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      The Role of Glass-Ionomer   
Cements in Minimum Intervention 
(MI) Caries Management       

     Avijit     Banerjee     

    Abstract  

  This chapter aims to discuss the evidence available to date from various 
laboratory and clinical studies about the use of glass-ionomer cements 
(GICs) in the management of deep caries. The contemporary minimally 
invasive approach to the operative management of cavitated deep lesions 
approaching the pulp relies on the selective removal of infected and/or 
affected dentine close to the pulp, followed by the use of a suitable adhe-
sive restorative material to seal and bond to the underlying peripheral cav-
ity margins/walls. In order to optimize the clinical outcome, an appreciation 
is required as to how this physico-chemical interaction occurs between 
GIC and sound as well as caries-affected substrates. The ionic transfer 
between GIC and tooth structure is described and discussed, with a par-
ticular emphasis on its anti-caries and remineralizing potential and also 
any effects, deleterious or otherwise, on the dental pulp when placed in 
close proximity to it. The clinical techniques available to restore teeth 
using high-viscosity GICs are outlined, including Atraumatic Restorative 
Treatment (ART) and the layered/laminate/sandwich restoration with 
resin composite. The fi ndings of studies assessing the clinical longevity of 
such restorations in comparison to other direct plastic restorative materials 
are analyzed, both in the primary and secondary dentition. From the evi-
dence presented, it is clear that GIC and its derivatives, whilst not perfect, 
have a major role to play in the minimally invasive restorative manage-
ment of deep caries lesions.  

4.1          Introduction: What 
is Minimum Intervention 
Dentistry? 

 Minimum intervention dentistry (MID) is a term 
that is used in contemporary dental practice. Its 
meaning, however, is often misconstrued and 
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misunderstood, therefore misused and often 
maligned. 

 ‘MID’ has two distinct but inter-related 
defi nitions: 

4.1.1     Minimum Intervention 
Care (Fig.  4.1 ) 

    This describes the overall patient-centred oral 
and dental healthcare delivery framework where 
the oral healthcare team (dentist, dental therapist, 
hygienist, oral health educator, nurse, practice 
manager and technician) collectively advises 
patients and offers treatment that promotes health 
and prevents disease. Included in this framework 
are disease detection and diagnosis, its non- 
operative (non-invasive) prevention and control, 
operative management where necessary, all pack-
aged together with suitably frequent recall con-
sultations. At these vital recall appointments 
(often undersold to patients by the profession 
using the valueless term ‘check-ups’), the 
patient’s motivation, behaviour and adherence to 
the preventive lifestyle change advised are reas-
sessed and reinforced. This is within the context 
of an outcome review of the treatment provided 
in the previous care episode(s) (restoration status, 
evidence of disease progression, changes in bac-
terial/ionic oral balance, etc). The periodicity of 

these consultations must be tailored to the indi-
vidual patient’s need and ongoing disease risk/
susceptibility assessment.  

4.1.2     Minimally Invasive (MI) 
Dentistry 

 Traditional operative caries management relies 
upon complete excavation of carious tissue fol-
lowed by modifi cation of the resulting cavity in 
terms of its surface fi nish and overall internal 
shape to aid restoration retention. The extent of 
this modifi cation is dictated by the nature of the 
direct, plastic restorative material used to fi ll the 
cavity. Classically, for many years, non-adhesive 
dental amalgam has been the material of choice 
for most clinicians, so much so that predeter-
mined cavity shapes are associated erroneously 
with GV Black’s caries classifi cation, classes 
1–5, by many dental professionals. 

 With improved knowledge and understanding 
of the patho-physiology of the caries process and 
the subsequent defence reactions of the dentine- 
pulp complex, scientifi c and clinical evidence now 
shows clearly that not all carious tissue requires 
excavation during interventive operative surgical 
procedures (Banerjee and Watson  2015 ). The 
peripheral seal of restorations with healthy enamel 
and dentine close to the enamel-dentine junction 

  Fig. 4.1    The Minimum 
Intervention care plan 
framework for 
individualised, oral 
healthcare team- delivered, 
oral disease management 
( GDP  general dental 
practitioner,  OHE  oral 
health educator,  DCP  
dental care professional 
(therapist/hygienist))       
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(EDJ) is of paramount importance to ensure the 
tooth-restoration complex survives (Banerjee and 
Watson  2015 ). This is in conjunction with primary 
preventive methods instigated by the patient to dis-
turb and/or remove the plaque biofi lm, so prevent-
ing it from stagnating and becoming cariogenic in 
nature. Maximum tissue preservation along with 
maintaining pulp vitality (sensibility) is the tenet 
of minimally invasive dentistry, and the develop-
ment of adhesive dentistry has promoted the MI 
philosophy into mainstream operative care. 

 Glass-ionomer cements (GICs) are an impor-
tant part of the contemporary restorative arma-
mentarium for MI operative dentistry. Since their 
introduction by Wilson and Kent ( 1971 ), glass-
ionomer cements have had a wide range of clini-
cal uses due to their naturally adhesive, tooth- 
coloured nature and fl uoride-leaching properties, 
their low coeffi cient of thermal expansion and 
ultimate biocompatibility with mineralised tis-
sues (Burke and Lynch  1994 ; Olivia et al.  2000 ). 
Clinically, they have proven to be useful in restor-
ative, lining, luting and sealing applications.   

4.2     GIC Adhesion to Tooth 
Structure 

4.2.1     Enamel 

 Glass-ionomer cements (GICs) bind chemically 
to calcium ions in hydroxyapatite (HAP), the 
main constituent of dental enamel. Enamel sur-
face pre-treatment with conditioners including 
polyacrylic acid (PAA) improves the bond 
strength between enamel and GIC, based on the 
exchange of calcium and phosphate ions versus 
carboxyl ions at the enamel surface. Es-Souni 
et al. ( 1999 ) indicated that the improved adhesion 
of the GIC on polished and conditioned surfaces 
resulted from the combined benefi cial effects of 
superfi cial surface cleanliness, better wettability 
and surface chemistry. They concluded that PAA 
conditioning of the enamel prior to GIC bonding 
led to the formation of a fi ne polymeric fi lm on 
the surface. This fi lm may act as a primer and be 
involved directly in the cement-building reac-
tions, so creating a ‘stronger’ interfacial layer on 
the GIC aspect of the bond.  

4.2.2     Fluoride and Mineralized 
Tissues 

 Bezerra et al. ( 2012 ) examined the levels of the 
fl uoride, calcium and phosphate in the enamel and 
dentine alongside glass-ionomer-based restora-
tions in vivo over time using a high-viscosity GIC 
(Fuji IX GP, GC Corp, Tokyo, Japan) and a resin-
modifi ed GIC (Vitremer, 3M ESPE, St Paul, MN, 
USA). They described a substantial increase in the 
fl uoride ion concentration adjacent to the glass-
ionomer-based restorations attributable to large 
differences in the ionic gradients and subsequent 
diffusion patterns (Ngo et al.  2006 ). This fi nding 
raises an important question: does the increase in 
fl uoride ion concentrations in enamel and dentine 
contribute substantially to an increase in the acid 
resistance of these two substrates? In-vitro studies 
had shown an increase in the resistance to demin-
eralization of enamel (Hatibovic-Kofman et al. 
 1997 ; Attar and Önen  2002 ) and dentine (Jang 
et al.  2001 ), which was attributed to the release of 
fl uoride ions from the GIC-based restorations. 
Qvist et al. ( 2004 ) reported a reduction in carious 
lesion progression in enamel surfaces adjacent to 
glass-ionomer restorations in primary teeth as 
compared with amalgam restorations over a 
period of 8 years. This evidence certainly seems to 
indicate that the fl uoride release from glass-iono-
mer-based materials can play a role in disease 
arrest in enamel and dentine that is in contact with 
these materials. When high-viscosity and resin-
modifi ed glass-ionomer restorations are used to 
restore carious lesions in primary molars using the 
atraumatic restorative treatment (ART) technique, 
fl uoride ions are released into the adjacent enamel 
and, in particular, into the demineralized, caries- 
affected dentine.  

4.2.3     Sound Dentine 

 The development of a minimally invasive adhe-
sive approach to conservative dentistry has 
brought many advantages, such as preservation of 
tooth tissue, reinforcement/infi ltration of weak-
ened remaining tooth structure, reduced marginal 
leakage and the reduced potential for pulp sensi-
tivity and maintenance of pulp vitality. Adhesive 
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restorative materials should have a close affi nity 
mechanically, physically and chemically to tooth 
tissue in a way that minimizes the risk of further 
ingress of bacteria and arrests disease activity. 
They should also have the ability to bond to a vari-
ety of overlying protective restorative materials 
including resin composite, metals and ceramics. 
One of the most attractive features of GICs is their 
ability to bond directly to dentine. Polyacrylate 
ions either react with apatite by displacing cal-
cium and phosphate ions or bond directly to the 
calcium within the apatite via hydrogen bonds 
with the collagen and ionic bonds to the apatite 
within the dentine (Van Noort  2013 ). 

 There have been many studies published 
reporting varying bond strengths between den-
tine and GIC. Yip et al. ( 2001 ) measured the 
micro-tensile bond strength (μTBS) of three 
highly viscous glass-ionomer cements to sound 
coronal dentine; they found bond strengths in the 
range of 12–15 MPa, with interfacial (adhesive) 
and mixed modes of failure. However, previous 
studies (Cattani-Lorente et al.  1993 ; Burke and 
Lynch  1994 ; Berry and Powers  1994 ) suggested 
that bond strengths >5 MPa were seldom achieved 
using tensile or shear tests  in vitro , with more 
cohesive failures occurring within the GIC 
(Nakajima et al.  1995 ). It was clear that much of 
the difference could be explained by variations in 
the experimental testing technique used, the 
inconsistencies in sample preparation and the 
varying specimen sizes as well as their geometry 
and confi guration. 

 Both scanning and transmission electron 
microscopy (SEM/TEM) analysis has shown the 
presence of an intermediate layer between 0.5 
and 1.5 mm thick (Ngo et al.  1997a ,  b ; Yip et al. 
 2001 ). Depending on the type of GIC, the TEM 
observations ranged from surface interaction 
zones consisting of nanometer-sized plate-like 
structures of calcium and phosphate salt precipi-
tates dispersed among denatured smear layer 
remnants to plate-like structures being present 
within the inter-fi brillar spaces of intact, banded 
collagen fi brils. The inclusion of either smear 
layer remnants or banded collagen fi brils within 
the surface intermediate layer may be explained 
by the aggressiveness of different conditioning 

protocols used to remove the smear layer and 
demineralizing the underlying intact dentine. 
This is associated with the concentration of the 
polyacrylic acid employed as well as the applica-
tion time that is recommended by each manufac-
turer. When the dentine was conditioned with 
10 % polyacrylic acid for 10 s (a conventional, 
clinically recommended protocol), the presence 
of smear layer remnants within the surface inter-
mediate layer indicated the smear layer was not 
completely removed. Chemical bonding of poly-
acrylic acid or polyacrylic acid/maleic acid to the 
residual hydroxyapatite from the smear layer 
may result in the retention of these polyelectro-
lytes on the dentine surface instead of being 
rinsed off (Yoshida et al.  2000 ). This could help 
produce the gel-like, glass-free layer that facili-
tates subsequent chemical exchange between the 
leached ions from the setting glass-ionomer 
matrix and the calcium and phosphate ions from 
the partially demineralized smear layer. Such a 
surface intermediate layer that incorporates 
smear layer remnants was often retained on the 
dentine surface in specimens that exhibited inter-
facial or mixed interfacial failures (Yoshida et al. 
 2000 ). When a more aggressive conditioning pro-
tocol of treating the smear layer-covered dentine 
with 25 % polyacrylic acid for 25 s was employed, 
the dentine tubule orifi ces were rendered patent, 
and this encouraged the formation of micro- 
mechanical dentine tubule tags. Moreover, the 
smear layer was removed completely and the 
underlying dentine demineralized to a depth of 
about 0.5 mm. 

 Hosoya and Garcia-Godoy ( 1998 ) reported an 
absence of cement tags or a hybrid layer when 
using a highly viscous GIC (Ketac-Molar, 
3MESPE, St Paul, MN, USA). Rinsing off the 
conditioner probably resulted in a collagen-rich 
zone that contained retained polyelectrolytes. 
Subsequent ion exchange between the setting 
GIC and the partially demineralized collagen 
fi brils could have resulted in the formation of a 
surface intermediate layer where the inter- fi brillar 
spaces were not infi ltrated completely by the 
polyelectrolytes. This could have accounted for 
the lower bond strength observed when 25 % 
polyacrylic acid was used as the conditioner in 
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that study. It is further speculated that the clinical 
situation may be worsened when conditioned and 
rinsed dentine is then desiccated by the operator 
before the application of the GIC, as collapse of 
the collagen network during air-drying will fur-
ther limit polyelectrolyte diffusion (Gwinnett 
 1994 ). It could be concluded that complete 
removal of the smear layer with more aggressive 
conditioning protocols that effectively ‘etch’ into 
sound dentine does not enhance the dentine-GIC 
bond strength. The observation of short cement 
tags that pulled out of the dentine tubules further 
suggests that they have a limited micro- 
mechanical contribution to the ultimate retention 
of GICs.  

4.2.4     Caries-Affected Dentine 

 The MI operative approach to cavitated carious 
lesion management aims to minimize the excava-
tion of carious dental tissues and instead encour-
ages their preservation, recovery and repair. 
Dentine caries results from a bacteriogenic 
demineralizing acid attack from the cariogenic, 
stagnating biofi lm at the tooth surface followed 
by further enzymatic destruction of the organic, 
primarily collagenous, matrix in dentine, if the 
process is unopposed and uninterrupted for a 
period of time. This ongoing process causes a 
histo-pathological wave of tissue destruction, 
divided descriptively into caries-infected and 
caries-affected dentine zones based on the bacte-
rial load, extent and reparability of the tissue 
damage sustained (Banerjee and Watson  2015 ). 
In the necrotic, caries-infected dentine zone in 
the heart of the dentine lesion just subjacent to 
the enamel-dentine junction (EDJ), the mineral 
and collagenous organic matrices are irreversibly 
damaged and the bacterial load high. The deeper 
caries-affected dentine is hypomineralized but 
with a partially sound collagenous fi brillar struc-
ture, which could be repaired and remineralized 
by the ongoing reparative biological activity of 
the dentine-pulp complex. The relatively slow 
progression of the caries process often allows a 
reparative biochemical reaction which can help 
restore the mineralized architecture of this zone, 

especially after having removed the soft, wet, 
highly infected layer using a minimally invasive 
operative approach. The interaction between GIC 
and wet dentine is in the form of an ion exchange 
where aluminium, fl uoride and calcium/stron-
tium leach out of the cement as the glass is dis-
solved by the polyacid; at the same time, calcium 
and phosphate ions also move from the underly-
ing dentine as a result of the initial self-etching 
effect of the acid-base chemical reaction of the 
setting cement (Watson  1999 ; Yiu et al.  2004 ). 
The release of fl uoride and calcium/strontium 
ions provides GICs with the potential for remin-
eralization of carious tissues (Ngo et al.  2006 ), 
where ion exchange could replenish the deminer-
alized tissues’ lost ions, thus tipping the balance 
in favour of mineral deposition/precipitation. 

 There is little evidence published about the 
immediate bond/sealing effectiveness or the 
long-term durability of the bonded interfaces 
produced by GIC to caries-affected dentine 
(Czarnecka et al.  2007 ; Alves et al.  2013 ). It is 
still unknown if the type of GIC has an effect on 
its clinical performance, as there is little pub-
lished evidence to date regarding the bond 
strength of high-viscosity or resin-modifi ed GICs 
(RMGICs) to caries- affected dentine. Some stud-
ies have evaluated bond strength degradation of 
GIC when bonded to sound dentine (De Munck 
et al.  2004 ; Fagundes et al.  2009 ). Bissoto Calvo 
et al. ( 2014 ) examined the in vitro bond strength 
of different GICs (a high-viscosity GIC and RM 
GICs with and without nano-particle fi llers) to 
sound and caries- affected primary dentine imme-
diately and after 2 years storage  in vitro . No sta-
tistically signifi cant differences in the immediate 
bond strength values between the tested materials 
to either sound or caries-affected dentine were 
reported. After 2 years, only the RMGIC without 
nano-particles showed stable bond strength val-
ues to both primary sound and caries-affected 
dentine. Previous to this, Marquezan et al. ( 2010 ) 
reported that a resin-modifi ed GIC showed more 
resistance to degradation at the bonded interface 
with caries- affected primary dentine after pH- 
and load- cycling  in vitro , compared to an adhe-
sively bonded resin composite. Conventional 
GIC adheres primarily chemically to dentine, 
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through the interaction of hydroxyapatite and 
polycarboxylate functional groups. On the other 
hand, in RMGICs both chemical and micro-
mechanical adhesion are involved, which may 
contribute to the higher immediate and prolonged 
bond strength values measured. 

 Although the presence of nano-particles in the 
formulation of RMGIC potentially reinforces the 
material’s strength, the interfacial area between 
the nano-particles and the organic matrix is 
hydrolytically unstable and may favour water 
sorption and degradation over time. Additionally, 
the chemical bond of the nano-particulate 
RMGIC to dentine may be weaker than that pro-
duced by a conventional GIC or a conventional 
RMGIC. This may be due to the reduction in the 
polycarboxylate content, as a result of nano- 
particle inclusion, reducing the available func-
tional groups to interact with hydroxyapatite. 

 The type of the substrate (sound or caries- 
affected dentine) did not appear to affect the bond 
strength of GICs, regardless of type or storage 
time in several studies (Way et al.  1996 ; 
Czarnecka et al.  2007 ; Marquezan et al.  2010 ). 
This can be attributed to the hydrophilic proper-
ties of GICs. Also, the type of adhesion is chemi-
cal and not purely micro-mechanical. In contrast, 
Cehreli et al. ( 2013 ) observed differences 
between the bond strength values of GICs to 
sound and simulated caries-affected dentine after 
18 months; unfortunately, the immediate bond 
strength was not recorded, making it impossible 
to conclude if any bond strength degradation had 
occurred. Moreover, the authors used caries- 
affected dentine created artifi cially using acetic 
acid as a demineralizing solution. This method 
results in complete demineralization (Marquezan 
et al.  2009 ), which is different to that of the pH- 
cycling process of de-and remineralization 
employed in many other studies. This fi nal point 
is a critical one: ‘artifi cial’ data can be produced 
when using an artifi cial substrate, and thus clini-
cal extrapolation of such results must be made 
with considerable caution. The ideal substrate to 
use is natural caries-affected tissue which needs 
to be exposed carefully from naturally carious 
teeth either  in situ  or  in vitro .   

4.3     GIC and Remineralization 

 Remineralization of demineralized carious den-
tine using various types of GICs has been demon-
strated in several laboratory and clinical studies 
(Creanor et al.  1998 ; Ngo  2002a ,  b ). 
Remineralization can be defi ned as the deposi-
tion of mineral in demineralized defects at a 
molecular level (Arends and ten Bosch  1986 ). It 
has been suggested that the mineral deposited 
should be apatitic in nature and should not be dif-
ferent from the mineral structure of natural, 
sound enamel and dentine. Ngo et al. ( 2006 ) 
studied the chemical interaction between a highly 
viscous GIC and demineralized dentine  in vivo  to 
determine the level of ion exchange between 
them. The material they used was Fuji IX GP 
(GC Corp, Tokyo, Japan), which includes a 
strontium- containing glass as opposed to the 
more conventional calcium-based glass in other 
GICs. They found that a substantial amount of 
both strontium and fl uoride ions crossed the 
interface into the partially demineralized caries- 
affected dentine subjacent to the GIC. As the 
freshly mixed material is placed against the cav-
ity wall, there is a release of ions from the enamel 
and dentine also leading to the exchange of ions, 
termed ‘ion exchange adhesion’. It is suggested 
that the same ion exchange can occur in the pres-
ence of the partially demineralized carious den-
tine (Ngo et al.  2006 ). The ions released from 
both the GIC and the tooth structure will combine 
to buffer the low initial pH until such time that it 
rises to a level where ion activity ceases. During 
this period of activity there will be both fl uoride 
and strontium ions available to promote mineral 
deposition in areas of  demineralized dentine 
where the calcium ion levels are low, with stron-
tium ions substituting them. It was suggested that 
this occurs through a diffusion process driven 
partly by the concentration gradient which exists 
between the GIC and the dentine with respect to 
these two elements. As both strontium and fl uo-
ride are apatite-forming elements, they react with 
the demineralized dentine. If the process is con-
trolled purely by diffusion then one would expect 
to see the level of ionic strontium and fl uoride to 
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be highest at the GIC-dentine interface and low-
est deeper towards the sound dentine. The above 
clinical fi ndings support the laboratory evidence 
that glass-ionomer can contribute directly to the 
remineralization of carious dentine. However, 
there are two important requirements for this to 
happen: fi rstly, the restoration has to provide a 
total seal against the external environment, and 
secondly, there must be intimate contact between 
the glass-ionomer and the partly demineralized 
dentine.  

4.4     Clinical Studies of GIC Use 
in the MI Management 
of Deep Caries 

 The treatment of deep carious lesions approach-
ing a vital pulp presents a signifi cant challenge to 
the practitioner. The traditional management of 
carious lesions dictates the removal of all infected 
and affected dentine to prevent further caries 
progress and to provide a sound base of dentine 
to support the overlying defi nitive restoration. In 
order to prevent, or at least minimize, the serious 
complications of complete excavation of carious 
dentine close to the pulp (the dreaded pulp expo-
sure), the minimally invasive, tooth-preserving 
operative ‘stepwise’ excavation approach was 
developed. This involves initially excavating the 
more superfi cial soft, wet, necrotic infected den-
tine, followed by sealing the lesion with calcium 
hydroxide and a GIC provisional restoration. 
Some months later the clinician would revisit the 
lesion and fi nally remove all or most of the under-
lying arrested, dry and often darkly stained den-
tine. The rationale for this is that by this point, 
any residual bacteria will not have survived, the 
residual affected dentine will have remineralized 
and tertiary, reparative dentine will have been 
deposited. This will make it easier for the dentist 
to remove any remaining carious tissue without 
the risk of exposing the vital pulp (Thompson 
et al.  2008 ; Banerjee and Watson  2015 ). As it 
became increasingly clear that it is the effective 
peripheral seal of the restoration that is important 
in preventing the caries process from continuing 

within an existing cavitated lesion, a fully 
 minimally invasive or ultraconservative approach 
was developed; this is also referred to as ‘partial/
selective caries removal’. In this method, all of 
the infected dentine is removed, the peripheral 
enamel and dentine are prepared to optimize 
adhesion and the cavity is sealed (with or without 
indirect pulp protection) with the defi nitive adhe-
sive restoration. The ‘trade-off’ for avoiding pulp 
exposure, which more often clinically leads to 
pulp death (Bjørndal et al.  2010 ), is retaining a 
layer of potentially radiolucent, affected dentine 
beneath the defi nitive restoration (see Fig.  4.2e ). 
This can be defended by citing the substantial 
evidence that exists in the literature showing that 
cariogenic bacteria isolated from their source of 
nutrition by a restoration of suffi cient integrity 
either die or remain quiescent and thus, given a 
vital pulp, pose no risk to the health of the denti-
tion (Ricketts et al.  2013 ). Foley et al. ( 2004 ) 
compared the cariostatic effectiveness of alterna-
tive restorative materials in both selective and 
complete removal of carious tissue. They used a 
split-mouth design in 44 patients (aged 3.7–
9.5 years) who had at least one pair of previously 
unrestored primary molars that had no pulp 
involvement. One tooth of each pair underwent 
complete caries removal, and the other had 
incomplete, selective caries removal followed by 
restoration using copper phosphate cement, GIC 
or a material ‘of the operator”s choice’ (such as 
amalgam). At 24 months post treatment, teeth 
that had undergone selective caries removal fol-
lowed by restoration with copper phosphate 
cement exhibited greater abscess or sinus forma-
tion than did teeth that had undergone other treat-
ments. Teeth treated with GIC alone after 
selective caries removal exhibited a durability 
and effectiveness comparable with those placed 
in teeth that had undergone complete caries 
removal.

   Marchi et al. ( 2006 ) studied the effectiveness 
of two materials as indirect protective pulp liners, 
a setting calcium hydroxide and a RMGIC, in the 
treatment of 27 primary molars with deep caries. 
Four years post treatment, the success rate using 
the former was 88.8 % and using the GIC was 
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93 %. The investigators defi ned ‘success’ essen-
tially as the absence of any ‘clinical or radio-
graphic signs or symptoms of irreversible pulp 
pathologies or necrosis’. The authors concluded 
that ‘indirect pulp capping in primary teeth 
arrests the progression of the underlying caries, 
regardless of the material used as a liner’. In 
order to provide evidence that the caries process 
was arrested in the sealed lesions, they sampled 
teeth for bacterial culture at periods ranging from 
1 week to 2 years; at the latter stage, they found a 
substantial decrease in the number of cultivable 
micro-organisms in sealed lesions when 

 compared with the unsealed control teeth. 
Interestingly, they found the greatest amount of 
bacterial reduction within 2 weeks after treat-
ment. In another microbiological study of dentine 
samples taken from 40 carious lesions before and 
after undergoing atraumatic restorative treatment 
(ART), Bonecker et al. ( 2003 ) found signifi cant 
reductions in the frequency and proportions of 
the total viable mutans streptococci (but not lac-
tobacilli) in restorations sealed with GIC. 

 A more recent randomized clinical trial has 
compared the use of GIC and a calcium silicate 
cement to restore deep carious cavities in patients 

a

d e

b c

  Fig. 4.2    ( a ) Pre-operative periapical radiograph of LL6 
and LL7 showing early caries on the distal aspect of LL6 
and a large mesio-occlusal carious radiolucency associ-
ated with LL7. The LL7 exhibited symptoms of acute pul-
pitis and positive pulp sensibility tests and showed no loss 
of lamina dura/widening of the periodontal ligament 
space around the root apices in the pre-operative radio-
graph. ( b ) An occlusal clinical image of LL7 showing the 
underlying shadowing of the lesion mesially and cavita-
tion in the midline fi ssure. ( c ) After minimally invasive 
selective caries removal, a GIC was placed as a provi-

sional restoration. ( d ) At the 1-month review, the GIC was 
cut back and a resin composite restoration veneered onto 
its surface as a closed sandwich technique. (N.B: The  red 
marks  show the occlusal articulation at the 1-year review 
stage). ( e ) The 1-year post-op periapical radiograph: the 
differences in radiopacities of the GIC and overlying resin 
composite can be observed. The tooth-restoration com-
plex was sound and the pulp remained vital. The slight 
radiolucency ( arrowed ) at the dentine border adjacent to 
the GIC is the retained caries-affected dentine, and is 
inactive (Hashem et al.  2015 )       
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(Hashem et al.  2015 ). The affected teeth were 
symptomatic with acute pulpitis. Baseline peri-
apical radiographs, CBCT (cone beam CT) and a 
full clinical examination were carried out before 
minimally invasive selective caries removal was 
performed using burs and hand instruments, 
assisted with Carisolv™ gel. No pulp exposures 
occurring at this stage of treatment were included 
in the study. These deep cavities were restored 
either with a high-viscosity GIC, Fuji IX (GC 
Corp, Tokyo, Japan), or a setting calcium silicate 
cement, Biodentine™ (Septodont, Saint-Maur- 
des-Fossés, France). They were reviewed after 1 
month, and assuming the clinical signs and symp-
toms indicated healing, these provisional restora-
tions were veneered with a resin composite (a 
layered defi nitive restoration – see Fig.  4.2 ). At 
the 1 year review, it was clear that both materials 
had a similar 83 % success rate in maintaining 
tooth structure as well as pulp vitality and the 
layered restorations were faring well. Thus, on 
the basis of the evidence cited, it can be reason-
ably concluded that the removal of all infected 
dentine in deep carious lesions is not required for 
successful caries treatment, provided that the res-
toration can seal the lesion from the oral environ-
ment effectively.  

4.5     GIC and Atraumatic 
Restorative Treatment (ART) 

 A number of countries have already banned or 
are considering banning the use of dental amal-
gam, partly in response to the Minamata Treaty 
agreed by the United Nations Environment 
Programme (UNEP  2013 ). Since then, both the 
International Dental Federation (FDI) and the 
World Health Organization (WHO) have called 
for alternatives to amalgam to be developed for 
use to operatively manage carious lesions. One 
alternative is to use currently available glass-ion-
omer cements. Its high-viscosity variant has 
become the material of choice for atraumatic 
restorative treatment (ART). This minimally 
invasive caries management approach, involving 
the use of hand instruments only and the place-
ment of a high-viscosity glass-ionomer cement 

(HVGIC), is considered an alternative to the 
more traditional maximally invasive restorative 
treatments (Raggio et al.  2013 ; Holmgren et al. 
 2013 ). In terms of restoration survival, a system-
atic review concluded that ART/HVGIC and 
amalgam restorations of the same size, type of 
dentition and follow-up period are equally suc-
cessful clinically. However, because of the lim-
ited number of suitable data sets for the analysis, 
the authors of the review suggested that further 
studies should be carried out to confi rm these 
fi ndings (Mickenautsch et al.  2010 ). 

 A weak inherent feature of conventional GIC 
is its low fracture toughness. By increasing the 
powder-to-liquid ratio, the fracture toughness can 
be increased (Peez and Frank  2006 ), and it was 
suggested that by using this improved GIC with 
ART, the survival of ART restorations may be 
increased, especially in multiple-surface restora-
tions. Hilgert et al. ( 2014 ) assessed and compared 
the cumulative survival rate of amalgam and ART 
using HVGIC restorations in primary molars 
over 3 years for single- and multiple-surface res-
torations. The survival rates over 3 years for all, 
single- and multiple-surface, amalgam restora-
tions were not signifi cantly different from those 
of comparable ART/HVGIC restorations. Single- 
surface restorations had higher survival rates than 
multiple-surface restorations for both procedures. 
A higher proportion of restorations failed due to 
mechanical reasons (94.8 %) than due to caries 
associated with restorations/sealants (CARS), i.e. 
secondary caries (5.2 %). The HVGIC used in 
conjunction with ART is a viable option for 
restoring carious dentine lesions in single sur-
faces in vital primary molars. However, the per-
formance of proximal ART restorations using 
HVGIC is still far from ideal (Ersin et al.  2006 ; 
De Amorim et al.  2012 ). This may be attributed 
to the highly viscous consistency of the GIC 
which increases the diffi culties with its handling 
and placement (Frencken and Holmgren  1999 ). 
These characteristics can lead to poor adaptation 
of the material to the cavity base resulting in gaps 
and leakage, lack of retention and ultimate loss of 
the restoration (Roeleveld et al.  2006 ; Bonifácio 
et al.  2009 ). More recent laboratory studies 
showed the insertion of a thin fl owable GIC layer 
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at the base of deep proximal cavities prior to the 
insertion of the regular HVGIC layer (two-layer 
technique) can improve the material’s adaptation 
to the cavity, so increasing the bond strength to 
sound tissues (Bonifácio et al.  2010 ; Lenzi et al. 
 2013 ). The success of ART restorations can be 
infl uenced by many factors, the most often 
reported being the operator-induced effect 
(Frencken et al.  2004 ; Kemoli et al.  2009 ). This 
includes the proper use of hand instruments, cav-
ity pre-conditioning, correct mixing/manipula-
tion of the HVGIC and, in cases of multi-surface 
restorations, factors such as correct matrix band 
application, moisture control and suffi cient mate-
rial obturation/adaptation (Kemoli et al.  2009 ). 
These differences in individual operative skills 
are always to be expected (Van Gemert-Schriks 
et al.  2007 ; Frencken and Leal  2010 ). 

 Bonifácio et al. ( 2013 ) investigated the use of 
a two-layer fl owable technique for the insertion 
of GIC in proximal cavities and assessed the 
infl uence of the operator in the survival rate of 
proximal ART restorations in primary molars. 
Despite the small sample size, short evaluation 
period (12 months) and the lack of a control 
group for comparison, the results showed an 
acceptable survival rate and no detrimental oper-
ator effect over the time period investigated. The 
retention rate was similar to those previously 
reported in the literature (Carvalho et al.  2010 ; da 
Franca et al.  2011 ). A 1-year survival rate of 
74 % is in agreement with that presented in the 
literature. In general, the 12-month survival rate 
of proximal ART restorations in primary poste-
rior teeth ranges between 12 and 88 %, for stud-
ies conducted in schools (Ersin et al.  2006 ; van 
Gemert-Schriks et al.  2007 ; Deepa and Shobha 
 2010 ). High-viscosity GICs are diffi cult to han-
dle and can lead to inadequate adaptation to the 
cavity walls and cervical gaps (Lenzi et al.  2013 ), 
both of which contribute to restoration failure 
(Roeleveld et al.  2006 ; Mhaville et al.  2006 ). 
Bonifácio et al. ( 2013 ) concluded that using a 
fl owable layer of the GIC prior to the insertion of 
a conventional layer leads to an improvement in 
GIC adaptation and a reduction in the occurrence 
of the secondary caries (CARS, see earlier). The 
main reason for failure was bulk fracture or total 
loss of the restoration, which is in accordance 

with the published literature (Eden et al.  2006 ; 
Van Gemert-Schriks et al.  2007 ; Topaloglu-Ak 
et al.  2009 ; da Franca et al.  2011 ). 

 Bulk fractures are related generally to the 
mechanical properties of the GIC; the use of a 
fl owable layer as a liner may contribute towards 
reducing the mechanical strength as the fi nal 
material created has fewer glass particles/unit 
volume. However, Fonseca et al. ( 2010 ) reported 
that there is no difference in the diametral tensile 
strength of conventional GIC when the powder/
liquid ratio was reduced by 50 %. A disadvantage 
of the two-layer technique may be that the second 
layer does not adhere properly to the fi rst, so con-
tributing to bulk fractures. To confi rm the poten-
tial improvements delivered by the two-layer 
technique of applying GIC in ART proximal 
cavities, further studies in the form of controlled 
clinical trials as well as investigations of the 
mechanical and adhesive properties of this two- 
layered GIC should be conducted.  

4.6     The Longevity of GIC 
Restorations 

 The ultimate success or failure of a restorative 
material is measured by its longevity in the oral 
environment whilst maintaining tooth tissue integ-
rity and pulp vitality. As initial laboratory tests of 
new materials do not always reveal their full limita-
tions or assets, clinical data is essential to provide 
empirical evidence. Unfortunately, at the present 
time, there is no consensus on the desired or ideal 
length of time of a clinical study to accurately pre-
dict the performance or clinical life expectancy of 
restorative dental materials. Differences between 
study variables, including the sample size, material 
and restoration type, method of assessment, opera-
tor and patient factors, often make data compari-
sons diffi cult. Nevertheless, information gleaned 
from longitudinal assessments is important in the 
hope that cumulatively, this information adds to the 
body of evidence to help make informed clinical 
decisions regarding treatment options. As a ‘major 
undertaking for general dental practitioners is the 
provision and assessment of dental restorations’, 
observations in clinical practice offer valuable evi-
dence if interpreted appropriately (Sidhu  2010 ). 
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 Clinical trials investigating the longevity of 
GICs in primary molars are mostly short-term 
studies of less than 3 years. The longest mea-
sured survival rates for GICs are in low stress-
bearing areas including Class III and Class V 
restorations (Mount  1993 ). Vlietstra et al. 
( 1978 ) reported that 75 % of the conventional 
glass-ionomer restorations in primary molars 
were intact after 1 year, and the marginal adap-
tation, contour and surface fi nish were all satis-
factory. Others (Cho and Cheng  1999 ) reported 
that GICs in primary molars showed no signifi -
cant differences with amalgam restorations in 
overall failure rates after 2 years. However, a 
previous 5-year follow-up of restorations 
showed that GICs had a signifi cantly inferior 
survival time to amalgam (Welbury et al.  1991 ). 
Ostlund et al. ( 1992 ) compared Class II restora-
tions of amalgam, resin composite and glass-
ionomer cement in primary molars and reported 
a high failure rate for the glass-ionomer cement 
of 60 % after 2 years. In contrast, the failure 
rates for amalgam and resin composite restora-
tions were 8 and 16 % respectively. It is worth-
while noting that these studies were carried out 
over two decades ago, and much has changed in 
the chemistry and application of GIC materials 
since then. 

 More recently, Fuks et al. ( 2000 ) compared 
the clinical performance of a GIC with amalgam 
in Class II restorations in primary molars. Only 9 
of 101 glass-ionomer restorations met all the 
quality criteria after 1 year, whereas 90 % of the 
amalgam restorations met all the evaluation crite-
ria after 3 years. Hickel et al. ( 2005 ) investigated 
the mean survival time of different types of resto-
rations in primary molars and found that the 
mean survival time for glass-ionomer restora-
tions was only 12 months compared to more than 
5 years for stainless-steel crowns and amalgam 
restorations. The results of these and other stud-
ies indicate that conventional GIC is not an 
appropriate alternative to amalgam in the restora-
tion of primary molars unless the teeth are 
expected to exfoliate in 1 or 2 years. Indeed, 
RMGICs may prove to have the highest success 
rates in terms of longevity in the primary denti-
tion (Toh and Messer  2007 ). 

 With regard to the adult dentition, conclusive 
clinical evidence remains elusive to date. A sys-
tematic review of the literature up to 2010 indi-
cated that the longevity of HVGIC restorations is 
site dependent but in buccal cervical restorations 
can last successfully over 6 years in clinical ser-
vice (Frencken et al.  2006 ; Mickenautsch et al. 
 2010 ; see Fig.  4.3 ).

  Fig. 4.3    In the permanent dentition, longevity of ART restorations is ≥equivalent amalgam restorations up to 6.3 years, 
site-dependent. No difference is observed in primary teeth (Frencken et al  2006 )       
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4.7        GIC and the Pulp Response 

 The use of GICs directly on the pulp or in deep 
cavities approaching the pulp has been a subject 
of controversy. Since the introduction of this 
material approaching fi ve decades ago, the bio-
compatibility of this material has been studied 
intensively. Early studies showed that GICs are 
associated with an increased infl ammatory cell 
infi ltrate in the odontoblast layer compared to 
controls when placed in non-exposed deep cavi-
ties in human teeth. However, no symptoms were 
recorded during the observation periods, and the 
changes had mostly resolved towards the end of 
the experiments. Others demonstrated pulp 
infl ammation and necrosis when glass-ionomer 
cements were placed directly on exposed molar 
rat teeth. This fi nding was corroborated by another 
in-vitro study assessing the cytotoxicity of eight 
different GICs by means of pulp cell culture. The 
authors found that some GICs are more cytotoxic 
than others and concluded that they should not be 
placed directly on or near pulps (Müller et al. 
 1990 ). However, great caution should be employed 
when extrapolating results from in-vitro studies to 
the clinical situation, as the natural protective 
effect of dentine is ignored and the individual 
defence and repair mechanisms, which increase 
tolerance to such materials, are not present. 

 Indeed, contrary to the above, animal studies 
have reported no adverse pulp reactions to GIC 
when placed in non-exposed deep cavities and 
observed over different time periods (Felton et al. 
 1991 ). These results are corroborated by more 
recent studies using improved GICs, which have 
shown minimal cytotoxic effects on the pulp. In a 
study by Six et al. ( 2000 ), a HVGIC (Fuji IX, GC 
Corp, Tokyo, Japan) was placed in deep non- 
exposed cavities of rat teeth and compared to 
unfi lled cavities as a control. Observation after 8 
days revealed few infl ammatory cells in both 
groups, disruption of the odontoblast layer and 
dilatation of the blood vessels. The infl ammatory 
reaction in the glass-ionomer group was slightly 
higher than in the control group. After 30 days, 
complete recovery of the pulp tissue was observed 
with no disruption of the odontoblast layer. A 
thick layer of reparative dentine had formed in 

both groups. The authors concluded that the GIC 
used (Fuji IX) is biocompatible with the pulp and 
does not induce any harmful effect on pulp cells. 

 Hume and Mount ( 1988 ) studied the effect of 
GICs when placed directly on a sterile tissue cul-
ture medium or indirectly through a layer of 
human dentine. It was found that glass-ionomer 
cement when placed directly had a higher cyto-
toxic effect while GIC through dentine had lim-
ited or no cytotoxicity. Freshly mixed GIC is 
acidic with a pH ranging between 0.9 and 1.6. 
However, dentine acts as a buffer, and even thin 
layers of dentine remaining between the restora-
tion and the pulp are suffi cient to prevent a reduc-
tion of pH affecting the pulp tissue. A mild 
infl ammatory response has been noted by several 
authors, but as the pH rises within the fi rst hour, 
the infl ammatory cellular response is transient, 
resolving within 10–20 days. To a certain extent, 
the pulp irritation may be accounted for by the 
high buffering capacity of the hydroxyapatite 
itself. Also, the low mobility and chelating capac-
ity of the large polyalkenoic acid molecules may 
be signifi cant in this regard. 

 It can be concluded from these studies that 
GICs are not suitable when placed directly on the 
pulp. However, using them as indirect pulp pro-
tection/capping agents or as a dentine replace-
ment material in deep cavities is widely accepted 
(Sidhu  2011 ).  

4.8     Adhesion Between GIC and 
Resin Composite 

 Glass-ionomer cements have many different clin-
ical applications including indirect pulp protec-
tion/capping. They consist of a calcium 
fl uoro-alumino-silicate glass powder and an 
aqueous solution of a poly (acrylic acid—ita-
conic acid) copolymer containing tartaric acid 
(Smith  1998 ). The setting reaction involves the 
acid-base reaction of the polyacrylic acid and the 
glass particles and ions (Al 3+ , Ca 2+ ) located in the 
glass network (Mount and Hume  1998 ). 
Modifi cations in both components have been 
made in various commercial brands for both pat-
ent and practical reasons (Smith  1998 ). GICs 
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have been reported to demonstrate excellent seal-
ing properties and good biocompatibility when 
placed in close proximity with, but not directly 
on, the pulp (Hilton  2009 ). In addition, they have 
the ability to adhere chemically to moist dentine 
through ionic exchange at the interface leading to 
the formation of a new intermediate dentine-GIC 
layer approximately 300 μm thick (Zoergiebel 
and Ilie  2013 ). This ionic exchange is triggered at 
the interface through a diffusion process. This 
process is partly driven by the concentration gra-
dient which exists between the glass-ionomer 
and the dentine, with strontium, calcium and fl u-
oride ions undertaking apatitic activity in relation 
to areas in dentine where the calcium ion levels 
are low (Ngo et al.  2006 ). 

 Drawbacks of GIC include its physical proper-
ties as it is susceptible to acid erosion and wear, 
therefore its successful use lies mainly in the fi eld of 
dentine replacement in laminate/layered/‘sandwich’ 
restorations (Davidson  2006 ). GICs have been used 
in both open and closed sandwich restorations with 
a higher success rate reported for closed sandwich 
restorations (van Dijken  1994 ). This is because in 
open sandwich restorations, GIC is associated with 
an increased risk of dissolution due to its suscepti-
bility to early moisture contamination. In addition, 
the proximal area is exposed to longer acid clear-
ance times, which increases the erosion rate at the 
surface. If a GIC lining cement is used, the cement 
will be stressed continuously by masticatory forces 
transferred via the overlying restoration, resulting 
potentially in crack formation at the cement-restor-
ative interface followed by fracture of the cement. 
This is due to the lack of strength of the thin cement 
layer (van Dijken  1994 ). This problem can be over-
come by using a restorative version of the cement 
which is cut back rather than using a liner variety, 
resulting in a more robust restoration with better 
mechanical properties (Cattani-Lorente et al.  1993 ). 
This also has an advantage if an overlying resin 
composite restoration is used as the increased thick-
ness of the GIC reduces the thickness of the resin 
composite leading to a reduction in the polymeriza-
tion shrinkage (Woolford  1993 ). 

 An interaction between GIC and the overlying 
resin composite restoration was suggested where 
GIC reduced the hardness of the surface of resin 

composite adjacent to it up to a distance of 1 mm 
into the thickness of the resin composite. This 
detrimental interaction was observed when resin 
composite was placed on fresh GIC; therefore, it 
is recommended to leave the cement to mature as 
much as possible before the application of the 
resin composite – a two-visit clinical procedure 
(Woolford  1993 ).  

    Conclusions 

 This chapter has aimed to discuss the potential 
attributes of glass-ionomer cements and their use 
in the contemporary minimally invasive opera-
tive management of deep caries lesions. Indeed, 
low-viscosity GICs have been advocated for use 
as fi ssure sealant restorations in clinical cases of 
primary and tertiary minimally (non)invasive 
caries prevention. Even though resin composite 
sealants exhibit better durability and retention 
clinically, in scenarios with compromised mois-
ture control, GIC sealants still have a part to play, 
especially in the primary dentition. 

 Glass-ionomer cements are not necessarily 
the strongest or toughest direct plastic restor-
ative material available clinically to withstand 
the occlusal forces and the changing environ-
ment generated in the oral cavity. However, 
their ability to chemically bond to and seal 
enamel and dentine substrate without the need 
for a separate chemical adhesive, to leach ions 
that can aid mineralization, including fl uoride, 
all help to encourage resistance and repair of 
caries-affected tissues and also the dentine-
pulp complex. Clinically, modern GIC deriva-
tives exhibit improved handling characteristics, 
aesthetics and strength/durability. With the 
potential global reduction in use of dental 
amalgam to restore teeth with carious cavities, 
GICs form an invaluable member of the 
remaining restorative armamentarium to the 
clinician treating dental caries in their patients.     
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