force to produce fracture was recorded.

Failure analysis
Failure sites were initially observed using an optical microscope (Leica Wild Heerbrugg, M3Z Schott 
Zeiss KL200) at ×40 magnification and classified as an ordinal variable with increasing severity as 
follows: Score 1: Fracture of the inlay; Score 2: Fracture of the inlay and enamel; Score 3: Fracture of 
the inlay, enamel and dentin, Score 4: Root fracture. The presence of the cement or IDS was also noted 
on the tooth after fracture. Failure types were further classified depending on their reparability where 
root fractures and deep subgingival fractures were scored as not repairable. Additionally, representative 
specimens from each group were sputter-coated with a 3 nm thick layer of gold (80%)/palladium (20%) 
(90 s, 45 mA; Balzers SCD 030, Balzers, Liechtenstein) and analyzed using cold field emission Scanning 
Electron Microscope (SEM) (LEO 440, Electron Microscopy Ltd, Cambridge, United Kingdom).

Statistical analysis
Data were analyzed using a statistical software package (SPSS 22, PASW statistics 18.0.3, Quarry Bay, 
Hong Kong, China). Kolmogorov-Smirnov and Shapiro-Wilk tests were used to test normal distribution 
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of the data. As the data were normally distributed, 2-way analysis of variance (ANOVA) and Tukey’s 
tests were applied to analyze possible differences between the groups for the parameters of material 
type and the effect of IDS on fracture strength results. Mann-Whitney U and Chi-Square tests were 
used to investigate differences in failure types between the experimental groups. Maximum likelihood 
estimation without a correction factor was used for 2-parameter Weibull distribution, including the 
Weibull modulus, scale (m) and shape (0), to interpret predictability and reliability of adhesion (Minitab 
Software V.16, State College, PA, USA). P < 0.05 was considered to be statisti-cally significant in all tests.

Results

After aging conditions, no apparent changes were observed in marginal integrity but occlusal wear 
facets were more common with MR than with L (Fig. 3a–b) (X2(1)=18.027, p < 0.001).

a)  

Figure 3a-b. SEM images of inlays after thermo-mechanical aging from occlusal surfaces a) Lithium disilicate ceramic. Note the 

air-bubbles (**) after the wear of the glaze layer (*), b) Multiphase resin composite. Note the extensive wear (+) with small chippings 

on the occlusal surface (++).

Mean fracture strength results showed significant differences be-tween the groups (p < 0.05). Material 
type and the application of IDS significantly affected the results (ANOVA; F(1,34)=6.94, p=0.013). In 
group L-IDS-, two specimen presented with remarkably high fracture strength values. Under microscopic 
evaluation, their preparations were found to be in enamel instead of in dentin, these specimens were 
excluded in the study.
 
While group L-IDS- showed the lowest mean fracture strength (1358 ± 506 N) among all groups 
(p < 0.05), application of IDS significantly increased the results significantly (L-IDS+: 2035 ± 403 N) 
(t(16)=3.164; p=0.006). MR groups with and without IDS, did not show significant difference (MR-IDS-: 
1861 ± 423, MR-IDS+: 1702 ± 596 N) (t(18)=0.691, p=0.498) (Table 2, Fig. 4). When materials without 

b)
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IDS are compared, L-IDS- showed significantly lower results than that of MR-IDS- (t(16)=2.30; p=0.035). 
With the application of IDS, no significant difference was noted between L and MR materials (t(18)=1.47; 
p=0.160).

Table 2. Fracture strength results (Mean ± standard deviation) (Newton) of experimental groups after thermo-mechanical aging and 

axial loading, minimum, maximum and Confidence Intervals (95%). Same lower-case letters in each column indicate no significant 

differences within each column (p>0.05). For group descriptions see Fig. 1. 

Experimental Groups n Mean (SD) Minimum Maximum Confidence Interval

Lower Bound Upper Bound

L-IDS- 8 1358±506a 861 2362 935.69 1781.06

L-IDS+ 10 2035±403b 1499 2799 1746.56 2323.64

MR-IDS- 10 1861±423c 1238 2746 1558.55 2163.84

MR-IDS+ 10 1702±596c 891 2644 1275.11 2127.89

Figure 4. SEM images of a representative specimen from a) group L-IDS+. Note the fractured inlay (*) with the IDS (Immediate Dentin 

Sealing) layer (**) on the dentin surface.

Weibull distribution presented the highest shape (0) for L-IDS+ (5.66) compared to those of other 
groups (3.01–4.76) (Fig. 2).
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Figure 2. Probability plot with Weibull curves (95% CI) using maximum likelihood estimation, scale and shape values for all groups. 1: 

L-IDS-, 2: L-IDS+, 3: MR-IDS-, 4: MR-IDS+.

Neither the material type (Mann-Whitney test; U=173; p=0.830), nor the application of IDS 
(Mann-Whitney test; U=160; p=0.54) affected the severity of the failure types (Table 3). In 95% of the 
cases, the IDS layer was left adhered on the tooth surface after fracture tests. In groups where no IDS 
were used, resin cement remained on the tooth surface in 44% of the cases (X2(1)=11.77, p=0.001). 
No significant differences were observed between the materials with respect to cement remnants or 
IDS after fracture (X2(1)=0.023; p=0.880). The incidence of repairable failure types (83%) was more 
common with L than with MR (75%) material (p > 0.05).

Table 3. Frequencies of failure modes after fracture test. Score 1: Fracture of the inlay; Score 2: Fracture of the inlay and enamel; 

Score 3: Fracture of the inlay, enamel and dentin, Score 4: Root fracture. 

Failure types IDS/cement present on tooth

Score 1 Score 2 Score 3 Score 4 Yes No N

L-IDS- 8 4 4 8

L-IDS+ 1 3 3 3 10 0 10

MR-IDS- 2 2 5 1 4 6 10

MR-IDS+ 4 2 2 2 10 0 10
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Discussion

This study evaluated whether the application of Immediate Dentin Sealing (IDS) could improve fracture 
strength of lithium disilicate and multiphase resin composite inlays in molar teeth after aging. The 
application of IDS was previously not investigated in posterior teeth restored with ceramic or indirect 
resin composites. Based on the results of the present study, since IDS significantly increased the fracture 
strength of ceramic inlays but not of the composite inlays, the hypothesis could be partially accepted.
 
Clinical studies on partial ceramic posterior restorations without the application of IDS show survival 
probability of 80 to 95% over a period of 10 years. 14,36 Reported failures were due to fracture of the 
ceramic material and reduction in margin quality. 37 Bulk fracture of ceramic materials in general is 
still a major reason for failure due to inherent fragility of the ceramics.14 Hence, it is important to 
improve the fracture strength of the ceramic materials especially in posterior teeth. In a recent in vitro 
study, IDS application significantly increased the fracture strength of laminate veneers made of lithium 
disilicate bonded to large dentin substrates.38 In this study, not the resin composite but only the ceramic 
inlays benefitted from IDS application. IDS application in combination with flowable resin composite, 
could decrease the space available for the indirect restoration that may eventually also decrease the 
cohesive strength of the restorative material. In the multiphase resin composite group, most failures 
were restoration fractures. Manufacturer recommendations of this material state that 1.5 mm or more 
space should be available at the isthmus height. In this study, a depth of 2 mm from the fissure was 
established but due to the application of IDS with the flowable resin composite, the depth could have 
been decreased. The strength of multiphase resin composite could increase with increased isthmus 
dimensions but that needs further investigations.
 
Average bite forces range between 20 to 1000 N but during normal function, forces do not exceed 270 
N.39 Only some patients with signs of bruxism express higher masticatory forces.40 With an average load 
to failure value of 1835 N almost all the restorations fulfilled the maximum expected chewing forces of 
1000 N. Mean fracture strength results of this study (1300−2000 N) are not consistent with previous 
studies where 1600 to 2600 N were reported.24,28,39 However, it has to be noted that in those studies 
no aging procedures were performed. The current study employed thermo-mechanical cyclic loading 
(50 N, 1.2×106 cycles, 1.7 Hz, 5–55 °C) that was postulated to represent five years of clinical function.41 
During such aging process, different levels of degradation processes could be expected for the ceramic 
and resin composite materials. Interfaces between the resin composite matrix and the silica coated 
inorganic fillers are more prone to hydrolytic degradation mainly at the adhesive interface.42 The 
materials used in this study did not show significant difference in fracture strength in conditions where 
no IDS was applied. Studies on fracture strength using similar materials presented comparable values 
(1250 to 1580 N) 24 or higher values (1614 to 2522 N) being more in favour of ceramic materials.43 
 
In this study, multiphase resin composite inlays showed significantly more visible occlusal wear than 
the lithium disilicate ones. Such wear facets may initiate crack formation already during cyclic loading. 
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Typically, the antagonist material used in such aging procedures is made of enamel or ceramic.42,44 
In this study, ceramic was used as an antagonist sphere. When antagonist materials are compared, 
ceramic ones cause more wear (130–265 μm) than enamel (120–199 μm), especially when the tested 
material is composite.41,45 The results may change when antagonist material is enamel or metal. Yet, the 
choice of ceramic may represent a worse-case scenario.
 
In the failure analysis it was noted that in majority of the specimens the IDS layer was still intact on 
the dentin surfaces after the fracture test. This implies that adhesion to dentin was in fact more stable 
than the adhesion of the resin composite to the intaglio surfaces of the inlays. When IDS was not used, 
the cement remained on the tooth in 44% of the cases. Thus, employing an IDS layer, the weakest link 
remains the IDS-cement-restoration complex. In fact, the IDS layer was conditioned using tribochemical 
silica-coating and silanization in order to increase the adhesion between prepolymerized IDS and the 
resin cement. Apparently, this interface suffered from aging during thermo-mechanical loading. In this 
study, after removal of temporary restorations, IDS layer was not re-created as this procedure could 
affect the precise fit of the inlay. Surface conditioning methods with silane coupling agents other than 
3-methacryloxypropyl trimethoxysilane coupling agent, γ-MPS, could increase the adhesion but that 
needs to be further elaborated.44 
 
In earlier studies on veneers, the weakest link in adhesion seemed to be between the adhesive layer 
and the dentin. 46-48 In this study however with posterior inlays, adhesion to dentin was not impaired in 
the majority of the cases. This could be due to axial loading only whereas in laminates both shear and 
tensile forces are exposed to the bonded interfaces. Nevertheless, also based on the high incidence of 
repairable failures, higher survival of the tooth itself could be expected with both materials tested for 
inlay restorations in molars.

Conclusions

From this study, the following could be concluded:
1 -  The application of Immediate Dentin Sealing significantly improved the fracture resistance of  
 lithium disilicate inlays bonded to dentin;
2 -  Occlusal wear was more common with the multiphase resin composite inlays than with lithium  
 disilicate after thermo-mechanical aging;
3 -  Multiphase resin composite inlays showed more irreparable failures and Immediate Dentin  
 Sealing did not improve its fracture resistance.
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Abstract

Aim
This randomized clinical trial evaluated tooth sensitivity and patient satisfaction after the provision of 
partial ceramic restorations bonded with either Immediate (IDS) or Delayed Dentin Sealing (DDS) onto 
vital molar teeth through a within-subject comparison study. 

Materials and methods
Between December 2013 and May 2016, a total of 30 patients (13 women, 17 men; mean age: 54 
years old) received two lithium disilicate ceramic (IPS-e.max press, Ivoclar Vivadent) partial restorations 
on their vital first or second molar teeth (N=60). The two teeth randomly received either IDS (test 
group, n=30) or DDS (control group, n=30). Partial preparations were performed on both teeth and 
directly thereafter IDS was applied onto one of the teeth using self-etch adhesive (Clearfil SE Primer and 
Adhesive, Kuraray) followed by the application of flowable resin (Clearfil Majesty Flow, Kuraray). Partial 
ceramic restorations were bonded (Variolink Ultra, Ivoclar Vivadent) two weeks after preparation. The 
teeth were evaluated pre-operatively and 1 week, 3 and 12 months post-operatively with a cold test and 
a questionnaire for perceived tooth sensitivity. Patient satisfaction was evaluated through the Visual 
Analogue Scale (VAS). Data were analyzed using McNemar, Chi-squared and Wilcoxon signed Rank tests 
(α=0.01). 

Results
The patients’ tooth sensitivity reports did not show significant differences between the pre-operative 
phase and at all the other time points (p>0.01). There was also no significant difference between 
IDS and DDS (p>0.01) for all items in the questionnaire. The VAS scores of all the items did not differ 
significantly between the IDS and DDS groups in the questionnaire at all time points (p>0.01). No tooth 
sensitivity changes were noticed with the application of partial ceramic indirect restorations. 

Conclusions
This clinical study could not confirm that IDS is advantageous to DDS in terms of tooth sensitivity and 
patient satisfaction at one-year clinical service of partial ceramic restorations.
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Introduction

Due to the advances in adhesive technologies and ceramic materials, the dental profession has 
embraced ceramic indirect restorations, as they require minimal invasive preparations. Today, 
biomechanically or aesthetically compromised teeth can be restored with partial indirect restorations 
at a minimal biological price, saving sound tooth tissues. While a circumferential full crown preparation 
is associated with the sacrifice of 67.5% to 75.6% of the original tooth structure, partial preparation 
is associated with substantially less (5.5% to 27.2%).1 The amount of tooth structure reduction could 
also influence the degree of postoperative pain.1 According to histological studies, a distance of 0.5 
mm from the pulp caused pulpal reactions in 60% of the cases, whereas a dentinal thickness of greater 
than 1 mm only gave a similar reaction in 5% of the cases.2 Moreover, not only the preparation depth 
but also the provisional phase could affect pulp reaction, namely microorganisms reaching the pulp 
within 1 or 2 weeks when the dentin is not adequately sealed with a provisional restoration. Therefore, 
bacterial infection in the dentinal tubules is postulated to be one of the main causes of pulpal damage 
and pain.3 Another cause of postoperative pain is post-cementation hypersensitivity. This symptom is 
characterized by short, sharp pain when a thermal or chemical stimulus is introduced to vital abutment 
teeth after the cementation of a crown or fixed dental prosthesis (FDP).4 This type of hypersensitivity is 
usually self-healing but is uncomfortable and can persist for up to 24 months.5 The underlying cause of 
dentinal hypersensitivity is in part explained by the hydrodynamic theory in that a stimulus causes fluid 
to flow in the dentinal tubules and this transmits a variety of physical stimuli which eventually stimulate 
electrical nerve activity, resulting in a typical, sharp, transient pain.6 
 
The clinical success of ceramic restorations relies heavily on the quality of their adhesion to dental 
tissues, where adhesion to dentin in particular remains a clinical challenge to date. Improvements 
have been made over the years in terms of material properties and more effective methods have been 
developed to condition intaglio surfaces of ceramic substrates. In an attempt to improve the adhesion 
of indirect restorations to dentin and thereby diminish postoperative sensitivity, the Immediate Dentin 
Sealing (IDS) technique has been suggested as an alternative to conventional adhesive luting, also referred 
to as Delayed Dentin Sealing (DDS).7-13 The major difference between the IDS and DDS techniques lies in 
the fact that, regarding the IDS, a thin layer of adhesive resin is applied immediately after tooth preparation 
and prior to impression making, whereas with the DDS the adhesive resin layer is applied just before luting 
the restoration. The IDS technique gives improved patient comfort during the provisional phase, less need 
of anesthesia during luting of the restoration and reduced postoperative sensitivity.14,15 However, IDS is an 
additional step in the workflow of indirect restorations and the stability of IDS after cleansing procedures 
are controversial.14 A recent systematic review study emphasized the lack of randomized controlled trials 
affirming the beneficial effect of IDS in minimizing tooth sensitivity.14

 
Therefore, the objectives of this study were to evaluate tooth sensitivity (objective and subjective) and 
patient satisfaction after luting partial ceramic restorations with IDS or DDS techniques onto vital molar 
teeth, in a prospective randomized controlled within-subject clinical trial. The tested null hypothesis 
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was that there is no significant difference in tooth sensitivity and patient satisfaction, after partial 
indirect restoration using either IDS or DDS, during the first year of clinical service. 

Materials and methods

Study Design
Between December 2013 and May 2016 a total of 30 patients (13 women, 17 men; mean age: 54 
years), with an indication for two indirect partial ceramic restorations of first or second vital molar 
teeth, were recruited. The inclusion criteria were the following: physically and psychologically able to 
tolerate conventional restorative procedures; good oral hygiene; presence of an intact tooth buccal wall; 
normal response to a cold test; the possibility to apply a rubber dam; the presence of the antagonistic 
tooth; and the willingness of the patient to return for follow-up examinations. The two teeth were 
allocated to recieve either IDS (test group, n=30) or DDS (control group, n=30) by the randomization 
software (www.randomizer.org). Hence, the study can be characterized as a prospective randomized 
controlled clinical trial with within-subject comparison. A consort flow chart showing the enrollment, 
intervention allocation, follow-up, and data analysis is presented in Figure 1. The study was approved 
by the Medical Ethics Committee of the University Medical Center Groningen, The Netherlands (ABR 
number: NL 45130) and all the patients provided informed consent. The distribution of the restorations 
and the extension of the restorations are presented in Table 1.
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Figure 1. Consolidated Standards of Reporting Trials (CONSORT) 2010 flow diagram explaining enrollment, intervention allocation, 

follow-up and data analysis. 



104 | Chapter 6

Table 1. Distribution of restored teeth and extension of the restorations in the maxilla and mandible in the test (Immediate Dentin 

Sealing-IDS) and control (Delayed Dentin Sealing-DDS) group. 

Test group Molars (n) Total (N)

0 cusps replaced 1 cusp replaced 2 cusps replaced 3 cusps replaced 4 cusps replaced

Maxilla (n) 2 4 5 2 6 19

Mandible (n) 2 1 1 4 3 11

Total (N) 4 5 6 6 9 30

Control group Molars (n) Total (N)

0 cusps replaced 1 cusp replaced 2 cusps replaced 3 cusps replaced 4 cusps replaced

Maxilla (n) 5 1 1 2 5 14

Mandible (n) 2 3 5 2 4 16

Total (N) 7 4 6 4 9 30

Tooth Preparation
The brands, types, manufacturers, chemical compositions and batch numbers of the main materials 
used in this study are listed in Table 2. 

After isolating the teeth with a rubber dam (Hygenic Dental dam, Coltène/Whaledent Inc., Ohio, USA) 
the existing restorations were removed. The outline configuration was a butt shoulder, prepared with a 
diamond bur and an ultrasonic handpiece (SONICflex prep ceram, KaVo GmbH, Biberach/Riss, Germany). 
All internal angles were smoothened to reduce stress concentration.  The cusps were covered  (1.5 mm) 
when the remaining tooth structure wall was less than 2 mm thick from its occlusal aspect or when the 
outline of the restoration was in an area with static or dynamic antagonist contact. Slight divergence 
was provided, with an angle of 100 to 120° between the proximal cavity walls and the prospective 
proximal inlay surfaces. The dental technician blocked out any accidental undercuts in the control group 
(DDS) teeth and the IDS was used to fill any undercuts in the test cases. Contacts with the marginal ridge 
were avoided.
 
The test group teeth received IDS (Clearfil SE Primer and Adhesive, Clearfil Majesty Flow, Kuraray) 
immediately after preparation (Table 3a). Electrosurgery was performed in cases where retraction of the 
gingiva was required for proper impression making. Impressions were made with a silicone impression 
material (Heavy and Ultra Light body Aquasil, Dentsply, Mildford, USA) and an individually designed 
impression tray. Temporary restorations were then made chair-side using a chemically polymerized 
resin composite material (Protemp, 3M ESPE, Neuss, Germany) and cemented using polycarboxylate 
cement (Durelon, 3M ESPE, Minn, USA). Any temporary restorations that debonded before the second 
appointment were noted and remade.
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Table 2. The brands, types, manufacturers, chemical compositions and batch numbers of the major materials used in this study.

Brand Type Manufacturer Chemical composition Batch-number

IPS-e.max Press Pressable ceramic Ivoclar Vivadent, 

Schaan, Liechtenstein

SiO2, LiO, K2O, P2O5, ZrO2, ZnO. -

Variolink Ultra 

Catalyst / Base

Dual-cure luting 

composite

Ivoclar Vivadent Ytterbium trifluoride, Bis-GMA, 

urethane dimethacrylate, triethylene 

glycol dimethacrylate, dibenzonyl 

peroxide, titanium dioxide

S27220/ S06644

Clearfil SE 

Primer

Adhesive primer Kuraray CO., Ltd., 

Osaka, Japan

HEMA, hydrophilic dimethacrylate, 

water, photo-initiator 

2U0022

Clearfil SE Bond Adhesive resin Kuraray CO., Ltd. MDP, HEMA, bis-GMA, hydrophilic 

dimethacrylate, water, photo-initiator, 

silanated colloidal silica

2T003 

Excite F DSC Single component 

adhesive

Ivoclar Vivadent Phosphonic acid acrylate, 

dimethacrylates, hydroxyethyl 

methacrylate, highly dispersed silicon 

dioxide,  ethanol catalysts, stabilizers, 

fluoride

S36470

CoJet-sand Blast-coating agent 3M ESPE, Minn, USA Aluminium trioxide particles Coated 

with silica, 30 µm

446317/534151

ESPE-Sil Silane coupling agent 3M ESPE Ethyl alcohol, 3-methacryloxypropyl-

trimethoxysilane, ethanol

518272

Monobond Plus One component 

primer

Ivoclar Vivadent Ethanol, 3-trimethoxysilsylpropyl- 

methacrylate, methacrylated 

phosphoric acid ester

S31153

IPS Ceramic 

etch

Hydrofluoric acid Ivoclar Vivadent <5% Hydrofluoric acid S26140

IPS Neutralizing 

powder

powder Ivoclar Vivadent Sodium carbonate S34285

Ultra-etch 35% Phosporic acid Ultradent, South 

Jordan UT, USA

35% phosphoric acid 130910

Clearfil Majesty 

Flow

Photo-cure 

composite

Kuraray CO. Triethylene glycol dimethacrylate, 

Hydrophobic aromatic dimethacrylate, 

Silanated barium glass filler, Silanated 

silica filler, dl-Camphorquinone

00339BA

Glycerin gel K-Y* lubricating gel K-Y, Johnson & 

Johnson, Sezanne, 

France

Purified water, Glycerin, 

Methylparaben, Propylparaben, 

Propylene Glycol, 

Hydroxyethylcellulose, Dissodium, 

Phosphate, SodiumPhosphate, 

Tetrasodium, EDTA

1233V
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Luting
One dental technician fabricated all the lithium disilicate (IPS-e.max press, Ivoclar Vivadent, Schaan, 
Liechtenstein) restorations. Two weeks after preparation, the temporary cement was removed from 
the teeth with an ultrasonic tip and a scaler. The sequences of the different tooth conditioning 
and restoration procedures before cementation are presented in Tables 3a-b and 4. The adhesive 
procedures differed between the test and control group, as outlined in these tables. All the partial 
restorations were luted using a heated (55°C) dual-polymerized luting composite (Variolink Ultra, 
Ivoclar Vivadent). Restorations were placed initially under slight pressure whereby the excess material 
was removed immediately from the margins with a probe, a scaler and dental floss (Oral-B, Rotterdam, 
The Netherlands). After increasing the pressure, the final excess cement was manipulated against 
the tooth in order to prevent marginal gaps. The restorations were photo-polymerized (>1000 mW/
cm2, Bluephase Style, Ivoclar Vivadent) for 40 seconds from 3 sides and this was repeated after the 
application of glycerin gel. Occlusion and articulation was checked carefully using a 40-μm carbon paper. 
The margins of the restorations were finished using a scaler and an ultrasonic device (EVA-handpiece 
7LP in combination with a 61 LG, KaVo GmbH) and polished using ceramic polishers (CeraGloss blue and 
yellow, Edenta, Argau, Switzerland). An intra-oral radiograph was then made in order to check for excess 
cement in the cervico-approximal region. 

Evaluation
The test and control teeth were initially dried with gauze. Subsequently, objective tooth sensitivity was 
measured using a coolant spray (Kälte spray, Orbis Dental, Münster, Germany) on a cotton ball (4 mm) 
that was applied directly to the buccal wall of the corresponding tooth in each group and the time was 
recorded until the patient responded. Regarding subjective tooth sensitivity, the patients were asked to 
indicate which one of the two teeth was the most sensitive or whether they were equally sensitive upon 
cold testing, when drinking hot/cold beverages or while chewing. The patients were also asked to score 
the degree of experienced discomfort after the placement of the restoration by means of the Visual 
Analogue Scale (VAS) with the scores ranging from ‘none to ‘very painful’ (Figure 2). Both evaluations 
were performed pre-operatively and repeated after 1 week and then 3 and 12 months postoperatively.
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Table 3a. Clinical protocol for the test group (Immediate Dentin Sealing-IDS).

Visit 1: Tooth Preparation Working time (s)

1.1 Tooth preparation

1.2 Apply Clearfil SE Primer, active brushing motion 20

1.3 Air suction

1.4 Apply Clearfil SE Adhesive, active brushing motion 10

1.5 Air-thin 10

1.6 Photo-polymerize 10

1.7 Apply flowable resin (Clearfil Majesty flow)

1.8 Photo-polymerize 40

1.9 Apply glycerin gel

1.10 Photo-polymerize at buccal, oral and proximal sites 40 each

1.11 Rinse until clean surface

1.12 Clean the enamel outline with a rubber-point or a bur

1.13 Make impression

Visit 2: Cleaning and conditioning of the tooth prior to luting

2.1 Clean tooth surface (EMS)

2.2 Silica-coat (CoJet-sand) the IDS 2-3

2.3 Acid etch enamel 30

2.4 Rinse 30

2.5 Dry

2.6 Apply silane (ESPE-sil) on the IDS 60

2.7 Apply adhesive resin (Excite F DSC)

2.8 Apply resin cement (Variolink Ultra) on the tooth

2.9 Place the partial restoration on the tooth

2.10 Remove excess cement

2.11  Photo-polymerize at buccal, oral and proximal sites 40 each

2.12 Apply glycerin gel

2.13 Photo-polymerize at buccal, oral and proximal sites 40 each
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Table 3b. Clinical protocol for the control group (Delayed Dentin Sealing-DDS).

Visit 1: Tooth Preparation Working time (s)

1.1 Tooth preparation

1.2 Make impression

Visit 2: Cleaning and conditioning of the tooth prior to luting

2.1 Clean tooth surface (EMS)

2.2 Acid etch enamel  and dentin 30

2.3 Rinse 30

2.4 Dry

2.5 Apply adhesive resin (Excite F DSC)

2.6 Apply resin cement (Variolink Ultra) on the tooth

2.7 Place the partial restoration on the tooth

2.8 Remove excess cement

2.9  Photo-polymerize at buccal, oral and proximal sites 40 each

2.10 Apply glycerin gel

2.11 Photo-polymerize at buccal, oral and proximal sites 40 each

Table 4. Clinical protocol for luting procedures of the ceramic restorations.

Visit 2: Luting procedures of the ceramic restorations Working time (s)

2.1 Apply hydrofluoric acid etch (IPS ceramic etch) 20

2.2 Rinse and neutralize 60

2.3 Rinse and dry

2.4 Ultrasonically clean in distilled water 300

2.5 Dry

2.6 Apply silane (Monobond plus) one coat and wait its reaction 60

2.7 Apply adhesive resin (Excite F DSC)

2.8 For the subsequent procedures, follow step 2.8 in Table 3a or step 2.6 in Table 3b.
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Figure 2 Questionnaire used assessing perceived tooth sensitivity (t=pre-operative, t=1 week, t=3 months, t=12 months).

The patient were subsequently asked how satisfied they were with the restorations in general, with 
regards to the color and shape of the restorations and the ability to chew (VAS, ranging from ‘very 
satisfied’ to ‘not satisfied’) per tooth (Figure 3). 

1. This tooth hurts when drinking warm/cold beverages.

Tooth 1: yes / no   (circle the correct answer)

Tooth 2:   yes / no   (circle the correct answer)

2. This tooth hurts when chewing. 

Tooth 1: yes / no   (circle the correct answer)

Tooth 2:   yes / no   (circle the correct answer)

3. I experienced pain after the restoration was placed (not registered at t = pre-operative).

Tooth 1: 

None |————————————— |————————————— |Very painful 

           0     10

Tooth 2: 

None |————————————— |————————————— |Very painful 

           0     10

(To be filled in after cold testing)

4. This tooth is more painful (cross the correct answer)

 (t = pre-operative, t = 1 week, t = 3 months, t = 12 months)

Tooth 1    O

Tooth 2    O

No difference between teeth   O
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Figure 3 Questionnaire used for the assessment of patient satisfaction (t=1 week, t=3 months, t=12 months).

These questions were posed to the patients 1 week, 3 and 12 months postoperatively. The patients 
were instructed to call upon any kind of failure (debonding or fracture) or serious discomfort or other 
concerns.

Statistical Analysis
Statistical analysis was performed using the SPSS 22.0 software for Windows (SPSS Inc., Chicago, IL, USA). 
Objective tooth sensitivity was compared at all time points using a McNemars test. In order to compare 
the frequency of subjective tooth sensitivity between the treatments (IDS vs DDS), a Chi-squared test 
was applied to the measurements at each time point. The VAS items regarding tooth sensitivity and 
patient satisfaction were first tested for normality. As none of the items were distributed normally, all 
the sensitivity and satisfaction items of both treatments were compared using Wilcoxon signed rank 
tests. Temporary crown loosening was compared across treatments using McNemar’s test. P values less 
than 0.01 were considered to be statistically significant in all tests.

Results

At 1-year follow up, all the restorations (N=60) were in situ and showed a normal reaction to cold 
testing. None of the patients reported failure, discomfort or other concerns up to the 1-year follow up. 
No further technical or biological complications were noted. No tooth sensitivity changes were noticed 
with the partial preparations.
 

1. Can you indicate how satisfied you are with the crowns in general?         

2. Can you indicate how satisfied you are with the color of the crowns?

3. Can you indicate how satisfied you are with the form of the crowns?

4. Can you indicate how satisfied you are with being able to chew with the crowns?

 Answers following this answer example:

 Tooth 1: 

	 Very	satisfied |————————————— |————————————— |Not	satisfied	

        0                   10

 Tooth 2: 

 Very	satisfied |————————————— |————————————— |Not	satisfied	

            0                   10
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The patients’ tooth sensitivity reports did not show significant differences between the pre-operative 
phase and at all the other time points (p>0.01) (Table 5). There was also no significant difference 
between IDS and DDS (p>0.01) for all the items in the questionnaire. 
 
Patient satisfaction, according to the VAS scores, was not significant between the IDS and DDS groups 
for all the items in the questionnaire at all time points (p>0.01) (Table 5). 
 
The frequency of debonding of the temporary restorations in the IDS group was higher (N=7; inlay: 
1, 2-cusp: 1, 3-cusp: 2, 4-cusp replacement: 3) compared to the control group (DDS) (N=3, 2-cusp: 1, 
3-cusp: 1, 4-cusp: 1) but the difference in debonding rate per patient was not significant between both 
groups (X2(1, n=60) = 1.125, p=0.289).

Discussion

This study was performed in order to investigate the objective and subjective tooth sensitivity and 
patient satisfaction after bonding partial ceramic restorations with IDS or DDS techniques onto vital 
molar teeth. The key findings of this study indicate that there is no significant difference in tooth 
sensitivity and patient satisfaction with partial restorations bonded with either IDS or DDS during the 
first year follow up. Thus, the null hypothesis is accepted. 
 
The amount of tooth structure reduction is considered to be an important factor affecting postoperative 
tooth sensitivity.1 One study that compared the effects of two different cements on tooth sensitivity of full 
circumferential crowns concluded that post-cementation tooth sensitivity was a frequent complaint.16 This 
conclusion is in contrast to our findings where none of the patients complained about post-cementation 
sensitivity, probably due to the minimal invasive preparation design. The use of IDS was postulated to 
reduce post-operative tooth sensitivity, thereby improving comfort during the provisional restoration 
period and necessitating anesthesia less frequently during cementation.14,15 In this study however, the 
added value of IDS on perceived tooth sensitivity was not demonstrated by a minimal invasive preparation 
approach. This is also in contrast to the findings of Hu et al.15 where the IDS technique significantly reduced 
post-cementation tooth sensitivity in abutment teeth restored with FDPs. In that study, full circumferential 
crown preparations were performed. More postoperative sensitivity may be expected in full circumferential 
preparations as more dentin tubules are opened on the surface and these are intimately connected to the 
pulp. Also, Hu et al.15 used a bonding system with a separate etching step. Self-etching systems have a 
tendency to minimize postoperative sensitivity, compared to total-etch or milder etching systems due to 
their higher qualitative and quantitative capacity of penetration. 17 When the risk of postoperative tooth 
sensitivity is expected to be high, such as in deep preparations or with the use of total-etch systems, the 
addition of IDS may make a difference in reducing postoperative sensitivity. 
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Table 5. Results of perceived tooth sensitivity and patient satisfaction (α=0.01) at all time points 

(McNemar, Wilcoxon signed rank and Chi-square tests).

Percieved tooth sensitivity Pre-operative 1 week 3 months 12 months

Which tooth is most sensitive 

upon cold testing? 

DDS > IDS DDS = IDS DDS < IDS p-value DDS > IDS DDS = IDS DDS < IDS p-value DDS > IDS DDS = IDS DDS < IDS p-value DDS > IDS DDS = IDS DDS < IDS p-value

30% 30% 40% 0.74 37% 33% 30% 0.91 40% 33% 27% 0.67 27% 43% 30% 0.5

IDS p-value IDS p-value IDS p-value IDS p-value

DDS no yes DDS no yes DDS no yes DDS no yes

This tooth is sensitive when 

drinking hot or cold bevarages 

(yes / no)

no 29 0 1.00 no 22 2 1.00 no 26 1 1.00 no 30 x

yes 1 0 yes 2 4 yes 2 1 yes

IDS IDS IDS IDS

DDS no yes DDS no yes DDS no yes DDS no yes

This tooth is tender while 

chewing

no 29 1 1.00 no 24 1 0.63 no 30 x no 30 x

(yes / no) yes 0 0 yes 3 2 yes yes

I have experienced pain after 

placement of the restoration 

(VAS, Range, none what so ever - 

very painful)

DDS > IDS DDS = IDS DDS < IDS p-value Z DDS > IDS DDS = IDS DDS < IDS p-value Z DDS > IDS DDS = IDS DDS < IDS p-value Z

23% 47% 30% 0.73 -0.34 10% 63% 27% 0.34 -0.95 7% 70% 23% 0.14 -0.84

Patient satisfaction

General satisfaction 23% 53% 23% 0.88 -0.16 17% 70% 14% 0.62 -0.49 20% 70% 10% 0.40 -0.07

(VAS, Range, very satisfied - not 

satisfied at all) 

Satisfaction with the colour of the 

restoration 

(VAS, Range, very satisfied - not 

satisfied at all) 

3% 83% 13% 0.26 -1.13 14% 67% 20% 0.53 -0.63 13% 73% 13% 0.94 -0.93

Satisfaction with the shape of the 

restoration 

(VAS, Range, very satisfied - not 

satisfied at all) 

13% 77% 10% 0.60 -0.52 10% 60% 30% 0.05 -1.98 23% 63% 13% 0.35 -0.66

Satisfaction with the ability to 

chew with the restoration 

(VAS, Range, very satisfied - not 

satisfied at all)

20% 50% 30% 0.31 -1.03 13% 73% 13% 0.89 -0.14 13% 63% 23% 0.51 -1.46



6

Randomized clinical trial on the survival of lithium disilicate posterior partial crowns bonded | 113 
using Immediate and Delayed Dentin Sealing: Tooth sensitivity and patient satisfaction 

Table 5. Results of perceived tooth sensitivity and patient satisfaction (α=0.01) at all time points 

(McNemar, Wilcoxon signed rank and Chi-square tests).

Percieved tooth sensitivity Pre-operative 1 week 3 months 12 months

Which tooth is most sensitive 

upon cold testing? 

DDS > IDS DDS = IDS DDS < IDS p-value DDS > IDS DDS = IDS DDS < IDS p-value DDS > IDS DDS = IDS DDS < IDS p-value DDS > IDS DDS = IDS DDS < IDS p-value

30% 30% 40% 0.74 37% 33% 30% 0.91 40% 33% 27% 0.67 27% 43% 30% 0.5

IDS p-value IDS p-value IDS p-value IDS p-value

DDS no yes DDS no yes DDS no yes DDS no yes

This tooth is sensitive when 

drinking hot or cold bevarages 

(yes / no)

no 29 0 1.00 no 22 2 1.00 no 26 1 1.00 no 30 x

yes 1 0 yes 2 4 yes 2 1 yes

IDS IDS IDS IDS

DDS no yes DDS no yes DDS no yes DDS no yes

This tooth is tender while 

chewing

no 29 1 1.00 no 24 1 0.63 no 30 x no 30 x

(yes / no) yes 0 0 yes 3 2 yes yes

I have experienced pain after 

placement of the restoration 

(VAS, Range, none what so ever - 

very painful)

DDS > IDS DDS = IDS DDS < IDS p-value Z DDS > IDS DDS = IDS DDS < IDS p-value Z DDS > IDS DDS = IDS DDS < IDS p-value Z

23% 47% 30% 0.73 -0.34 10% 63% 27% 0.34 -0.95 7% 70% 23% 0.14 -0.84

Patient satisfaction

General satisfaction 23% 53% 23% 0.88 -0.16 17% 70% 14% 0.62 -0.49 20% 70% 10% 0.40 -0.07

(VAS, Range, very satisfied - not 

satisfied at all) 

Satisfaction with the colour of the 

restoration 

(VAS, Range, very satisfied - not 

satisfied at all) 

3% 83% 13% 0.26 -1.13 14% 67% 20% 0.53 -0.63 13% 73% 13% 0.94 -0.93
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20% 50% 30% 0.31 -1.03 13% 73% 13% 0.89 -0.14 13% 63% 23% 0.51 -1.46
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In this study, normal response was noted upon provocation with a cold test after drying the teeth with a 
gauze, followed by a question on the difference in sensitivity between the teeth as an outcome variable 
for perceived sensitivity. Cold tests have been proved to be more reliable than heat tests in determining 
pulp vitality but their accuracy is certainly not absolute.18 

 
All the test and control group satisfaction evaluations were comparable. In fact, when the people were 
very satisfied with the control tooth, it was difficult to demonstrate any relevant differences in the 
test tooth. Yet, satisfaction is strongly related to communication, approach and involvement and not 
always directly related with the clinical outcome. Moreover, not all satisfaction items are relevant when 
comparing differences between the test and control group. 
 
A meta-analysis related to the topic of indicated restoration failures in the first year are predominantly 
due to endodontic complications.19 The results of this study after 1 year were promising since no 
endodontic complications occurred within the first year. Provisionals from the test group had a tendency 
to debond more often in the temporary crown phase than the provisionals in the control group. This 
did not influence the difference in patient perceived tooth sensitivity between the two teeth but it is 
certainly not desirable in a clinical setting. The temporary cement in this study was polycarboxylate 
cement, which reacts chemically with the calcium ions in the tooth structure. This may explain why 
the cement attached better to the dental material in the control group. In the test group however, the 
dentin was covered with adhesive from the IDS layer. In such a situation, the cement cannot adhere 
adequately to the tooth and may yield to debonding. Our null hypotheses that there would be no 
significant difference in tooth sensitivity and patient satisfaction with partial indirect restorations 
bonded using IDS or DDS during the first year of clinical service can be accepted. 

Conclusions

No tooth sensitivity changes could be detected with a minimally invasive preparation design. Perceived 
tooth sensitivity after partial preparation of vital molar teeth and their subsequent restoration with 
adhesively luted glass-ceramic was not affected by the implementation of IDS or DDS at all follow-up 
moments according to all the items in the questionnaire.

Patient satisfaction with regards to the color and shape of the restorations and the ability to chew were 
not significant between the IDS and DDS groups at all time points.

Clinical Relevance
No tooth sensitivity change is detected with the application of partial ceramic indirect restorations. This 
clinical study could not confirm that IDS is more advantageous than DDS in terms of tooth sensitivity 
and patient satisfaction at one-year clinical service of partial ceramic restorations. 
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Abstract

Aim
The survival, the success rates and the quality of survival of partial ceramic restorations bonded with 
either Immediate (IDS) or Delayed Dentin Sealing (DDS) onto vital molar teeth was evaluated in a 
randomized clinical trial with within-subject comparisons. 

Materials and methods
Between December 2013 and May 2016, a total of 30 patients (13 women, 17 men; mean age: 54 
years) received two lithium disilicate ceramic (IPS-e.max press, Ivoclar Vivadent) partial restorations 
on their vital first or second molar teeth (N=60). Partial preparations were performed on all teeth and 
the two teeth randomly received either IDS (test group, n=30) or DDS (control group, n=30). The partial 
ceramic restorations were luted (Variolink Ultra, Ivoclar Vivadent) two weeks after the preparation. 
Evaluations were performed at 1 week, 12 months and 36 months post-operatively, using qualitative 
(FDI) criteria. Representative failures were evaluated microscopically (SEM) and by means of simplified 
qualitative fractography analyses. 

Results
Nine restorations presented with shortcomings, 5 with DDS and 4 with IDS. One absolute failure 
occurred in the DDS group due to (secondary) caries. The overall survival rate after 3 years was 98.3% 
(FDI criteria score 1-4, n=59) according to a Kaplan-Meier analysis and the overall success rate was 85% 
(FDI criteria score 1-3, n=51), with no significant difference between restorations in the IDS and DDS 
group.  Regarding the quality of the survival, no statistically significant differences were found between 
IDS and DDS restorations at any follow-up timepoints for any of the FDI criteria. 

Conclusions
Adhesively luted partial ceramic restorations on vital molar teeth have a good prognosis. However, IDS 
did not result in any differences in success and survival rates after 3 years of function compared to DDS. 
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Introduction

Biomechanically or aesthetically compromised teeth can be restored with partial ceramic indirect 
restorations. Due to advances in adhesive technologies and ceramic materials it is possible to restore 
teeth at a limited biological price saving sound tooth tissue. The longevity of these partial ceramic 
restorations relies heavily on the adhesive strength of the resin luting cement between the ceramic 
restoration and the tooth surface, but also on the ceramic material that is used. 
 
Currently, numerous ceramic materials are available for fabricating indirect partial restorations.1,2 
Glass-ceramics comprise a vitreous and crystalline phase in which a glassy matrix can be etched, 
optimizing the adhesive bonding strength of these materials.3-5 In contrast, crystalline alumina and 
zirconia ceramics have minimal or practically no vitreous phase.3,5 These materials differ in mechanical 
properties which raises the question what material is best suited for the heavily loaded posterior 
region. A recent meta-analysis on this subject 3 indicated that the type of ceramic material (feldspathic 
porcelain vs. glass-ceramic), study design (retrospective vs. prospective), follow-up time (5 vs. 10 
years), and study setting (university vs. private clinic) do not affect the survival rate. Estimated survival 
rates for glass-ceramics and feldspathic porcelain vary between 92% and 95% at 5 years and 91% at 
10 years.3 Failures were related to fractures (4%), endodontic complications (3%), secondary caries 
(1%) and debonding (1%).3 However, long-term data comparing survival and success of various types of 
all-ceramic crowns are lacking.6 
 
Adhesion to dentin particularly remains a clinical challenge in clinical dentistry to date. Immediate 
Dentin Sealing (IDS) has been suggested as an alternative to conventional adhesive luting, also 
referred to as Delayed Dentin Sealing (DDS).7-13 Regarding IDS, a thin layer of adhesive resin is applied 
immediately after tooth preparation and prior to impression taking, whereas with DDS, the adhesive 
resin layer is applied just before luting the restoration. IDS has been extensively studied and significantly 
improved over the years with positive results with respect to bond strength, gap formations, bacterial 
leakage, and post-cementation hypersensitivity.7-10,13-22 However, randomized controlled trials need to 
be performed with IDS, especially as it is unknown if IDS is a beneficial procedure, preventing failures in 
partial indirect restorations.14 
 
Therefore, the objective of this study was to evaluate the survival and success rate and the quality of 
survival of lithium disilicate posterior partial restorations bonded using Immediate or Delayed Dentin 
Sealing after 3 years of function. The tested null hypotheses are that there are no significant differences 
in 1) success and survival rate and 2) the quality of survival between partial indirect ceramic restorations, 
bonded with either IDS or DDS.
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Methods and materials

Study Design
Between December 2013 and May 2016 a total of 30 patients (13 women, 17 men; mean age: 54 years), 
with an indication for two indirect partial ceramic restorations on either first or second vital molar 
teeth, were recruited. The inclusion criteria were the following: physically and psychologically able to 
tolerate conventional restorative procedures; good oral hygiene; presence of an intact tooth buccal wall 
of the tooth; normal response to a cold test; the possibility to a apply rubber dam; the presence of the 
antagonistic tooth; and the willingness of the patient to return for follow-up examinations. 
 
The two teeth were allocated to receive either IDS (test group, n=30) or DDS (control group, n=30) 
by the randomization software (www.randomizer.org). Hence, the study can be characterized as 
a randomized controlled, single blind clinical trial with within-subject comparison. A consort flow 
chart showing the enrollment, intervention allocation, follow-up, and data analysis is presented in 
Figure 1. The study was approved by the Medical Ethics Committee of the University Medical Center 
Groningen, The Netherlands (ABR number: NL 45130) and registered in the Clinical Trial Register of 
the US National Library of Medicine (NCT03443583). All the patients provided informed consent. The 
distribution of the restorations and the extension of the restorations are presented in Table 1. 
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Methods and materials

Study Design
Between December 2013 and May 2016 a total of 30 patients (13 women, 17 men; mean age: 54 years), 
with an indication for two indirect partial ceramic restorations on either first or second vital molar 
teeth, were recruited. The inclusion criteria were the following: physically and psychologically able to 
tolerate conventional restorative procedures; good oral hygiene; presence of an intact tooth buccal wall 
of the tooth; normal response to a cold test; the possibility to a apply rubber dam; the presence of the 
antagonistic tooth; and the willingness of the patient to return for follow-up examinations. 
 
The two teeth were allocated to receive either IDS (test group, n=30) or DDS (control group, n=30) 
by the randomization software (www.randomizer.org). Hence, the study can be characterized as 
a randomized controlled, single blind clinical trial with within-subject comparison. A consort flow 
chart showing the enrollment, intervention allocation, follow-up, and data analysis is presented in 
Figure 1. The study was approved by the Medical Ethics Committee of the University Medical Center 
Groningen, The Netherlands (ABR number: NL 45130) and registered in the Clinical Trial Register of 
the US National Library of Medicine (NCT03443583). All the patients provided informed consent. The 
distribution of the restorations and the extension of the restorations are presented in Table 1. 

Figure 1. Consolidated Standards of Reporting Trials (CONSORT) 2010 flow diagram explaining enrollment, intervention allocation, 

follow-up and data analysis. 
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Table 1. Distribution of restored teeth and extension of the restorations in the maxilla and mandible in the test (Immediate Dentin 

Sealing-IDS) and control (Delayed Dentin Sealing-DDS) group. 

Test group Molars (n) Total (N)

0 cusps replaced 1 cusp replaced 2 cusps replaced 3 cusps replaced 4 cusps replaced

Maxilla (n) 2 4 5 2 6 19

Mandible (n) 2 1 1 4 3 11

Total (N) 4 5 6 6 9 30

Control group Molars (n) Total (N)

0 cusps replaced 1 cusp replaced 2 cusps replaced 3 cusps replaced 4 cusps replaced

Maxilla (n) 5 1 1 2 5 14

Mandible (n) 2 3 5 2 4 16

Total (N) 7 4 6 4 9 30

Tooth preparation
The brands, types, manufacturers, chemical compositions and batch numbers of the main materials 
used in this study are listed in Table 2. After isolating the teeth with a rubber dam (Hygenic Dental 
dam, Coltène/Whaledent Inc., Ohio, USA) the existing restorations were removed. Calibrated students 
executed tooth preparation and luting of the restoration in their first, second or third year of their 
dentistry Masters’ courses, closely supervised by one dentist. The outline configuration was a butt 
shoulder, prepared using diamond burs and specific inserts for inlay preparations in an ultrasonic 
handpiece (SONICflex prep ceram, KaVo GmbH, Biberach/Riss, Germany). All internal angles were 
smoothened to reduce stress concentration. The cusps were covered (1.5 mm) if the remaining tooth 
structure wall was less than 2 mm thick from its occlusal aspect or when the outline of the restoration 
was in an area with static or dynamic antagonist contacts. Regarding proximal cavities, slight divergence 
with an angle of 100 to 120° between the proximal cavity walls and the prospective proximal inlay 
surfaces were provided. The dental technician blocked out any incidental undercuts in the control 
group’s (DDS) teeth, and the IDS was used to fill any undercuts in the test cases.  
 
The test group teeth received IDS (Clearfil SE Primer and Adhesive, Clearfil Majesty Flow, Kuraray) 
immediately after dentin exposure (table 3a). Electrosurgery was performed in cases where retraction 
of the gingiva was required for proper impression making. Impressions were made with a silicone 
impression material (Heavy and Ultra Light body Aquasil, Dentsply, Mildford, USA) and an individually 
designed acrylic impression tray. Temporary restorations were then made chair-side using a chemically 
polymerized resin material (Protemp, 3M ESPE, Neuss, Germany) and cemented using polycarboxylate 
cement (Durelon, 3M ESPE, Minn, USA).
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Table 2. The brands, types, manufacturers, chemical compositions and batch numbers of the materials used.

Brand Type Manufacturer Chemical composition Batch-number

IPS-e.max Press Pressable ceramic Ivoclar Vivadent, 

Schaan, Liechtenstein

SiO2, LiO, K2O, P2O5, ZrO2, ZnO. -

Variolink Ultra 

Catalyst / Base

Dual-cure luting 

composite

Ivoclar Vivadent Ytterbium trifluoride, Bis-GMA, 

urethane dimethacrylate, triethylene 

glycol dimethacrylate, dibenzonyl 

peroxide, titanium dioxide

S27220/ S06644

Clearfil SE 

Primer

Adhesive primer Kuraray CO., Ltd., 

Osaka, Japan

HEMA, hydrophilic dimethacrylate, 

water, photo-initiator 

2U0022

Clearfil SE Bond Adhesive resin Kuraray CO., Ltd. MDP, HEMA, bis-GMA, hydrophilic 

dimethacrylate, water, photo-initiator, 

silanated colloidal silica

2T003 

Excite F DSC Single component 

adhesive

Ivoclar Vivadent Phosphonic acid acrylate, 

dimethacrylates, hydroxyethyl 

methacrylate, highly dispersed silicon 

dioxide,  ethanol catalysts, stabilizers, 

fluoride

S36470

CoJet-sand Blast-coating agent 3M ESPE, Minn, USA Aluminium trioxide particles Coated 

with silica, 30 µm

446317/534151

ESPE-Sil Silane coupling agent 3M ESPE Ethyl alcohol, 3-methacryloxypropyl-

trimethoxysilane, ethanol

518272

Monobond Plus One component 

primer

Ivoclar Vivadent Ethanol, 3-trimethoxysilsylpropyl- 

methacrylate, methacrylated 

phosphoric acid ester

S31153

IPS Ceramic 

etch

Hydrofluoric acid Ivoclar Vivadent <5% Hydrofluoric acid S26140

IPS Neutralizing 

powder

powder Ivoclar Vivadent Sodium carbonate S34285

Ultra-etch 35% Phosporic acid Ultradent, South 

Jordan UT, USA

35% phosphoric acid 130910

Clearfil Majesty 

Flow

Photo-cure 

composite

Kuraray CO. Triethylene glycol dimethacrylate, 

Hydrophobic aromatic dimethacrylate, 

Silanated barium glass filler, Silanated 

silica filler, dl-Camphorquinone

00339BA

Glycerin gel K-Y* lubricating gel K-Y, Johnson & 

Johnson, Sezanne, 

France

Purified water, Glycerin, 

Methylparaben, Propylparaben, 

Propylene Glycol, 

Hydroxyethylcellulose, Dissodium, 

Phosphate, SodiumPhosphate, 

Tetrasodium, EDTA

1233V
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Table 3-a. Clinical protocol for the test group (Immediate Dentin Sealing-IDS).

Visit 1: Tooth Preparation Working time (s)

1.1 Tooth preparation

1.2 Apply Clearfil SE Primer, active brushing motion 20

1.3 Air suction

1.4 Apply Clearfil SE Adhesive, active brushing motion 10

1.5 Air-thin 10

1.6 Photo-polymerize 10

1.7 Apply flowable resin (Clearfil Majesty flow)

1.8 Photo-polymerize 40

1.9 Apply glycerin gel

1.10 Photo-polymerize at buccal, oral and proximal sites 40 each

1.11 Rinse until clean surface

1.12 Clean the enamel outline with a rubber-point or a bur

1.13 Make impression

Visit 2: Cleaning and conditioning of the tooth prior to luting

2.1 Clean tooth surface (EMS)

2.2 Silica-coat (CoJet-sand) the IDS 2-3

2.3 Acid etch enamel 30

2.4 Rinse 30

2.5 Dry

2.6 Apply silane (ESPE-sil) on the IDS 60

2.7 Apply adhesive resin (Excite F DSC)

2.8 Apply resin cement (Variolink Ultra) on the tooth

2.9 Place the partial restoration on the tooth

2.10 Remove excess cement

2.11  Photo-polymerize at buccal, oral and proximal sites 40 each

2.12 Apply glycerin gel

2.13 Photo-polymerize at buccal, oral and proximal sites 40 each

Luting 
One dental technician fabricated all the lithium disilicate restorations (IPS e.max press, Ivoclar Vivadent, 
Schaan, Liechtenstein) following the manufacturer’s instructions. The restorations were glazed at low 
temperatures after construction (FLUO IPS e.max Ceram Glaze paster, Ivoclar Vivadent). Two weeks 
after preparation, the temporary cement was removed from the teeth with an ultrasonic tip and a 
scaler. The sequences of the different tooth conditioning and restoration procedures, before luting, 
are presented in Tables 3a-b and 4. The adhesive procedures differed between the test and control 
group, as outlined in these tables. All the partial restorations were luted using a heated (55°C; RØNVIG 
A/S, Daugaard, Denmark) dual-polymerized luting composite (Variolink Ultra, Ivoclar Vivadent). The 
restorations were initially placed under slight pressure whereby the excess material was removed 
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immediately from the margins with a probe, a scaler and waxed dental floss (Jonhson&Johnson, 
Sezanne, France). After increasing the pressure, the final excess composite was manipulated against 
the tooth in order to prevent marginal gaps. The restorations were photo-polymerized (>1000 mW/cm2, 
11000mWs/cm2, Bluephase Style, Ivoclar Vivadent) for 40 seconds from 3 sides and this was repeated 
after the application of glycerin gel (K-Y Johnson & Johnson, Sezanne, France). Occlusion and articulation 
was checked carefully using a 40-μm carbon paper (Bausch, Cologne, Germany). The margins of the 
restorations were finished using a scaler and an ultrasonic device (EVA-handpiece 7LP in combination 
with a 61 LG, KaVo GmbH) and polished using ceramic polishers (CeraGloss blue and yellow, Edenta, 
Argau, Switzerland). An intra-oral radiograph was then made in order to check for excess composite in 
the cervico-approximal region. 

Table 3-b. Clinical protocol for the control group (Delayed Dentin Sealing-DDS).

Visit 1: Tooth Preparation Working time (s)

1.1 Tooth preparation

1.2 Make impression

Visit 2: Cleaning and conditioning of the tooth prior to luting

2.1 Clean tooth surface (EMS)

2.2 Acid etch enamel  and dentin 30

2.3 Rinse 30

2.4 Dry

2.5 Apply adhesive resin (Excite F DSC)

2.6 Apply resin cement (Variolink Ultra) on the tooth

2.7 Place the partial restoration on the tooth

2.8 Remove excess cement

2.9  Photo-polymerize at buccal, oral and proximal sites 40 each

2.10 Apply glycerin gel

2.11 Photo-polymerize at buccal, oral and proximal sites 40 each

Table 4. Clinical protocol for luting procedures of the ceramic restorations

Visit 2: Luting procedures of the ceramic restorations Working time (s)

2.1 Apply hydrofluoric acid etch (IPS ceramic etch) 20

2.2 Rinse and neutralize 60

2.3 Rinse and dry

2.4 Ultrasonically clean in distilled water 300

2.5 Dry

2.6 Apply silane (Monobond plus) one coat and wait its reaction 60

2.7 Apply adhesive resin (Excite F DSC)

2.8 For the subsequent procedures, follow step 2.8 in Table 3a or step 2.6 in Table 3b.
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Evaluation

The restorations were evaluated at baseline (1 week after luting of the restorations) and at 12 months 
and 36 months. One observer evaluated the restorations according to the FDI criteria 23, calibrated by 
the e-calib web-based training (www.e-calib.info). The FDI criteria are used to measure the quality of 
survival and for determining the success or survival of a restoration. Restorations without any major 
adverse effects are scored 1-3 on the FDI criteria and are considered to be a success. Restorations which 
score 4 on any of the FDI criteria are considered repairable failures and they have survived. Restorations 
with a score 5 are non-reparable failures and are absolute failures. The proximal contact points were 
checked by passing waxed dental floss (Jonhson&Johnson, Sezanne) through the interdental space. 
Restorations were inspected visually (2.3x magnification loops, Examvision, Rotterdam, The Netherlands) 
with a dental mirror and probe. The patients were instructed to call if any kind of failure occurred. 
Digital photographs (1:1) and intra-oral radiographs were made after placement of the restorations and 
during follow-up sessions. 

FEG-SEM (Scanning Electron Microscopy)
In case of any failure, an impression (Ultra Light and Heavy body Aquasil, Dentsply, Mildford, USA) was 
made of the failure site after cleansing the surface with absorbent paper and sodium hypochlorite 
0.5%. The impressions were poured with cold mounting epoxy resin (EpoxyCure2, Buehler, IL, USA). 
After final curing, the replicas were sputter-coated with a 3 nm layer of gold (80%) / palladium (20%) 
(90 s, 45mA; Balzers SCD 030, Balzers, Liechtenstein) and analyzed using a dual beam FEG-SEM/FIB 
microscope (LyraTESCAN, Brno, Czech Republic). The evaluation focused on marginal and surface 
integrity- homogeneity and continuity along the bonding interface and ceramic surface. 

Statistical Analysis
Statistical analysis was performed using the SPSS 22.0 software for Windows (SPSS Inc., Chicago, IL, 
USA). The data were analyzed using Kaplan-Meier (Log Rank (Mantel-Cox)) tests to obtain the overall 
success and survival rates in relation to observation time, and the Wilcoxon and McNemar tests were 
used to test differences in the overall quality of survival. The alpha level was set at 0.05 in all the tests.

Results

After 36 months, no dropouts were reported for the 60 evaluated indirect posterior restorations (IDS, 
n = 30; DDS, n = 30). The mean observation time was 37.6 months (SD 2.9 months, min. 32 months, 
max. 43 months). Seventeen men and 13 women were included. The distribution of the location of the 
restorations is overviewed in table 1. 
 
The overall survival rate (FDI criteria score 1-4, n=59) was 98.3% after 36 months (figure 8). The 
survival rates for IDS and DDS were 100% and 96.7% respectively (not significantly different, p=0.32; 
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Kaplan-Meier, Log Rank (Mantel-Cox), CI=95%). 
 
Following the FDI criteria score (table 5) 4 relative failures occurred in the DDS group (n=4; chipping 
n=2, fracture n=1 and periodontal complications n=1). Considering relative failures in the DDS group; 
tooth and restoration chipping with dentin exposure (figure 2) after 36 months was seen in a patient 
with severe teeth grinding, the other chipping failure was a small fragment on an occlusal buccal cusp. 
The fracture (figure 3) occured after 36 months on a bearing cusp and a part of the restoration. It 
could be repaired with a composite material. Qualitative fractography analysis of this sample (figure 4) 
showed a critical flaw (probable site of failure initiation).  
 
Following FDI criteria score 4 (table 5) relative failures also occurred in the IDS group (n=4; debonding 
n=1, excessive wear n=1, secondary caries n=1 and periodontal complications n=1). Considering relative 
failures in the IDS group, the debonding failure was a complete adhesive failure between the luting 
agent and the restoration and occurred 14 months after luting (figure 5). After cleaning the luting 
surface and removing the composite from the restoration surface, the restoration was placed again 
using the same adhesive protocol. Excessive wear was seen in a patient with severe teeth grinding 
(figure 6). Both periodontal complications (IDS and DDS) occurred in the same patient. 
 
One absolute failure occurred in the DDS group (secondary caries, figure 7). The secondary deep 
caries developed in a medically compromised patient whose oral hygiene had seriously deteriorated, 
influencing the prognosis of this tooth. 
 
The overall success rate (FDI criteria score 1-3, restorations without any adverse effects, n=51) after 
36 months was 85% (figure 9), without any difference between the IDS and DDS groups (86.7% versus 
83.3%, p=0.7; Kaplan-Meier, Log Rank (Mantel-Cox), CI=95%).
 
The FDI criteria demonstrated the restorations had a duller surface after 36 months compared to 
1 week. Some patients (n=5) experienced some postoperative sensitivity after 1 week, but this had 
resolved at 12 months. No patients reported tooth hypersensitivity after 36 months. No statistically 
significant differences were found between the IDS and DDS restorations at any follow-up timepoints 
for any of the FDI criteria (Wilcoxon, McNemar, p>0.05).
 
The patients did not report any other kind of failure (except for the debonding). All failures were noted 
at the planned follow-up moments. 
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Table 5. Summary of the FDI criteria evaluation at 1 week, at 12 months and at 36 months. Restorations with FDI score 1-3 are 

considered to be successful. Restorations with FDI score 4 are considered relative failures but surviving. Restorations with FDI score 

5 are considered as absolutely failed. 

IDS DDS
FDI criteria 1 week 12 months 36 months 1 week 12 months 36 months
A. Esthetic Properties
1. Surface lustre 1 29 13 9 29 9 7

2 1 10 14 1 11 13
3 - 7 7 - 10 10
4 - - - - - -
5 - - - - - -

2. Staining surface / margin 1 30 28 21 30 27 21
2 - 1 7 - 2 8
3 - 1 2 - 1 1
4 - - - - - -
5 - - - - - -

3. Color match and translucency 1 24 21 20 28 26 23
2 5 5 6 1 1 4
3 1 4 4 1 3 3
4 - - - - - -
5 - - - - - -

4. Esthetic anatomical form 1 30 30 30 30 30 30
2 - - - - - -
3 - - - - - -
4 - - - - - -
5 - - - - - -

B. Functional properties
5. Fracture of material and retention 1 28 26 26 30 29 26

2 2 2 - - - 2
3 - 2 4 - 1 1
4 - - - - - 3
5 - - - - - -

6. Marginal adaptation 1 26 23 17 28 20 16
2 3 7 12 2 9 13
3 1 - 1 - 1 1
4 - - - - - -
5 - - - - - -

7. Occlusal contour wear 1 30 29 28 30 29 29
qualatitively / quantitatively 2 - - 1 - - -

3 - 1 - - 1 1
4 - - 1 - - -
5 - - - - - -

8. Approximal anatomical 1 30 30 30 30 30 30
form contact point / contour 2 - - - - - -

3 - - - - - -
4 - - - - - -
5 - - - - - -

9. Radiographic examination 1 29 29 28 28 29 29
2 1 1 2 2 1 1
3 - - - - - -
4 - - - - - -
5 - - - - - -

10. Patient’s view 1 25 30 30 26 30 29
2 - - - - - -
3 5 - - 4 - -
4 - - - - - 1
5 - - - - - -
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C. Biological properties
11. Postoperative (hyper-)sensitivity 1 28 30 30 27 30 30
 and tooth vitality 2 1 - - 3 - -

3 1 - - - - -
4 - - - - - -
5 - - - - - -

12. Recurrence of caries, erosion, 1 30 30 28 30 30 27
abfraction 2 - - - - - 1

3 - - 1 - - 1
4 - - 1 - - -
5 - - - - - 1

13. Tooth integrity (enamel cracks, 1 29 30 30 30 29 28
 tooth fractures) 2 1 - - - - -

3 - - - - - -
4 - - - - 1 2
5 - - - - - -

14. Periodontal response (compared to 1 18 19 18 20 19 16
 a reference tooth) 2 12 7 9 0 8 12

3 - 3 3 - 2 2
4 - 1 - - 1 -
5 - - - - - -

15. Adjacent mucosa 1 23 30 28 26 30 30
2 7 - 2 4 - -
3 - - - - - -
4 - - - - - -
5 - - - - - -

16. Oral and general health 1 30 30 30 30 30 30
2 - - - - - -
3 - - - - - -
4 - - - - - -
5 - - - - - -
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Figure 2 (left). Chipping of tooth 37 with dentin exposure. (middle) SEM image of chipping of tooth 37 with dentin exposure after 36 

months. Note the fracture line from buccal to the mesial part. (right) Detailed SEM image of the chipping plane. Note the fracture 

line in the ceramic. 

 

Figure 3a-e. a) Restoration on tooth 36 (DDS group) after 12 months in situ. Note the fracture line at the mesio-lingual cusp. b) 

Fracture of the mesio-lingual aspect of the restoration after 36 months in situ. Note the discolored dentin part at the inner wall next 

to a remnant of composite material. c) SEM image of the occlusal view after fracture of the restoration after 36 months. d) Detailed 

SEM image of the occlusal aspect of the fracture. e) Detailed SEM image of the lingual side of the tooth with the fracture in the 

ceramic on the mesio-lingual side.
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Figure 2 (left). Chipping of tooth 37 with dentin exposure. (middle) SEM image of chipping of tooth 37 with dentin exposure after 36 

months. Note the fracture line from buccal to the mesial part. (right) Detailed SEM image of the chipping plane. Note the fracture 

line in the ceramic. 

 

Figure 3a-e. a) Restoration on tooth 36 (DDS group) after 12 months in situ. Note the fracture line at the mesio-lingual cusp. b) 

Fracture of the mesio-lingual aspect of the restoration after 36 months in situ. Note the discolored dentin part at the inner wall next 

to a remnant of composite material. c) SEM image of the occlusal view after fracture of the restoration after 36 months. d) Detailed 

SEM image of the occlusal aspect of the fracture. e) Detailed SEM image of the lingual side of the tooth with the fracture in the 

ceramic on the mesio-lingual side.

Figure 4 (left). Qualitative fractography on SEM image of ceramic fracture surface showing a critical flaw (probably site of failure 

initiation). Note the Mirrior region beneath the critital flaw. (right) Diagram of the typical fracture surface features occurring in brittle 

materials according to Della Bona. 30  The regions are not drawn to scale. Note the missing Hackle and Mist region in the SEM image 

on the left. These sites normally originate from a fracture that looses energy but in this case there was already a rupture of the 

restoration before these sites could be created. 

Figure 5 (left). Tooth surface after debonding of restoration 36, note the intact IDS/composite layer on the tooth. (right) Restoration 

debonding surface. Note the resin composite at the intaglio surface and the discolored disto-buccal part of the restoration. 

Figure 6 (left).  Excessive wear on the occlusal part of the restoration 26 after 36 months. Note the fracture line in the ceramic on 

the buccal side of the restoration. (middle) SEM image of restoration 26. Note the excessive wear and the clear fracture line in the 

ceramic from mesial to distal. (right) Detailed SEM image of small bending and branching of the fracture line in the ceramic. 
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Figure 7. Secondary caries at tooth 26, distal aspect. The x-ray was an underrepresentation of the intra-oral size of the cavity. Note 

also the secondary caries on teeth nrs. 24 and 25. 

Figure 8. Kaplan-Meier curve of the survival rate of partial ceramic restorations bonded employing either Immediate (IDS) or Delayed 

Dentin Sealing (DDS) (IDS: 100%, n = 30; DDS: 96.7%, n = 30, events n = 1).

Figure 9. Kaplan-Meier curve of the success rate of partial ceramic restorations bonded employing either Immediate (IDS) or Delayed 

Dentin Sealing (DDS) (IDS: 86.7%, n = 30, events n= 4; DDS: 83.3%, n = 30, events n = 5).
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Discussion

In this clinical trial the performance of partial ceramic restorations bonded with Immediate (IDS) or 
Delayed Dentin Sealing (DDS) were compared within-subject. Based on the non-significant differences 
in the success and survival rates and the quality of survival with IDS and DDS, the null hypothesis 
could not be rejected. The results cover a period of 36 months. All absolute and relative failures were 
unnoticed by the patients (except for the debonding), hence were only observed at the scheduled recall 
visit. Consequently, the exact time of occurrence could not be registered. 
 
The number of absolute failures was limited; one tooth presented with secondary caries under the 
restoration and had to be extracted. Two patients presented very poor oral hygiene despite regular 
adjustments during dental-checks ups every 6 months, and presented with caries. One tooth with 
secondary caries was considered a relative failure and the other as an absolute failure. Depending 
on the location and the accessibility of the cavity, caries can result into an absolute or a relative 
failure.24 Secondary caries develop mainly on the proximal gingival floor of class II restorations, usually 
independent of the restorative material.25-27 
 
Two relative failures occurred in one patient with severe teeth grinding. One failure in this patient 
was excessive wear and the other was tooth chipping (figure 2 and 6). The cohesive strength of the 
ceramics proved insufficient for such an individual with parafunctional habits28 and thus a splint is 
indicated; however, the restoration design is of great importance. This patient reported not having 
used the provided splint at night. A possible explanation for the occurrence of tooth chipping is that the 
preparation design was not uniform. The thickness of the ceramic was not even over the tooth, leading 
to a variation in wall height resulting in a higher stress concentration.29 This probable cause of failure 
is demonstrated in figure 3 (right) because the SEM image shows an abrupt geometry and thickness 
variation; dimensional volumetric transitions, from thicker to thinner areas, should not occur over very 
small distances in brittle materials. This results in an unfavorable stress distribution that can create a 
fracture initiation site (figure 4). 30-32 A fracture line in the ceramic can be seen in both failures in the 
patient with severe teeth grinding (figure 2 and 6) and both restorations received a score 3 for the FDI 
criteria on fracture of material and retention. Cracks are acceptable as long as there are no clinical 
symptoms present. 24 A small fracture in the ceramic is not always a problem as long as the location 
and adhesive is supportive and thus the stress can be distributed enough to prevent the restoration 
from catastrophic failure. 33 Yet, nature is less forgiving when the design or preparation of a restoration 
is compromised,especially in patients with severe teeth grinding. One of the relative fracture failures 
(figure 3) may have been due to a problem with the design of the restoration (thin isthmus), affecting 
stress distribution. The mesio-lingual cusp was too high and too thin, hence cuspal deflection may have 
led to the fracture. Cuspal coverage is commonly recommended in order to protect the weakened 
tooth structure.34 The benefit of a full cuspal coverage design (onlay) on the remaining tooth structure35 

can result in favorable distribution of the stresses in the teeth and a reduction in fracture risks.36 The 
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restoration with a fracture (figure 3) presented a discolored part, indicating leakage of the restoration, 
probably due to cuspal deflection and disruption of the bonding in this part. Preparation margins should 
be configured correctly to prevent chippings and cracks in the ceramic and further crack propagation.32 
Fracture initiation sites are not only created by parts in the restoration where the ceramic is very 
thin but also by an air bubble present in the ceramic material.29,32 Avoiding marginal ridge contact is 
recommended for these kind of restorations. Using IDS in partial ceramic restorations is thought to 
improve the adhesion resulting in an improvement in the fracture strength.37 Although we did not find 
any statistically significant differences in the performance of partial restorations on using IDS or DDS, 
some tooth chipping and fracture failures occurred in the DDS group. By using IDS on indirect bonded 
restorations, the postponed occlusal loading facilitates the dentin bond to develop without stress.38 
Such use of IDS may have led to fewer fractures and chipping in this study but further follow-up is 
needed to support the in vitro results and to see if IDS can indeed prevent some failures in partial 
indirect restorations in the long term. 
 
The disto-buccal part of the restoration with debonding failure after 14 months (figure 5), showed a 
discolored part which could indicate that there was not enough luting agent at this site of the restoration 
resulting in insufficient marginal sealing. Early failures are commonly related to technical flaws and not 
a consequence of fatigue. This part of the cement was removed and the procedure was redone. The 
ceramic bonding procedure remains technique sensitive.39 Factors that complicate ceramic bonding 
include cement manipulation and adherence to the bonding protocol, moisture control and etching.40 
This is even more important with partial ceramic restorations where preparations are non-retentive and 
fully rely on the adhesive bonding to retain the restoration.
 
The two periodontal failures were in a single patient as a result of poor oral hygiene during the follow-up 
period and due to lack of regular dental check-ups. The increased pocket depths are not likely to have 
had a high impact on the longevity of the restoration itself, but rather reflects the functional oral 
environment. The restorations of this patient were not in direct contact with the periodontal tissues. 
 
The survival rate of the restorations in this study (98.3%) is comparable to that of other studies but the 
success rate (85%) is somewhat lower than reported elsewhere.3 The lower success rate may reflect the 
(initially limited) experience of the team in providing this type of restorations as training and experience 
is presumed to affect the outcome. No endodontic complications were seen although this is a common 
failure in other studies (3%).3 This finding reflects the advantage of a minimal invasive preparation 
design becasue the amount of tooth structure reduction is considered to be an important factor 
affecting postoperative tooth sensitivity.35 A polycarboxylate cement was used for cementation of the 
temporary restorations. This cement is known for its bond capacity to enamel and dentin, low irritancy 
and antibacterial action. Zinc-polycarboxylate cements have been found to have some anti-bacterial 
properties due to ther adhesive quality, providing a better barrier to the ingress of bacteria than other 
zinc-phosphate cements.41 This can therefore have also sealed the temporary restoration in the DDS 
group where the dentin was not covered directly after the preparation, which may have contributed to 



7

Randomized clinical trial on the survival of lithium disilicate posterior partial restorations bonded |135 
using Immediate or Delayed Dentin Sealing after 3 years of function 

less bacterial invasion and fewer postoperative problems.
 
Clinically, it is difficult to differentiate between gaps at the interface between luting material and hard 
tissues, and between luting material and restoration in compromised restorations. SEM examination 
was considered quite useful in assessing these aspects and is recommended for other clinical survival 
studies as well. 

Conclusions

Adhesively luted partial ceramic restorations in vital molar teeth have a good prognosis. However, IDS 
did not result in any differences in success and survival rates after 3 years of function compared to DDS.  
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Abstract

Aim
The aim of this prospective clinical study was to evaluate the clinical performance of partial glass-ceramic 
(IPS e.max Press) posterior restorations.  

Materials and methods
A total of 765 restorations in 158 patients were placed between 2008 and 2018 and evaluated during 
regular dental care visits up to 2018. The restorations were luted with a conventional photo-polymerized 
resin composite (HFO) in conjunction with an Immediate Dentin Sealing procedure (IDS). Intra-oral 
photographs and radiographs were made and evaluated using USPHS criteria. 

Results
The mean observation time was 53.3 months (range: 3-113 months). Three absolute failures occurred 
(tooth fractures, n=2; apical re-infection, n=1) all leading to the loss of the restored tooth. Repairable 
and salvageable failures occurred in 9 teeth (endodontic complications, n=7; secondary caries, n=1; 
debonding, n=1). The survival and success rates according to the Kaplan-Meier analysis after 5 years 
cumulated to 99.6% and 98.6% respectively. Location (premolar/ molar and mandibula/maxilla), 
pre-restorative endodontic status (vital/devitalised) and extension of the indirect glass-ceramic 
restoration (number of sides and cusps involved) did not significantly affect the cumulative success rate 
(log rank test, p>0.05). The condition of the vast majority of the restorations remained unaffected for 
5 years and more as reflected by the scores for the various USPHS domains, consistent with durable 
service.

Conclusions
Posterior glass-ceramic partial restorations luted by means of a conventional photo-polymerized resin 
composite in conjunction with the use of an IDS procedure have an excellent medium-term prognosis.
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Introduction

Indirect partial restorations can be indicated when it is difficult to restore form and function with direct 
composite restorations. Monolithic reinforced glass-ceramic restorations have gained popularity in 
posterior teeth as they are less prone to fracture compared to feldspathic ceramic.1 Lithium disilicate 
restorations are tougher and less likely to fracture due to crystallites which induce the fracture to 
bow, deflect and branch.2 Moreover, adhesive luting is possible with these ceramics and this increases 
strength and restores aesthetics at a minimum biological price, whereby only the defective structures 
are removed.3-5  
 
A recent systematic literature review revealed a cumulative survival rate of 92-95% for single 
glass-ceramics and feldspathic porcelain restorations after 5 years, and 91% after 10 years.6 Due to 
the high load in the posterior region, these restorations are more prone to fracture than crowns in 
the anterior region.7,8 In short term evaluations, bulk fracture, chipping of the ceramic and adhesive 
problems have been reported as the main reason of failure.9 Besides restoration failures, secondary 
caries were observed as a biological complication (1%).6 Long-term data from a large number of these 
all-ceramic partial restorations is unfortunately limited, which precludes firm statements regarding 
their effectiveness.10 
 
Adhesive bonding to dentin has been considered the weakest link in clinical durability and fracture 
resistance of ceramic restorations.11 The Immediate Dentin Sealing (IDS) concept has been studied 
extensively in in vitro studies and showed significantly increased bond strengths.12-20 An in vitro study 
demonstrated that the application of an IDS layer with ceramic inlays significantly increases fracture 
strength. 21 
 
The use of a conventional photo-polymerized resin composite as a luting agent is debated. 22,23 
Manufacturers and studies claim that the use of composite as a luting agent with thick or extensive 
restorations could lead to a decrease in the degree of conversion.24-28 However luting with composite 
has some practical advantages; i.e., increased working time, improved biomechanical properties, wear 
resistance and ease of excess removal.24-26,29 In addition, in vitro25,30 and in in vivo research have proved 
that luting with a composite can lead to higher bond strength.26,29,31 
 
The aim of this study was to evaluate the clinical survival and success rate of posterior glass-ceramic 
partial restorations luted with conventional photo-polymerized resin composite in conjunction with 
IDS. Further evaluations involveed the location of the restoration (premolar/molar and mandibula/
maxilla), pre-restorative endodontic status (vital/devitalised) and the extension of the indirect ceramic 
restoration (number of sides and cusps involved). 
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Materials and methods

Study design and inclusion
All patients, in need of a posterior partial lithium disilicate ceramic restoration between 2008 up to 
2018 were eligible for inclusion. The patients were treated by one operator in a private practice and 
all restorations were luted with a conventional photo-polymerized resin composite in conjunction with 
an IDS. Indirect restorations were provided for various reasons: secondary caries, replacement of a 
failing direct restoration or fracture of one of the cusps. To be eligible, patients should not have active 
periodontal or pulpal diseases. This study was evaluated by the Medical Ethical Board of the University 
Medical Center Groningen and registered in the clinical trial register (NCT3452358). The products, 
manufacturers and chemical compositions of the materials used in this study are listed in table 1. 
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Table 1. The products, manufacturers and chemical composition of the material used in this study.

Product Composition

IPS-e.max Press Pressable ceramic

     (Ivoclar Vivadent, Schaan, Liechtenstein)

HFO – composite enamel plus UD2 1,4-Butandioldimethacrylate, urethane 

     (Micerium S.p.A., Avegno, Italy) dimethacrylate, Bis-GMA

CoJet-sand Aluminium trioxide particles coated with 

      (3M ESPE, Neuss, Germany) silica, 30 µm

ESPE-sil Ethyl alcohol, 3-methacryloxy- 

     (3M ESPE, Neuss, Germany) propyltrimethoxysilane, ethanol

Monobond Plus One component primer

     (Ivoclar Vivadent, Schaan, Liechtenstein)

Clearfil SE Bond Primer: HEMA, hydrophilic dimethacrylate, 

     (Kuraray, Osaka, Japan) water, photo initiator

Adhesive: TEDGMA,UDMA,GPDM,HEMA,bis-GMA, filler, 

photo-initiator

Porcelain etch 9% Hydrofluoric acid

     (Ultradent, South Jordan, UT, USA)

Ultra-etch 35% Phosphoric acid

     (Ultradent, South Jordan, UT, USA)

GrandIO flow 1,6-Hexanediylbismethacrylate, BIS GMA, 

     (VOCO, Cuxhaven, Germany) triethylene glycol dimethacrylate

K-Y* lubricating gelly Purified water, Glycerin, Methylparaben, 

     (Johnson & Johnson, Sezanne, France) Propylparaben, Propylene Glycol, Hydroxyethylcellulose, 

Dissodium,

Phosphate, Sodium Phosphate, Tetrasodium, EDTA

Hygenic Dental dam Rubberdam

     (Coltène/Whaledent Inc., Ohio, USA)

Nic tone Dental Dam Rubberdam

     (MDC Dental, Zapopan, Jalisco, Mexico)

Durelon Powder: zinc oxide, stannous fluoride, tin

(3M ESPE, Neuss, Germany) dioxide

Liquid: water, polyacrylic acid

Brownies Polisher, medium

     (Shofu, Kyoto, Japan)

Impression material Hydrocolloid impression material

     (VanR Heavy bodied, DUX Dental, USA)
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Tooth preparation 
All procedures were performed under high, 8-25x, magnification(OpmiPico, Zeiss, Jena, Germany). 
After isolation using a rubberdam (Hygenic Dental Dam, Coltène Whaledent Inc., Ohio, USA or Nic 
tone, MDC Dental, Zapopan, Jalisco, Mexico) the existing restorative material was removed. Minimal 
invasive preparations were made and sound enamel was not removed. Outlines consisted of a shoulder 
or chamfer made with a red handpiece and diamond burs (type: 881G 012, 014 and 016; 880G 023, 
881F 012, 8881 314 014, 016 (Meisinger, Neuss, Germany)) or with a SONICflex prep ceram handpiece 
(KaVo, Biberach/Riß, Germany). All internal angles or undercuts were not smoothened but covered 
using IDS with flowable composite. Regardless of the endodontic status, the cusps were only covered 
if they were already part of the old restoration or when a fracture line was visible in >50% of the cusp. 
The proximal walls diverged slightly at an angle of 100 to 120 degrees between the proximal cavity 
walls and the prospective proximal inlay surface. Occlusal marginal ridge contacts were not avoided. 
Occlusal reduction was not performed and the restorations were minimum 0.5 mm thick. IDS was 
applied to the tooth immediately following preparation (Clearfil SE Bond, Kuraray, Osaka, Japan). The 
clinical protocol for tooth preparation and IDS is presented in detail in table 2. To obtain a smooth 
surface and to compensate for incidental undercuts after preparation, a flowable resin was applied 
(GrandIO flow, VOCO, Cuxhaven, Germany). Electrosurgery was performed in cases where retraction 
of the gingiva was needed to obtain a proper and detailed impression. Impressions were made with a 
hydrocolloid impression material (VanR Heavy bodied, DUX Dental, USA). Temporary restorations were 
made chair-side using a chemically cured provisional material (Protemp, 3M ESPE, Seefeld, Germany). 
They were temporarily luted using a polycarboxylate cement (Durelon, 3M ESPE Seefeld, Germany). 

Luting procedure
All pressed lithium disilicate restorations (IPS e.max press, Ivoclar Vivadent) were fabricated in a dental 
laboratory using 4.2x magnification loups (Examvision, Rotterdam, The Netherlands) and and 8-25x 
microscope (OpmiPico, Zeiss) following the manufacturers instructions. Restorations were made by the 
lost wax technique using pressable ceramics (IPS e.max, Ivoclar Vivadent). A staining technique was 
applied (IPS e.max Stains, Ivoclar Vivadent)  to get correct shade integration, followed by glazing (IPS 
e.max Fluoglaze, Ivoclar Vivadent). Hereafter, the restorations were handpolished (Signum HP diamond 
polishing, Hereaus Kulzer GmbH, Hanau, Germany). The clinical protocol for the preparation of the 
teeth and the glass-ceramic restorations are presented in detail in table 2 and 3.
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Table 2. Clinical protocol for tooth preparation and Immediate Dentin Sealing.

First visit: Preparation of the tooth before impression Time (s)

*Tooth preparation is ready for impression, followed by;

1.1 Apply SE Primer (Clearfil SE Bond, Kuraray), active brushing motion 20 

1.2 Air suction 

1.3 Apply SE Adhesive (Clearfil SE Bond, Kuraray), active brushing motion 10 

1.4 Air-thin 10 

1.5 Photo-polymerize 10 

1.6 Apply flowable resin (GrandIO flow, VOCO, Cuxhaven, Germany)

1.7 Photo-polymerize 40 

1.8 Apply glycerin gel (K-Y* lubricating gelly, Johnson & Johnson, Sezanne, France)

1.9 Photo-polymerize at buccal, oral and proximal sites 40 each

1.10 Rinse until clean surface

1.11 Clean enamel outline with a rubberpoint or a bur 

1.12 Take impression 

Second visit: Preparation of the tooth before luting Time (s)

2.1 Clean tooth surface ultrasonically or with a scaler 

2.2 Silica coat the Immediate Dentin Sealing layer 

(CoJet®-sand, 3M ESPE, Neuss, Germany)

2-3 

2.3 Acid etch the enamel (not the accidently exposed dentin) 30 

2.4 Rinse 30 

2.5 Dry

2.6 Apply Silane (ESPE – Sil, 3M ESPE) on the Immediate Dentin Sealing layer 60 

2.7 Apply SE Adhesive (Clearfil SE Bond, Kuraray) 10 

2.8 Apply composite (HFO composite, Micerium S.p.A., Avegno, Italy) onto the tooth

2.9 Place the partial restoration onto the tooth

2.10 Remove excess of cement

2.11 Photo-polymerize 40 

2.12 Apply of glycerin gel (K-Y* lubricating gelly, Johnson & Johnson)

2.13 Photo-polymerize at buccal, oral and proximal sides 40 each
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Table 3. Clinical protocol for luting procedures of the ceramic restorations.

Time (s)

1. Etch ceramic with hydrofluoric acid (IPS Ceramic etch, Ivoclar Vivadent) 20 

2. Rinse with neutralized water (Neutralizing powder, Ivoclar Vivadent) 60 

3. Dry

4. Clean ceramic ultrasonically in distilled water 300  

5. Dry

6. Apply of silane (Monobond Plus, Ivoclar Vivadent) 60 

7. Apply SE Adhesive (Clearfil SE Bond, Kuraray) 10 

*For the following procedures see step 2.8 table 1

The temporary restoration was removed and the temporary cement teeth was cleansed from the 
teeth with an ultrasonic tip or a hand scaler. The IDS layer was silica coated (30µm SiO2 Cojet-sand, 
3M ESPE) using an intraoral air-abrasion device (Dento-prepTM, RØNVIG A/S, Daugaard, Denmark) at a 
pressure of 2.5 bar from a distance of approximately 10 mm for 2-3 seconds. The adjacent teeth were 
protected by a metal strip during the air-abrasion procedure. Try-in of the partial ceramic restoration 
was done and the margins checked. Subsequently, the adjacent teeth were protected with “teflon” 
tape (PTFE tape) and the enamel was etched with phosphoric acid (Ultradent, South Jordan, UT, USA). 
Then the preparation was rinsed with copious water for 20 sec, dried with oil free compressed air and 
silane (EPSE-sil, 3M ESPE, Neuss, Germany) was applied to the IDS layer and left to react with the silica 
particles for 1 min. 
 
After etching the restoration with 9% hydrofluoric acid (Porcelain etch, Ultradent) the restorations 
were ultrasonically cleaned in distilled water for 5 minutes. Then the intaglio surface of the lithium 
disilicate restoration was silanized (Monobond Plus, Ivoclar Vivadent). The procedure for conditioning 
the restorations prior to luting is described in detail in table 3. All partial restorations were luted using 
a heated (55°C; RØNVIG A/S) photo-polymerized resin composite (HFO composite, Micerium S.p.A., 
Avegno, Italy). After placement under soft pressure, excess cement at the margins was removed 
with a dental probe. On applying increasing pressure, the additional excess cement was manipulated 
against the tooth with a probe and brush in order to prevent marginal gaps. The restorations were 
photo-polymerized 3 times for 40 seconds from all 3 sides. This was repeated after application of the 
glycerin gel to ensure oxygen inhibition during polymerization. Excess composite was removed after 
rinsing the glycerin gel, with a scaler and an EVA-handpiece (7LP in combination with a 61 LG) (Kavo, 
Biberach/Riß, Germany). Final polishing was performed with a brownie (Shofu, Kyoto, Japan).
 
At the time of placement (baseline), the restorations and clinical circumstances were fully documented, 
including intraoral photographs and radiographs. The location of the restoration (premolar/molar 
and mandibula/maxilla), pre-restorative endodontic status (vital/devitalised) and the extension of the 
indirect ceramic restoration (number of sides (buccal / lingual / palatinal /mesial / distal) and cusps 
involved) were noted.



8

Clinical evaluation of posterior glass-ceramic partial restorations luted using photo-polymerized | 147 
resin composite in conjunction with Immediate Dentin Sealing 

Evaluation
All the patients were evaluated at regular intervals (i.e. every 6 months), with special emphasis and 
attention being paid to the partial restoration(s) every time they visited the clinic for regular dental 
check-ups between 2015 and 2018. 
 
To assess the condition of the restorations, a light photograph was made with a digital camera (Nikon 
(D7100, Nikkor Micro 60mm AF-S 2.8G), Nikon, Ōi, Tokyo, Japan) at each follow up session and 
subsequently evaluated by an independent researcher according to modified United States Public 
Health Service (USPHS) criteria (table 4, 11 parameters). Intraoral radiographs were made when 
indicated. Patient’s records were checked for the occurrence of failures. Restorations were not replaced 
after endodontic treatments but underwent composite restoration and were monitored. The findings 
were to be compared with those obtained at baseline and all the other follow-up events. 

The data for all 11 USPHS parameters were grouped into yearly intervals, with observation periods 
stretching from ‘baseline’ to ‘5 years and longer’. The observations were attributed to the closest full 
year. 

Statistical analysis
The Kaplan-Meier method was used to give an estimation of the cumulative success and survival rate 
in relation to observation time. Subgroup analysis of the cumulative survival and success rate was 
performed for location (mandibula/maxilla), pre-restorative endodontic status (vital/devitalised) and 
the extension of the indirect glass-ceramic restoration (number of surfaces and cusps involved) using 
the log rank test.
 
Only restorations with ratings of 0 in the USPHS criteria were considered a ‘success’; a USPHS-score 
larger than 0 observed for any of the 11 evaluated qualitative aspects denoted ‘an event’, including 
when the restoration or the tooth itself was no longer salvageable. 
 
The USPHS scores for the various domains are tabulated (Table 5) across 6 observation periods using 
descriptive statistics. 
 
Statistical analyses were performed with a statistical software program (SPSS 22.0; SPSS Inc, Chicago, 
IL, USA).
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Table 4. Criteria used for the clinical evaluations of the restorations (adapted version of modified United States Public Health Service 

(USPHS) criteria).

Category Score Criteria

1. Photograph – Adaptation restoration 0 Restorations contour is continuous with existing anatomical formand margins of the 

restoration

1 Restoration is slightly under of over  contoured

2 Marginal overhang or tooth structure (dentin or enamel) is exposed

3 Restoration is missing, traumatic occlusion or restoration cause pain in tooth or 

adjacent tissue

2. Photograph - Caries 0 No visible caries

1 Caries contiguous with the margin of the restoration

3. Photograph - Marginal adaptation 0 Excellent continuity at resin – enamel interface; no ledge formation, no discoloration

1 Slight discoloration at resin – enamel interface; ledge at interface

2 Moderate discoloration at resin – enamel  interface measuring 1 mm or greater

3 Recurrent decay at margin

4. Photograph - Polishability 0 Smooth and highly shiny, similar to enamel

1 Smooth and satin, highly reflective

2 Rough and shiny, satin, somewhat reflective

3 Rough and dull or satin, not reflective

5. Photograph - Surface staining 0 Absent

1 Present

6. Photograph - Contact points 0 Present

1 Absent

7. Photograph - Fracture resistance 0 No fracture of the restoration

1 Small lines of the restoration

2 Small chippings (1/4 of restoration)

3 Moderate chippings (1/2 of restoration)

4 Severe chippings (3/4 of restoration)

5 Loose of the restoration

8. Photograph - Wear restoration 0 No wear

1 Wear

9. Radiopgraph – Adaptation restoration 0 Restorations contour is continuous with existing anatomical form and margins

1 Restoration is slightly under of over contoured

2 Marginal overhang or tooth structure (dentin or enamel) is exposed

3 Restoration is missing, traumatic occlusion or restoration cause pain in tooth or 

adjacent tissue

10. Radiopgraph - Caries 0 No visible caries

1 Caries contiguous with the margin of the restoration

11. Radiopgraph - Marginal adaptation 0 Excellent continuity at resin – enamel interface; no ledge formation, no discoloration

1 Slight discoloration at resin – enamel interface; ledge at interface

2 Moderate discoloration at resin – enamel interface measuring 1 mm or greater

3 Recurrent decay at margin
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Results

A total of 765 partial restorations in 158 patients (60 men, 98 women) could be included, of which 
697 restorations were on vital teeth and 68 on devitalised teeth. In total, 360 restorations were placed 
on mandibular and 405 on maxillary posterior teeth, 282 on premolars and 483 on molars. The mean 
observation time was 53.3 months (range 3-113 months).
  
In three cases, the extension of the indirect ceramic restoration could not be determined from the 
photograph made at baseline, nor from the patients’ records. The number of sides (buccal / lingual 
/ palatinal /mesial / distal) that the restorations replaced were as follows; 2-sides: 12, 3-sides: 198, 
4-sides: 262 and 5-sides: 290. The number of cusps that were replaced by the restoration were as 
follows; 0 cusps: n=409, 1 cusp: n=179, 2 cusps: n=110, 3 cusps: n=19 and 4 cusps: n=45.
 
The overall estimated cumulative survival rate according to Kaplan-Meier after 5 years of function and 
longer was 99.6% (SE 0.3%, 3 events) and the success rate were 98.6% (SE 0.5%, 9 events) after 5 
years and 96% (SE 1.7%) after 7.5 years and longer (12 events, figures 1 and 2). Three cases were 
absolute failures and thus extracted, 2 were tooth fractures after 10 months (devitalised) and one tooth 
with restorations without cusp coverage after 33 months (vital). A non-salvageable apical re-infection 
occurred in another tooth after 18 months of function. 
 
Over time, repairable and salvageable failures occurred in 9 teeth, being endodontic treatment needed 
(n=7), secondary caries (n=1) and debonding of the restoration (n=1). Location (premolar/ molar and 
mandibular/maxilla), extension of the indirect ceramic restoration (number of sides and cusps involved) 
and pre-restorative endodontic treatment (vital/devitalised) did not significantly affect the cumulative 
success rate (log rank test, p>0.05). 
 
The USPHS data across the different observation periods are presented in table 5 by means of frequency 
distributions. The condition of the vast majority of the restorations was excellent and remained 
unaffected after five years of function or longer.
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Figure 1. Kaplan-Meier curve of the cumulative survival rate after 5 years and longer is 99.6% SE 0.3% (n=765 at baseline, events n=3).

Figure 2. Kaplan-Meier curve of the cumulative success rate after 5 years is 98.6% SE 0.5% and 96% SE 1.7% after 7.5 years and longer 

(n=765 at baseline, events n=12).
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Table 5. Frequency distributions (%) of the scores on the 11 USPHS criteria, clustered by period in time. 
Baseline 1 years 2 years 3 years 4 years >5 years

Photograph (n=765) (n=192) (n=166) (n=156) (n=122) (n=197)

1.Adaptation restoration (min = 0, max = 3) 0 100% 99.5% 99.4% 100% 99.2% 100%

1 0.5% 0.06% 0.8%

2

3

(n=765) (n=192) (n=166) (n=156) (n=122) (n=197)

2.Caries (min = 0, max = 1) 0 100% 99% 99.4% 99.4% 100% 99.5%

1 1% 0.6% 0.6% 0.5%

(n=765) (n=192) (n=166) (n=156) (n=122) (n=197)

3.Marginal adaptation (min = 0, max = 3) 0 100% 97.4% 97% 94.2% 96.7% 82.2%

1 2.6% 1.8% 5.8% 3.3% 17.3%

2 1.2% 0.5%

3

(n=765) (n=192) (n=166) (n=156) (n=122) (n=197)

4.Polishability (min = 0, max = 3) 0 100% 99% 97.6% 100% 100% 98.5%

1 1% 2.4% 1.5%

2

3

(n=765) (n=192) (n=166) (n=156) (n=122) (n=197)

5.Surface staining (min = 0, max = 1) 0 100% 99% 99.4% 98.7% 99.2% 100%

1 1% 0.6% 1.3% 0.8%

(n=765) (n=192) (n=166) (n=156) (n=122) (n=196)

6.Contact point (min = 0, max = 1) 0 99.7% 99.5% 96.4% 98.1% 97.5% 99.5%

1 0.3% 0.5% 3.6% 1.9% 2.5% 0.5%

(n=765) (n=192) (n=166) (n=156) (n=122) (n=197)

7.Fracture resistance (min = 0, max = 5) 0 100% 100% 100% 100% 100% 100%

1

2

3

4

5

(n=765) (n=192) (n=166) (n=156) (n=122) (n=197)

8.Wear restoration (min = 0, max = 1) 0 100% 98.4% 99.4% 99.4% 100% 100%

1 1.6% 0.6% 0.6%

Radiograph (n=765) (n=128) (n=111) (n=100) (n=109) (n=164)

9.Adaptation restoration (min = 0, max = 3) 0 100% 96.9% 100% 97% 99.1% 98.2%

1 3.1% 3% 0.9% 1.8%

2

3

(n=765) (n=128) (n=111) (n=100) (n=109) (n=167)

10.Caries (min = 0, max = 1) 0 100% 100% 100% 100% 100% 100%

1

(n=765) (n=128) (n=111) (n=100) (n=109) (n=167)

11.Marginal adaptation(min = 0, max = 3) 0 100% 95.3% 98.2% 99% 98.2% 99.4%

1 4.7% 1.8% 1% 0.9% 0.6%

2 0.9%

3
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Discussion

In this prospective study, the clinical performance of 765 posterior glass-ceramic partial restorations 
luted by means of a conventional photo-polymerized resin composite in conjunction with Immediate 
Dentin Sealing were evaluated. The restorations presented excellent estimated cumulative survival and 
success rates after 5 years, 99.6% and 98.6% respectively. A representative case is presented in figure 
3. Partial ceramic restorations have not been studies before using Immediate Dentin Sealing and a 
conventional photo-polymerized resin composite.

a)

b)

c)

Figure 3a-c. Representative case restoring teeth 14, 15 and 16. a) Photograph directly after placement in 2009. b) Radiograph directly 

after placement in 2009. c) Photograph after evaluation in 2016. Total follow-up period being 102 months. 
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The results of this study are better than other studies of all-ceramic partial restorations not using IDS and 
composite with short (2 years; 100%31) to medium-term (5-8 years; 94.8–97.4%5, 7 years; 97%-100%32, 
4 years; 93%-100%33-35) observation periods. The evidence for such restorations with a longer follow-up 
time and high numbers of patients is limited.22 
 
One review reported an estimated survival rate of 95% after 5 years and 93% after 10 years6. The partial 
restorations in this study show a higher survival rate (99.6%) compared to the survival of conventional 
posterior full crowns (metal – ceramic (94.7%) and lithium disilicate reinforced glass-ceramic (96.6%) 
after 5 years.36 One of the possibilities for the excellent outcome of this study is the use of a conventional 
photo- polymerized resin composite as the luting agent. 38 The vast majority of other clinical studies 
applied dual-polymerized resin composite resin to lute ceramic inlays.5,6,33,34,38,39 Previous studies which 
investigated the use of photo-polymerized composite resins for luting purposes produced conflicting 
results.27,28 Presumed reduced wear of luting composites could not be confirmed when using the higher 
filled luting material.27 However, more recent studies on this subject are promising.24-26,30 The higher 
filler content and lower initiator concentration compared to dual-polymerized resin cements may be 
beneficial in terms of mechanical strength and the wear properties at the exposed margins.28 Even thick 
restorations are not contra-indicated with photo-polymerized luting composites in combination with 
IDS24 but the use of a high power photo-polymerized (>2000mW/cm2) unit and extended polymerization 
time are considered to be critical.25 A decrease in marginal adaptation of ceramic restorations over 
time is reported in the current literature, as marginal deterioration can be attributed to degradation 
and wear of the composite.11,40 An important factor for the clinical long-term performance of partial 
coverage restorations is marginal degradation of the resin cement and deterioration of the all-ceramic 
materials during clinical function.41 Based on the results of this study, the USPHS criteria in relation to 
marginal adaptation showed very good results over time even with restorations up to 5 year or more 
because of the favorable properties of the conventional photo-polymerized resin composite.
 
Two absolute failures occurred due to a fracture in the root of the teeth. One of these catastrophic 
fractures was in a vital tooth and one in a devitalised tooth. Both of these fractures occurred in teeth 
without cusp coverage. Several authors suggest cusp coverage restores weak posterior teeth.42,43 
However, the number of 0 and 1 cusp replaced restorations were high in this study. Almost no cusp 
coverage was performed due to the need to remove as little sound tissue as possible. The results of this 
study showed that the extension of the restoration and the pre-restorative endodontic status did not 
challenge the survival. Cusp coverage is no longer required probably because of the adhesive quality of 
IDS and the conventional photo-polymerized resin composite. However, further research is necessary 
to confirm this statement. 
 
Fractures of the ceramic material or minor chipping in general were not observed, which may be 
attributed to meticulous polishing of the ceramic material when small occlusal corrections were deemed 
necessary after luting. This may have prevented micro cracks that could lead to catastrophic failures 
over time.29 An additional risk for crack formation is polymerization shrinkage of the luting composite, 
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which creates stress concentrations at the adhesive interface and at the ceramic subsurface.44 When 
using IDS with indirect bonded restorations, the delayed placement of the restorations and postponed 
occlusal loading facilitate the dentin bond to develop without stress.45 The use of IDS may also have 
led to fewer fractures and chippings in this study. Moreover, the use of a lithium disilicate adds to the 
better mechanical properties with fewer fractures compared to other ceramics like leucite reinforced 
glass-ceramics and feldspathic glass-ceramics.1 
 
Chippings are reported to occur mainly at the marginal area of a restoration, involving small or severe 
material loss and leaving an irregular oblique fracture plane.46 As the condition of the restorations is 
difficult to assess (fracture lines and small chippings), additional information could be provided by 
impression taking for replica’s with SEM recordings. 
 
The most frequently observed failure, was in teeth needing endodontic treatment (1%, n=7). The 
conditions of the restorations involved in this complication were still good, with no secondary caries or 
defects of the restoration. Other studies, reported that failures followed by endodontic complications 
are seen in 3% of the cases with ceramic and resin inlays, onlays and overlays 6 and in 15.6% of the cases 
with metal-ceramic crowns.47 The low incidence in the present study may be the result of the minimal 
invasive preparation design and the use of IDS. While a circumferential full crown preparation is associated 
with the sacrifice of 67.5% to 75.6% of the original tooth structure, partial preparation is associated with 
substantially less sacrifice of healthy tooth tissue (5.5% to 27.2%).48 More invasive, circumferential crown 
preparations and the use of air turbines are correlated with an increase in pulpal complications.48,49 
Exposed vital dentin immediately after tooth preparation is susceptible to insult from bacterial infiltration 
and micro-leakage during the provisionalization phase.12 Bacterial and fluid penetration through the 
exposed dentinal tubules can result in colonization by micro-organisms, post-operative sensitivity, and 
the potential for subsequent irritation of the pulp.12 The use of Immediate Dentin Sealing is postulated to 
avoid these possible sequelae,12 thereby playing an important role in keeping a tooth vital.
 
One experienced operator performed all the operative procedures which increases internal validity, 
but also decreases external validity of the observations and stresses the importance of meticulous 
description of the operative procedures used. The difference between operators (for example seating 
pressure, operating time and experience) on clinical outcome is well recognized. 25,50 However, a 
conventional photo-polymerized resin composite was used in this study as a luting agent and this 
technique may be less technique-sensitive and therefore less prone to application errors. It is also 
easier to remove composite excess when a direct composite resin, rather than a low viscous material, 
is used.25

 
The present investigation is a prospective clinical study; several clinical variables (restoration size 
and intraoral distribution) could act as cofounders. Considering these limitations, further in vivo 
investigations are necessary to validate the clinical performance and efficacy of lithium disilicate partial 
restorations with different cementation procedure.
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Conclusions

Under the given circumstances and conditions presented in this prospective study, posterior 
glass-ceramic partial restorations luted with a conventional photo- polymerized resin composite in 
conjunction with the use of Immediate Dentin Sealing have an excellent medium-term prognosis. 

Clinical relevance
Posterior glass-ceramic partial restorations can be considered as a highly reliable treatment option 
when luted with a conventional photo-polymerized resin composite in conjunction with Immediate 
Dentin Sealing. The location and extension of the restoration and pre-restorative endodontic status do 
no affect success rate.
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General discussion

This thesis evaluated several aspects of the clinical problem related to adhesion of indirect restorations 
to dentin. Particularly for minimal invasive restorations that require only partial preparation, longevity 
is highly determined by durable adhesion of the resin cement to the dentin, as well as the durability 
of the restorative material itself. Therefore, securing stable adhesion to dentin is essential in that 
polymerization of the adhesive resin prior to luting ensures a potent hybrid layer. Impairment of 
adhesion to dentin is possible due to contamination and stress exerted upon the restoration during oral 
function. Contamination can occur during the fabrication stage of the indirect restoration through saliva, 
microorganisms in the smear layer, the impression material and the temporary cement. 1-5 Another 
aspect of the clinical procedures of extensive restorations is hypersensitivity after tooth preparation. 
One possibility to tackle these problems is sealing the dentin immediately after tooth preparation (IDS) 
using one or multiple coats of adhesive resin. Conventional procedures usually seal the dentin before 
luting the indirect restoration through the so called Delayed Dentin Sealing (DDS) procedure. The 
systematic review found few studies that focused on the possible merits of IDS but the most convincing 
were illustrated by the favorable micro-tensile bond strengths when compared to negative or positive 
controls in vitro. However, no marked clinical benefits of IDS over DDS could be demonstrated on the 
basis of this review (chapter 2).

In vitro evaluation of IDS and DDS
Application method & Adhesives
Using an adhesive step immediately after exposure of the dentin (IDS) resulted in significantly higher 
shear bond strength (13.68-17.13 MPa) to dentin compared to DDS (2.46-7.35 MPa), but more more 
pre-test failures were observed (chapter 3). Similar adhesion parameters of the IDS and DDS applications 
were further tested using the micro-tensile test. IDS (26.4-40.6 MPa) again performed significantly 
better than DDS (16-30.2 MPa) (chapter 4). Yet, there was no significant difference between the bond 
strength results after 1 week and 6 months of aging in water. The specimens failed predominantly at 
the adhesive-dentin interface in all experimental groups and the incidence of cohesive failures in the 
adhesive increased after 6 months of aging. Similarly, other in vitro studies reported  a higher bond 
strength of resin-based materials to dentin using IDS (shear: 13.36-19.04 MPa, micro-tensile: 51.1-58.3 
MPa) compared to DDS (shear: 0.86-14.9 MPa, microtensile: 1.7-11.58 MPa) although it depended on 
the test method.6-8

 
Dentin is typically sealed with adhesive resins with varying pH and chemical properties such as filler 
content and monomer matrix. Two of the most commonly used adhesive protocols are the etch-and-rinse 
system and the self-etch system where an etch and prime are combined in one step. Both of these 
protocols obtained good results in laboratory and clinical studies.9-11 In the in vitro evaluation of IDS 
and DDS, the shear bond strength results were more in favor of the etch and rinse system (Optibond 
FL, 7.35-17.13 MPa SD 4.57-6.82 MPa) compared to the self-etch system (Clearfil SE Bond, 3.09-16.05 
MPa SD 2.17-4.07 MPa) but the results of the self-etch system showed a smaller standard deviation. 
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The favourable results obtained by one layer of Optibond FL could be attributed to the fact that this 
adhesive system is based on the etch-and-rinse protocol where the dentin was initially etched with 
37% H3PO4. This type of adhesion protocol is considered to be the “gold standard” as the smear layer 
is removed and the dentin is demineralised. Moreover, this adhesive has high filler content (48 w%) as 
opposed to the Clearfil SE Bond which is a self-etch adhesive system that does not require a separate 
etching step and has less filler content (10 w%). The presence of HEMA in both adhesive systems most 
probably helps to increase the wettability of the adhesive resin but obviously the etching process and 
the filler content act more effectively on the durable adhesion properties achieved with Optibond FL. 
These results are also supported by the failure analysis since the adhesive failures between IDS and 
cement were more commonly observed in the Clearfil SE Bond adhesive system.

Conditioning and cementation
In order to avoid damaging the IDS during conditioning in the luting stage, the adhesive could be 
applied either in one or more layers or with subsequent application of flowable resin. Based on the 
results of our shear and micro-tensile study (chapter 3 and 4), such an additional layer with IDS did not 
(positively or negatively) affect the bond strength results significantly. Even one layer of the self-etch 
system, and conditioning with silica-coating, had significant benefit compared to the DDS groups. In 
an attempt to simulate the temporary phase of the indirect workflow, temporary cement was applied 
on the dentin surface for two weeks in all in vitro studies. After temporary cementation and removal 
of the provisional restoration, the contaminated IDS layer needed to be cleaned by removing possible 
impression material and temporary cement and the clean IDS layer could then co-polymerize further 
with the resin cement.12 This can be achieved through mechanical cleaning using pumice, prophylaxis 
pastes or tribochemical silica-coating methods. In our studies the IDS layers were either cleaned with 
pumice or activated by silica-coating and silanization both of which have contributed to higher bond 
strength compared to DDS. Conditioning using silica-coating and silane application not only cleans the 
IDS surface but also roughens and further chemically activates the surface. Particularly considering the 
incidence of more frequent adhesive failures between the IDS layer and the resin cement after cleaning 
with pumice, it can be stated that silica-coating and silanization should be involved in the protocol. It 
is easier to remove cement residues using silica-coating in comparison to a rotary brush  and pumice 
because it is easier to reach difficult parts of the preparation. However, one conditioning method 
cannot be recommended above the other in terms of higher bond strengths. It has to be emphasized 
that recognition of the adhesive layer - resin cement junction was microscopically very challenging to 
assess and requires further research using more sophisticated techniques. Different luting cements 
were used in these in vitro studies; two were dual-cure resin cements: Variolink Esthetic DC (Ivoclar 
Vivadent, Schaan, Liechtenstein) and Variolink II (Ivoclar Vivadent) and one was a conventional 
photo-polymerizing resin composite (HFO, Micerium, Avegno, Italy). The differences between these 
luting agents were not a subject of investigation in the in vitro studies of this thesis. 
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Material
Ceramic or composite materials are used in the replacement of missing dental coronal structures. 
Indirect composite gained interest due to its flexural strength, bio-mimetic properties and less abrasive 
component to the antagonist.13,14 The in vitro study of fracture strength, with restorations made of 
either lithium disilicate pressed ceramic or multiphase resin composite CAD/CAM blocks and bonded 
to dentin with or without one layer of IDS, evaluated their strength by subjecting them to a chewing 
simulation of 1.200.000 cycles (chapter 5). The mean fracture strength increased significantly when IDS 
was employed in the ceramic group but not in the resin composite group. Since ceramic materials are 
weak under tensile forces, adhesive cementation is fundamental for such materials.15 It has to be noted 
that the IDS layer in this study was further activated using silica-coating and silanization. When the 
stable adhesion of the IDS to both the dentin and the resin cement-ceramic complex is achieved, under 
loading conditions, the possible crack formation from the cementation surface could be blocked. On the 
other hand, resin-resin adhesion is known to be more durable especially after surface conditioning.16 
This could be the reason for the absence of an additional effect of IDS on the fracture strength of 
the resin composite material. When fracture results were coupled with the failure types, it was noted 
that the IDS layer was more frequently stable on dentin after debonding/fracture of both restoration 
materials which implies that the adhesion to dentin was in fact more stable than the adhesion of 
resin composite to the intaglio surfaces of the inlays. Moreover, cohesive failure of the inlay material 
indicates stable adhesion between the enamel/dentin-IDS-cement-inlay complex. Since this type of 
failure was more common in the tested resin composite, it can be affirmed that durable adhesion and 
more mechanical strength could be achieved with this inlay material as opposed to ceramic. However, 
fracture of the inlay coupled with adhesive failure in enamel/dentin indicates less durable adhesion 
which was observed in the absence of an IDS layer especially for a resin composite inlay material. These 
observations however, require further affirmation through a larger sample.

In vivo evaluation of IDS and DDS
Sensitivity 
The IDS technique is reported to lead to improved patient comfort during the provisional phase, with 
less need for anaesthesia during luting of the restoration, and reduced postoperative sensitivity.5,17 
However, no sensitivity changes could be detected one-year after clinical service with a minimally 
invasive preparation design (chapter 6). More postoperative sensitivity is expected with circumferential 
crown preparations due to more opened dentin tubules at the surface, which are intimately connected 
to the pulp. On the other hand, self-etching systems have a tendency to minimize post-operative 
sensitivity, compared to total-etch or milder etching systems due to their higher qualitative and 
quantitative capacity of penetration. 18 The implementation of IDS and DDS did not affect the perceived 
tooth sensitivity in the clinical study after one year. When the risk of postoperative tooth sensitivity is 
expected to be high, such as in deep preparations or with the use of total-etch systems, the addition 
of IDS may make a difference in reducing postoperative sensitivity. But clinical factors such as depth of 
the preparation can never be standardized. Also, the use of polycarboxylate as a temporary cement 
may have contributed to the lack of difference in sensitivity between IDS and DDS. The polycarboxylate 
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cement ensures a proper seal of the temporary restoration thereby preventing bacterial invasion in in 
the DDS group. 

Survival
IDS is also suggested to positively influence bond strengths and gap formations2,3,5-7,17,19-26 but this has 
not been investigated in a randomized clinical trial to date. In our within-subject randomized controlled 
clinical trial, IDS and DDS were compared with respect to survival and success (chapter 7) whereby no 
significant difference was found after 3 years. This is a short follow-up period to discover a difference 
between IDS and DDS with respect to survival and success and a difference might be perceivable during 
a longer observation period. However, some failures, such as chipping and fractures, were only seen in 
the DDS group and not in the IDS group. Using IDS in indirect bonded restorations facilitates a dentin 
bond to develop without stress27 which may have prevented fractures and chipping in the restorations.
 
Survival and success rates of posterior glass-ceramics were compared in a randomized clinical trial study 
(RCT, chapter 7) (98.3% and 85% respectively) after 3 years of function and in a prospective study (PS, 
chapter 8) resulting in a survival rate of 99.6% after 5 years and longer and a success rate of 98.6% 
and 96% respectively after 5 and 8 years and longer. The results of the PS study are particularly better 
than those in the literature where survival rates of 92-95% after 5 years and 91% after 10 years were 
reported.14 The RCT study was executed by calibrated students in their first, second or third year of 
their dentistry Master’s program, closely supervised by one dentist. Good oral hygiene was one of the 
inclusion criteria. Preparation guidelines were very strict; smoothened internal angles and cusps were 
covered if the remaining tooth wall was less than 2 mm thick from its occlusal aspect or when the outline 
of the restoration would be in an area with static or dynamic antagonistic contact. All preparations were 
performed on vital molar teeth. Restorations were luted with a dual-polymerizing luting composite. 
The PS study was executed by one experienced operator and one experienced dental technician who 
fabricated all the restorations. There was no active periodontal or pulpal diseases among the inclusion 
criteria. Preparation guidelines were not that strict, thin walls were not covered, occlusal reduction to 
allow for restorations to be at least 1.5 mm thick was not followed and occlusal marginal ridge contact 
was not avoided. Even in devitalised teeth thin walls were not always covered. All procedures were 
performed using high magnification. Restorations were luted with a conventional photo-polymerizing 
resin composite. The clinical outcome between the RCT and PS study was different in terms of survival 
and success rate. The PS study resulted in a higher survival and in an especially higher success rate. 
Perhaps the fact that the team and the dental school initially had limited experience in providing these 
types of restorations, and operative procedures were executed by students, may be the reason for this. 
The difference between operators (for example seating pressure, operating time and experience) on 
clinical outcome is well recognized. 28,29 An operator with ample experience has more three-dimensional 
knowledge about preparation design preventing abrupt geometry and thickness variation of the ceramic 
without following the strict preparation guidelines in general. 
 
Chipping and fractures were only observed in the RCT study in the DDS group; these failures were not 
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seen in the PS study. In the RCT study, the restorations were followed-up in the mouth and evaluation 
of the PS study restorations was executed on the basis of photographs and radiographs. Regarding the 
latter, the condition of the restoration is more difficult to assess. It is advised to make impressions for 
replicas with SEM recordings to provide additional information on the condition of the restorations. 
However, it is obvious that no chippings and fractures are seen on using IDS. IDS is thought to improve 
the adhesion resulting in improvement of the fracture strength in vitro, as investigated in this thesis 
with the fracture strength study. Polishing the restorations very carefully is executed by the dental 
technician. If the restorations have the correct height then there is also little need to adjust the ceramic 
in the mouth. This is easier when the dental technician is more familiar with these kinds of restorations. 
In the RCT study, the height of the restorations had to be corrected sometimes. If special ceramic 
polishers are not applied well, it can result in small micro cracks that can lead to catastrophic failures 
with time.30

 
A dual-polymerizing luting composite was used in the RCT study to lute the glass-ceramic restorations, 
which is used in the vast majority of studies. 14,31-35 Recent studies on the use of a conventional 
photo-polymerizing resin composite as a luting agent are promising. 29,36-38 The higher filler content and 
lower initiator concentration compared to dual-polymerizing resin cements may be beneficial in terms 
of mechanical strength and the wear properties at the exposed margins. 39 This technique proved less 
technique sensitive, because of easier removal of excess cement compared to a low viscous material, 
and therefore less prone to application errors.29 Even thick restorations are not contra-indicated with 
the use of conventional photo-polymerizing resin composite in combination with IDS36 but the use of a 
high power photo curing unit (2000W/cm2) and extended polymerization time are considered of critical 
importance. 29 The use of a conventional photo-polymerizing composite as a luting agent in combination 
with IDS contributed to a higher survival and success rate in the PS study compared to the RCT study. 
In general, absolute isolation by rubberdam is of great importance for longevity when using a resin 
composite. 40

Future perspectives
In the series of in vitro studies in this thesis, the depth of the cavity preparation and the preparation of 
dentin were standardized as much as possible. However, the clinical cavity depth is highly dictated by 
the depth of the caries or tissue loss. Thus, the results of this study, in terms of IDS or DDS bond strength 
or survival of indirect restorations being better and longer with IDS application, are also influenced by 
the dentin depth parameter. Adhesion of resin-based materials was reported to be less favorable on 
deep dentin compared to superficial dentin.41,42 Moreover, hypersensitivity as a clinical problem could 
also be highly affected, not only by the depth of dentin, but also by the preparation parameters such 
as the speed (rotation per minute-rpm), type of bur, the pressure and duration of drilling. All these 
parameters should be considered as confounding factors when interpreting results of studies especially 
related to hypersensitivity.14,41 Nevertheless, future studies should perhaps focus more on chemical 
analysis of the IDS layer and the exposure of dentin after air-abrasion surface conditioning. The survival 
of indirect restorations should also be reported after long-term clinical service as well as the the failure 
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types, after clinical function, with a specific focus on the location of the failure in the dentin-IDS-ce-
ment-restorations complex analyzed by Scanning Electron Microscopy and fractography.

Concluding remarks and clinical implications
The adhesion and failure type results of the in vitro investigations presented in this thesis (chapter 3 and 
4) indicate that at least one layer of IDS is favorable over DDS. Especially lithium disilicate restorations 
with increased mechanical strength benefit from an IDS application (chapter 5). Furthermore, a 
contaminated IDS layer should, at the very least, be cleaned using pumice mechanical cleansing 
methods while surface cleaning and activation of IDS through air-abrasion methods warrants further 
research (chapter 3 and 4). The in vitro studies identify some differences in outcome resulting from 
the tested protocols or variables which are generally not reflected in the cruder, clinical outcome 
measures, such as survival of a restoration. Therefore it was suggested in the systematic review to 
lute modern glass-ceramics to posterior teeth with adhesive protocols that are the most operator and 
patient friendly (chapter 2). The results of the clinical studies on the other hand, demonstrated no 
additional advantages of IDS versus DDS on short-term hypersensitivity, patient satisfaction and clinical 
survival after 3 years (chapters 6 and 7). Medium-term clinical data on posterior glass-ceramic partial 
restorations demonstrate that they have an excellent medium-term prognosis when adhesively luted 
using a photo-polymerizing resin composite in conjunction with IDS (chapter 8).
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Summary

Several aspects of the clinical challenges related to adhesion of indirect restorations to dentin were 
evaluated. Particularly for minimal invasive restorations that require only limited tooth preparation, 
longevity is highly determined by durable adhesion of the resin cement to the dentin, as well as the 
durability of the restorative material itself. Therefore, securing stable adhesion to dentin is essential 
in that polymerization of the adhesive resin prior to luting ensures a potent hybrid layer. Impairment 
of adhesion to dentin can be caused by contamination and stress exerted upon the restoration during 
oral function. Another aspect of the clinical procedures of indirect restorations is hypersensitivity after 
tooth preparation. One possibility to tackle these problems is sealing the dentin immediately after 
tooth preparation (Immediate Dentin Sealing, IDS) using one or multiple coats of adhesive resin. In 
conventional procedures, sealing the dentin is usually executed when luting the indirect restoration 
through the so called Delayed Dentin Sealing (DDS) procedure. 

To systematically organize the current knowledge and the manner in which dental cements are used 
for the cementation of glass-ceramics materials and restorations, with a particular emphasis on IDS, a 
comprehensive review (chapter 2) was performed. 
An extensive literature search concerning the cementation of single-unit glass-ceramic posterior 
restorations was conducted in the databases of MEDLINE (Pubmed), CENTRAL (Cochrane Central 
Register of Controlled Trials), and EMBASE. To be considered for inclusion, in vitro and in vivo studies 
should compare different cementation regimes involving a “glass- ceramic/cement/human tooth” 
complex. 
 Eighty-eight studies were included in total. The in vitro data were organized by topic, as follows: 
(micro)shear and (micro)tensile bond strength, fracture strength, and marginal gap and integrity. For 
in vivo studies survival and quality of survival were considered. In vitro studies showed that adhesive 
systems (3-step, etch-and- rinse) result in the best (micro)shear bond strength values compared to 
self-adhesive and self-etch systems when luting glass- ceramic substrates to human dentin.
 It could be concluded that the highest fracture strength is obtained with adhesive cements in 
particular. No marked clinical preference for one specific procedure could be demonstrated on the basis 
of the reviewed literature. The possible merits of IDS were most convincingly illustrated by the favorable 
micro-tensile bond strengths. No clinical studies regarding IDS were found. 

There was no consensus to date as to which method is most suitable for optimal conditioning of the IDS 
coated dentin prior to luting the indirect ceramic restoration. To evaluate the IDS application methods 
using different resin systems and surface conditioning methods employing different adhesion test 
methods in vitro, a shear bond strength study and micro-tensile bond strength were executed. 

The shear bond strength (SBS) study (chapter 3) was evaluated the shear bond strength (SBS) of resin 
cement to dentin after applying 2 Adhesive (A) systems with a combination of 4 different IDS strategies 
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and 2 Surface Conditioning (SC) methods. 
 Human third molars (n = 140) were collected and randomly devided (n = 70 each) between the 
two A systems (Clearfil SE Bond (Kuraray) (AC) or Optibond FL (Kerr) (AO)). The A groups were further 
divided into four IDS strategies (2 x one adhesive layer (IDS-1L); 2 x two adhesive layers (IDS-2L); 2 x 
one adhesive layer and one flowable layer (IDS-F); 2 x no layer of adhesive (DDS)). Finally, each strategy 
group had one of the two SC methods (only pumice (SC-P); pumice and silica-coating (SC-PS), except 
the DDS group where only SC-P was used. Resulting into 14 groups of 10 specimen each. The occlusal 
coronal third was removed from each molar crown with a diamond saw (Isomet 1000) and IDS was 
applied followed by temporary restorations. These were removed after two weeks of water storage and 
the IDS surfaces were subsequently conditioned. The standard adhesive procedure (Syntac Primer and 
Adhesive, Heliobond (Ivoclar Vivadent) was executed, followed by the application of a resin cement 
(Variolink II, (Ivoclar Vivadent) and photo-polymerization. All specimens were subjected to thermocyclic 
aging (10,000 cycles, 5-55°C). Shear force was applied to the adhesive interface in a universal testing 
machine (1mm/min). Fracture types and locations after loading were classified. The data were analyzed 
using ANOVA and independent-samples t-tests. 
 AO groups exhibited higher mean SBS values (14.4 ± 6.43) than AC groups (12.85 ± 4.97) (p=0.03). 
Analysis of variance showed the main effect of the applications on the SBS in the different groups 
(p=0.00). Both DDS groups showed significantly lower SBS values compared to all IDS groups (IDS-1L, 
IDS-2L, IDS-F). No significant differences in SBS results were found between the IDS groups (p=0.43), 
and between SC methods (p=0.76). Dentin-cement interface failures diminished with the application of 
IDS. 
 It could be concluded that IDS improves the shear bond strength compared to DDS. No significant 
differences were found between the tested conditioning methods. 

In the micro-tensile bond strength study (chapter 4) we evaluated the micro-tensile bond strength 
(μTBS) of resin-based composite (RBC) to dentin after different IDS strategies and surface conditioning 
(SC) methods and upon two water storage times. 
 Human molars (n = 48) were randomly divided into eight experimental groups, involving four 
different IDS strategies, namely ‘IDS-1L’ with one layer of adhesive, ‘IDS-2L’ with two layers of adhesive, 
‘IDS-F’ with one layer of adhesive and one layer of flowable RBC and ‘DDS’ with no layer of adhesive 
(control), and involving two different SC methods, namely ‘SC-P’ with pumice rubbing and ‘SC-PC’ with 
pumice rubbing followed by tribochemical silica-coating. The μTBS test was performed after one-week 
(1-wk) and six-month (6-m) water storage, being recorded as the ‘immediate’ and ‘aged’ μTBS, 
respectively. Composite-adhesive-dentin micro-specimens (0.9x0.9x8-9mm) were stressed in tensile 
until failure to determine the μTBS. Failure mode and location of failure were categorized. Two-way 
analysis of variance (ANOVA) was applied to analyze the data for statistically significant differences 
between the experimental groups (p<0.05). 
 Two-way ANOVA revealed no significant differences between the 1-wk µTBS specimens for IDS 
strategy (p=0.087) and SC methods (p=0.806). However, the interaction of IDS strategy and SC methods 
appeared statistically significant (p=0.016). The 6-m specimen evaluation showed no significant 
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difference in μTBS for SC (p=0.297) and SC/IDS interaction (p=0.055), but the μTBS of the IDS strategies 
differed significantly among them (p=0.003). For tribochemical silica-coated IDS, no significant effect of 
aging on μTBS was recorded (p=0.465), but there was a highly significant difference in μTBS depending 
on the IDS strategy (p<0.001). In addition, the interaction of IDS and aging was borderline statistically 
significant (p=0.045). The specimen failed predominantly at the adhesive-dentin interface for all 
experimental groups. 
 From this study it could be concluded that dentin exposure during clinical procedures for indirect 
restorations benefits from the application of IDS, which was shown to result in higher bond strength. 
No significant differences were found between cleaning with solely pumice or pumice followed by 
tribochemical silica-coating.

To assess whether the fracture strength of ceramic and composite materials are affected by the 
application of IDS a fracture strength study (chapter 5) was undertaken. In this study the effect of IDS 
on the fracture strength and failure types of two indirect restorative materials were evaluated. 
 Standard MOD inlay preparations were made on sound molars (N=40, n=10 per group) and 
randomly divided into four groups to receive the inlay materials with and without the application of IDS: 
Group L-IDS-: Li2Si2O5 (Lithium disilicate, IPS e.max) without IDS; Group L-IDS+: Li2Si2O5 with IDS; Group 
MR- IDS-: Multiphase resin composite (MR, Lava Ultimate) without IDS; MR-IDS+: MR with IDS. Inlays 
made of L were etched with 5% hydrofluoric acid, and MR inlays were silica coated. After silanization, 
they were cemented using adhesive resin cement (Variolink Esthetic DC). The specimens were 
thermo-mechanically aged (1.2×106 cycles, 1.7 Hz, 8000 cycles, 5–55 °C) and then subjected to load 
to failure (1 mm/min). Failure types and location of debondings were classified. Data were statistically 
analyzed using ANOVA, Mann Whitney U-test and Chi-square tests (α=0.05). Two-parameter Weibull 
distribution values including the Weibull modulus, scale (m) and shape (0), values were calculated. 
 After aging conditions, no apparent changes were observed in marginal integrity but occlusal 
wear facets were more common with MR than with L (p<0.001). Material type and the application of 
IDS significantly affected the results (p=0.013). While group L-IDS- showed the lowest mean fracture 
strength (1358 ± 506 N) among all groups (p<0.05), application of IDS significantly increased the results 
significantly (L-IDS+: 2035 ± 403 N) (p=0.006). MR groups with and without IDS, did not show significant 
difference (MR- IDS-: 1861 ± 423, MR-IDS+: 1702 ± 596 N) (p=0.498). When materials without IDS are 
compared, L showed significantly lower results than that of MR (p=0.035). With the application of IDS, no 
significant difference was noted between L and MR materials (p=0.160). Weibull distribution presented 
the highest shape (0) for L-IDS+ (5.66) compared to those of other groups (3.01–4.76). Neither the 
material type (p=0.830), nor the application of IDS (p=0.54) affected the severity of the failure types. 
In 95% of the cases, the IDS layer was left adhered on the tooth surface after fracture tests. In groups 
where no IDS was used, resin cement remained on the tooth surface in 44% of the cases (p=0.001). No 
significant differences were observed between the materials with respect to cement remnants or IDS 
after fracture (p=0.880). The incidence of repairable failure types (83%) was more common with L than 
with MR (75%) material (p > 0.05). 
 From this study it could be concluded that IDS improves adhesion, and thereby the fracture 
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strength of inlays made of lithium disilicate but not that of multiphase resin composite. 

Because no clinical studies regarding IDS were identified in chapter 1, tooth sensitivity; patient 
satisfaction and clinical survival of partial posterior ceramic restorations bonded employing the IDS or 
DDS method were evaluated in a randomized clinical trial (chapter 6 and 7) and the clinical performance 
of ceramic partial restorations with the use of IDS was assessed prospectively (chapter 8).

In a prospective randomized clinical trial tooth sensitivity and patient satisfaction after the provision of 
partial ceramic restorations bonded employing IDS or DDS on vital molar teeth were evaluated (chapter 
6). 
 Between December 2013 and May 2016, a total of 30 patients (13 women, 17 men; mean age: 
54 years) received two lithium disilicate ceramic (IPS-e.max press, Ivoclar Vivadent) partial restorations 
on their vital first or second molar teeth (N=60). The two teeth randomly received either IDS (test 
group, n=30) or DDS (control group, n=30). Partial preparations were performed on both teeth and 
directly thereafter IDS was applied onto one of the teeth using self-etch adhesive (Clearfil SE Primer and 
Adhesive, Kuraray) followed by the application of flowable resin (Clearfil Majesty Flow, Kuraray). Partial 
ceramic restorations were bonded (Variolink Ultra, Ivoclar Vivadent) two weeks after preparation. The 
teeth were evaluated pre-operatively and 1 week, 3 and 12 months post-operatively with a cold test and 
a questionnaire for perceived tooth sensitivity. Patient satisfaction was evaluated through the Visual 
Analogue Scale (VAS). Data were analyzed using McNemar, Chi-squared and Wilcoxon signed Rank tests 
(α=0.01). 
 Self-reported tooth sensitivity did not show a significant difference between the pre-operative 
phase and at all other time points (p>0.01). There was no significant difference between IDS and 
DDS (p>0.01) for all items in the questionnaire either. The VAS scores of all the items did not differ 
significantly between the IDS and DDS groups in the questionnaire at all time points (p>0.01). No tooth 
sensitivity changes were noticed with the application of partial ceramic indirect restorations. 
 This clinical study could not confirm that IDS is more advantageous to DDS in terms of tooth 
sensitivity and patient satisfaction at one-year clinical service of partial ceramic restorations.

The survival, the success rates and the quality of survival of partial ceramic restorations bonded with 
either IDS or DDS onto vital molar teeth was evaluated in a randomized clinical trial with within-subject 
comparison study (chapter 7). 
 Between December 2013 and May 2016, a total of 30 patients (13 women, 17 men; mean age: 
54 years) received two lithium disilicate ceramic (IPS-e.max press, Ivoclar Vivadent) partial restorations 
on their vital first or second molar teeth (N=60). Partial preparations were performed on all teeth and 
the two teeth randomly received either IDS (test group, n=30) or DDS (control group, n=30). The partial 
ceramic restorations were luted (Variolink Ultra, Ivoclar Vivadent) two weeks after the preparation. 
Evaluations were performed at 1 week, 12 months and 36 months post-operatively, using qualitative 
(FDI) criteria. Representative failures were evaluated microscopically (SEM) and by means of simplified 
qualitative fractography analyses. 
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 Nine restorations presented with shortcomings, 5 with DDS and 4 with IDS. One absolute failure 
occurred in the DDS group due to (secondary) caries. The overall survival rate after 3 years was 98.3% 
(FDI criteria score 1-4, n=59) according to Kaplan-Meier analysis and the overall success rate was 85% 
(FDI criteria score 1-3, n=51), with no significant difference between restorations in the IDS and DDS 
group. Regarding the quality of the survival, no statistically significant differences were found between 
IDS and DDS restorations at any follow-up time points for any of the FDI criteria. 
 It could be concluded that adhesively luted partial ceramic restorations on vital molar teeth have a 
good prognosis. However, IDS did not result in any differences in success and survival rates after 3 years 
of function. 

In a prospective clinical study the clinical performance of partial glass-ceramic (IPS e.max Press) 
posterior restorations was evaluated (chapter 8). 
A total of 765 restorations in 158 patients were placed between 2008 and 2018 and evaluated 
during regular dental care visits up until 2018. The restorations were luted with a conventional 
photo-polymerized resin composite (HFO) in conjunction with an IDS procedure. Intra-oral photographs 
and radiographs were made and evaluated using USPHS criteria. 
 The mean observation time was 53.3 months (range: 3-113 months). Three absolute failures 
occurred (tooth fractures, n=2; apical re-infection, n=1) all leading to the loss of the restored tooth. 
Repairable and salvageable failures occurred in 9 teeth  (endodontic complications, n=7; secondary 
caries, n=1; debonding, n=1). The survival and success rates according to the Kaplan-Meier analysis 
after 5 years cumulated to 99.6% and 98.6% respectively. Location (premolar/ molar and mandible/
maxilla), pre-restorative endodontic status (vital/devitalised) and extension of the indirect glass-ceramic 
restoration (number of sides and cusps involved) did not significantly affect the cumulative success rate 
(log rank test, p>0.05). The condition of the vast majority of the restorations remained unaffected for 
5 years and more as reflected by the scores for the various USPHS domains, consistent with durable 
service. 
 It could be concluded that posterior glass-ceramic partial restorations luted by means of a 
conventional photo-polymerized resin composite in conjunction with the use of an IDS procedure have 
an excellent medium-term prognosis.

The findings from the different chapters are discussed in chapter 9 and suggestions for future research 
are given. Recommendations for the applicable treatment strategies are also described in that chapter.

The data from a prospective study underscoring the long-term performance of lithium disilicate 
restorations was provided as supplemental data in the appendix.

Related to the specific objectives, results indicate that:
- At least one layer of IDS application is more favourable compared to DDS considering the   
 adhesion and failure type results. 
- Especially lithium disilicate restorations with increased mechanical strength benefitted from IDS  
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 application.
- A contaminated IDS layer should at least be cleaned using mechanical cleansing methods utilizing  
 pumice.
- No statistical significant advantages of IDS versus DDS on short-term hypersensitivity, patient   
 satisfaction and clinical survival after 3 year was apparent.
- Glass-ceramic partial posterior restorations demonstrate an excellent medium-term prognosis   
 when adhesively luted using a photo-polymerizing resin composite in conjunction with IDS. 
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Verschillende aspecten van de klinische uitdaging om indirecte keramische restauraties aan dentine 
te hechten werden geëvalueerd. Met name voor minimaal invasieve restauraties, die maar een 
beperkte preparatie vereisen, wordt de levensduur sterk bepaald door de duurzame hechting van het 
bevestigingsmateriaal aan het dentine, evenals door de duurzaamheid van het restauratiemateriaal 
zelf. Die hechting verslechtert mogelijk als gevolg van contaminatie en stress die wordt uitgeoefend 
op de restauratie tijdens functie. Een ander aspect van de klinische procedures voor het vervaardigen 
van indirecte restauraties is dat het kan leiden tot gevoeligheid van het gebitselement na prepareren. 
Een mogelijkheid om deze problemen aan te pakken is door het dentine onmiddellijk na preparatie 
af te dekken met één of meerdere lagen adhesief (Immediate Dentin Sealing, IDS). Bij conventionele 
procedures vindt het afdekken van het dentine meestal plaats juist vlak vóór het bevestigen van de 
indirecte restauratie via de zogenaamde Delayed Dentin Sealing procedure (DDS).

Om de huidige kennis over het bevestigen van glaskeramiekenen restauraties systematisch in beeld te 
brengen werd een uitgebreid literatuuronderzoek uitgevoerd, met bijzondere nadruk op de potentiële 
voordelen van IDS (hoofdstuk 2). 
 Met betrekking tot het cementeren van enkelvoudige glaskeramische posterieure restauraties 
werd in de databases van MEDLINE (Pubmed), CENTRAL (Cochrane Central Register of Controlled Trials) 
en EMBASE gezocht. Om in aanmerking te komen voor inclusie, moesten in vitro en in vivo onderzoeken 
verschillende cementeerregimes met een “glaskeramiek / cement / menselijke tand” -complex 
vergelijken. In totaal werden 88 studies opgenomen. 
 De in vitro gegevens waren georganiseerd naar onderwerp: (micro)schuifsterkte en (micro)
treksterkte, breuksterkte en marginale aansluiting en integriteit. Voor in vivo studies werden overleving 
en kwaliteit van overleving gebruikt. In vitro studies hebben aangetoond dat adhesieve systemen 
(driestaps, etsen en spoelen) resulteren in de beste (micro)schuifsterkte waarden vergeleken met 
zelfklevende en zelfetsende systemen bij het vastlijmen van glaskeramische substraten aan menselijk 
dentine. 
 Geconcludeerd kan worden dat de grootste breuksterkte wordt verkregen met adhesieve 
cementen in het bijzonder. Er kon geen duidelijke klinische voorkeur voor één specifieke procedure 
worden aangetoond op basis van de beoordeelde literatuur. De mogelijke verdiensten van IDS werden 
het meest overtuigend geïllustreerd door de gunstige micro-treksterkte testen. Er zijn geen klinische 
studies met betrekking tot IDS geïdentificeerd.

Er is tot op heden geen consensus over welke methode het meest geschikt is voor een optimale 
conditionering van het met IDS beklede dentine voorafgaand aan het bevestigen van de indirecte 
keramische restauratie. Om de IDS applicatiemethoden te evalueren met behulp van verschillende 
adhesief systemen en oppervlakte conditionering methoden in vitro, werden schuifsterkte en 
micro-treksterkte testen uitgevoerd.
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In de schuifsterkte (SBS) -studie (hoofdstuk 3) werd de schuifhechtsterkte (SBS) van composiet cement 
op dentine na toepassing van 2 adhesief (A) -systemen met een combinatie van 4 verschillende 
IDS-strategieën en 2 oppervlakte conditionering (SC) –methoden onderzocht. 
 Menselijke derde molaren (n=140) werden verzameld en willekeurig verdeeld (n=70 elk) tussen 
de twee A-systemen (Clearfil SE Bond (Kuraray) (AC) of Optibond FL (Kerr) (AO). De A-groepen werden 
verder onderverdeeld in vier IDS-strategieën (2 x één adhesief laag (IDS-1L), 2 x twee adhesief lagen 
(IDS-2L), 2 x één afhesief laag en één vloeibare composiet laag (IDS-F); 2 x geen adhesief laag (DDS). 
Uiteindelijk had elke strategiegroep een van de twee SC-methoden (alleen puimsteen (SC-P); puimsteen 
en silica-coating (SC-PS), behalve de DDS-groep waar alleen SC-P werd gebruikt. Dit resulteerde in 14 
groepen van elk 10 exemplaren. Het occlusale coronale 1/3 deel van de kroon werd van de molaar 
verwijderd met een diamantzaag (Isomet 1000) en IDS werd aangebracht gevolgd door tijdelijke 
restauraties. Deze werden verwijderd na twee weken wateropslag en de IDS-oppervlakken werden 
vervolgens geconditioneerd. De standaard hechtprocedure (Syntac Primer en Adhesive, Heliobond 
(Ivoclar Vivadent) werd uitgevoerd, gevolgd door het gebruik van een composiet cement (Variolink 
II, (Ivoclar Vivadent) en fotopolymerisatie. Alle monsters werden onderworpen aan thermocyclische 
veroudering (10.000 cycli, 5-55 °C). Schuifkracht werd aangebracht op de interface in een universele 
testmachine (1 mm/min). Breuktypes en breuklocaties werden na testen geclassificeerd. De gegevens 
werden geanalyseerd met behulp van ANOVA en onafhankelijke steekproeven t-tests. 
 AO-groepen vertoonden hogere gemiddelde SBS-waarden (14,4 ± 6,43) dan AC-groepen 
(12,85 ± 4,97) (p=0,03). Variantieanalyse toonde een hoofdeffect aan van de applicaties op de SBS 
in de verschillende groepen (p=0,00). Beide DDS-groepen vertoonden significant lagere SBS-waarden 
vergeleken met alle IDS-groepen (IDS-1L, IDS-2L, IDS-F). Er werden geen significante verschillen 
in SBS-resultaten gevonden tussen de IDS-groepen (p=0,43) en tussen SC-methoden (p=0,76). 
Dentine-cement interface breuken verminderden met de toepassing van IDS. 
 Er kan worden geconcludeerd dat IDS de sterkte van de schuifhechting verbetert in vergelijking met 
DDS. Er werden geen significante verschillen gevonden tussen de geteste conditioneringsmethoden.

In hoofdstuk 4 werd de micro-treksterkte (μTBS) van de hechting van composiet (RBC) aan dentine 
na verschillende IDS-strategieën en methoden voor oppervlakteconditionering (SC) en na twee 
wateropslagtijden bepaald. 
 Menselijke molaren (n=48) werden willekeurig verdeeld in acht experimentele groepen, waarbij 
vier verschillende IDS-strategieën betrokken waren, namelijk ‘IDS-1L’ met één adhesief laag, ‘IDS-2L’ 
met twee lagen adhesief, ‘IDS-F’ met één adhesief laag en één laag vloeibare composiet laag RBC en 
‘DDS’ zonder adhesief laag (controle), en met twee verschillende SC-methoden, namelijk ‘SC-P’ met 
puimsteen en ‘SC-PC’ met puimsteen gevolgd door tribochemische silica-coating. De μTBS-test werd 
uitgevoerd na één week (1-wk) en zes maanden (6-m) wateropslag, en werd respectievelijk geregistreerd 
als de ‘directe’ en ‘oude’ μTBS. Composiet-adhesief-dentine micro-monsters (0.9x0.9x8-9mm) werden 
gespannen in de trekbank en het moment tot falen werd geregistreerd om de μTBS te bepalen. 
Breuktypes en breuklocaties werden gecategoriseerd. Two-way variantie-analyse (ANOVA) werd 
toegepast om de gegevens te analyseren op statistisch significante verschillen tussen de experimentele 
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groepen (p<0,05). 
 ANOVA bracht geen significante verschillen aan het licht tussen de 1-wk μTBS-monsters voor 
IDS-strategie (p=0,087) en SC-methoden (p=0,806). De interactie van IDS-strategie en SC-methoden 
bleek echter statistisch significant (p=0,016). De monsters na 6 maanden vertoonden geen significant 
verschil in μTBS voor SC (p=0,297) en SC / IDS-interactie (p=0,055), maar de μTBS van de IDS-strategieën 
verschilden significant van elkaar (p=0,003). Voor tribochemische silica-gecoate IDS werd geen 
significant effect van veroudering op μTBS geregistreerd (p=0,465), maar er was een hoog significant 
verschil in μTBS, afhankelijk van de IDS-strategie (p<0,001). Bovendien was de interactie tussen IDS en 
veroudering statistisch significant (p=0,045). De monsters faalden voornamelijk bij de adhesief-dentine 
interface voor alle experimentele groepen. 
 Uit deze studie kon worden geconcludeerd dat de blootstelling van dentine tijdens klinische 
procedures voor indirecte restauraties profiteert van de toepassing van IDS, waarvan werd aangetoond 
dat het resulteerde in een hogere hechtsterkte. Er werden geen significante verschillen gevonden 
tussen het reinigen met alleen puimsteen of puimsteen gevolgd door tribochemische silica-coating.

Om te beoordelen of de breuksterkte van keramische en composietmaterialen wordt beïnvloed door de 
toepassing van IDS, werd een onderzoek uitgevoerd naar de breuksterkte (hoofdstuk 5). 
 In deze studie werd het effect van IDS op de breuksterkte en faalfactoren van twee indirecte 
restauratiematerialen beoordeeld. Standaard MOD inlay preparaties werden gemaakt in gave molaren 
(N=40, n=10 per groep) en willekeurig verdeeld in vier groepen om de inlay materialen te gebruiken met 
en zonder de toepassing van IDS: Group L-IDS-: Li2Si2O5 (Lithium disilicate, IPS e.max) zonder IDS; Groep 
L-IDS +: Li2Si2O5 met IDS; Group MR-IDS-: Multiphase-composiet (MR, Lava Ultimate) zonder IDS; MR-IDS 
+: MR met IDS. Inlays gemaakt van L werden geëtst met 5% fluorwaterstofzuur en MR-inlays werden met 
siliciumdioxide gecoat. Na silanisatie werden ze gecementeerd met een composiet cement (Variolink 
Esthetic DC). De monsters werden thermo-mechanisch verouderd (1,2 x 106 cycli, 1,7 Hz, 8000 cycli, 
5-55 ° C) en vervolgens onderworpen aan belasting tot breuk (1 mm / min). Breuktypes en breuklocaties 
werden geclassificeerd. Gegevens werden statistisch geanalyseerd met behulp van Variantie analyse 
(ANOVA), Mann Whitney U-test en Chi-square testen (a=0,05). Weibull-distributiewaarden met twee 
parameters, waaronder de Weibull-modulus, schaal (m) en vorm (0), werden berekend. 
 Na veroudering werden er geen duidelijke veranderingen waargenomen in de marginale integriteit, 
maar occlusale slijtage facetten kwamen vaker voor bij MR dan bij L (p<0,001). Materiaalsoort en de 
toepassing van IDS hebben de resultaten significant beïnvloed (p=0,013). Hoewel groep L-IDS- de 
laagste gemiddelde breuksterkte (1358 ± 506 N) tussen alle groepen vertoonde (p<0,05), verhoogde 
de toepassing van IDS de resultaten significant (L-IDS +: 2035 ± 403 N, p=0,006). MR-groepen met 
en zonder IDS vertoonden geen significant verschil (MR-IDS-: 1861 ± 423, MR-IDS +: 1702 ± 596 N, 
p=0,498). Wanneer materialen zonder IDS worden vergeleken, vertoonde L significant lagere resultaten 
dan die van MR (p=0,035). Met de toepassing van IDS werd geen significant verschil aangetoond tussen 
L en MR-materialen (p=0,160). Weibull-verdeling vertoonde de hoogste vorm (0) voor L-IDS + (5,66) 
bergeleken met de andere groepen (3,01-4,76). Noch het materiaaltype (p=0,830), noch de toepassing 
van IDS (p=0,54) beïnvloedde de ernst van de breuktypes. In 95% van de gevallen bleef de IDS-laag 
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achter op het tandoppervlak na fractuurtesten. In groepen waar geen IDS werd gebruikt, bleef in 
44% van de gevallen cement op het tandoppervlak (p=0,001). Er werden geen significante verschillen 
waargenomen tussen de materialen met betrekking tot cementresten of IDS na fractuur (p=0,880). De 
incidentie van herstelbare typen fracturen (83%) kwam vaker voor bij L dan bij MR (75%) materiaal (p> 
0,05). 
 Uit deze studie kon worden geconcludeerd dat IDS de hechting verbetert, en daarmee de 
breuksterkte van inlays gemaakt van lithium disilicaat, maar niet die van Multiphase-composiet.

Omdat er geen klinische studies met betrekking tot IDS werden geïdentificeerd in hoofdstuk 1 werden 
tandgevoeligheid, patiënttevredenheid en klinische overleving van posterieure gedeeltelijke keramische 
restauraties gelijmd met behulp van de IDS- of DDS-methode geëvalueerd in een gerandomiseerde 
klinische studie (hoofdstuk 6 en 7) en de klinische prestaties van keramische gedeeltelijke restauraties 
met het gebruik van IDS werden prospectief beoordeeld (hoofdstuk 8).

In een prospectieve gerandomiseerde klinische studie werden de tandgevoeligheid en 
patiënttevredenheid na het aanbrengen van gedeeltelijke keramische restauraties, bevestigd met 
gebruik van IDS of DDS op vitale molaren, geëvalueerd (hoofdstuk 6). 
 Tussen december 2013 en mei 2016 ontvingen in totaal 30 patiënten (13 vrouwen, 17 mannen, 
gemiddelde leeftijd: 54 jaar oud) twee lithium disilicaat keramiek (IPS-e.max-pers, Ivoclar Vivadent) 
partiële restauraties op vitale eerste of tweede molaren (n=60). De twee elementen ontvingen 
willekeurig IDS (testgroep, n=30) of DDS (controlegroep, n=30). Er werd zo weinig mogelijk geprepareerd 
en direct daarna werd IDS aangebracht met behulp van een zelf-etsend adhesief (Clearfil SE Primer en 
Adhesive, Kuraray) gevolgd door de toepassing van een dun-vloeiend composiet (Clearfil Majesty Flow, 
Kuraray). Partiële keramische restauraties werden twee weken na de voorbereiding bevestigd (Variolink 
Ultra, Ivoclar Vivadent). De tanden werden preoperatief geëvalueerd en 1 week, 3 en 12 maanden na 
de operatie, met behulp van een koude test en een vragenlijst voor waargenomen gevoeligheid van 
de tanden. De tevredenheid van de patiënt werd beoordeeld aan de hand van een Visual Analogue 
Scale (VAS). Gegevens werden geanalyseerd met behulp van McNemar, Chi-kwadraat en door Wilcoxon 
rank-testen (α=0,01). 
 Zelf-gerapporteerde tandgevoeligheid vertoonden geen significant verschil tussen pre-operatieve 
fase en alle andere tijdstippen (p> 0,01). Er was ook geen significant verschil tussen IDS en DDS (p>0,01) 
voor alle items in de vragenlijst. VAS-scores verschilden niet significant tussen de IDS- en DDS-groepen 
voor alle items in de vragenlijst, op alle tijdspunten (p>0,01). 
 Er kon worden geconcludeerd dat er geen verandering van de gevoeligheid van de tanden 
werd opgemerkt bij de toepassing van gedeeltelijke keramische indirecte restauraties. Deze klinische 
studie kon niet bevestigen dat IDS klinische voordelen biedt ten opzichte van DDS voor wat betreft 
tandgevoeligheid en patiënttevredenheid na 1 jaar functie bij de toepassing van partiële keramische 
restauraties in vitale molaren.

De overlevings- en succeskans en de kwaliteit van de overleving van partiële keramische restauraties 
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die met IDS of DDS in vitale molaren zijn gelijmd, werden geëvalueerd in een gerandomiseerde klinische 
studie binnen een en dezelfde patiënt (hoofdstuk 7). 
 Tussen december 2013 en mei 2016 ontvingen in totaal 30 patiënten (13 vrouwen, 17 mannen, 
gemiddelde leeftijd: 54 jaar) twee lithium disilicaat (IPS-e.max-pers, Ivoclar Vivadent) restauraties 
op vitale eerste of tweede molaren (n=60). Minimaal invasieve preparaties werden op alle molaren 
uitgevoerd en de twee molaren ontvingen willekeurig ofwel IDS (testgroep, n=30) ofwel DDS 
(controlegroep, n=30). Partiële keramische restauraties werden twee weken na de preparaties bevestigd 
(Variolink Ultra, Ivoclar Vivadent). Evaluaties werden uitgevoerd 1 week, 12 maanden en 36 maanden 
na de preparatie, met behulp van kwalitatieve (FDI) criteria. Representatieve mislukkingen werden 
microscopisch geëvalueerd (SEM) en met behulp van een vereenvoudigde kwalitatieve fractografische 
analyse beoordeeld. 
 Negen restauraties vertoonden tekortkomingen, 5 in de DDS groep en 4 in de IDS groep. Eén absolute 
fout deed zich voor in de DDS-groep vanwege (secundaire) cariës. De totale overlevingskans volgens 
Kaplan-Meier na 3 jaar is 98,3% (FDI-criteria score 1-4, n=59) en het algehele slagingspercentage is 85% 
(FDI-criteria score 1-3, n=51), zonder significant verschil tussen restauraties in de IDS- en DDS-groep. 
Voor de kwaliteit van de overleving werden op basis van de FDI criteria geen statistisch significante 
verschillen gevonden tussen IDS en DDS restauraties op enig tijdstip waargenomen.
 Er kan worden geconcludeerd dat adhesief bevestigde partiële keramische restauraties in vitale 
molaren een goede prognose hebben, maar dat IDS ten aanzien van succes- en overlevingspercentages 
na 3 jaar in functie geen aantoonbare meerwaarde biedt.

In een prospectief klinisch onderzoek werden de klinische prestaties van partiële glaskeramische (IPS 
e.max Press) posterieure restauraties geëvalueerd (hoofdstuk 8). 
  Een totaal van 765 restauraties werd tussen 2008 en 2018 geplaatst bij 158 patiënten en 
geëvalueerd tijdens reguliere bezoeken voor tandheelkundige zorg tot 2018. De restauraties werden 
met een conventioneel foto-polymeriserend microhybride composiet (HFO) in combinatie met een 
IDS-procedure aangebracht. Intra-orale foto’s en röntgenfoto’s werden gemaakt en geëvalueerd met 
behulp van USPHS-criteria. 
 De gemiddelde observatietijd was 53,3 maanden (bereik: 3-113 maanden). Drie absolute 
mislukkingen kwamen voor (tandfracturen, n=2; apicale herinfectie, n=1) en leidde in alle gevallen tot 
het verlies van het gerestaureerde element. Herstelbare en te herstellen defecten deden zich voor 
bij 9 gebitselementen (endodontische complicaties, n=7, secundaire cariës, n=1, loslaten, n=1). De 
overleving- en slaagpercentages volgens Kaplan-Meier na 5 jaar cumuleerden tot respectievelijk 99,6% 
en 98,6%. Locatie (premolaar / molaar en mandibula / maxilla), pre-restauratieve endodontische status 
(vitaal / gedevitaliseerd) en uitgebreidheid van de indirecte keramische restauratie (aantal vlakken en 
knobbels) had geen significante invloed op het cumulatieve slagingspercentage (log rank test, p>0,05). 
De conditie van de overgrote meerderheid van de restauraties bleef na 5 jaar en langer onaangetast, 
zoals blijkt uit de scores voor de verschillende USPHS-domeinen. 
 Geconcludeerd kan worden dat gedeeltelijke glaskeramische posterieure restauraties die worden 
aangebracht met behulp van een conventioneel foto-polymeriserend composiet in combinatie met het 



186 | 

gebruik van een IDS-procedure een uitstekende prognose op middellange termijn hebben.

De bevindingen van dit proefschrift worden in samenhang besproken in hoofdstuk 9 en suggesties 
voor toekomstig onderzoek worden gegeven. Aanbevelingen voor de toegepaste behandelstrategieën 
worden ook beschreven in dat hoofdstuk.

De data van een prospectieve studie die de lange termijn overleving van glaskeramieken restauraties 
bevestigd werd verstrekt als aanvullende gegevens in de appendix. 

Gerelateerd aan de specifieke doelstellingen, suggereren de bevindingen in dit proefschrift dat:
-  het aanbrengen van tenminste één laag IDS gunstiger is dan het gebruik van DDS kijkend naar de  
 hechtsterkte en soort breuken;
-  vooral lithium disilicaat restauraties met verhoogde mechanische sterkte baat hebben bij de IDS  
 toepassing;
-  een verontreinigde IDS-laag moet op zijn minst worden gereinigd met behulp van mechanische  
 reinigingsmethoden zoals puimsteen;
-  er geen extra voordelen van IDS versus DDS konden worden aangetoond met betrekking tot   
 gevoeligheid op korte termijn en patiënttevredenheid en klinische overleving na 3 jaar;
-  glaskeramische partiële posterieure restauraties een uitstekende prognose op middellange   
 termijn vertonen wanneer ze gelijmd worden met behulp van een conventioneel    
 foto-polymeriserend composiet in combinatie met IDS.
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This chapter is based on the following paper:
Van den Breemer CR, Vinkenborg C, van Pelt H, Edelhoff D, Cune MS.

The clinical performance of monolithic lithium disilicate posterior restorations after 5, 10, and 15 years: a 
retrospective case series.

Int J Prosthodont 2017:30(1):62-65

Appendix
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Abstract

Aim
Lithium disilicate (LDS) glass-ceramic restorations are routinely used, but results over a time period 
of more than 10 years are rare. The objective of this study was to obtain long-term clinical data on 
monolithic LDS posterior crowns provided by a single restorative dentist.

Materials and Methods
Eligible patients who received a circumferential LDS crown in the posterior region between 
1997-2008 were invited to participate in a clinical examination in 2015. This consisted 
of intra-oral inspection and radiographs, performed by one observer and according to 
standardized criteria. Probability of survival was estimated using Kaplan-Meier survival analysis. 

Results
Thirteen patients (n=87 restorations) fulfilled the inclusion criteria, twelve patients were available for 
clinical evaluation (n =74 restorations). After 5, 10 and 15 years the cumulative chance of survival of 
the restoration was 92%, 85.5% and 81.9% respectively with a median observation period of 12.8 years. 
Thirteen restorations had failed; four because of secondary caries, two because of debonding and 
seven because of fracture of the restoration.

Conclusions
Lithium disilicate can be regarded as a strong and fracture-load resistant restorative material providing 
a reliable long-term clinical performance.
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Introduction

Lithium disilicate (LDS) is a popular glass-ceramic, originally introduced as IPS Empress II (Ivoclar, 
Liechtenstein) and succeeded by IPS e.max Press in 2004 (Ivoclar, Liechtenstein). The physical properties 
and translucency of IPS Empress II were improved through different firing processes. The fracture 
strength in vitro of IPS e.max Press molar crowns is comparable to that of sound molars when luted 
to enamel with composite resin.1 There are only few studies describing clinical long-term results of 
lithium disilicate restorations. A recent systematic literature review revealed a cumulative survival rate 
for single restorations of 100% after 2 years and 96.7% after 10 years.2 Survival rate for the 5-10 years 
interval was calculated on the basis of a single study. 

The primary aim of the present study was to assess the clinical performance of LDS posterior restorations 
as provided by a single operator after 5, 10 and 15 years.

Material and methods 

In a prospective case series all patients who received full posterior lithium disilicate (LDS) restorations 
made of IPS Empress II (until 2004) or IPS e.max Press (after 2004) placed by one and the same 
restorative dentist and dental technician in the Martini hospital in Groningen between 1997 and 2010 
were approached by means of an invitation letter. Restorations were glazed with a nanofluorapatite 
surface layer. All restorations were cemented using an adhesive approach described in detail in table 
1. After placement of the restorations patients were seen for regular check-ups, at least once a year. 

Table 1. Cementation protocol

1. Isolation of the preparation and surrounding teeth.

2. Try-in restoration with glycerin gelly. 

3. Rinse the glycerin gel and dry. 

4. Etching ceramic (IPS Empress II and IPS e.max Press, Ivoclar Vivadent) for 20 s (Porcelain etch 9%, UltraDent, South Jorda, 

Utah, USA) 

5. Apply Silane (Kerr Corp., Orange, CA, USA) and air dry for minimal 60 s. 

6. Start etching enamel (30s) and followed by dentin (10s) with phosphoric acid etching gel (Kerr Corp., Orange, CA, USA). 

7. Rinse for 30 s and dry.

8. Mix Optibond Solo Plus with the Activator and rub lightly on enamel and dentin for 15 s. 

9. Mix Optibond Solo Plus with the Activator and rub lightly on ceramic for 15s en lightly blow for 3 s. 

10. Apply Nexus 2 (Kerr Corp., Orange, CA, USA) on preparation and careful insertion of the restoration in place. 

11. Remove excess of resin cement.

12. Press firmly on restoration and wait for at least 4 minutes. 

13. Polymerize the restoration for 40 s on each side. 
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Clinical examination
A calibrated, independent observer (CvdB, www.e-calib.info) judged the restorations on several aspects 
as suggested by Hickel et al.3 To evaluate retention, marginal integrity, caries and approximal contact 
points, surfaces were probed and dental floss was used. Tooth vitality was judged on the basis of cold 
testing (Orbis, Orbis Dental Handelsgesellschaft mbH, Münster, Germany). Intraoral radiographs (bite 
wings) were made to judge the approximal contour and integrity.

Survival
Survival probability was calculated using the Kaplan-Meier survival analysis method. A restoration 
was considered as a ‘failure’ when secondary caries (that could not be repaired), debonding of the 
restoration or a fracture had occurred. All computations were performed in SPSS (SPSS 22, SPPS Inc, 
Chicago, IL).

Results

Thirteen patients involving 87 restorations (42.7% males) fulfilled the inclusion criteria, twelve patients 
were able to attend the clinical evaluation (CONSORT flow chart, figure 1). 

Figure 1. CONSORT flow chart

One patient could not participate because she lives abroad. Eleven restorations were ‘endo crowns’ (1 
premolar and 10 molars; 7 made of IPS Empress II and 4 of IPS e.max Press) and 76 were circumferential 
crowns (41 premolars and 35 molars; 33 made of IPS Empress II and 43 of IPS e.max Press). With an 
‘endo crown’ adhesion is found in the pulp chamber and the number of interfaces is reduced to one.
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Survival
The median observation period of surviving restorations was 12.8 years (min: 1 - max: 19.2 years). 
Survival probability is presented in figure 2. Thirteen restorations in six patients were considered a 
failure during the time of observation, four made of IPS Empress II, nine made of IPS e.max Press. Four 
failed because of secondary caries, two because of debonding and seven because of fracture of the bulk 
material. All eleven ‘endo crowns’ survived. The cumulative survival rate was 92% (SE 0.03 %) after 5 
years, 85.5% (SE 0.04 %) after 10 years and 81.9% (SE 0.05 %) after 15 years (figure 2). 

Figure 2. Survival probability of 87 lithium disilicate restorations calculated according to Kaplan-Meier.

Quality of survival
The quality of surviving restorations as expressed by the Hickel-criteria is presented in table 2. Generally, 
clinical performance for aesthetic, functional and biological properties rated sufficient to excellent 
(scores 1, 2 and 3).
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Discussion

Long term results of LDS restorations are scarce and presented in this study. Restorations were provided 
by one and the same restorative dentist following a specific cementation protocol. This reduces bias, 
but also challenges external validity. Anther obvious limitation of this study is the small sample size. 
With respect to the latter, two major concerns are the fact that it is uncontrolled and generally lacks 
accuracy and availability of the data in the patients’ record that were not kept with the research that is 
now undertaken in mind.

All restorations were cemented with resin composite cement. They can withstand higher occlusal forces 
compared to restorations luted with glass ionomer cements.1 The most common mode of failure was 
fracture of the material, and molars seem to have a worse prognosis than premolars, which is in line 
with the literature.4 The survival rates are comparable to those reported for metal-ceramic crowns.5

The prognosis for indirect restorations on devitalized teeth is generally considered worse than for 
crowns on vital teeth. However, with the ‘endo crowns’ in this study no failures were seen and hence 
such restorations may form a good treatment alternative for teeth with significant loss of coronal tissue.

Conclusions

In this prospective case series, monolithic lithium disilicate proved to be a strong and fracture resistant 
restoration material providing reliable long-term clinical service.
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Dankwoord

Een proefschrift schrijf je nooit alleen. Het is fantastisch hoeveel mensen een steen(tje) aan dit 
proefschrift hebben willen bijdragen. Naast de directe bijdragen werden de indirecte bijdragen, zoals 
het zorgen voor genoeg afleiding tijdens het schrijven van dit proefschrift, vooral gewaardeerd!

Allereerst, alle deelnemers van de studies: ontzettend bedankt. Zonder jullie hulp was dit proefschrift 
helemaal niets geworden. Jullie maken het mogelijk dat studenten en tandartsen aan de faculteit 
Tandheelkunde kunnen leren en dat er wetenschap kan worden bedreven om in de toekomst nog 
betere zorg te kunnen leveren. Dank jullie wel!

Prof.dr. M.S. Cune, hooggeachte eerste promotor, lieve Marco, bedankt voor alle steun en hulp die je 
me hebt gegeven. Je bent een begeleider uit duizenden en ik besef me hoeveel mazzel ik met jou heb 
en heb gehad. Van jou heb ik geleerd dat dingen praktisch en niet te ingewikkeld moeten zijn. Je hebt 
me niet alleen geleerd een goede onderzoeker te zijn, maar bovenal een goede tandarts te worden en 
te geloven in mijzelf (zelfs op de piste!). Je hebt een ongelofelijke verbindende kracht en je hebt heel 
veel over voor je naasten, zelfs als dat betekent dat je kindertandheelkunde van mij moet over nemen 
om mij te ontzien. Dank je wel. 

Prof.dr. M. Özcan, hooggeachte tweede promotor, lieve Mutlu, tijdens mijn recente bezoek aan Zurich 
besefte ik pas hoe bijzonder het is dat je mij tijdens dit traject wilde begeleiden. Jouw kennis is groots 
en je doorzettingsvermogen en toewijding zijn zeer indrukwekkend. Ik heb het samenwerken erg 
gewaardeerd. Dank je wel. 

Dr. M.M.M. Gresnigt, zeergeleerde copromotor, lieve Marco, wat een indrukwekkend enthousiasme 
heb jij voor dit vak! Ondanks dat ik niet helemaal op de adhesieve hechting van mijn eigen facings 
kon vertrouwen gaf jij mij een interessante kijk in dat deel van de tandheelkunde waar ik (toen) nog 
niet zoveel vanaf wist. Van jouw harde werken, je kijk op het leven, je doorzettingsvermogen en je 
perfectionisme heb ik heel erg veel geleerd. Gezellige momenten in Leuven, LA, Londen en hopelijk 
gaan er nog velen volgen! Ik ga de voice-memo’s in de vroege ochtend missen. Dank je wel.

Geachte Prof.dr. M.C.D.N.J.M. Huysmans, Prof. dr. C.J. Kleverlaan en Prof. dr. H.J.A. Meijer, leden van de 
beoordelingscommissie. Bedankt dat jullie bereid waren zitting te nemen in de leescommissie en voor 
de tijd die jullie hebben genomen om het manuscript te beoordelen. 

Geachte Prof.dr. F. Abbas en L.W.M. van der Sluis, beste Frank en Luc, hartelijk dank voor de mogelijkheid 
die ik heb gekregen om op het Centrum voor Tandheelkunde en Mondzorgkunde dit promotie-traject 
te doorlopen.

Lieve assistenten van het CTM, en in het bijzonder Linda E. & Linda S., bedankt voor jullie hulp bij het 
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inplannen en organiseren van mijn agenda. Lieve student-assistenten; Ties, Joey, Tessa en Eva, bedankt 
voor jullie hulp bij het uitvoeren van de behandelingen. Anique, Margot, Carolien en Rianne, bedankt 
voor jullie uitgevoerde onderzoek, het staat aan de basis van dit proefschrift. 

Lieve paranimfen, lieve Maurits, pas tijdens ons promotietraject leerden we elkaar echt kennen. Samen 
aan een bureau, samen koffie halen, samen naar congressen en vooral samen over hetzelfde klagen. 
Over ons wordt altijd in tweevoud gesproken. Ondanks dat je er zelf niet altijd meer in gelooft, denk ik 
dat jouw promotie zeer succesvol gaat zijn. Op jouw toewijding, jouw kennis, jouw engelengeduld en 
jouw vaardigheid kan ik alleen maar jaloers zijn! Lieve Marieke, dat wij gelijktijdig ons promotietraject 
konden doen was heel erg leuk; hetzelfde meemaken, dezelfde struggles en vanaf moment 1 hielpen 
we elkaar. Dat we naast het werk goede vriendinnen werden, hielp enorm als goede afleiding. Je hebt 
een hart van goud. Ik was zo trots op je toen ik je bij mocht staan tijdens jouw promotie!

Lieve mannen van 205; Ulf, Dik, Eric, Christiaan, Maurits en Frits. In het begin was het allemaal een 
beetje spannend, docenten waar je opeens ‘je’ in plaats van ‘u’ tegen kon zeggen? Maar al snel bleek 
deze kamer een zeer welkom ontvangst bij OF te bieden. Door jullie waren mijn werkuren gevuld met 
veel testosteron, slechte filmpjes, slappe verhalen, maar ook goede gesprekken. Niet altijd volgde ik 
jullie soms ingewikkelde discussies over wat mij betreft soms onzinnige dingen (ondanks dat ik daar vaak 
de aanstichter voor was) maar wel was ik altijd graag onderdeel van de cola (met jenever) momentjes. 
Bovenal kreeg ik van jullie alle steun, hulp, ideeën, adviezen en wijze lessen en soms zelf chocolade en 
bloemen! Ik heb enorm met jullie geboft en besef met dat ik me heel erg rijk mag voelen met zoveel 
leuke mannen om mij heen! Het is één van de redenen dat ik nog wat langer bij het CTM blijf! Christiaan 
in het bijzonder, bedankt dat je mijn manuscript wilde lezen voordat ieder ander dat kon. Een geweldig 
aanbod en ik hoop dat de tijd snel komt dat ik dat terug mag doen. 

Lieve collega’s van het voormalige OF, door jullie voelde het werken niet aan als werken. Bedankt voor 
al jullie hulp. Ik ga die fijne OF momenten heel erg missen. Het is heel jammer om te zien dat we deze 
tradities niet op onze eigen manier voort kunnen zetten. Dat is voor mij een groot gemis! 

Lieve Riemer, bedankt dat je altijd op geheel eigen en originele wijze even komt vragen hoe het gaat en 
dat je mij aan het begin van mijn promotie de enige echte wijze raad gaaf: alle gesprekken en afspraken 
opschrijven, want je vergeet alles! Ik waardeer je vrolijkheid, je danspasjes en de zeiltochtjes in je boot! 
Dank je wel. 

Lieve oom Sjoerd, vanaf moment één heb jij me om mijn welzijn bekommerd en met me mee gedacht. 
Jij liet me nadenken over datgene waar ik mee bezig was en je hielp me als ik het even niet zag zitten. 
Avonden met goede wijn en zelfs huisbezichtigingen met Ulf en Edzard. Wat een fijn mens ben jij en wat 
ga ik je straks missen als je hier niet meer werkt. Maar wat ben ik blij als je weer terug komt ;).

Lieve Joanne, ik mis de gezellige momenten als collega’s maar ik ben er des te blijer om dat ik vriendinnen 
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mag zijn met zo’n vrolijk, enthousiast en gezellig persoon als jij! Bedankt voor al die heerlijke momenten.

Lieve Tatjana, dat dit proefschrift daadwerkelijk iets is geworden, is mede dankzij jouw fijne plek op 
Schiermonnikoog waar ik altijd welkom was. Het is een plek waar ik me heel erg thuis voel. Dank je wel. 

Lieve Marieke en Charlotte, cappuccino’s in de zon, hardlopen door de duinen en borrelen bij de 
Marlijn. Nu onze proefschriften straks allemaal klaar zijn hoeft er niet meer gewerkt te worden op 
Schier…. Wanneer gaan we weer?

Lieve Patrick, Alette, Bernd en Rudi, bedankt voor jullie engelengeduld, jullie tips, hulp en 
doorzettingsvermogen en de vele gezellige momenten. Lieve Alette in het bijzonder, bedankt voor je 
mooie werkstukken, het was voor ons beide een steile leercurve, maar belangrijk is dat we heel ver zijn 
gekomen! Dank je wel! Ook veel dank gaat uit naar Piet van den Hoed voor het omzetten van alle scans.

Lieve Stephan en Hester van Kwalident Dental Studio, heel erg bedankt voor jullie hulp bij de opzet van 
mijn studies, het terugvinden van mijn patiënten en voor het maken van al die prachtige restauraties in 
de retrospectieve studie. Het niveau van detail dat jullie nastreven is zeer indrukwekkend!

Team van Buijs tandartsen, in het bijzonder Marrin en Zwanny. Wat een geweldig werk hebben jullie voor 
mij en het onderzoek verzet! Bedankt voor de gezellige momenten achter de balie. Het maakte die taaie 
uren achter de computer een stuk aangenamer. Beste Jappe, jouw prestaties zijn zeer indrukwekkend. 
Met het onderzoek is niet alleen bewezen dat de restauraties het goed doen, maar ook dat jij een 
fantastische behandelaar bent. Goedlachs en vriendelijk.  Dank je wel dat ik dit onderzoek bij jou in de 
praktijk mocht doen. 

Beste Wouter, bedankt voor al je geduldige uren rekenen aan de statistiek onder het genot van thee en 
paaseieren. Het is heel fijn dat ik op jouw hulp kon rekenen terwijl je niet eens meer bij het CTM werkte. 

Lieve crew van het CBT in Utrecht; Jamila, Marijn, Willem, Cees & Ralph, bedankt voor het combineren 
van het nuttige met het aangename! Ik hoop dat we deze traditie kunnen voortzetten!

Lieve dames van Happy Teeth, ik heb een heerlijke tijd gehad bij jullie! Lieve Kim, bedankt dat ik gelijk 
na mijn afstuderen bij jou kon komen werken. Het was alsof het zo moest zijn. Jet, tandarts in spé, op 
een dag regelen we het!!

Lieve collega’s van Huddleston Slater, de laatste tijd was ik best wel eens druk met de voorbereidingen 
voor dit proefschrift en had ik niet altijd de volle aandacht voor jullie. Bedankt voor jullie lieve woorden 
als ik even niet zo zeker ben van mijn zaken. We maken er samen iets heel moois van!

Lieve Edzard en Frieke, wat begon op de kliniek, Edzard als docent en ik als student, is uitgegroeid als 
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een hele fijne vriendschap samen met Marieke en Joanne. Altijd welkom in Hattem, altijd zo gastvrij, 
we gingen zelfs als een echte familie op wintersport met de drie dochters op de achterbank. Mocht het 
ooit zo ver komen dat ik jullie in een rolstoel moet voortduwen, dan heb ik beloofd dat te doen. En nu 
staat het zwart op wit. 

Lief bestuur 10-11, wat wij hebben is uniek. Inmiddels toch bijna allemaal uit Groningen gevlogen, maar 
wij blijven nog heel lang met elkaar verbonden. Vanaf het begin uniek en verschillend, maar tot het eind 
geweldig samen! 

Lieve Annemijn, sister from another mother, wat begon met een introductiedag bij tandheelkunde in 
2007 heeft geleid tot heel veel prachtige avonturen in Nederland en daar buiten. Vier maanden samen 
reizen in Midden-Amerika was het startpunt van vele mooie reizen die we samen hebben gemaakt en 
nog gaan maken! Nicaragua heeft ons hart gestolen. Bedankt dat je mij altijd steunt in de keuzes die ik 
maak en dat ik altijd bij je terecht kan. 

Lieve Lot, al woont niemand meer in Groningen, zolang jij er bent is alles goed! Je doorzettingsvermogen, 
je inspiratie, je kennis, je slimheid, je sociale vaardigheden, je kookkunsten, ze zijn “out of this world”. 
Mijn grootste persoonlijke overwinning naast mijn proefschrift was het lopen van de marathon in 
Amsterdam samen met jou. Hoe jij dit leven van een topsporter hebt doorgezet in combinatie met je 
opleiding is ongekend en zo ontzettend knap. 

Lieve Jet, buongiorno! In slaap vallen bij jou met de blauwe Ipod in mijn oren, briefjes naar elkaar 
schrijven en samen op zeilkamp, uren kletsen met chocolade en een grote pot thee aan de keukentafel 
van de familie Rip. We wisten toen nog niet dat onze levens zo verbonden zouden blijven, maar wat ben 
ik blij dat dat zo gegaan is. 

Lieve Egbert, het begon met eens gedag zeggen in de gang en liep uit tot een verzameling van hilarische 
selfies (ik wacht nog steeds op je afstudeerborrel;)) en een hele fijne en betrouwbare vriendschap. 
Dank je wel dat je er altijd voor mij bent. 

Lieve Juul, Ellen, Flip, Judith, Len, Margot en alle vriend(inn)en van de Mega Mindies, Huize Honderd, 
Wet & Wild en JC Quasi, bedankt dat jullie mijn leven zo leuk maken. Ik bof ontzettend met zoveel lieve 
vrienden om mij heen! 

Lieve Peter, Bianca, Lisa, Jeff, Eelke en Bart v.d. V, wat is het geweldig dat ik het leven mag vieren en mag 
doorbrengen met jullie. Opdat we genoeg blijven proosten!

Lieve familie en schoonfamilie, familie heb je niet voor het uitkiezen. Maar als ik dat mocht doen, dan 
zou ik het precies zo gekozen hebben!
Lieve broers, het kleine zusje gaat promoveren en dat nog wel in Groningen! Niet altijd hebben jullie 
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gevolgd waar mijn onderzoek nou precies over ging en wel altijd hebben jullie gevraagd wanneer ik nou 
toch eens eindelijk zou verhuizen naar het Westen. Net nu dat moment zou kunnen komen, verhuis je 
naar Noorwegen Robert! Het maakt niet uit, ook al zien wij elkaar niet zoveel, als we elkaar zien dan 
zijn de momenten warm, gezellig en super leuk. Ik ben ontzettend trots op mijn slimme, hard werkende 
en lieve broers. Wat jullie bereikt hebben vind ik ontzettend knap en ik ben heel blij dat ik zulke fijne 
mensen als groot voorbeeld mag hebben. Wat hebben we het goed. Lieve Jorrit, Janneke, Robert en 
Sophie, bedankt dat jullie er zijn. 

Lieve pap en mam, nooit gedacht dat het ooit zo ver zou komen, nadat studeren in de Lage Vuursche 
toch de enige geschikte optie leek. Heel bijzonder paps en mams hoe jullie ons alledrie altijd hebben 
gesteund en nog steeds steunen in dat wat wij willen bereiken en in hoe wij dat willen doen. Nog steeds 
slaapt geen enkel bed zo lekker als dat in Soest en kan geen ontbijtje die van mams overtreffen. Met 
‘kom maar lekker werken hoor hier’ bedoelt mama eigenlijk ‘lekker winkelen en even ergens koffie 
drinken’, zodat je eigenlijk geen tijd meer over houdt om nog wat te doen. En papa, ik hoop dat we 
racefiets straks vaker zullen pakken! Dank jullie wel voor de afleiding, het was op sommige momenten 
heel erg nodig. 

Lieve Bart, tot op de dag van vandaag wilde je het stiekem niet geloven dat je naam het tot dit 
proefschrift redden zou, maar dat jouw naam het redden zou wist ik al lang! We doen echt ontelbaar 
veel leuke dingen en dat ik mijn droomhuis met jouw mag delen is geweldig. Je weet me altijd op het 
goede moment te motiveren en vanaf het moment dat we elkaar leerden kennen zijn we een team. Ik 
hoop dat we dat nog heel lang volhouden ∞.
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