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ABSTRACT

This article reviews the current concepts for operatively managing carious lesions extending into dentine
with minimal removal of tooth structure and restoring with dentine adhesives and direct composite
resin. It looks sequentially at the operative steps involved including remineralisation with bioactive
cements, bonding to caries-affected dentine including smear-layer modification using HOCI, creation of
an acid-base resistance zone,steps to optimise the performance of all-in-one adhesives, and incremental
placement of direct composite resin to improve bond strengths to cavity floor dentine. It explores how
understanding the phenomenon of colour-shifting at the composite resin-enamel/dentine restoration
borders can help in creating near “invisible” restoration margins through a “chameleon” effect. With
the increased risks of transmission of Covid-19 when aerosol generating procedures are carried out in
Dentistry, following a minimally invasive approach to managing dental caries should be given serious

consideration.

© 2020 The Author. Published by Elsevier Ltd on behalf of The Japanese Association for Dental
Science. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

This article reviews the current concepts for operatively man-
aging and restoring carious lesions extending over one-third into
dentine with adhesively-retaine ddirect composite resin. The fol-
lowing topics will be discussed: operative management of caries
extending into dentine, remineralisation with bioactive cements,
bonding to caries-affected dentine including smear-layer modifi-
cation using HOC], creation of an acid-base resistance zone, steps to
optimise the performance of all-in-one adhesives and incremental
placement of direct composite resin to improve bond strengths to
cavity floor dentine. An understanding of how the phenomenon of
colour-shifting at the composite resin-enamel/dentine restoration
borders can help in creating near “invisible” restoration margins
through a “chameleon” effect will also be addressed. With the
increased risks of transmission of Covid-19 when aerosol generat-
ing procedures are carried out in Dentistry, following a minimally
invasive approach to managing dental caries should be given seri-
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ous consideration with a heavy emphasis on prevention of caries
by providing patients with appropriate dietary advice and oral
hygiene instruction [1]. Should operative treatment be required,
then reducing the amount of tooth structure that is removed, car-
rying out appropriate caries removaland use of a rubber dam will
help lessen the quantity of aerosols generated, which might contain
microorganisms that could be inhaled by dental staff involved with
treatment [1]. Advances have taken place in understanding how
dentine can be remineralised, bonding to caries-affected dentine
can be achieved and how the strength and acid resistance of the
adhesive interface created by dental adhesives can be improved.
These factors can aid the clinical success of adhesive direct com-
posite restorations, which when combined with the adoption of a
minimally invasive approach now allow us to minimise the inter-
vention required and these will be discussed in more detail.

2. Operative caries management

Carious lesions extending beyond one third from the enamel-
dentine junction (EDJ) into dentine will require operative
management [2]. Operative management should aim to preserve as
much tooth structure as possible. This can be achieved by carefully
accessing the dentine caries with as little removal of tooth struc-
ture as possible and understanding the pathology of the carious
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Fig. 1. a. Intra-oral photograph showing rubber dam isolation of 45, 46 and 47. Distal caries is present in 45 and mesial caries in 47. b. Bitewing radiograph showing distal
caries in 45, distal caries in 46 and mesial caries in 47. c. Intra-oral photograph showing small access cavities cut in the 45 and 47 with peripheral soft caries excavated
adjacent to ED]. Deeper caries is left behind to minimise the risk of pulp exposure. d. The prepared cavities in both the 45 and 47have been restored using Clearfil SE Bond 2
adhesive (Kuraray Noritake Dental Inc., Japan) and Estelite Posterior composite resin (Tokuyama Dental Corp., Japan).

process together with the published research on the clinical man-
agement. Fusayama’s classification of carious dentine into the two
zones of “caries-infected” dentine and “caries-affected” dentine has
provided important guidance on how the histology of the dentine
carious lesion can be related to the clinical situation [3]. Fusayama
advocated removing caries-infected dentine, which is substan-
tially demineralised and is physiologically un-remineralisable [3].
This dentine consists of irreversibly denatured collagen fibrils and
to leave behind the caries-affected dentine, which in contrast is
minimally infected with bacteria, partially demineralised and phys-
iologically remineralisable [3].

It is not easy clinically to differentiate between caries-infected
dentine and caries-affected dentine and it may not matter so much
if the floor of the cavity is still caries-infected dentine rather than
caries-affected dentine if a seal can be created after restoration.
There is no solid evidence that it is necessary to remove all the
caries-infected dentine and if present, even all the soft, wet cari-
ous dentine. If there is enamel present at the cavity margins then
the deeper caries can be “sealed” after removal of superficial soft
cariesif an adhesive restorative material is used [4]. The classic
study by Mertz-Fairhurst’s group adhesively bonded composite and
amalgam over soft carious dentine that was present even adjacent
to the ED]J and although only 50% of the patients presented at recall
10 years later, this approach led to a similar outcome as conven-
tional caries removal [5]. It is accepted that removal of “softened”
carious dentine using hand excavators, initially adjacent to the
enamel-dentine junction, keeping away from the deeper caries, will
lessen the likelihood of a pulp exposure [6]. However, it is important
to understand that it is not necessary for the cavity to be completely
caries-free as this will result in sound dentine being present on the
cavity floor, which will lead to the exposure of dentinal tubules that
will cause pain for the patient.

What has been sometimes forgotten is that Fusayama as well
as advocating that complete caries removal is not necessary, also
introduced the concept of “painless dentistry” [7]. He advocated
leaving the cavity floor consisting of caries-affected dentine, where
the tubules are filled with whitlockite crystals formed by repre-
cipitation of calcium and phosphate ions lost during the carious
process that can re-mineralise and forms a so-called “barrier” to the
underlying pulp. He wrote in 1991, “although dentists have hereto-
fore believed that dental caries treatment must surely be accompanied
by pain, our new concept of dental caries pathology reveals that the
painis caused by removing tissue that should not be removed”, thereby
introducing the concept of “painless” dentistry [7]. Removing “soft”
caries carefully with an excavator that will be caries-infected den-
tine can be often accomplished without causing pain to the patient
and this is all the operative intervention that is required on the
carious dentine. This will also minimise the risk of post-operative
sensitivity. It is not recommended that caries removal should be

taken any further from a biological point of view [6]. We should
be thinking biologically and aiming to preserve pulp vitality at all
costs (Fig. 1).

With the increased risks of virus diffusion when carrying out
aerosol generating procedures on patients who may have been
infected with Covid-19[1], access cavities for caries ought to be kept
as small as possible if using an air turbine, followed by careful exca-
vation of only superficial, soft, wet, “infected” carious dentine.It
could be argued that a clinician managing caries for the first time
on atooth carries a great responsibility to preserve as much healthy
tooth tissue as possible. Opting if possible, for a restorative material
such as an adhesive direct composite resin restoration in the first
instance after accessing and managing the caries. This often only
requires minor subsequent cavity modifications and there have
been several papers published showing its long-term clinical suc-
cess over a period of 25 years or more [8,9]. On the other-hand, if
instead an indirect restoration is chosen, tooth tissue will need to
be removed to create a cavity with diverging cavity walls, which
is likely to give rise to additional loss of peripheral enamel and
most likely sound dentine. Cutting of sound dentine exposes denti-
nal tubules causing the patient pain and must be sealed to prevent
post-operative sensitivity. This could create an additional clinical
problem that might otherwise be avoided. This approach therefore
does not make sense from a biological point of view where only
“diseased” tooth tissue is removed and as much healthy tooth tis-
sue as possible is retained thus ensuring the tooth has the best
possible chance of long-term survival.

3. Remineralisation of cavity-floor carious dentine

Caries that has extended into dentine most likely leads to
the pulp becoming “stressed”. In 1982, Abou-Rass introduced the
“stressed” pulp as a clinical concept in which the pulp should be
considered to be “stressed” if it has been subjected to repeated chal-
lenges to pathological changes such as caries [10]. Nowadays, if we
believe this to be the case, it would make sense to consider plac-
ing a “bioactive” restorative material that may promote repair and
remineralisation of the demineralised carious dentine left on the
cavity floor, such as a glass-ionomer based or calcium-silicate based
material [11]. The setting reaction of glass-ionomer based materi-
als and calcium-silicate materials are unlikely to stress the pulp
further and the calcium-silicate cement, Biodentine™(Septodont,
Saint-Maur-des-Fossé, France) in particular may have a therapeutic
effect of ‘pulp-healing” [12](Fig. 2). Biodentine™(Septodont, Saint-
Maur-des-Fossé, France) or glass-ionomer provisional restorations
should be cut back and layered with direct composite resin to
provide a durable occluding surface [13]. This could be as little
as 1.5-2.0 mm, which could be pain-free for the patient if sound
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Fig. 2. a.Intra-oral photograph showing 24, 25, 26 and 27. 25 has distal caries and 27 has mesial caries. b. Bitewing radiograph showingdistal caries in 25, mesial caries in 27,
distal caries in 36 and distal caries in 35. c. Intra-oral photograph showing provisional restorations, which have been placed in 25 and 27. After small access cavities were cut
and peripheral soft caries excavated, 25 was provisionally restored with glass ionomer cement (Fuji IX, GC Corporation, Japan) and 27 with Biodentine™ (Septodont, France).

Fig. 3. a. Intra-oral photograph showing 14, 15 and 16. The tooth 15 has been provisionally restored with Biodentine™ (Septodont, France) after managing caries, which
was present mesially. b. The Biodentine™ provisional restoration in 15 was cut back by 1.5 mm and restored with direct composite resin using Clearfil SE Bond 2 (Kuraray
Noritake Dental Inc., Japan) and Estelite Posterior composite resin (Tokuyama Dental Corp., Japan).

dentine is not cut. The cut-back restorative material will act as a
“dentine” replacement and the overlying direct composite resin
material as the enamel replacement (Fig. 3).

Clinically, a decision has to be made therefore after managing
a tooth with deep caries into dentine. The options are to proceed
straightaway with a directly bonded resin composite restoration,
which will create a “seal” and a durable, aesthetic restoration, or to
adopt a two visit technique in which an attempt is made to man-
age the remaining carious dentine and potentially “stressed” pulp
biologically.

4. Adhesion to caries-affected dentine

Partial caries removal and cavity preparation using excava-
tors and burs will leave a smear layer and caries-affected dentine
as the substrates at the base of the cavity, which should be
managed appropriately prior to applying a dentine adhesive. Naka-
jima's group have reported that caries-affected dentine compared
to sound dentine is softer even though the dentinal tubules
are occluded with mineral deposits [14]. Moreover, Nakajima
described the smear layer created on caries-affected dentine as
being thicker and more enriched with organic components than the

smear layer created on sound dentine because the caries-affected
dentine is partially demineralised compared to normal dentine
[14]. The remaining caries-affected dentine on the cavity floor is
a challenging substrate to bond to. In the era of evidence-based
dentistry it is poignant to appreciate that the majority of research
on dentine adhesives has been carried out on extracted molars or
bovine teeth with sound dentine. However, research on bonding to
caries-affected dentine is limited. The clinician has various choices
with regards to dentine adhesives and there are two broad groups:
etch and rinse adhesives and self-etching adhesives.

With regards to the “etch-and-rinse” adhesives, the phospho-
ric acid etchant will dissolve the smear layer and demineralise
the surface dentine. It can be difficult for the resin monomers to
infiltrate to the full depth of demineralised dentine and when a
“wet bonding” technique is used, water will also compete with
the resin monomers to penetrate to the full depth of demineral-
isation [14]. The occluded dentinal tubules in the caries affected
dentine cannot be completely dissolved by phosphoric acid and
this makes them acid resistant [14]. However, because the caries-
affected dentine is less mineralised compared to normal dentine, a
deeper zone of demineralised dentine is created after phosphoric
acid etching, which will result in a thicker hybrid layer after resin
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infiltration [15]. On the other hand, beneath the hybrid zone there
will be a porous region of dentine that has been created because
of the greater depth of demineralisation and the mineral deposits
present in the tubules [16]. The net result of this is a reduction in
resin-dentin bond strengths to caries-affected dentine compared
to sound dentine. This porous zone of weakness below the hybrid
layer can be potentially strengthened by the addition of chemi-
cal cross linkers, which mechanically strengthen this incompletely
resin-infiltrated zone [14].

Self-etching adhesives, in particular the two-step self-etching
systems, offer the advantage of not requiring dentine to be etched
by phosphoric acid and the acidic self-etching primer will dissolve
the smear layer and demineralise a thin zone of underlying den-
tine. The zone of demineralisation is not as deep in normal dentine
as that created by phosphoric acid, which makes it easier for the
subsequently applied bonding resin to infiltrate the demineralised
dentine resulting in a thin but “high quality” hybrid layer [14].
However, in caries-affected dentine, the hybrid layer created by a
self-etching adhesive is thicker, though not as thick when an “etch
and rinse” adhesive is used, and a porous zone has been observed
beneath the hybrid layer created by a self-etching adhesive [14]. A
deeper zone of demineralisation is created in caries-affected den-
tine and resin infiltration is also hampered by the thicker smear
layer, which the mildly acidic self-etching primer is not able to fully
dissolve. This results in the self-etching adhesives having lower
bond strengths to caries-affected dentine compared to sound den-
tine [14].

In order to improve the bonding of self-etching adhesives
to caries-affected dentine, researchers have looked at modifying
the thicker smear layer present on caries-affected dentine [14].
Initially, sodium hypochlorite solution was investigated as this
solution can dissolve organic substances and when applied to
smear-layer covered caries-affected dentine at a concentration of
6% for 15 s, it was shown that the smear layer was thinned down and
dissolved away resulting in significant improvements of the bond
strengths of one and two-step self-etching adhesives [17]. Further
research by the same research group has investigated the applica-
tion of a mild acidic solution of HOCI (Comfosy, HaccpperAdvantec
Corp., Tokyo, Japan), which has antimicrobial, deproteinising and
low cytotoxicity properties on caries-affected dentine and observed
that a better quality of hybrid layer was created as well as more
stable bond strengths [18].

5. Acid-base resistant zone- creation of “super dentine”

It has been mentioned earlier that phosphoric acid etching of
dentine may result in the phenomenon of “over-etched” dentine,
whereby the resin is unable to fully penetrate to the full depth of
demineralisation resulting in a zone of potential weakness beneath
the hybrid layer [14]. This zone will be demineralised and not
be fully infiltrated with resin and could influence the longevity
of a composite resin restoration particularly if placed in a tooth
subjected to high occlusal stress. On the otherhand, self-etching
adhesive systems do not require prior phosphoric acid etching of
dentine and therefore, “aggressive” etching of dentine is avoided
[19]. Nikaido previously discovered an “acid-base resistant” zone
beneath the hybrid layer, when bonded dentine-composite resin
discs were subjected to an artificial secondary caries attack [19].
His research group investigated a two-step, self-etching adhesive,
Clearfil SE Bond (Kuraray Noritake Dental Inc., Japan), and observed
that the hybrid layerwas approximately 1 pm thick after argon ion
etching in sound dentine and was slightly thicker in caries-affected
dentine [20]. Beneath the hybrid layer of this adhesive, an acid-base
resistant zone was observed in both sound and caries-affected den-
tine bonded specimens, which was observed to be 1 wm thick in

the sound dentine and 1.5 wm thick in the caries-affected dentine
[20]. This zone was not observed to be present for adhesive systems
that required prior etching with phosphoric acid. It was reasoned
that this was because phosphoric acid aggressively etched the den-
tine and created a zone of demineralisation that was too deep for
resin to fully infiltrate [20]. This is potentially significant in that
secondary caries will occur at the margins of restorations between
the dentine and resin restoration and therefore the presence of an
acid-base resistant zone may help prevent secondary caries around
a restoration.

It is relevant at this point to mention that in 1985, Nakabayashi
described the resin infiltration of tooth structure as follows; “the
resin reinforced dentine and enamel is a hybrid of natural tissue and
artificial material and is valuable in the prevention of secondary caries
after restoration” [21]. And so, even though it was thirty-five years
ago when prevention of secondary caries by hybrid layer formation
was first proposed, it is interesting that discussion on the effective-
ness of the hybrid layer to prevent secondary caries is sometimes
omitted in the scientific discussions when adhesive performance is
discussed.

Nikaido described the acid-base resistant zone as a combina-
tion of dentine and the adjacent hybrid layer which, because it
is effectively reinforced, has suggested this region of the adhesive
interface should be called “super dentine”, which possesses an abil-
ity to prevent primary and secondary caries [22]. This is because it
is superior to sound dentine mechanically, chemically and biolog-
ically. Nikaido’s proposal is arguably, a further development and
extrapolation of the concept of that the hybrid layer can prevent
secondary caries formation, as was first described by Nakabayashi
in 1985 [21,22].

Having now discussed how we could provide “painless” den-
tistry by careful removal of soft, caries-infected dentine, seal the
cavity and prevent caries progression by adhesive enamel bond-
ing and how the hybrid layer and an acid-base resistant zone offer
the ability to prevent primary and secondary caries, it is clear that
carefully applied adhesive direct composite resin restorations can
offer the patient additional benefits by their ability to fill min-
imally prepared cavities, offer aesthetically pleasing results and
good long-term durability [8]. While the words “minimally invasive
dentistry” are mentioned nowadays as if it was a new treatment
modality, it’s origins are surely in the mid 1980s with the work
of Fusayama and Nakabayashi who suggested that caries can be
prevented by hybrid layer formation at the adhesive interface of
direct composite resin restorations. The remainder of this article
will discuss some key aspects of direct composite resin placement
to obtain good adhesion and colour matching.

6. Options for improving adhesive performance at the
cavity floor and margins

There are multiple choices for the clinician when selecting
which direct composite resin materials should be used as a restora-
tive material. An initial question might be whether a thin layer
of a “flowable” composite resin should be placed initially in the
cavity? As with many clinical techniques it is often difficult to pro-
vide a definitive answer. The rationale of placing a low-viscosity
or flowable composite resin as an initial thin layer after curing of
the adhesive is that this may dissipate contraction stresses that are
created when the composite resin is light-cured by the creating
of a stress-absorbing layer that helps preserve the integrity of the
bonded adhesive interface [23].

In 2003, Reis and colleagues looked at the effect of filling tech-
niques and a low-viscosity composite liner on bond strength to
class Il cavities prepared in extracted human third-molar teeth and
found that bond strengths were notimproved when a low-viscosity
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Fig.4. a.Laser scanning confocal micrograph of a sectioned resin-dentine adhesive interface from anin-vitro cervical restoration in human extracted premolar (Adper Prompt
L-Pop (3 M, USA) and Filtek Supreme, (3 M, USA)). The adhesive was labelled with rhodamine B fluorescent dye. The black arrow indicates water droplets at the adhesive
interface between the adhesive and composite resin. b. Laser scanning confocal micrograph of sectioned resin-dentine adhesive interface from an in-vitro cervical restoration
in a human extracted premolar (Adper Prompt L-Pop and Filtek Supreme, 3 M, USA). The adhesive was labelled with rhodamine B fluorescent dye. The black arrow indicates

cracking at the adhesive interface (x100 magnification).

composite resin was used but an incremental filling technique
improved bond strengths [24].

Research was then focussed on whether a particular type of
adhesive might benefit from a subsequent application of a thin layer
of flowable composite resin and work by De Goes’ group tried to
answer this question by looking at 4 adhesives representing the
four classes of adhesives at that time [25]. The occlusal surfaces of
extracted third molars were ground to expose dentine and were
treated with one of four adhesives: 3-Step etch-and-rinse (Scotch-
Bond Multi-Purpose, 3 M, USA); 2-step etch-and-rinse (SingleBond,
3M, USA); All-in-one self-etching adhesive (Adper Prompt, 3 M,
USA); 2-step self-etching adhesive (Clearfil SE Bond, Kuraray Nori-
take Dental Inc., Japan) [25]. Their results showed that application
of an intermediate flowable composite layer improved the bond
strength of all four adhesives and this was significant for Clearfil SE
Bond (Kuraray Noritake Dental Inc., Japan) [25].

Early all-one-adhesives such as Adper PromptL-Pop (3 M, USA)
contained a functional monomer that dissociated into a hydrolyt-
ically unstable monomer because of the presence of water at a
concentration of 30%-50%. This allowed fluid penetration through
the adhesive and led to the hybrid layer being susceptible to crack-
ing after polymerisation of the overlying composite resin [26,27]
(Fig. 4). The simplicity of all-in-one adhesives led many researchers
to look at ways of improving the durability of the adhesive bond
and the mechanical properties of the adhesive interface to with-
stand the contraction stresses of the overlying composite resin as
it polymerised and manufacturers to look at new compositions. The
expiry of the patent in 2003 for MDP, which was held by Kuraray
Noritake Dental Inc. Japan, has led to several manufacturers, devel-
oping new adhesives that contain MDP as the functional adhesive
monomer and their terminology has also evolved to “universal
adhesives” [28]. MDP has been shown to exhibit ionic bonding to
hydroxyapatite more effectively than other adhesive monomers
such as 4-MET through the creation of an MDP-Ca salt deposition
and nanolayering [29].

Applying the all-in-one adhesive as a double application before
curing has beeninvestigated using four, one-step self-etching adhe-
sives (iBond SE, Kulzer GmbH, Germany; Clearfil S> Bond,(Kuraray
Noritake Dental Inc., Japan; XenoV, Dentsply Sirona, USA; and
Scotchbond Universal, 3M, USA) with extracted human third
molars as the bonding substrate under different storage conditions
[30]. It was found that iBond SE, Clearfil S3 Bond and XenoV exhib-
ited significantly higher bond strengths when they were applied as
a double layer before light-curing [30].

Another adhesive application technique, “scrubbing”the dentin
surface with a micro-sponge, has been suggested for certain one-
step self-etching adhesives to increase the bond strength [31]. The
effect of scrubbing dentine during application was investigated
using two, one-step self-etching adhesives on extracted third molar
teeth (SE One, Kuraray Noritake Dental Inc., Japan; and Scotchbond
Universal, 3M, USA) and it was found that scrubbing improved
etching ability and significantly improved the bond strength of
Scotchbond Universal (3 M, USA) [31].

One more technique proposed to improve the bond strength of
universal adhesives is to apply a subsequent coating of a thin layer
of a hydrophobic resin, thereby converting the adhesive strategy to
a two-step self-etching one [32]. Extracted third molar teeth were
used and when a layer of Heliobond (IvoclarVivadent AG, Liechten-
stein) was applied to three universal adhesives (All-Bond Universal,
Bisco, USA; G-Bond Plus, GC Corporation, Japan; and ScotchBond
Universal, 3 M, USA) in their self-etching mode, adhesive perfor-
mance was improved [32].

What this means for clinical practice is that while the above-
mentioned studies using universal adhesives all used extracted
third molars, their results do indicate that if a universal adhesive
has been chosen by the clinician, then thought should be given
not only to its application technique, be it by “scrubbing” or as a
double-coat, but whether consideration should be given to apply-
ing an additional thin layer of hydrophobic resin before applying
the composite resin or a flowable composite resin material.
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Fig. 5. a.Intra-oral photograph showing small cavities, which have been cut in the distal aspect of 17 and mesial aspect of 18. b. The peripheral soft caries has been removed
from 17 and 18. c. The cavities in 17 and 18 have both been restored using Clearfil SE Bond 2 (Kuraray Noritake Dental Inc., Japan) and Estelite Posterior composite resin

(Tokuyama Dental Corp., Japan).

7. Composite resin placement and colour adjustment at the
tooth-composite resin interface

7.1. Composite resin placement

It has been established that shrinkage stresses develop in com-
posite resin during polymerisation and if the cavities increase
in size then volumetric shrinkage may also increase [33]. Poly-
merisation shrinkage cannot be avoided, and the adhesive system
must possess sufficient mechanical strength to avoid being weak-
ened [34]. Research using simulated occlusal cavities in resin and
occlusal cavities cut in extracted human molarsshowed that an
incremental filling technique was more effective in improving
adhesion to the cavity floor than a bulk filling technique [34,35].

7.2. Colour adjustment at the restoration-tooth border

For patients, a good aesthetic outcome is often important and
direct composite resin can give excellent results if attention is
paid to shade matching with the surrounding tooth structure.
The colour of the resin composite is influenced and perceived by
various factors; colour elements of hue value and chroma; and
optical properties. The optical properties include light transmission
characteristics (straight-line and diffusion), translucency, fluores-
cence, and opalescence, along with the surface characteristics of
the composite resin [36]. Composite resin and enamel are translu-
cent materials, which can reflect colours from adjoining substrates,
leading to the colour shifting between each other [36]. Obtaining
a near “invisible” restoration margin through good colour match-
ing with the adjacent tooth structure can help ensure a pleasing
result for the patient (Fig. 5). Several factors come into play when
considering how best to get a good colour match with a synthetic
restorative material to natural living tooth structure.

Extracted human premolar teeth and four different composite
resin restorative materials (Clearfil AP-X, Kuraray Noritake Dental
Inc., Japan; Clearfil Majesty, Kuraray Noritake Dental Inc., Japan;
Tetric N Ceram, IvoclarVivadent AG, Liechtenstein; and Ceram X
mono, Dentsply Sirona, USA) have been used to look at the colour
differences in four regions: the resin composite restorations, within
the tooth, at the composite border area and at the tooth border
area [37]. It was found that colour changes occurred at the bor-
ders of the composite resin restoration with the adjacent tooth
structure and on both sides of the restoration border, within the
tooth structure and the composite restoration [37]. Colour changes
in the tooth structure adjacent to the restoration border were there-
fore due to colour reflection from the composite restoration. Colour
changes within the border of the composite restoration were due
to colour reflection from the tooth structure. Colour changes in the

tooth structure adjacent to the restoration border, were larger than
the colour changes in the composite restoration adjacent to the
border [37]. A goniophotometer was also used to investigate how
light was transmitted through the four resin composite materials
[37]. Ceram-X and Clearfil Majesty showed that light diffused more
within the composite material than within Clearfil AP-X and Tetric
N Ceram. Different depths of cavity preparation (1.5 mm and 3 mm)
were also investigated [37]. For the 3 mm-deep cavities, the val-
ues for light diffusivity were compared with the colour differences
measured for each material at the different border regions and it
was concluded that the materials exhibiting good light diffusivity
within the composite resin are able to create a chameleon effect
as result of reflection of the surrounding tooth colour and projec-
tion of its own colour into the surrounding tooth structure, which
would resultin good colour matching [37]. On the otherhand, in the
cavities that were 1.5 mm deep, it was found that light diffusivity
had less influence on the colour changes and the colour rendition
of the composite restorations was more influenced by the colour of
the cavity floor. In the shallower cavity, the materials which exhib-
ited better straight-line light transmission through the resin in this
case, Tetric N Ceram, reflected the background colour better [37].
The clinical relevance of these findings is that in order to success-
fully colour match a composite restoration with the surrounding
tooth structure, consideration must be given to the surrounding
tooth structure, which might have to be masked. Moreover, the
straight-line and diffused light transmission properties of the com-
posite resin materials must be considered.Further work has been
carried out on how the colour of the surrounding tooth structure
might influence the colour of the composite restoration border [38].

7.3. Effect of tooth age on colour

How the age of the tooth, in particular colour changes that occur
in dentine with aging, through factors such as physiological aging
and the creation of transparent dentine as a result of mineral depo-
sition in the dentinal tubules, might influence the colour of the
restoration at the borders has been investigated [38]. Human pre-
molars extracted for orthodontic reasons (younger teeth, age 20-28
years) and premolar teeth extracted for periodontal reasons (older
teeth, age 45-69 years) were used along with four direct compos-
ite resins, Kalore (GC Corporation, Japan), Solare (GC Corporation,
Japan), Clearfil Majesty (Kuraray Noritake Dental Inc., Japan) and
Beautiful II (Shofu, Japan)) all of shade A2 [38]. All four materials
exhibited colour differences between the restoration borders and
the dentine and composite resin in both the “younger” and “older”
teeth, indicating “colour shifting” had occurred at the restoration
borders [38]. However, when the “younger” and “older” teeth were
looked at, colour differences in the older teeth at the restoration
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borders were greater than those for the “younger” teeth, indicating
that potential for colour adjustment in older teeth would be less
than it would be for younger teeth [38]. The straight-line and dif-
fusivity light transmission properties of the young and old dentine
were also investigated. The older dentine exhibited higher straight-
line light transmission values than younger dentine, indicating
better light transmission, whereas the younger dentine exhibited
better light diffusion values, indicating less light transmission [38].
Clinically, this would mean that better colour matching would be
required when restoring older teeth compared to younger teeth.

7.4. Effect of enamel margins on tooth colour

The effect of the enamel margin on colour adjustment has also
been investigated [39]. Three types of enamel margin (non-bevel,
45-degree bevel and 45-degree reverse-bevel) and four composite
resin materials (Estelite Asteria A2B, Tokuyama Dental Corp.,Japan;
Estelite Pro A2E, Tokuyama Dental Corp., Japan; Kalore E2, GC Cor-
poration, Japan; and Clearfil Majesty ES-2 Premium A2E, Kuraray
Noritake Dental Inc.,Japan) were studied in bovine enamel [39]. The
study found that the enamel margin configuration affected colour
adjustment at the borders of the restoration with the bevel prepara-
tion improving colour adjustment at the borders [39]. With regards
to the four composite resin materials, they had different values
for straight-line light transmission and light diffusivity within the
materials and the degree of colour adjustment at the borders of the
restoration was material dependent [39].

If a cavity involved the labial aspect of the tooth, which is likely
to be highly visible to the patient, then the orientation of the enamel
prisms would differ depending on whether the cavity margin was
in coronal or cervical regions of the enamel. Enamel prisms are
the most important structure in enamel for influencing light scat-
tering, an important optical property.The effect of enamel prism
orientation on colour shifting at the border of composite resin
restorations was investigated using bovine enameland four com-
posite resin materials (Estelite Asteria A2B, Estelite Pro A2E, Kalore
E2 and Clearfil Majesty ES-2 Premium A2E) bonded using a one
-step self-etching adhesive (Clearfil SE One) [40]. In the coronal
enamel, the prisms would be cut diagonally, whereas in the cervi-
cal region, they would have been cut longitudinally [40]. Two sizes
of composite restoration in enamel were prepared; 1 mm wide and
3 mm wide, both 1 mm thick. The colour shift in the L* value was
greater in the enamel side of the restoration [40]. The colour shift
in the L* value was also significantly greater at the cervical bor-
der than the coronal border and the difference in value was also
larger in the small cavity [40]. Clinically this would indicate that the
potential for colour adjustment, particularly lightness, is greater in
the coronal border region of a composite restoration because the
gentle colour shifting and larger area of colour shifting would make
the restoration border less obvious.

7.5. Effect of layering composite resin on colour

With regards to placement of the composite resin, as mentioned
previously, placing the composite resinin increments can aid colour
matching, ensure adequate polymerisation of the increment and
minimize the effect of contraction stress on adhesion to cavity walls
[41]. The effect of layering composite resin using both conventional
and bulk-filling techniques on translucency and colour appearance
has been investigated [41]. Three resin composites (Estelite Sigma,
Tokuyama Dental Corp., Japan; Beautiful II, Shofu, Japan; Clearfil
Majesty, Kuraray Noritake Dental Inc., Japan) in both A2 and OA2
shades were evaluated [41]. The universal (A2) shade specimens
exhibited higher translucency than the opaque-shade (OA2) spec-
imens, which would indicate that the OA2 shades would be better
for masking colour [41]. In addition, layering in 1 mm-thick incre-

ments resulted in less transparency than a 2mm-thick increment
indicating light diffusion occurring at the composite-composite
joint [41]. Clinically this means that after a shade of composite resin
is chosen, the final colour might change depending on how thick
the increments of composite resin were when they were placed.

Finally, a restoration will be viewed by the patient from many
directions and the effect of the direction of the light illuminating
a direct composite restoration has been investigated [36]. It was
found that the colour appearance at the border of composite resin
restorations is influenced by the light illuminating direction in con-
junction with the enamel rod orientation [36]. In other words, the
appearance of a patient’s restoration around the cavity margin, par-
ticularly towards the coronal aspect, will differ depending on the
angle at which it is viewed by another person.
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