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ABSTRACT

Developments in light-curing technology have led to the introduction of a plasma-arc

(PAC) light curing unit that delivers high-intensity energy output with the claim of

dramatically reduced curing times. The purpose of this study was to test the efficiency of

a PAC light (ORTHO Lite, 3M Unitek) versus a conventional quartz-tungsten-halogen

(QTH) lightcuring unit (Ortholux XT, 3M Unitek) in producing effective bond strengths

for orthodontic attachments bonded with composite resin (Transbond XT, 3M Unitek) or

resin-modified glass ionomer (RMGI) cement (Fuji Ortho LC, GC America, Inc.) to

enamel prepared with different surface conditions. The enamel surface was etched with

phosphoric acid or a self-etching primer (SEP) (Transbond Plus Self Etching Primer, 3M

Unitek) prior to bonding with composite resin and polyacrylic acid or left unethched and

moist prior to bonding with RMGI cement. One hundred and twenty recently extracted

human third molars were randomly separated into eight groups of 15 molars each:

Groups I and II - using Transbond XT bonded to phosphoric acid etched enamel and

cured with either QTH or PAC light. Groups III and IV - using Transbond XT bonded to

enamel prepared with Transbond Plus Self Etching Primer and cured with either QTH or

PAC light. Groups V and VI - using Fuji Ortho LC bonded to enamel etched with IOVo

polyacrylic acid and cured with either QTH or PAC light. Groups VII and VIII - using

Fuji Oftho LC bonded to moist un-etched enamel and cured with either QTH or PAC

light. A QTH curing time of 20 seconds was used for Transbond XT samples and 40

seconds for Fuji Ortho LC samples; whereas, a single PAC curing time of 6 seconds was

used for both adhesives. The samples were stored in distilled water for 24 hours at 37"C

and subsequently tested to failure in shear mode in aZwick universal testing machine

with a cross head speed of 0.5 mm/min, employing a load cell of 10kN. The shear-peel

bond strength of the experimental group bonded with composite resin to phosphoric

etched enamel and cured with the PAC light for 6 seconds had the highest shear-peel

bond strength out of all the groups tested (18.1 t 3.3 MPa), which was significantly

higher (p = .05) than the composite resin control group bonded to phosphoric etched

enamel and cured with the QTH light for 2O seconds (12.1 + 3.9 MPa). There were no

statistically significant differences in the shear-peel bond strengths of composiie resin

tll



bonded to enamel with a SEP and cured with either QTH or PAC light (12.2 + 2.7 }lIPa

and 13.I + 3.3 MPa, respectively) or between these two groups and the control,

conventionally etched enamel bonded with composite resin and cured with QTH light

(I2.1 ¡ 3.9 MPa). Etching the enamel with polyacrylic acid prior to bonding with RMGI

resulted in significantly stronger bond strengths as compared to RMGI bonded to a non-

etched moist enamel surface for both QTH light curing (15.1 + 2.1 vs. 8.3 + 1.3 MPa) and

PAC light curing (15.4 + 3.2 vs.7 .7 + 2.1 MPa). Whether curing for 40 seconds with the

QTH or 6 seconds with the PAC curing unit, significant differences in bond strength were

not found within the individual etched (QTH 15.1 + 2.1 MPa, PAC 15.4 + 3.2 MPa) and

non-etched (QTH 8.3 + 1.3 MPa, P^C7.7 + 2.1 MPa) RMGI groups. RMGI bonded to

non-etched enamel, whether QTH or PAC light curing was used, produced significantly

lower bond strengths than all other groups tested. In conclusion, the PAC light enables

the clinician to significantly reduce curing times while producing equal or greater bond

strengths than conventional QTH light-curing for both composite resin adhesive and

RMGI cement. SEPs which combine the traditional separate steps of etching and priming

into one, may be as effective as conventional phosphoric acid etching, saving the

clinician time and reducing the potential for error or contamination during bonding.

Although orthodontic brackets can be successfully bonded to unetched enamel with

RMGI cement, etching the enamel surface with l}Eo polyacrylic acid significantly

increases the bond strensth.
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1.1 Foreword

Development of the acid etch technique (Buonocore, 1955) and composite ¡esin
adhesives revolutionized the practice of orthodontics by allowing the replacement of
cemented bands with bonded orthodontic brackets. Direct orthodontic bonding has
improved the precision of tooth movement, oral hygiene, esthetics, and significantly
reduced clinician chair-side time. The light source first used for curing orthodontic
composite resins was an ultraviolet light. Due to safety concerns about the long-term
effects of ultraviolet light exposule, visible light curing was introduced around l9g0
(Sfondrini et al., 2001). visible light curing units use a quarrz-rungsren-halogen (erH)
light source, and according to certain manufacturer guidelines, can cure orthodontic
composite resins (Transbond XT; 3M unitek, Monrovia, cA) in twenty seconds.
Bonding orthodontic brackets to enamel with composite resin is an exacting technique-
sensitive procedure. Prolonged curing time increases the risk of contamination with
water, saliva, or blood during bonding procedures, which may result in subsequent bond
failures (Zachrisson, 1977). Re-bonding brackets is a time-consuming and expensive
endeavour. As a result, manufacturer's are constantly striving to develop new lights to
reduce curing times and bonding materials which reduce the number of procedural steps,
are less sensitive to contamination and minimize enamel damage while still providing a
clinically acceptable bond strength.

1.2 Motivation for the studv

Current research on orthodontic bonding focuses inter aliaon improving bond strength,
reducing time required for bonding, minimizing enamel damage on de-bonding and anti-
cariogenicity during bonded orthodontic treatment. Recently, there have been many
developments which may offer significant reductions in the time required for bonding.
one is the plasma arc (pAC) curing light (oRTHo Lite; 3M unitek, Monrovia, cA)
which operates at a relatively high intensity and is purported to result in optimum
properties of resin composites in a much shorter curing time than conventional curins



1.3

units' Another is the simplification of the steps required in enamel surface treatment
before bonding. A new self-etching primer (sEP) (Transbond plus self Etching primer;
3M Unitek, Monrovia, CA) has been introduced which significantly simplifies and
reduces the time required for enamel surface preparation. Another manufacturer claims
that its resin reinforced glass ionomer adhesive (Fuji ortho LC; Gc America, Alsip, IL)
can be used without any surface treatment because it bonds chemically to enamel. If
otthodontic bonding with a resin modified glass ionomer (RMGÐ can be simplified by
eliminating surface conditioning and cured rapidly with a pAC light while producing
clinically acceptable bond strengths, its use may increase due to its significant benefit
over composite resins in the form of anticariogenic fluoride release. Long bonding
appointments are inconvenient for the patient, increase the risk of bond failures due to
contamination, and expensive for the orthodontist due to extra time spent at the chair.
clearly, a reduction in orthodontic bonding time could bring about several advantages
such as decreased cost and convenience to both the patient and clinician.

Purpose of the study

This study was done to accomprish the foilowing three objectives.

1' To compare the effectiveness of QTH and PAC lighrcuring on the shear-peel
bond strengths of orthodontic attachments bonded to human enamel with a
composite resin (Transbond XT) and a resin-modified glass-ionomer (Fuii ortho
LC).

2' To compare the effects of QTH and PAC light-curing on the shear-peel bond
strengths of orthodontic attachments bonded to human enamel using conventional
acid-etching and a SEp (Transbond plus Self Etchine primer).

3. To compare the effects of erH and pAC lighrcuring on shear_peel bond
strengths of orthodontic attachments bonded to etched and non-etched human
enamel with a RMGI.



1.4 Null hypothesis

There are four null hypotheses for this study. The first null hypothesis states that there
will be no statistically significant difference in the shear-peel bond strength of
orthodontic attachments bonded to human enamel with a composite resin cured with
either a conventionat eTH or pAC light_curing unit.

The second null hypothesis states that there will be no statistical difference in shear-peel
bond strengths of orthodontic attachments bonded to human enamel with composite resin
via conventional phosphoric acid etching or a SEP when cured with either a eTH or pAC
light.

The third null hypothesis states that there will be no statistical difference in shear-peel
bond strengths of orthodontic attachments bonded to etched human enamel with either a
composite resin adhesive or a RMGI cement when cured with either conventional eTH
or PAC light.

The fourth null hypothesis states that their will be no statistical difference in shear-peel
bond strengths of orthodontic attachments bonded to etched and non-etched human
enamel with a RMGI when cured with either conventional QTH or pAC lieht.
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2.1 The Chemistry of photopolymerization

The first use of photopolymerization in dentistry began with pit and fissure sealants
(Buoncore, 1970), followed by composite resins (Buoncore, lgi3) and eventually
evolved in the direct bonding of orthodontic brackets with light-cured adhesives
(Silverman et aL.,1912). The first curing lights were ultraviolet (UV) and were
disadvantaged by the fact that one minute of curing was required per millimetre of
thickness (Buonocore,I970,1973). The benzoin methyl ether component of early lighr
cured composite was sensitive to light in the 34O-nanometer spectrum (Cook, l9g2). Due
to potential risks of biologic damage associated with UV radiation, visible light curing
(VLC) was developed around 1980. VLC resins were found to have a greater depth of
polymerization and shorter curing time as compared to uv-cur-ed resins (Tirtha. r9g2).

In order to study orthodontic bond strengths it is first necessary to understand the basic
chemistry of visible light curing. Conventional QTH light curing unirs generate light
when electric energy heats a small tungsten filament to high temperatures. Most of the
energy put into the halogen system is changed into heat, but a small portion is given off
as light (Althoff and Hartung, 2000). Selective filters screen the wavelengths so that only
blue light is emitted. Photoinitiator molecules sensitive to blue light are activated by
absorbing photons' creating free radicals that initiate the polyme rizationprocess (Craig,
1981; Yearn, i985; Rueggeberget al.,lgg3). The number of activated photoiniators
during light curing depends on the number of photons the sample is exposed to and on the
energy of the photons. Therefore, polymerization depends completely on adequate

delivery of light energy. Polymerization is initiated and sustained when the curing light
intensity is sufficient to maintain camphorquinone (CQ), the light-sensitive agent in the
resin composite, in its excited or triplet state. only when Ce is in this excited state can it
react with an amine-reducing agent to form free-radicals, thus initiating the resin,s
polymerization (Figure 2.1). Each chain-addition step in the polymerization process

requires a free radical, and thus it can be seen that the degree ofconversion achieved
depends on the amount of suitable light energy which reaches the catalyst (Council on
Dental Materials, 1985; yearn, 1gg5; Althoff and Hartung, 2000).
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Figure 2.1. Camphorquinone absorbs light and an excited triplet state is produced,
which, together with the amine, results in ion radicals to initiate
polymerizarion (Craig, 198 l).

When more intense light energy is used to cure resin composites, more photons reach the

CQ photoinitiator molecules within the resin and more photoinitiator molecules are

activated and raised to the "triplet" or excited state in a given time period. In this excited

state, CQ collides with an amine, and a free radical is formed which can then react with
the carbon to carbon double bond (C=C) of a monomer molecule and initiate

polymerization (Rueggeberg, 1999). The more free radicals per unit time that are formed,

the faster the polymerization reaction occurs. Thus, the power density from the curing

light affects the rate of the polymerization reaction (Rueggeb erg, 1999).

The influence of iight intensity becomes more important as the thickness of overlying

composite increases. So much light is absorbed or scattered by the overlying composite

that fewer activated CQ molecules are created, resulting in potentially fewer free radicals.

In thicker layers, exposure duration must be increased in order for a sufficient number of
activated CQ molecules to be created and to successfully collide with the reducing agent

to form free radicals. Thus, there are two rate limiting factors influencing cure; the rute at

which CQ is raised to the excited state (intensity) and rhe rate at which the excited Ce
molecule collides and reacts with the reducing agent to form free radicals (exposure

duration) (Yearn, 1985; Rueggeberg et al., I9g3).



The desired properties of a composite resin are high mechanical strength and good

bonding capability. The mechanical strength mainly depends on the degree of
polymerization (Craig, 1981). For a high degree of polymerization a sufficient amount of
activated photoiniator is needed and this can be guaranteed by assuring that sufficient
numbers of photons are deposited into the resin. The number deposited is determined by
the light beam intensity, and the duration of the light exposure. It may be concluded from
this that intensity of incident light is a most important factor in determining cure, and that
this is a function of the light source unit employed (Yearn, 1985; Althoff and Hartung,
2000i' Davidson and Gee, 2000). Figure 2.2 shows composite resin hardness profiles for
different intensities between 300-1000 Wm2 centered on the 470 nmwaveband,

demonstrating how increasing intensity not only affects depth of cure but also maximum
surface hardness (Yearn. 1985).
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Figure 2.2- Effects of different light intensities at 470 nmon the hardness profile of
composite resin (yearn, l9g5).
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Camphorquinone, the photo-initiator most commonly used in visible light cured resins,

has a maximum absorption at 470 nm (Zachrisson , 1977; cook, 19g2; Nom oto, r9g7)
(Figure 2'3). Hardness profiles are shown in Figure 2.4 ofcomposite resin cured with
light at different wavelengths, it is clear that wavelengths in the 450-500 nm range all
contribute significantly, while below 400 nm or above 500 nm the added benefit rs
minimal (Yearn, 1985). According to the manufacturer's guidelines, eTH units can cure

orthodontic composite resins in 20 seconds (Transbond XT). However, superior bond
strengths have been demonstrated when Transbond XT is cured for 40 ¡ather than 2O

seconds (Greenlaw et a1.,1989; wang and Meng, 1992; Rueggeberg et a1.,1994; oesterle
et al.,1995). Manufacturer's recommend a 40 second QTH light cure for RMGI cements
(Fuji Ortho LC) per bracker.
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Figure 2.3. Absorption spectrum of camphorquinone (Nomoto, lggl.).
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2.2 Quartz-tungsten-halogen vs. plasma arc tight curing

Recent developments in lighrcuring technology have led to the introduction of a pAC

light that delivers high-intensity output for rapid curing in orthodontics (Siiverman and
Cohen, 1995: Cacciafesta et a\.,2000). PAC units consists of two electrodes in a xenon
gas fiiled bulb. Started by a high voltage pulse, extremely high current densities ionize
the xenon gas and generate an energized 'plasma arc' which irradiates light (peutz feldt et
al',2000' Althoff and Hartung, 2000; Sfondrini et al., z00I). The pAC light has filters
that namow the spectrum of visible light to a narrow range centered on 470-nm for
activation of the CQ. The degree of polymeri zation depends on the amount of light
energy of appropriate wavelength emitted during irradiation. Greater light intensity
increases degree of conversion and depth of cure which optimizes the mechanical
properties of composite resin (Mccabe and canick , l9g9; Rueggeber g et al., 1994; piro
et al', 1999). This energy is calculated as the product of the output (mWcm2) of the
curing unit and the time of irradiation, and it may be termed energy density (J/cm2).

Insufficient energy density results in less than maximal polymerization(Rueggeberg er
al', 7993)' The minimum reported light intensity necessary to polymerize resin composite
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is 300 mw/cm2 (cook, r9g2; Rueggeberg and caughman, r994; sakaguchi and
Ferracane, 2001). Therefore, a high output of 2000 mwcm2 produced by the pAC light
(oRTHo Lite; 3M unitek) as compared to only 550 mWcm2 for the convenrional erH
unit (ortholux XT; 3M unitek) produces the same energy density in a much shorter time.
For example, the PAC light produces more totar energy density (12,000 J/cm2) in 6
seconds than the conventional QTH unit (11,000 J/cm2) produces in 20 seconds.
According to the manufacturer, oRTHo Lite can cure orthodontic composite resin in 6
seconds per bracket (Transbond XT; 3lvt unitek). Therefore, the total cure time for a 6-6
bonding in both arches is only two minutes, ?4 seconds, compared to 16 minutes with a
conventional light.

The optimal irradiation procedure for photocuring resin composite has not been
determined (Price et a\.,2002)- The relationship between energy density received at the
surface and depth of cure within resin composite is not linear (Nomoto et al., L994:
Davidson and de Gee, 2000). There is an exponential decrease in light transmission as the
resin composite thickness increases (Prati et al., iggg; price et a1.,2000). The energy
density received by a resin composite can be calculated by multiplying the power density
from the curing light by the duration of the light exposure. It has been proposed that if the
power density from the curing light were increased by using a pAC light source, the
exposure time could be dramatically reduced (Petteme rides et al.,20Ol; Sfondrini et al.,
2o0r)' However, if the composite resin does not receive sufficient total energy various
problems may arise: reduced degree of conversion (Eliades et al.,I9g7;Nomoto et al.,
1994), reduced hardness (Baharav et a|.,1988; Davidson-K aban et a1.,1997) decreased
dynamic elastic modulus (Harris et al., ßgg),and increased marginal breakdown
(Ferracane et al-,1991). Most importantly, the bonding resin may not polymerize
completely resulting in a weak bond between the tooth and orthodontic bracket,

Several studies have shown that PAC curing units do not properly cure composite resin
when the layer thickness exceeds 2 mm (Peutzfeldt et a1.,2Ì}};Stritikus and owens,
2000; Park et a1.,2002; pnce et a1.,2002). The relatively shorr curing rime of the pAC
curing unit may be insufficient for diffusion of the cQ molecule to deeper portions of the

11



resin, which may then limit the reaction with amine. Another factor to be considered is
energy density. Manufactuer's suggest a 40 second cure time with conventional eTH
units vs' 6 seconds for PAC light curing of composite resin restorations. The respective
energy densities of a QTH unit and PAC unit calculated by multiplying the power density
by the exposure time are 22,000 mJ/cm2 and 12,000 mJ/cm2 respectively. Studies have
recommended that at least 21,000 to 24,000 mJ/cm2 is required to adequately polymerize
a2 mm increment of resin composite (Rueggeberg et al., 1994;Manga et a|.,1995).
Consequently, although the PAC light produces a greater power density, they are used for
such short times that thicker layers of resin composite may not receive sufficient energy
to polymerize completely. The curing duration has been shortened to the extent that the
increased light intensity of the plasma light is insufficient to compensate f'or it. Therefore.
even though a shortened curing time is an advantage in terms of efficiency, a six second
cure time using a PAC light unit may produce inadequate overall light density for
otthodontic bonding. In addition, the relative short curing time with a pAC light may by
insufficient for diffusion of CQ molecule to the deeper portion; it may then limit the
reaction with amine (Park et a1.,2002).

others have suggested that relatively high exposure intensities and short curing times
may result in the early termination of polymer chains, so that the degree of
polymerization may be reduced compared with conventional visible light curing
(Koliniotou-Kubia and Jacobsen, 1990; Kelsey et al.,Igg2).An elevated level of residual
monomer may lead to compromised physical and mechanical properties of the resin
(Rueggeberg and Craig, i98S). Thus, residual monomer content should be minimized and
the percentage conversion to polymer maximized for optimum properties of hardness and
strength (Asmussen, 1982; Ferracane. 19g5).

The wavelength of emitted light is another important factor in determining the efficiency
of the light source in composite curing. Conventional QTH lights have a band width of
approximately 120 nm, where as the PAC light typically has a narrower wavelength,
ranging between 20-70 nm (Duret, 199g; Aw and Nicholls, 2001). The pAC light also
has a spectral output that is more intense at ceftain wavelengths, compared to eTH lights
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that have a more uniform intensity over the entire bandwidth (Aw and Nicholls, 2001). It
is possible that the emitted light from a QTH unit, which has a broader spectrum than a

PAC light may enhance the cure of composite resin (Althoff and Hartung, 2000; park et

a1.,2002). That is to say, the spectral output from a PAC curing light may be so narrow

that it falls outside the absorption range of the photoiniator(s), resulting in inadequate

polymerization of the composite resin (Hofmann et a\.,2000; Sharkey et a1.,2001). It has

been reported that even when a PAC light was used for 20 seconds, the hardness of the

composite was still significantly lower than when QTH units were used (park et al.,
2002). Therefore, since the effective cure of a composite resin is dependent upon the

specific type and quantity of photoiniator(s) present, it has been suggested that all
orthodontic bonding adhesives should carry a label defining the energy density and

spectral bandwidth specific to its photoiniator(s) (Suh, 1999). It would then be possible to

select the appropriate curing light and calculate how long to irradiate the composite.

Another concern involving light of higher intensity is increased polymerization shrinkage
(Leinfeider,1999), which can affect the integrity of the enamel bond. Sakaguchi et al.
(1992) demonstrated a linear relationship between light intensity and polymerization

shrinkage. Shrinkage of the composite occurs as the monomer molecules, held together

with large spaces by van der Waals forces, are polymerized into a polymer network of
shorter covalent double bonds, thus decreasing the space between the molecules

(Peutzfeldt, L997). During curing, the visco-elastic behaviour of the composite changes

from viscous to visco-elastic to elastic. This process leads to stress development, as the

composite resin is adhesively bonded to the enamel. In the viscous stage, no stress

development will occur, whereas stresses can partly be relieved by flow and elastic strain

in the visco-elastic stage and, finally, by compliance of the surrounding structures

(Davidson et al., 1984; Feilzer et a1.,1995). The rate of monomer conversion determines

the rate of shrinkage stress development and the ultimate stress level. Reduced rates of
polymerization may allow for increased flow of the material, decreasing the

polymerization shrinkage stress in the composite resin (Uno and Asmussen, 1991), which
may be more favourable for marginal integrity (Uno and Asmussen, 199I: Venhoven ¿/

al., 1993;Fellzer et a1.,1995).
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Suh ¿r al. (1999) concluded that using curing lights of higher intensities, such as the pAC

light, accelerates the polymerization rate and increases the residual stress in composite

resins. When using high levels of light intensity and rapid curing, no time is left for the
partially set resin to flow, thus increasing internal stress (Althoff and Hartung, 2000). In
general dentistry, this shrinkage is known to create internal stress within the restricted

area of a tooth cavity and can exceed the adhesive bond strength to dentin and enamel,

resulting in adhesive failure, in which the resin composite pulls away from the cavity
wall, or when the bond is strong, tooth or composite f¡acture at the tooth-adhesive

interface (Jorgensen et al., 1975 Davidson et al.,l9g4; Erick and welch, 19g6;

Davidson et al., 1991 ; Dunn et ar., l99g). srrikirus and owens (2000) studied

microleakage of occlusal sealants and Class I composite resin restorations polymerized
by a conventional QTH curing light and a PAC light. They found significantly less

microleakage when composite resin restorations were cured with a conventional eTH
light vs. the PAC light. However, the opposite was found with polymerization of
sealants, where the PAC light significantly out pedormed the QTH light, resulting in no
microleakage (Strikitus and Owens, 2000). The difference may be explained by the fact
that sealants are only bonded to one surface and the ratio ofbonded to non-bonded

surface area is less than one. As the sealant is cured, the outermost non-bonded layer can

be puiled passively towards the bonded enamel surface, thus relieving stress during
polymerization shrinkage. A similar phenomenon may occur when bonding orthodontic
brackets, as polymerization shrinkage occurs; the bracket is pulled closer to the enamel

surface. Where as, a large bulk of resin composite confined to a Class I restoration has a

ratio of bonded to non-boned surface area much greater than one, large internal stresses

created by rapid PAC curing are not as easily relieved. This can result in significant
internal stress, possibly leading to delamination of the composite resin from the tooth
surface and subsequent microleakage (Sritikus and Owens, 2000; Bouschlicher and

Heiner,2001).

A low degree of polymerization implies a small contraction of the material and relatively
good marginal adaptation. In spite of the superior adaptation, composite resin cured at a

low intensity of light cannot be recommended because this leads to inferior mechanical
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properties (Eliades et a1.,1987; uno and Asmussen, 199r). For example, it has been

shown that lighrcured resins with a low degree of monomer conversion have lower
transverse strength than those with higher hardness values (Tirtha eÍ al.,l9g2:Eliades et
al.,1987). Hence the objective of obtaining optimal mechanical properties of composite
resin - a high degree of polymerization with a low amount of residual monomer -
conflicts with the objective of achieving optimal enamel bonding due to resultant

polymerization shrinkage.

This concern with polymerization shrinkage has led to the curing of composite resin in
layers and "ramped" or pulsed curing in order to limit polymerization shrinkage and

increase the bond strength to tooth structure (Uno and Asmussen, l99l;Feilzer et al.,
1995). Newer curing lights have been designed to incorporate ramped or pulsed curing.
Pulsing the light or gradually increasing light intensity from a low to high level decreases

the rate of curing and, hence, decreases shrinkage stress by allowing increased flow of
polymer chains during the visco-elastic stage. The question is whether this has a positive
affect on the bond strength of orthodontic brackets. Only one study has looked at this new

curing technique to assess if it may be advantageous for orthodontic bracket bonding.

Oesterle et al. (2002) compared the shearþeel bond strength of orthodontic brackets

bonded to enamel and cured with a 1-second pulsed PAC light, non-pulsed pAC light and
a conventional QTH light. They found that a pulsed PAC curing light resulted in either
the same or decreased shear-peel bond strength when compared with a non-pulsed pAC

light. However,. both the pulsed and non-pulsed PAC lights produced the same or grearer

bond strengths than the conventional QTH light (Oesterle et al-,2002).Interestingly, it
appears that minimizing composite resin polymerization shrinkage under an orthodontic
bracket with pulsed or ramped light curing may actually have a negative effect on bond
strength.

Although high-energy PAC lights have been shown to increase polymerization shrinkage
(Sritikus and Owens ,2000; Bouschlicher and Heiner, 20OI), shrinkage does not appear to
be a major factor as measured by orthodontic bracket bond strength. The reason for this is
probabiy the very thin layer of composite, unconfined at the bracket margins, between the
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bracket and the tooth surface, which is less affected by shrinkage than is the bulk in a

restoration (Oesterle et a|.,2002).In addition, the bracket is free floating and shrinkage

would pull the bracket closer to the enamel, which would relieve most of the shrinkage

stfesses. Therefore, the negative effects associated with composite resin shrinkage as seen

in dental restorations, may actually be beneficial in orthodontic bonding by creating a

closer intimacy of the bracket base with the bonded enamel surface and, in turn, a

stronger bond.

Rueggeberg, Caughman, and Curtis (1994) found light intensity to be important when

curing composite resin less than 1 mm in thickness. Lower intensity light at a composite

thickness of 1 mm or less yielded increasingly lower monomer conversion needed for

polymerization. Therefore, from these findings and as suggested by Stritikus and Owens

(2000) the PAC light may be best utilized to cure thin layers of resin such as sealants and

composite resin used in bonding orthodontic brackets.

Because it is a relatively new product on the market, literature related to orthodontic bond

strength testing with the PAC light is limited. Sfondrini et at. (200I) performed an irz

vitro study comparing orthodontic bracket shear bond strengths of a composite resin

cured with a conventional QTH unit for 20 seconds vs. a PAC light (Apollo 95E) for 2,5,

or 10 seconds. No statistically significant differences were found between the shear bond

strength of the conventional QTH light control group exposure of 20 seconds and the

groups cured with the PAC light for 2,5, and l0 seconds.

Oesterle et al. (200I) measured the mean bond strengths of brackets exposed for 3, 6, or

9 seconds with the PAC light (Apollo 95E) as compared fo a 40 second cure with the

conventional QTH unit. An exposure time of 6 to 9 seconds with the PAC light produced

shear bond strengths equivalent to or greater than those achieved with a 40 second

exposure to a conventional QTH light. There was a significant decrease in bond strength

with only a 3 second PAC light exposure. Although there was no statistical significant

difference in bond strength between the 6 and 9 second PAC light cure times, there was a

clear trend. The more light the adhesive received, the greater the bond strength. It has
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been suggested that PAC curing times of 2 or 3 seconds may be inadequate for achieving

optimal bond strengths (Cacciafesta et a\.,2000; Mayes, 2000). This is supported by a

study in which Munksgaard et al. (2000) compared the elution of monomers from

composite resin when cured with either a conventional QTH unit or a PAC light. They

found the elution of monomer from composite resin cured with the pAC light for 3
seconds to be approximately four times higher than that of a 40 second QTH light cure.

However, the elution of monomers from composite resin cured with the pAC light for 6
seconds was not significantly different from the elution of monomer with a 40 second

QTH light cure.

Pettermerides et al.(2001) measured the effect of I,2 and 3 second pAC curing times on

the bond strength of orthodontic composite resin. The results demonstrated no significant

difference in bond strengths between a 3 second PAC and 20 second eTH exposure.

However, PAC curing times of I and2 seconds produced significantly lower bond

strengths. Sfondrini et al. (2002) evaluated the in vitro shear bond str.ength of adhesive

pre-coated brackets and conventional uncoated brackets cured with two different light-
curing units: a conventional QTH light (Visilux 2) and a micro-xenon pAC light (Aurys).

Two groups (one for each type of bracket) were exposed to the QTH light for 20 seconds

and used as controls. The remaining two groups were cured with the micro-xenon pAC

light for 2 seconds. They found the mean shear bond strengths of both uncoated and pre-

coated brackets cured with the conventional QTH unit significantly higher than those of
the same brackets cured with micro-xenon PAC light. However, even light-curing for
only 2 seconds with the micro-xenon PAC light produced clinically acceptable bond

strengths ofboth uncoated and pre-coated brackets.

2.3 Self etching primers

A new SEP, Transbond Plus Self Etching Primer (3M Unitek), has been introduced

recently for orthodontic bonding. Traditionally, resin bonding systems have used separate

steps to etch and prime enamel. SEP's serve simultaneously as conditione¡ and primer,

without the need to be rinsed off. Therefore, SEP's eliminate the normal 30 second etch
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followed by thorough rinsing and drying. Clinically, this decreases the time and number

of technique sensitive steps involved, reducing the risk of moisture contamination and

orthodontic bond failure. This also proves to be cost-effective for the clinician and

indirectly for the patient. White (2001) has reporte d a 65Vo time reduction in bondins
when a SEP is used.

SEP's consist of methacrylated phosphoric acid esters which combine both an acidic

component for etching the enamel and monomer component as the primer (Bishara et al.,

2001) (Figure 2.5). The SEP liquid begins to etch the enamel as soon as it is applied;

however, it is quickly neutralized and converted to a primer once carboxyl groups of the

phosphoric acid ester component react. Therefore, all active etching material is

neutralized, eliminating the need to rinse the enamel surface prior to bracket bonding
(Miller,2001).
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Figure 2.5. chemical comparison of phosphoric acid to SEp (Miller, 2001).

The rationale behind these acidic monomers is the formation of a continuum between the

tooth surface and the adhesive material by the simultaneous deminer alization and resin

penetration of the enamel surface with acidic molecules that can be polymerized in situ
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(Watanabe et al., 1994). The demineralization is a result of the low pH of the primer,
which may be acidic enough to provide adequate enamel etching without need for
additional etching steps (Perdìgao et at.,1997). However, the acidic primer solution
results in less demineralization of enamel than do conventional acid etchants (Nishida er

al.,1993; Perdigao et al., 1997;Torti et al.,20OZ). The shallow etching pattern may be

due to rapid neutralization of the etching component decreasing the effective depth of
enamel dissolution (Itou er a\.,7994; Pashley and Carvallto, 1997).In addition, calcium
and organic precipitates may mask the etch pattern and interfere with resin penetration

because the enamel surface is not rinsed off after application of SEp (Finger and Fritz,
re96).

Scanning electron microscopy (SEM) has shown phosphoric acid etching creates a deep

etch pattern in the enamel surface by decalcifying the core of enamel prisms, producing
thick resin tags (Brannstrom and Nordenvall, L977; Triolo et a1..,1993);where as, SEp,s
seem to selectively decalcify interprÌsmatic enamel, resulting in thin resin tags (Torü et

al.,2OO2). However, Torli et al. (2002) found the enamel resin tag extensions produced

by SEP's to reproduce the fine structure of enamel more clearly than phosphoric acid
etching. Therefore, even though conditioning with acidic primers results in a decreased

depth of etch, the more intricate pattern of enamel interprismatic decalcification may

increase the effective resin to enamel surface area and resultant bond strength. Because

the greater depth of etched enamel created by traditional phosphoric acid etching may
contribute to enamei fracture (Guess et ar.,19gg; chaconas et a\.,19g9; Ha¡¡is et al.,

1992), the shallower etch pattern created by sEp's may be beneficial, as long as thev can

maintain a clinically acceptable bond strength.

Comparisons of mean shear bond strengths in the dental literature between SEp's and

conventional two-step enamel conditioning, has shown either no statistical difference or
even stronger bond strengths (Fujitani et al., 1992; Nishida et a\.,1993; Barkmeier et al.,
1995; Finger and Fritz, 1996; Perdigao et a1.,1997).It has been demonsrrared that within
wide variations of acid concentration and of enamel etch duratio n (37Vo phosphoric

acid/15 s; IjVo phosphoric acid/15 s; l\Vo maleic acid.l15 s;2.5Vo nitric acidl60 s; LB-
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Primer/30 s), bond strengths are similar despite pronounced morphological variations in

the etching patterns as determined by scanning electron microscopy (Uno and Fingel,

1995; Perdigao et al., 1997). Since the deeper etching pattems achieved with two-step

conventional conditioning does not result in statistically higher bond strengths (Uno and

Finger, 1995; Perdigao et al., 1991), other factors such as an increase in surface energy

could be responsible for the establishment of reliable bonds to enamel. This may be

related to the acetone solvent included in SEPs (Perdigao et al., l99l) which lowers the

viscosity and induces more complete wetting and resin penetration into the etched enamel

(Finger and Fritz, 1996).In addition, the effective depth of enamel micromechanical

penetration and associated increased bond strength is limited. The enamel

micromechanical bond eventually becomes stronger than the actual tensile strength of the

bonding material itself and shear bond failure can only occur as a cohesive failure within

the resin or an enamel tear.

There have been very few studies on the effects of orthodontic bonding with a SEP.

Bishara et al. (2001) found the shear bond strength of a SEP to be significantly lower

than when phosphoric acid and a primer were used separately with the conventional

adhesive system. Though orthodontic bonding with the SEP resulted in lower bond

strengths, they were still clinically acceptable (Bishara et a|.,2001). Arnold et al. (2002)

evaluated the effect ofdelayed bracket bonding after application ofthe SEP on shear

bond strength. Four groups were tested, a control group with conventional phosphoric

acid etch and separate primer and three experimental groups with the SEP left for i5

seconds, 2 minutes or 10 minutes before bonding. There was no significant difference in

bond strength between all four groups tested. Within the conditions of this study, a delay

of up to 10 minutes after applying Transbond Plus SEP before bracket bonding provides

for the same bond strength as the traditional separate steps of phosphoric acid etching and

priming (Arnold et al.,2OO2). Another study by Bishara et al. (2002) evaluated the use of

three new SEPs (two already present on the market and one still experimental) and

compared them with a conventional adhesive bonding procedure. It was found that the

experimental SEP (EXL #547) provided a shear bond strength similar to that of the

conventional phosphoric etch and prime control group. In contrast, the other two SEPs,
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2.4

Transbond Plus and One-Up bond F, produced significantly lower shear bond strengths,

although, they were still considered to be clinically acceptable (Bishara et a\.,2002).

Anecdotal clinical studies have supported the use of SEPs for orthodontic bonding

(Brosnihan and Safranek, 2000; Miller', 2O0I: Vy'hite, 2001). Further studies are necessary

to determine if SEPs can produce clinically useful bond strengths while decreasing the

depth of enamel dissolution and/or damage on clean up.

Resin modifÏed glass ionomer cements

In an attempt to minimize the incidence of decalcification around orthodontic appliances

and increase tolerance to moisture contamination during bonding, glass ionomer cements

were introduced as alternatives to composite resins for bracket bonding. Glass ionomer

cements have the ability to bond chemically to enamel (Mathis and Ferracane, 1989;

Mount, 1994; Silverman et al.,1995). The potential advantages of glass ionomer cements

are adhesion in a wet field, a non-etching technique, and the release of fluoride ions over

long periods into adjacent enamel (Cook and Youngson, 1988). In addition, they have the

capability of absorbing fluoride from sources such as fluoridated dentifrice, thus acting as

a rechargeable, slow-release fluoride device (Hatibovic-Kofman and Koch, 1991). A

major disadvantage of glass ionomer cements is their weak bond strength, as shown in

several in vivo (Miguel et a|.,1995; Miller et a\.,1996; Norevall et al., 1996) and in vitro

studies (Fajen et a1.,1990; Wiltshire, 1994).

Over the past few years, RMGI such as Fuji Ortho LC (GC America), have become an

alternative to composite resins for orthodontic bonding. A typical lighractivated RMGI

cement consists of a polyacrylic acid with vinyl groups, a photocurable monomer such as

hydroxymethyl methacrylate (HEMA) or BisGMA (Sidhu and Watson,1995; Swift,

1995), an ion leachable fluoroalumino-silicate glass, traces of champhorquinone photo-

initiator and water (Fricker, 1994; Mount, 1994). Fuji Ortho LC has a formulation of 807o

glass ionomer cement and20Vo lighrcured resin (Fricker, 1994). The incorporation of

polymerizable resin and polyacrylic acid with vinyl groups allows RMGIs to be

polymerized which increases their strength (Mathis and Ferracane,I9S9; Mitra, 1991).
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Two reactions are required for the complete setting of RMGIs: l.) a traditional glass

ionomer acid-base reaction, 2.) polymerization of the resin components by either a photo-

chemical reaction and/or chemical self-cure (Wilson, 1990; Silverman et a\..1995\.

The chemistry and setting reaction of RMGIs is complex and not fully understood

(Nicholson and Anstice,1994). The acid-base reaction starts as soon as mixing

commences and progresses gradually over a period of hours to days and facilitates setting

in areas inaccessible to light curing under the bracket base. It has been shown that the

depth of cure of a RMGI is significantly greater at 72 hours after light-curing than when

tested immediately (Burke et ctl.,I99O; Swift et a|.,1995). The continued hardening that

accounts for this increased depth of cure is assumed to be a result of the glass ionomer

acid-base reaction. Following the light initiated reaction, the cement has sufficient

strength to allow for early placement of arch wires, while the acid-base reaction continues

for a period of time under the bracket.

The acid-base reaction occurs by ionization of the polyacrylic acid and leaching of
positive calcium and aluminum ions from the glass; the ions then react with the acid to

form calcium and aluminum polyacrylate salts. The photochemical reaction is initiated as

soon as the mixed material is exposed to the curing light and is essentially complete by

the end of the light exposure. Light irradiation at a wavelength of 4TOnmactivates free

radical polymerization of the resin component, providing a sharp initial setting reaction

that hardens the.material (Mitra, r991). Light curing of RMGIs has been shown to

penetrate and initiate hardening to a depth of at least 5 mm (Croll and Killian,lgg2)
partially setting the material. This provides protection against early moisture sensitivity

and weakening of the cement by preventing the leaching out of calcium and aluminum

ions needed to form the polyacrylate salts, while the on-going acid-base reaction

continues (Um and Ollo,1992). It is believed that polyHEMA and the polyacrylic metal

salt ultimately form a homogenous matrix that sumounds the glass particles (Mount,

1994; Siiverman et al., 1995) (Figure 2.6).
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The RMGI powder particles contain up to 23Vo fluoride in the form of calcium and

sodium fluoride ions (Crisp and Wilson, 1974). The fluoride ions are released during the

polyacrylic acid attack on the glass. Since the fluoride ions are not a matrix-forming

species, the cement is not weakened by their loss (Wilson et aL.,19S5). RMGIs release

these fluoride ions over an extended period of time, which reduces the incidence of caries

(Hallgren et a|.,1994; Ashcraft et al.,1997). Equally important, glass ionomer cements

also absorb fluoride from fluoridated dentifrice, thus acting as a rechargeable slow

release fluoride delivery system (Hatibovic-Kofman and Koch, 1991; Cleanor et al.,

1994; David, 1994). Studies have shown that fluoride release by glass ionomers

facilitates early remineralization of decalcified areas such as white spots (Rezk-Lega et

al.,I99l; Donly et a|.,1995: Wilson and Donly, 2001). It is also likely that continual

fluoride release plays a significant role in maintaining a good soft tissue response by

inhibiting plaque formation. The growth of Streptococci mutans is almost entirely

eliminated and the result is an excellent response in the gingival tissues adjacent to glass

ionomer restorations (Svanberg et al., i990; Palenlk et al.,1992).

RMGIs also have the ability to chemically bond to enamel in a wet field without the need

for enamel etching (Millet and McCabe,1996). The manufacturer suggests that Fuji

Ortho LC may be used without etching and in the presence of small amounts of water or

saliva and still maintain clinically useful shear bond strengths (Silverman et a|.,1995).

Glass ionomer cements adhere to tooth enamel through an ion enriched layer that

prevents microleakage (Mount, 1991). Polyacrylate ions strongly integrate with and

ineversibly attach to hydroxyapatite, displacing phosphate and calcium ions (Figure 2.7)

(Wilson et al., 1983). Thus, the surface layer of the adhering cement becomes enriched in

phosphate and calcium ions as these diffuse from the tooth surface. The chemical bond

formed between RMGIs and enamel has a signifîcantly higher frequency of bond failure

at the enamel-adhesive interface (Jobalia et al.,1997: Cacciafesta et a|.,1998; Bishara ¿r

aL.,1999; Millet et al.,1999). This means less adhesive is left on the tooth surface which

simplifies clean-up and minimizes the risk of iatrogenic enamel removal during

debonding.
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Orthodontic bonding with conventional composite resins comprises a series of technique-

sensitive steps. Bond failure with composite resins occurs frequently due to moisture

contamination from saliva, crevicular fluid and water (Zachrisson, l97l). Bonding with

composite resin requires enamel etching with phosphoric acid. Etching results in a

dissolution of the surface organic component of the enamel matrix creating

microporosities. Resin tags extend into the microporosities and bond the composite
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adhesive mechanically to the enamel (Retief, 1978). This may result in a significant loss

of enamel from both etching and the process of composite resin clean up after debonding

(Brown and Way, 1978; Pus and Way, 1980; Thompson and Way, 1981). In addition,

since composite resins do not release fluoride, plaque accumulation around the bracket

could lead to decalcification in patients with poor oral hygiene (Mitchell,1992).

To achieve maximum ion exchange and surface adherence of RMGI to enamel, it is

necessary to change the surface ofthe tooth from high energy to low energy to encourage

wettability and total adaptation of the cement to the enamel. A 10 second application of a

107o solution of polyacrylic acid will lower the surface energy of enamel without unduly

demineralising it so that the cement, which has a high surface energy, will adapt and flow

readily over the tooth (Akinmade and Nicholson, 1993; Mount, 1994). The polyacrylic

acid has a double action in as much as it will remove the pellicle and surface

contaminants at the same time as altering the surface energy, thus exposing the highly

mineralized tooth surface to the diffusion of the acid and the exchange of ions. The term

"conditioning" was coined originally (Mclean and Wilson,1977c) to cover both these

actions and is very appropriate because it distinguishes them from the significantly

different action of acid etching used with composite resins (Mount, 1994). Conditioning

produces an uncontaminated surface without evidence of a prism-like etching pattern

(Komori and Ishikaw a, 1997).

The conditioner should be washed off and the tooth dried but not dehydrated because the

water balance of the cement remains important. If the tooth is dehydrated there is a

possibility that water will be removed from the newly placed cement to rehydrate the

tooth, thus weakening the cement at the interface with the tooth. The bracket should now

be applied to the tooth surface as promptly as possible while there is still some free

polyacid available to react with the enamel and bring about the ion exchange (Mount,

L994). Because conditioning facilitates a chemical bond between the glass ionomer and

the enamel, it is suggested that conditioning with l)Vo polyacrylic acid should be

performed before bonding with RMGI cement (Attin et a1.,1996).
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Recent studies (Fricker, 1994; SilveÍman et a|.,1995; Bishara et a\.,1998; Chung et al.,

1999; Meehan et a|.,1999; Sfondrini et a\.,2001) have determined Fuji Ortho LC to have

a shear bond strength to enamel above 6 to 8 MPa which as suggested by Reynolds

(I975), is adequate for most clinical orthodontic needs. However, there have been

conflicting results on the bond strength of Fuji Ortho LC when the tooth surface is not

etched. The manufacturer (GC America) claims Fuji Ortho LC can bond brackets to a

tooth surface without etching. However, research to date has shown conflicting bond

strengths for Fuji Ortho LC with regard to conditioned and unconditioned enamel before

bonding. Some studies have shown that acid conditioning of enamel before bonding with

RMGI produces stronger bond strengths (Carter and McCabe,1995; Jaochakarasiri et al.,

1995; Shin and Lee, 1995; Bishafa et a1.,1998; Chung et a1.,1999; Meehan et a1.,1999).

Conversely, Ewoldsen et al (1995) found no significant differences in shear bond

strengths between non-conditioned and conditioned enamel. Similarily, Messersmith et al

(1997) found no significant difference in bond strengths of Fuji Ortho LC under dry

etched or non-etched conditions. In a clinical study where Fuji Ortho LC was bonded on

maxillary and mandibular teeth (from first molar to first molar for most patients) without

etching, and in the presence of saliva, Silverman et al (1995) reported a success rate of

96.8Vo over a period of 8 months. A control group was not included in the study. Kusy

(1994) questioned the damage to tooth enamel when debonding techniques are used for

removing composite bonding resins. He asked "when is stronger better?" Kusy advocates

the use of glass ionomer cements for orthodontic bonding because these cements do not

require etching or cause damage to the enamel during debonding.

A disadvantage of RMGIs is the time it takes to expose each bonded bracket to the light.

According to the manufacturer's guidelines, QTH units can cure orthodontic RMGI in 40

seconds (Fuji Ortho LC, GC America) per bracket. If an entire upper and lower arch are

being bonded in one appointment, a significant amount of time is lost in the process of

curing. This prolonged curing time is inconvenient for both the patient and clinician. The

PAC light may enhance polymerization and significantly reduce the cure time of RMGI -
making them a much more desirable alternative for orthodontic bonding (Cacciafesta ø/

a1.,20001' Silverman and Cohen, 2000). It is not known what affect PAC light curing may
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have on the complicated chemistry of RMGIs. Ideally, the polymerized resin and

polyacrylic metal salts form a homogenous matrix that surrounds the glass particles;

however, it is possible that rapid high-intensity PAC light curing may prevent proper

flow and polymer chain elongation of the resin component, resulting in phase separation

and ultimately a decreased bond strength.

There are only a few studies thus far which have looked at PAC curing and RMGI

cements used in orthodontic bonding. Ishikawa et al. (2001) compared the shear bond

strengths of a RMGI (Fuji Ortho LC) cured with a PAC light for 6 seconds and a

conventional QTH unit for 40 seconds. Comparisons were also made between RMGI

cement and composite resin. The enamel surface of the RMGI groups were pre-treated

with an application of l}Vo polyacrylic acid for 20 seconds. No significant reduction of

bond strength was observed for the RMGI cement cured with a PAC tight as compared to

a conventional QTH unit. ln fact, the RMGI cement cured with the PAC light showed

similar bond strengths as the composite resin with no statistical differences (Ishikawa,

2001).

Pettemerides eÍ al. (2001) investigated the effectiveness of the PAC light in curing a

RMGI cement (Fuji Ortho LC) as compared to a conventional composite resin bonding

agent. The enamel surface RMGI groups were primed with lOVo polyacrylic acid for 20

seconds. They found no statistically significant difference in Fuji Ortho LC bond strength

when cured with the PAC light for 3 seconds or the conventional QTH light for 20

seconds. However, the measured RMGI bond strength was below the clinical minimum

as suggested by Reynolds (1979). It was not specified why they chose to use a

conventional QTH light cure time of 20 seconds vs. the recommended 40 seconds as

suggested by the manufacturer (GC America). The force to debond with the composite

resin was found to be significantly greater than the RMGI cement for both light sources.

It is possible that a longer cure time of 6 seconds for the PAC light and 40 seconds for the

conventional QTH light as used by Ishikawa et al. (2001) may have produced

significantly better RMGI shear bond strengths.
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Sfondrini et al. (2001) evaluated the shear bond strengths of a RMGI (Fuji Ortho LC)

cured with a PAC light for either 2,5 or l0 seconds compared to a conventional QTH

light cure of 40 seconds. The RMGI cement shear bond strengths were also compared to

those of a composite resin. No statistical difference was found for the RMGI cement

cured with the PAC light for 2,5, or l0 seconds and the control group that was cured

with the conventional QTH light for 40 seconds. As in the previous studies, teeth in the

Fuji Ortho LC groups were conditioned with 10Vo polyacrylic acid for 20 seconds. The

bond strength of the composite resin was significantly higher than that of the RMGI in all

the groups tested (Sfondrini et a|.,2001). However, even light curing the RMGI cement

for only 2 seconds with the PAC light produced bond strengths considerably above the

minimum suggested by Reynolds (1979).

Another study found no statistical differences between a RMGI cement control group

cured with a conventional QTH light for 40 seconds and those cured with a micro xenon

PAC light for 2,5, or 10 seconds. Again, enamel was conditioned with l07o polyacrylic

acid for 20 seconds before bonding with the RMGI cement groups. When compared to

composite resin control, the shear bond strength of RMGI was significantly lower. None

the less, the bond strength of Fuji Ortho LC was found to be within clinically accepted

limits, even with a 2 second PAC light cure (Cacciafesta et a1.,2002).

There is only one in vluo study which has investigated the bond strength of RMGI with a

PAC light and no enamel surface conditioning. The manufacturer (GC America) claims

that Fuji Ortho LC, due to its chemical interaction with enamel, can be successfully

bonded without surface conditioning. Silverman and Cohen (2000) used Fuji Ortho LC to

bond 1,480 brackets on 124 patients with no enamel conditioning. Each bracket was

cured for 3 seconds with a plasma arc light. They only had 12 bond failures in an eight

month period, resulting in a very low rate o10.8Vo.

RMGI cements represent a valuable alternative to composite resins for orthodontic

bracket bonding because they have several positive characteristics: constant fluoride

release (Cook and Youngson, 1988), fluoride absorption from fluoridated toothpaste
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(Hatibovic-Kofman and Koch, I99l), and a chemical bond to enamel which prevents

iatrogenic tooth loss due to etching and debonding clean-up procedures. However, the

prolonged time required to cure RMGI with conventional QTH light units represents a

significant drawback for both clinician and patient. New high-intensity PAC lights are

emerging as an advantageous alternative for curing RMGI. They have been shown to

dramatically reduce the time required for light-curing to as low as 2-3 seconds, without

affecting their initial shear bond strengths compared to a conventional QTH light cure of

40 seconds (Silverman and Cohen,200O:' Sfondrini et a1.,2001: Cacciafesta et a1.,2002).

If PAC light curing can be used successfully with RMGI cements which do not require

enamel etching during the process of orthodontic bonding, clinical use of RMGI cement

may increase significantly.
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3.1 Materials and used in the study

The materials used in this study are listed in Table 3. 1.

Material Manufacturer Batch Number

TransbondXT Adhesive Paste 3M Unitek lCF
Transbond XT Primer Monrovia. CA. USA zAU
34%oTooth Conditionine Gel O2O822l

Transbond Plus Self Etching Primer 3M Unitek 102325
Monrovia, CA, USA

Fuji Ortho LC GC Amelica OIO22I7
L}ToPolyacrylic acid conditioner Aslip,IL, USA 2003-06

Lingual curved buttons GAC International 30-000-01
Central Islip, NY, USA

Table 3.1. Materials used in this study.

3.1.1 Composite resin orthodontic adhesive system

Transbond XT adhesive paste is a light-cured, hybrid composite resin. The resin base is

Bis-GMA and TEGDMA in a 1:1 ratio and the filler particles are a hybrid of silica with

an average size of 3 pm. Filler loading is approximately 827o by weight. A diketone and

an organic amine are added as photoinitiators. Transbond XT light-cured primer is an

unfilled resin of 507o Bis-GMA and 50Vo TEGDMA. The tooth conditioning gel is 34Vo

phosphoric acid in an amorphous silicate gel. (Material Safety Data Sheets a and b).

Transbond XT adhesive paste, primer and conditioning gel are shown in Figure 3.1.
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3.1.2 Self-etching primer

SEPs consist of methacrylated phosphoric acid ester molecules (Material Safety Data

Sheet c). More detailed information on the chemistry of this product is considered

proprietary by the manufacturer (3M Unitek). The Tlansbond Plus Self Etching Primer

dispenser is shown in Figure 3.2.

3.1.3 Resin modified glass ionomer cement adhesive system

Fuji Ortho LC is a lighrcured RMGI cement. Fuji Ortho LC powder is made of 1007o

alumino-silicate glass. Fuji Ortho LC liquid is made of polyacrylic acid (20-227o),2-

hydroxyethyl methacrylate (35-40Vo),2,2,4 trimethyl hexamethylene dicarbonate (5-7Vo)

and TEGM A (4-6Vo). The enamel conditioner is 70Vo polyacrylic acid. (Material Safety

Data Sheets d and e). A mixing capsule of Fuji Ortho LC cement, polyacrylic

conditioning liquid and dispensing gun are show in Figure 3.3.

3.1.4 Bondable lingual orthodontic buttons

Bondable lingual orthodontic buttons were used because they have a curved mesh base

which compliments the rounded topography of the human third molar enamel samples

(Figure 3.4). The average diameter of the lingual orthodontic button base was determined

from five random measurements with digital callipers (Mitutoyo Digital Micrometer,

Tokyo, Japan). The surface area of the base was then calculated by using the formula

A=nrz. The buttons were found to have a mean bondable base surface area of 10.17 mm2.

This base area was used to calculate the stress in MPa at shear-peel bond failure.
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3.2 Light-curing units used in the study

The light curing units used in this study with their respective power densities and

wavelength outputs are listed in Table 3.2. The power density of the light curing units

was tested before the study with a Demetron Radiometer (Demetron Research

Corporation, Danbury, CT, USA).

Light Curing Manufacturer Power Wavelength Serial Number
Unit DensitY OutPut (nm)

(mWcm")
ortholux XT 3M Unitek 550 430-480 116094

Monrovia, CA, USA

ORTHO Lite 3M Unitek 2000 430-480 1175

Monrovia, CA, USA

Table 3.2. Light curing units used in this study with their respective power densities

and wavelength outPuts.

3.2.1 Ortholux XT light curing unit

The Ortholux XT light curing unit uses a quartz-tungsten-halogen bulb with a filter to

produce tight in the range of 430-480 nm. The power density is 550 mW/cm2

(Manufacturer manual a). The Ortholux XT light curing unit is shown in Figure 3.5.

3.2.2 ORTHO Lite curing unit

The ORTHO Lite consists of two electrodes in a xenon gas filled bulb. Started by a high

voltage pulse, extremely high current densities ionize the xenon gas and generate an

energized plasma arc which irradiates filtered light in the range of 430-480 nm with a

power density of 2000 mW/cm2 (Manufacturer manual b). The ORTHO Lite is shown in

Fisure 3.6.
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3.3 Experimental method

Table 3.3 provides an overview of the experimental design, listing the specific bonding

adhesives, enamel surface preparations, and light curing times used for each test group.

Table 3.3. Overview of experimental design.

VISIBLE LIGHT CURE
(Control group)

PLASMA ARC CURB
(Experimental group)

Composite resin - Transbond XT
Surface preparation of enamel:

- 3l%o phosphoric acid for 30s
- rinse 20s and drv 20s
- primer

Light cure: 20s
Sample size: 15 attachments/teeth

Composite resin - Transbond XT
Surface preparation of enamel:

- 3lVo phosphoric acid for 30s
- rinse 20s and dry 20s
- primer

Light cure: 6s
Sample size: 15 attachments/teeth

Composite resin - Transbond XT
Surface preparation of enamel:

- rub Transbond Plus self-etching primer on
enamel surface for 3s

- deliver gentle air burst to surface
Light cure: 20s
Sample size: 15 attachments/teeth

Composite resin - Transbond XT
Surface preparation of enamel:

- rub Transbond Plus self-etching primer on
enamel surface for 3s

- deliver gentle air burst to surface
Light cure: 6s
Sample size: 15 attachments/teeth

Resin-modifÏed glass ionomer - Fuji Ortho LC
Surface preparation of enamel:

- IOVo polyacrylic acid for 20s
- rinse 20s and dry 20s
- moisten the enamel

Light cure: 40s
Sample size: 15 attachments/teeth

Resin-modified glass ionomer - Fuji Ortho LC
Surface preparation of enamel:

- I07o polyacrylic acid for 20s
- rinse 20s and dry 20s
- moisten the enamel

Light cure: 6s
Sample size: 15 attachments/teeth

Resin-modified glass ionomer - Fuji Ortho LC
Surface preparation of enamel:

- moisten the enamel
Light cure: 40s
Sample size: 15 attachments/teeth

Resin-modified glass ionomer - Fuji Ortho LC
Surface preparation of enamel:

- moisten the enamel
Light cure: 6s
Sample size: 15 attachments/teeth
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3.3.1 Preparation of the enamel samples

One hundred and twenty extracted human third molar teeth were selected based on the

following criteria: intact buccal and lingual enamel, no visible cracks, caries or fluorosis

and an enamel topography that was suitable to intimate bonding with the curved base of
the bondable orthodontic buttons as determined by visual inspection with a binocular

microscope at20X magnification (Nikon SM2-10, Tokyo, Japan) according to Bishara et

al. (1998b). Once the appropriate teeth were selected, the roots were removed using a

high speed hand piece and a cross cut bur (Midwest Dental Products Corp. Des Plaines,

IL, usA; Bur No. FG 556) under a running spray of water. The teeth were then

individually fixed in stainless steel mounting rings with cold cure acrylic (Self-curing

pink orthodontic resin, Dentsply Limited, England) (Figure 3.7). A surueyor was used to

ensure the specimens were mounted so that the facial surface (height of contour) was

parallel to the base of the mounting ring. The mounted teeth were rinsed and stored in a

covered glass container of distilled deionized water in a refrigerator at a nominal 4 oC

until the lingual buttons were bonded (ISO, 1994; Wiltshire, 1994).

3.3.2 Bonding procedure

The one-hundred and twenty mounted enamel samples were randomly divided into eight

test groups of fifteen samples each as listed in Table 3.3. The test groups were as follows:

1. QTH light curing of Transbond XT with conventional phosphoric acid etching.

2.PAC lightcuring of Transbond XT with conventional phosphoric acid etching.

3. QTH light curing of Transbond XT with a self-etching primer.

4. PAC light curing of Transbond XT with a self-etching primer.

5. QTH light curing of Fuji orrho LC with polyacrylic enamel conditioning.

6. PAC light curing of Fuji ortho LC with polyacryiic enamel conditioning.

7. QTH light curing of Fuji Orrho LC with no enamel erch.

8. PAC light curing of Fuji Ortho LC with no enamel etch.
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All of the enamel specimens were cleaned and polished with residue free, non-

fluoridated, non-flavoured, pumice and water slurry for l0 seconds with a slow speed

dental hand piece and rubber prophylactic cup (Bishara, 1998b). The samples were then

thoroughly rinsed with tap water and dried with oil free compressed air for 30 seconds.

The buttons were then bonded to the enamel samples with either Transbond XT or Fuii
Ortho LC as specified by the manufacturers' instructions:

Transbond XT

Conventional phosphoric acid etch (Groups I and 2):

The enamel surface was etched for 30 seconds with phosphoric acid gel, rinsed

for 20 seconds with a water spray and dried with an oil free air source for 20

seconds. The enamel surface of the tooth was inspected to assure it appeared

chalky white in colour. Transbond XT primer was applied to the enamel surface

in a thin layer and the adhesive paste was applied and worked into the base of the

button.

Self-etching primer (Groups 3 and 4):

The SEP liquid was mixed and activated by squeezing the liquid out of the first

compartment (A) into the second (B). The first compartment was folded over the

second which was subsequently squeezed to expel the mixed liquid into

compartment (c) which contains the applicator (Figure 3.7). The applicator

saturated with the activated SEP was removed and the liquid was rubbed onto tne

enamel surface with moderate force for 3 seconds followed by a gentle oil and

moisture free air burst to each tooth. Transbond XT Adhesive Paste was applied

and worked into the base of the button.
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Fuji Ortho LC

I0Vo polyacrylic enamel conditioniteg (Groups 5 and 6):

The enamel surface was cleansed for 20 seconds wtth IOVo polyacrylic acid,

rinsed for 20 seconds with a water spray and dried with an oil free air source for

20 seconds. The bonding surface of the tooth was wiped with a moist cotton roll

(distilled water) immediately before bonding. A capsule of Fuji Ortho LC which

had been kept refrigerated at 4oC was triturated for 10 seconds in a HSM I

capsule mixer (GC America, Aslip, IL, USA; model #611008; serial #1175)

(Figure 3.8). Mechanical mixing using capsules containing precise proportioned

amounts of the powder and liquid statistically improves the performance of the

cement by eliminating incorrect or inconsistent mixing by hand (Wilson, 1989).

One capsule was used for every three samples bonded with Fuji Ortho LC. Fuji

Ortho LC was applied and worked into the base of the button.

No enømel conditioning (Groups 7 and 8):

No enamel conditioning was performed prior to bonding in this group. The

surface of the footh was only wiped with a water moist cotton roll before bonding.

The Fuji Ortho LC capsule was mixed as above and then the cement was applied

and worked into the base of the button.

3.3.3 Seating the test buttons

A force of 500 gm was applied to each button using the Bencor Multi-T testing apparatus

to assure complete seating of the button. Excess bonding material was carefully removed

with an explorer to prevent disturbing any initial set of the material which may have

occurred by ambient light, while providing a clean junction between the button base and

enamel surface for the shearing blade (Delport and Grobler, 1988; Driesen et a1.,1989).
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3.3.4 Light curing

Each bonded orthodontic attachment was light cured separately with either an Ortholux

XT QTH light curing unit or an ORTHO Lite PAC light. The Transbond XT and Fuji

Ortho LC adhesives were cured for 20 (l0s mesial and l0s distal) and 40 (20s mesial and

20s distal) seconds respectively as per manufacturer's instructions using the Ortholux XT

QTH tight curing unit. Both Transbond XT and Fuji Ortho LC were cured for 6 seconds

using the ORTHO Lite. The light tip was positioned parallel to the bracket base/enamel

interface and as close as possible without disturbing the position of the bondable button

during curing. The lighrguide end was kept clean of debris throughout testing.

3.3.5 Twenty-four hour storage conditions

Immediately after bonding, the samples were stored in distilled deionized water (I00Vo

humidity) for 24 hours at 3J"C in an incubator (Thelco, Precision Scientific Co.,

Chicago, Il.) according to guidelines of the international standards organization (ISO,

1994) (Figure 3.9). Upon completion of the 24 hour period, shear-peel bond strength

measurements were taken.

3.3.6 Shear-peel bond strength testing

The samples were mounted into the shear-peel testing device (BencorrM Multi-T,

Danville Engineering, San Ramon, CA, USA) and tested in aZwick Universal Testing

Machine (#l445,zwick GmbH & Co. Ulm, Germany) (Figure 3.10). The debond load

was applied occlusogingivally, with a crosshead speed of 0.Smm/minute using a 1OkN

load cell. The load was applied as close as possible to the enamel-adhesive-attachment

interface using a custom straight edge shearing blade aligned parallel to the enamel

height of contour and the lingual button base (Figures 3.1 1 and 3.12). The samples were

loaded until bond failure. The Zwick computer requires the input of the surface area of

the base of the button. With this information, and the load upon failure, the shear-peel
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bond strength in MPa (megapascals) was recorded. The debonding procedures were

canied out by one operator to ensure consistency.

3.3.7 Evaluation of fracture sites

To assure inter-examiner reliability, the amount of residual adhesive remaining on the

enamel surface was evaluated by two calibrated independent examiners with a lighf
optical stereomicroscope at20X magnification (Nikon SM2-10, Tokyo, Japan) after

debonding. The Adhesive Remnant Index (ARI) employed by Oliver (1988) was used ro

evaluate the amount of adhesive remaining on the enamel surface of each sample after

debonding. When using Oliver's method, the index numbers for each enamel sample

range from one to five as follows:

score 1= indicates that all of the adhesive remained on the enamel surface

score 2= more than 907o of the adhesive remained on the enamel surface

Score 3= more than lOVo and less than 90Vo of the adhesive remained on the enamel

surface

score 4= less than l07o of the composite remained on the enamel surface

Score 5= no composite remained on the enamel surface

The ARI scores were also used as a method of defining the general site of bond failure

between the enamel. adhesive and bracket base.
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3.4 Statistical analysis

Descriptive statistics, including the mean, standard deviation, and minimum and

maximum values for each of the eight groups were recorded. A two-way analysis of

variance was used to determine whether significant differences in mean bond strengths

existed among the eight test groups. If significant differences were present, Tukey's

multiple range test was used to identify which of the means were significantly different

from each other. The chi-squared test was used to determine significant differences in the

ARI scores among the different test groups. Significance for all statistical tests was

predetermined at a probability value of .05 or less.
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4.1 Shear-peel bond strengths

The individual shear-peel bond strengths of each sample, as well as mean shear-peel bond

strengths, maximums, minimums, standard deviations and coefficients variance for each

group are listed in Tables 4.I-4.8. The comparative data for the mean shear-peel bond

strengths of the eight groups tested is listed in Table 4.9 . The analysis of variance

indicated that there was a significant difference in mean shear-peel bond strengths among

the eight test groups (p < .0001) which is represented graphically in Figure 4.1. Tukey,s

multiple range test was then used to identify which of the means were significantly

different from each other. Any statistically significant differences in the mean bond

strengths between the different groups discussed below was predetermined at a

probability value of .05 or less.

4.1.1 Composite resin bonded to enamel etched with conventional phosphoric acid

or a SEP and cured with eTH or pAC light

The shear-peel bond strength of the experimental group bonded with composite resin to

phosphoric etched enamel and cured with the PAC light for 6 seconds had the highest

shear-peel bond strength out of all the groups tested (lg.l + 3.3 Mpa), which was

significantly higher (p = .05) than the composite resin control group bonded to

phosphoric etched enamel and cured with the QTH light lor 20 seconds (12.1 + 3.9 Mpa)
(Figure 4.2).

There was no statistically significant difference in the shear-peel bond strength of
composite resin bonded to enamel with a SEP and cured with either QTH or pAC light
(I2.2 x'2'7 MPa and 13.1 + 3.3 MPa, respectively) or between these two groups and the

control, conventionally etched enamel bonded with composite resin and cured with eTH
light (12. | + 3.9 MPa). Interestingly, PAC curing of composite resin bonded to enamel

with a SEP (13.i -r 3.3 MPa) produced a significantly lower mean shear-peel bond

strength than PAC curing of composite resin bonded to conventional etched enamel ûg.1
+ 3.3 MPa) (Figure 4.3).
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The standard deviations for all composite resin groups tested were low, with coefficients

of variation ranging from 7 to l5Vo. The control, composite resin bonded to phosphoric

acid etched enamel and cured with QTH light, had the highest coefficient of variation

(15.47o) out of all eight test groups with sheer-peal bond strengths ranging from 6.7 to

18.0 MPa and a total of two bond failures below the clinically acceptable value of 7 MPa

as suggested by Reynolds ( 1979). None of the other composite resin test groups had any

bond failures below 7 MPa.

4.1.2 RMGI bonded to polyacrylic acid conditioned or non-etched enamel and

cured with QTH or PAC light

Etching the enamel with polyacrylic acid prior to bonding with RMGI resulted in

significantly stronger bond strengths as compared to RMGI bonded to a non-etched

enamel surface for both QTH light curing (15.1 + 2.1 vs. 8.3 + 1.3 MPa) and PAC light

curing (15.4 + 3.2 vs. I .l + 2.1 MPa). Whether curing for 40 seconds with the QTH or 6

seconds with the PAC curing unit, significant differences in bond strength were not found

within the individual etched (QTH 15.1 + 2.1MPa, PAC 15.4 + 3.2MPa) and non-etched

(QTH 8.3 + 1.3 MPa, PACl.l -r 2.1 MPa) RMGI groups. RMGI bonded to non-etched

enamel, whether QTH or PAC light curing was used, produced significantly lower bond

strengths than all other groups tested (Figure 4.4).

The standard deviations for all RMGI groups tested were low, with coefficients of

variation ranging from 4 to IOVo. Even though the mean bond strengths for RMGI groups

bonded to non-etched enamel and cured with either QTH (8.3 -r 1.3 MPa) or PAC (1.1 +

2.1 MPa) were above the 7 MPa value deemed clinically acceptable (Reynolds, 1979),

individual bond failures occurred as low as 4.3 MPa.
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4.1.3 Overall comparison of composite resin and RMGI

When comparing composite resin to RMGI test groups, there was no statistical difference

in the shear-peel bond strength of composite resin bonded to phosphoric etched enamel

(control) or RMGI bonded to enamel conditioned with polyacrylic acid when QTH light

curing was used (12.1 + 3.9 MPa and 15.1 + 2.1 MPa respectively). However, a 6 second

PAC cure of RMGI bonded to etched enamel (15.4 + 3.2 MPa) resulted in a significantly

stronger bond strength than the composite resin control bonded to phosphoric etched

enamel and cured with QTH light (12.1 + 3.9 MPa). There was no significant difference

in bond strength of RMGI bonded to etched enamel and cured with QTH lighr (15. I + 2.1

MPa) as compared to composite resin bonded to enamel conditioned with SEP and cured

with either a QTH (12.2 + 2.7 MPa) or PAC (13.1 + 3.3 MPa) light. However, RMGI

bonded to etched enamel and cured with PAC light (15.4 + 3.2 Mpa) resulted in

significantly stronger bond strength than composite resin bonded to enamel etched with a

SEP and cured wirh QTH light (12.2 + 2.1 MPa) (Figure 4.1).
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Z4-hoar Transbond
XT/Phosphoric acid etch/QTH

light
Sample #

1

2
,.|
J

5

6

7

-8

9

10

11

,12
13

t4
15

Minimum

Mean
Standard deviation

Yaúance (Vo)

Shear-peel bond strength
MPa

17.99

1 1.55

13.77

16.77

9.04

10.59

14.18

7.77

8.44

6.89

13.63

6.7r
17.83

15.67

10.34

6.7

19.0

12.1

3.9

15.4

Table 4.1. Twenty-four hour shear-peel bond strengths of enamel samples bonded
with Transbond XT/phosphoric acid etching and cured with a QTH light.
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24-}¡ottr Transbond
XT/Phosphoric acid etch/PAC

light
Sample #

1

2
.l
J

4

5

6

7

I
9

10

11

L2

13

14

15

Minimum
Maximum

Mean

Standard Deviation
Yanance (Vo)

Table 4.2.

Shear-peel bond strength
MPa

10.44

16.1r

t5.23
19.62

t7.48
25.07

20.45

18.17

19.68

17.44

74.93

21.46

17.30

lg',39

18.64

70.4

25.r'
18.1
--J.J

10.9

Twenty-four hour shear-peel bond strengths of enamel samples bonded
with Transbond XT/phosphoric acid etching and cured with a PAC light.
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Z4-hour Transbond
XTiSEPiQTH light

Sample #

1

2
aa

4

5

6

I

I
g

10

12

13

I4

lVIlnlmum

Maximum
.Mean

Standard Deviation
v anance \"k)

Shear-peel bond strength
MPa

72.02

14.06

10.88

8.92

1r.84
71.67

9.98

12.11

14.74

15.14

8,90

72.34

12.96

8.46

T8.41

8.5

18.4

t2.2
2.7

7.2

Table 4.3. Twenty-four hour shear-peel bond strengths of enamel samples bonded
with Transbond XT/SEP and cured with a QTH light.
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Z4-hour Transbond
XT/SEPÆAC light

Sample #
1

2
t)

J

4

5

6

7

I
9

10

11

12

73

14

15

Minimum
Maiimum

Mean

Standard deviation
Yanance (Vo)

Shear-peel bond strength
MPa

12.05

10.70

8.22

14.33

20.95

10.82

13.70

14.14

18.83

11.08

15.31

10.28

11.88

12.30

11.34

8.2

21.0

13.r
-a4J.J

11.1

Table 4.4. Twenty-four hour shear-peel bond strengths of enamel samples bonded
with Transbond XT/SEP and cured with a PAC lieht.
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Z4-}l'otlr Fuji Ortho
LC IP oly acrylic acid/QTH

light
Sample #

1

2
a
J

4

5

6

7

8

9

t0
11

T2

13

14

15

Minimum
Maximum

Mean

Standard deviation
Yartance (Vo)

Table 4.5.

Shear-peel bond strength
MPa

14.84

14.49

15.14

19.27

14.74

12.,43

16.15

14.19

t3.93
ts.oa
14.94

18.88

T4.41

10.86

15.01

10.9

Lgi.'3

15.1

2:I
4.5

Twenty-four hour shear-peel bond strengths of enamel samples bonded
with Fuji Ortho LClpolyacrylic acid conditioning and cured wirh eTH
light.

58



24-hoar Fuji Ortho
LClPolyacrylic acidÆAC light

Sample #
1

2
-J
4

5

6

7

8

9

10

11

12

13

T4

15

Minimum
Maximum

Mean

Standard deviation
Yanance (7o)

Table 4.6.

Shear-peel bond strength
NIPa

t7.04
20.53

15.53

19.42

14.36

t8.32
15.46

14.31

16.04

7.si3

18.04

16.72

13.76

73.42

lt.47

7.9

20.5

15.4
7t
10.1

Twenty-four hour shear-peel bond strengths of enamel samples bonded
with Fuji Ortho LC/polyacrylic acid conditioning and cured with PAC
light.
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24-hour Fuji Onho LClNo
etch/QTH light

Sample #

I

2
aJ

4

5

6

7

8

10

11

L2

13

I4
15

Minimum
Maximum

Mean

Standard deviation
Yanance (Vo)

Table 4.7.

Shear-peel bond strength
MPa

8.69

10.16

9.r3
7.12

10.59

8.72

63A
8.06
'8.67

8.31

'7.32

7.86

6.44

9.71
,6"66

6.3

10.6
lB.3

1.3

1.8

Twenty-four hour shear-peel bond strengths of enamel samples bonded
with Fuji Ortho LC/no etch and cured with QTH light.
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24-hour Fuji Ortho LClNo
etch/PAC light

Sample #
T

2
aJ

4

5

6
j
8
g

10

11

12

l3
t4
15

Minimum
Maximum

Mean

Standard deviation
Yanance (Vo)

Table 4.8.

Shear-peel bond strength
MPa

6.31

4.32

9.66

5.98

5.8s

5.67

7.92

9.s0

6.88

11.79

10.73

7.70

7.71

6.68

9.28

4,3

11.8

7.7

2.1

4.+

Twenty-four hour shear-peel bond strengths of enamel samples bonded
with Fuji Ortho LC/no etch and cured with PAC lieht.
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Test Groups
N=15

1. Transbond/PAc
light/Phosphoric acid etch

Z.Fuji Ortho LCIPAC
lightlPolyacrylic acid etch

3. Fuji Ortho LC/QTH
Iight/Polyacrylic acid etch

4. TransbondÆAC
light/SEP

5. Transbond/QTH
light/SEP

6. Transbond/QTH
li ght/Phosphoric acid etch

7. Fuji Ortho LCIQTH
light/No etch

8. Fuji Ortho LCIPAC
lieht/No etch

Std. Coefficient
Dev. of
(MPa) Yariance'(Vo)

3.3 10.9

3.2 10.1

2.r 4.5

3.a :it.t

High Low
(MPa) (MPa)

25.1 10.4

20.5 7.9

t9.3 10.9

2r.0 8.2

Mean
(MPa)

18.1

15.4

i5.1

13.1

12.2

12.1

8.3

7.1

2.1

3.9

1.3

2.1

1.2

15.4

1.8

4.4

18.4

18.0

10.6

11.8

8.5

6t,7

6.3

:4.3

'l

Table 4.9. Descriptive statistics of the shear-peel bond strengths for all eight groups

tested. Groups joined by a vertical line showed no statistical differences in
their mean bond strengths at a95Vo confidence level.
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The mean ARI scores for composite resin bonded to enamel with a SEP and cured with

either QTH or PAC light were very similar, 3.5 and 3.7 respectively (Figure 4.8). These

ARI values are slightly higher than those of attachments bonded with the conventional

two-step adhesive system, suggesting less adhesive remains on the tooth surface when a

SEP is used. However, the difference in ARI scores between attachments bonded with

either the conventional two-step adhesive system or a SEP was not significant (p>0.15).

4.2.2 RMGI bonded to polyacrylic acid conditioned or non-etched enamel and

cured with QTH or PAC light

The mean ARI scores for the groups bonded with RMGI were found to be higher than the

composite resin groups, indicating the site of bond failure was between adhesive and

enamel with little bonding material remaining on the enamel surface. The two groups

bonded with RMGI under non-etched conditions demonstrated the same mean ARI score

of 4.5 (Figures 4.8 and 4.9), which was significantly higher (p = 0.05) than all other

groups tested, including the two groups bonded with RMGI under etched conditions and

cured with a QTH and PAC light (3.7 and 3.9 respectively) (Figure 4.8) which indicates

that little RMGI is left on the surface of enamel after debondins if the enamel was not

originally etched.
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Test Groups (N=15)

1. Transbond/PAC lightlPhosphoric acid etch

2. Fuji Ortho LCIPAC light/Polyacrylic acid etch

3. Fuji Ortho LCIQTH light/Polyacrylic acid etch

4. TransbondÆAC light/SEP

5. Transbond/QTH light/SEP
l

6. Transbond/QTH lightlPhosphoric acid etch

7 Fuji Ortho LCIQTH lightlÑo etch

8. Fuji Ortho LCIPAC lighVNo etch

Table 4.10. Adhesive remnant index scores.

1

2

0

0

1

i
/)

0

0

4

al
J

4

6

4

4

r.l
J

5

4

0

a-ì

4

4

4J

1

9

9

ARI score

23
28
17
05
06
1l'6'
08
ot
02

Score 1= indicates that all of the adhesive remained on the enamel surface

Score 2= more than90Vo of the adhesive remained on the enamel surface

Score 3= more than 70Vo and less than 9OVo of the adhesive remained on the enamel

surface

Score 4= less than IjVo of the composite remained on the enamel surface

Score 5= no composite remained on the enamel surface

67













CHAPTER 5

DISCUSSION

Page

5.1 Clinical versus laboratory bond strength findings

5.2 Shear-peel bond strengths of orthodontic brackets bonded 74

with composite resin to conventional phosphoric acid etched

enamel and cured with a plasma arc light

5.3 Shear-peel bond strengths of orthodontic brackets t¡onded 80

with composite resin to enamel etched by a self-etching primer

and cured with a plasma arc light

5.4 Shear-peel bond strengths of orthodontic brackets bonded 83

with a resin modifTed glass ionomer with etched and

non-etched enamel surfaces and cured with a plasma arc light

5.5 Evaluation of the Null Hypothesis

IJ

86

-aIJ



5.1 Clinical versus laboratory bond strength findings

Bond strength results from iz virro studies should be interpreted with caution since they

may not be an accurate reflection of the clinical environment. Zachrisson (2000) listed

three reasons for this: 1.) the continually increasing tensile or shear loads applied to

bonded brackets in the laboratory are not representative of the force applications that

occur clinically. Clinically, the load applied to brackets is not constant. It is usually of a

short duration and the force level can range from very low to very high; 2.) the type of

debonding force developed in testing machines is not the same as the force applied in

clinical debonding. In this study, a shear-peel load was applied as close as possible to the

interface of the adhesive and bracket base. Clinically, debonding forces are usually

applied at the tie-wings, a significant distance from the bracket base/adhesive inte¡face,

resulting in a combination of shear-peel and torsional loading (Katona, 1991); and 3.) the

complex inter-relationship of temperature, saliva, stresses, humidity, acidity, and plaque

that are present in the mouth are not reproducible in the laboratory. It is important to

remember that laboratory testing can give an indication of the potential clinical success of

a bonding system in vivo by comparing and quantifying bond strengths. Therefore,

clinical studies should always be performed to validate or disprove in vitro findings.

5.2 Shear-peel bond strength of orthodontic brackets bonded with composite

resin to conventional phosphoric acid etched enamel and cured with a

plasma arc light

Bonding with lighrcured materials has become popular among orthodontists because of

their ease of use and the extended time they allow for bracket placement particularly for

orthodontists employing auxillary staff to place their brackets. A disadvantage of the

light-cured approach is the additional time it takes to expose each bonded bracket to the

Iight. Prolonged curing times increase the risk of moisture contamination, are

inconvenient for the patient and costly for the clinician. Developments in lighrcuring

units have led to the introduction of a PAC lighrcuring unit that delivers high-intensity
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light output and exhibits accelerated light-curing times as short as 3 seconds per site

(ORTHO Lite, 3M Unitek). With a recommended curing time of 20 seconds per bracket

with a conventional QTH light, the light-curing time for bonding both the maxillary and

the mandibular arches can approach 10 minutes (Oesterle et al., 1995; Kurchak et al.,

1997). A brief curing time of 6 seconds per bracket with a PAC light would be a

tremendous advantage for the clinician, reducing the total exposure time for brackets in

both the maxillary and the mandibular arches to just over I minute - a significant

reduction in curing time.

The results of this study are encouraging, regarding the use of PAC lights for curing

orthodontic composite resin when the enamel has been etched with traditional phosphoric

acid prior to bonding. A 6-second PAC light exposure time produced significantly

stronger shear-peel bond strengths (18.1 + 3.3 MPa) than those achieved with a 20-

second exposure to a conventional QTH light (12.1 + 3.9 MPa). One of the critical factors

required to produce optimal composite resin bond strength is the completeness of
polymerization which is directly related to the amount of total light energy absorbed,

calculated by multiplying the intensity and duration of exposure. Thus, due to there high

intensity, PAC lights are able to produce an overall greater amount of light energy in a

shorter exposure time, which should hypothetically result in stronger bond strengths

(Rueggeberg et al., 1994;Miyazaki et al., 1996; Lovell et al., 1999). As was found in rhis

study, the PAC light produced more total energy density (12,000 J/cm2)in 6 seconds than

the conventional QTH unit (11,000 I/cm2) produced in 20 seconds and a significantly

stronger bond strength. In addition, there were no differences in bond strength coefficient

of variance between the two light sources. So resultant bond strengths produced by PAC

iight curing are no more likely to experience low outliers and risk of bond failure than

QTH light curing. To date, this study has been the only one to test the ORTHO Lite PAC

curing unit (3M Unitek) and to find significantly stronger bond strengrhs when a PAC

light is used for curing orthodontic composite resin as compared to conventional QTH
light curing.
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Sfondrini et al. (2001) performed an in vitro study in which maxillary cent¡al incisor

brackets were bonded to phosphoric etched bovine enamel with composite resin

(Transbond XT) and cured with either a PAC light (Plasma Arc Curing Sysrem,

American Dental Technologies) for 2,5, and 10 seconds or a QTH light (Ortholux XT,

3M Unitek) for 20 seconds, with light intensities of I196 mW/cm2 and 550 mW/cm2,

respectively. Unlike the present study, they did not find a significantly stronger bond

strength when composite resin was cured with a PAC light; however, no statistically

significant differences were found between the mean shear bond strength of the control

group that was cured with the QTH light (24.1 x.5.5 MPa) for 20 seconds and those of

the groups cured with the PAC light for 2,5, and 10 seconds (25.8 t 5.9 MPa, 24.8 + 5.3

MPa25.3 + 5.2 MPa, respectively) providing support for the ability of the PAC light to

provide equivalent bond strengths to conventional QTH lights in as low as a2 second

light exposure per bracket. Overall, the mean shear bond strengths are higher than those

found in the present study (QTH I2.1 + 3.9 MPa; PAC 18.1 + 3.3 MPa). This may be

attributed to differences in experimental design; for example, bovine enamel was used

instead of human enamel, a crosshead speed of 0.5 mm/min instead of I mm/min for

shear bond testing and an orthodontic bracket instead of a bondable lingual button.

Similar to Sfondrini et al. (2001), Oesterle et al. (2001) bonded maxillary central incisor

brackets to phosphoric etched bovine enamel with composite resin (Transbond XT)

which was cured with either a PAC light (Apollo 958, Dental/lvledical Diagnostic

Systems) for 3, 6, or 9 seconds or a QTH light (Optilux 40i Light, Kerr Dental Products)

for 40 seconds, with light intensities of 2125 mW/cm2 and 475 mW/cm2, respectively.

There was no statistically significant difference between the bond strength of the control

group cured with the QTH light for 40 seconds (15.9 t 5.4 MPa) and the mean bond

strengths of the brackets exposed for 3 (14.3 + 3.5 MPa) ,6 (I5.7 + 4.7 MPa), or 9 (16.4 +

4.6 MPa) seconds with the PAC light. Oesterle et al. (2001) did not specify why they

chose to use an exposure time of 40 seconds with the QTH light, which is in excess to the

manufacturels (3M Unitek) suggested exposure time of 20 seconds for conventional

lighrcuring of Transbond XT. It is possible that bond strengths produced by PAC lighr

curing may have significantly out-performed those produced by QTH light curing if a20
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second exposure (12.1 + 3.9 MPa) rather than a 40 second exposure (15.9 t 5.4 MPa)

would have been used, as suggested by the manufacturer and found in the current study.

The mean bond strengths found in this study for a 6 second PAC cure (15.1 + 4.7 MPa)

of composite resin were similar to the present study (18.1 + 3.3 MPa). In addition, similar

to the present study, there were no significant differences found in the coefficient of bond

strength between light sources. These similarities were noted, even though, there were

differences in experimental design: bovine enamel was used instead of human enamel

and a stainless steel wire loop engaged under the gingival bracket wings was used to

produce a shear-peel force rather than a blade.

Pettermerides et al. (2001) bonded lower second premolar brackets to corresponding

phosphoric etched-teeth (which had been extracted for orthodontic reasons) with

composite resin (Transbond XT) which was cured with either a PAC light (Apollo 95E)

for 1,2, or 3 seconds or a QTH light (Ortholux XT) for 20 seconds, with light intensities

of 2125 mWcm2 and 550 mWcm2, respectively. They found no significant differences

in bond strength of composite resin when a 20 second QTH light exposure (9.4 + 2.3

MPa) or a 3 second PAC light exposure (9.4 ¡ 1.8 MPa) was used. However, PAC light

curing times of I (5.3 -r 2.0 MPa) and 2 (7.1 x.2.2MPa) seconds resulted in significantly

lower bond strengths than a 20 second exposure with a conventional QTH (9.4 -+ 2.3

MPa). Similar to the present study, this lends further support that PAC lights are capable

of producing equivalent or stronger bond strengths than QTH light curing when at least a

3 second exposure is used to cure composite resin. The overall mean bond strengths were

lower in this study as compared to the present (QTH 12.1 + 3.9 Mpa; pAC 18. | + 3.3

MPa) which may be reiated to differences in experimental design; for example, a cross-

head speed of 2 mn/min was used instead of the 0.5 mm/min used in the current study

and premolar teeth with orthodontic brackets were used instead of third molars with

curved-base lingual buttons.

There appears to be an overall trend of increased bond strengths with increased exposure

time of composite resin to PAC light. Although the adhesive bond strengths demonstrated

no statistical difference as compared to a 40 second conventional QTH light cure,
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Oesterle et al. (2001) noted a clear trend of increasing bond strengths with 3, 6 and 9-

second PAC light exposures. Pettermerides et al. (2001) found light curing times of I and

2 seconds with the PAC light produced significantly lower bond strengths than 20

seconds with a QTH light; however, there was no statistical difference when a 3 second

PAC exposure was used. Oesterle et al. (2001) suggest in order to produce an equal or

stronger bond than with a 4O-second conventional light cure, a 6 to 9 second PAC light

exposure is probably best. Suggested exposure times of 2 or 3 seconds are probably

inadequate to obtain optimal bond strengths (Cacciafesta et al.,2O0O Mayes, 2000).

Therefore, the use of the PAC light with a 6 second exposure time should produce

orthodontic bond strengths greater or equal to that of conventional QTH light curing as

was found in this studv.

Some concerns have been expressed concerning the use of high-intensity PAC lights for

orthodontic bonding. One of the main concerns is polymerization shrinkage of composite

resin associated with high-intensity rapid curing (Sakaguchi and Berge, 1998; Leinfelder,

1999).In restorative dentistry, where a bulk of resin is placed within the restrictive area

of a cavity preparation, rapid curing may create excess shrinkage and internal stresses

which exceed the adhesive bond strength to enamel, creating gap formation or, when the

bond is strong enough, possible tooth or composite fracture at the tooth-adhesive

interface (Jorgensen et al., I975; Davidson et al., I991). This can result in bond failure,

ieakage of oral fluids and caries, or enamel tear-outs. This effect could also reduce the

strength of brackets bonded to enamel.

General dentistry has incorporated composite curing in layers and "ramped" or pulsed

curing to limit polymerization shrinkage and increase the bond strength to tooth structure

in cavity preparations (Mehl et al., 1991). The question is whether this may have a

positive affect on the bond strength of orthodontic brackets. Oesterle et al. (2002) studied

the effect of a pulsed and non-pulsed PAC curing light on orthodontic bonding. They

found a pulsed PAC light (23.2 + 8.3 MPa) resulted in the same shear-peel bond strength

of orthodontic composite resin when compared to a non-pulsed PAC light (20.7 t 8.9)

when a 6 second exposure was used. Our study found a similar bond strength for
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composite resin when a 6 second exposure time was used with a non-pulsed PAC light

(18.1 + 3.3 MPa). Thus, there appears to be no advantage in using the pulsed plasma arc

light for curing composite resin in orthodontic bonding.

Although high-energy PAC lights have been shown to increase polymerization shrinkage

(Bouschlicher and Heiner, 2001), shrinkage does not appear to be a major factor as

measured by orthodontic bracket bond strength. There are several factors in bonding

orthodontic brackets that differ from the use of bulk composite resin and associated

polymerization shrinkage in restorative dentistry. For instance, the adhesive layer under a

bracket is very thin and there is usually an excess ofresin at the edges ofthe bracket to

compensate for the shrinkage and prevent any deficiencies from forming along the

bracket edge. In addition, the bracket is 'free floating' and polymerization shrinkage

during light curing would tend to pull the bracket closer to the enamel surface and relieve

the polymerization stresses. The negative effects associated with composite resin

shrinkage as seen in dental restorations, may actually be beneficial in orthodontic

bonding by creating a closer intimacy of the bracket base with the bonded enamel surface

and, in turn, a stronger bond. Therefore, in orthodontic bonding, resin shrinkage due to

high-intensity PAC light curing is probably not a concern.

Our study found the locus of bond failures to be unaffected by the tight source and was

largely of mixed mode as determined by a majority of ARI scores of three. Therefore,

whether the light source is a conventional QTH or PAC unit, clean-up time at de-bond

will be the same. Similar ARI scores have been reported in other studies comparing QTH

and PAC curing units (Ishikawa et al., 2001; Oesterle et al., 2O0I; Pettemerides et al.,

2001: Sfondrini et al., 200I: Oesterle etal.,2002). However, Sfondrini et al. (2001)

found composite resin cured with a PAC light showed a significantly higher bond failure

at the enamel-adhesive interface as compared to bracket-adhesive bond failure for the

composite resin group cured with a conventional lighrcuring unit. This is clinically

advantageous because there is less adhesive to remove from the enamel surface after de-

bonding. Sfondrini et al. (2001) suggests that, further investigations are needed to explain
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5.3

the differences in ARI scores found between the composite group cured with the

conventional light curing unit and those groups cured with the PAC light.

The present findings indicate that, compared with QTH curing, the PAC light enables the

clinician to significantly reduce the curing time while producing equivalent or greater

shear-peel bond strengths. Therefore, PAC light sources can be recommended as an

advantageous alternative for curing composite resins in orthodontic bonding.

Shear-peel bond strength of orthodontic brackets bonded with composite

resin to enamel etched by a self-etching primer and cured with a plasma arc

light

Conventional adhesive systems use three different agents - an enamel conditioner, a

primer solution, and an adhesive resin - in the process of bonding orthodontic brackets to

enamel, the application of which can be very time consuming. A new SEP (Transbond

Plus Self-etching Primer, 3M Unitek) combines the steps of conditioning and priming

without having to be rinsed off, expediting the process of orthodontic bonding. The

rationale behind SEP's is an acidic monomer that forms a continuum between the tooth

surface and the adhesive material by the simultaneous demineralization and resin

penetration of the enamel surface with acidic molecules that can be polymerized in situ

(Watanabe et al., 1994). The demineralization is a result of the low pH of the acidic

monomer (pH=l) (Pashley and Tay, 2O0I; Arnold et al., 2002), which may be acidic

enough to create adequate enamel retention without the need for additional etching steps.

A 65Vo reduction in time has been reported when a SEP is used in the process of

orthodontic bonding (White, 2001). If acceptable bond strengths can be achieved by

combining a SEP and rapid PAC light curing - significant time will be saved and should

be more cost-effective to the clinician and indirectly to the patient. To date, there have

been no bond strength studies on the potentially efficient combination of a SEP and PAC

light curing for orthodontic bonding.
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The present study evaluated the use of a new SEP (Transbond Plus Self Etching Primer)

used to bond orthodontic brackets to enamel and compared bond strength results to a

conventional adhesive bonding procedure with either QTH or PAC light curing. The

findings indicated that Transbond Plus Self Etching Primer provided a shear-peel bond

strength with either conventional QTH light curing (I2.2 x.2.7 MPa) or PAC light curing

(13.1 + 3.3 MPa) that was not statistically different than the control conventional2-step

adhesive system cured with QTH light (12.1+3.9 MPa).

Arnold, Combe, and Warford (2002) studied the in vitro shear bond strength of brackets

bonded to enamel with Transbond Plus Self Etching Primer using conventional QTH

light curing. Similar to our study, they found no significant difference in bond strengths,

whether conventional phosphoric acid etching (9.7 + 3.1 MPa) or a SEP (8.0 t 1.3 MPa)

was used to prepare the enamel surface prior to bonding. However, our overall mean

bond strengths were higher when a SEP was used for bonding, combined with either

QTH light curing (12.2 ¡2.7 MPa) or PAC light curing (13.1 -r 3.3 MPa). This may be

attributed to differences in experimental design. Arnold, Combe, and Warford (2002)

used extracted human teeth (type of tooth was not specified) as was done this study;

however, they ground the enamel surface flat prior to bracket bonding which may alter

the etching pattern and micromechanical bond. They also used a crosshead speed of 1

mm/min instead of 0.5 mm/min as was used our study which may alter bond strength

results.

Bishara et al: (2002) also evaluated the use of Transbond Plus Self Etching Primer as

compared to conventional adhesive bonding using QTH light curing. Similar to our

findings, they found Transbond Plus Self Etching Primer provided a shear bond strength

(9.7 x.3.7 MPa) which was not significantly different than that of the conventional

adhesive system control (10.4 t 2.8 MPa) when used to bond orthodontic brackets to

extracted human molars.
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It has been shown that the solution of acidic monomer results in less demineralization of

enamel than do conventional acid etchants (Nishida et al., 1993; Perdigao et a1.,1997;

Bishara et al., 1998). Bishara et al. (1998) noted less adhesive remained on the enamel

surface when an acidic primer was used (ARI scores of 4 and 5) than when using

phosphoric acid (ARI scores of 2 and 3) and suggested that the change in adhesive failure

mode may be due to the shallower depth of etch associated with SEP's. Our study also

found a tendency for less residual adhesive to remain on the tooth surface when an acidic

primer was used (ARI scores of 4) as compared to conventional phosphoric acid etching

(ARI scores of 3). This may serve as an advantage to the clinician because it will require

less time to clean the teeth after debondins.

Despite a reduced depth of enamel etch, our study along with others (Arnold et a1., 2002;

Bishara et al., 2002; Torii et a1.,2002) have demonstrated that SEP's produce similar

bond strengths as compared to conventional adhesive systems. This may be due to the

fact that enamel resin tags produced by SEP's reproduce the fine structure of enamel

more clearly than phosphoric acid etching. Therefore, even though conditioning with

acidic primers results in a decreased depth of etch, the more intricate pattern of enamel

inter-prismatic decalcification (Torii et a|.,2002) may increase the effective resin to

enamel surface area and resultant bond streneth.

SEP's are a new innovation for orthodontic bonding, serving simultaneously as etchant

and primer without being rinsed off. By reducing the number of steps during bonding,

clinicians are able to save time as well as reduce the potential for error and contamination

during the bonding procedure. In addition, the shallower etch pattern of SEP's tends to

result in less adhesive remaining on the enamel surface after debonding, thus simplifying

clean-up procedures and minimizing enamel damage. The clinical use of SEP's has been

endorsed by some practitioners with the consensus that it is easy to use and gives

acceptable outcomes (Brosnihan and Safranek, 2000; Miller, 2001; White, 2001). The

present results suggest SEP's combined with rapid PAC light curing have the potential to

be used for very efficient and successful orthodontic bonding. However, controlled

clinical trials on orthodontic bonding with SEP's and PAC lights are clearly indicated.
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5.4 Shear-peel bond strength of orthodontic brackets bonded with a RMGI with

etched and non-etched enamel surfaces and cured with a plasma arc light

RMGI cements are becoming increasingly popular for orthodontic bracket bonding

because unlike composite resins, they have the benefit of being a long-term, low-

concentration fluoride-releasing adhesive (Hallgren et al., 1993; Hallgren et al., 1994).

Recent studies have reported that RMGI cements demonstrate the ability to re-mineralize

and in fact decrease the size of adjacent early carious lesions, such as 'white spot' lesions

found around orthodontic brackets (Vorhies et al., 1998; Wilson and Donly, 2001). In

addition, RMGI's have the ability to chemically bond to enamel without etching,

minimizing enamel loss during de-bonding (silverman, et al., 1995). However, the

manufacturer's suggested curing time with a QTH light unit of 40 seconds per bracket for

RMGI's (Fuji Ortho LC) still remains a significant drawback for both the clinician and

patient as compared to the 20 seconds required to cure orthodontic composite resin. The

introduction of high-intensity PAC curing lights, exhibiting cure times of 6 seconds per

bracket (ORTHO Lite), offers a potential solution to the prolonged curing times required

for orthodontic bonding with RMGI cements. However, the effect that rapid PAC light

curing may have on the dual photo-polymerization and acid-base reactions involved with

the cure of RMGI's and in turn, the resultant bond strength is not known.

The present study found no statistical differences in the bond strengths of a RMGI cured

with either conventional QTH light (15.1 + 2.1MPa) or a PAC light (15.4 -r 3.2 Mpa)

when bonded to etched enamel. In addition, the shear bond strengths of the RMGI

bonded to etched enamel, whether cured with visible or PAC light did not differ

significantly from the Transbond XT composite resin control (12.1 -r 3.9 MPa) cured

with a QTH light. Conversely, when the enamel surface was unetched and left moist prior

to bonding, the RMGI cement produced shear-peel bond strengths significantly lower

than the Transbond XT composite resin control (12.1 + 3.9 MPa) for both QTH (8.3 t i.3

MPa) and PAC (l .l + 2.1 MPa) light curing units. However, RMGI cement cured with

both iight sources under unetched conditions still produced bond strengths above

clinically acceptable limits of 7 MPa, according to Reynolds (1975).
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All studies evaluating the shear bond strength of RMGI's cured with either a QTH or

PAC light have not found statistical differences among the two light sources (Ishikawa et

al'.,2001; Sfondrini et al., 200I;; Cacciafesta et al., 2002; Pettemerides et al., 2001), as

found in the present study. However, there are conflicting shear bond strength results

when RMGI cured with either light source is compared to conventional composite resin

bonding. Ishikawa et al. (2001) found no statistical difference in shear bond strength of

RMGI cured with either a PAC light (20.3 + 5.1 MPa) or conventional QTH light (26.0 +

5.6 MPa) when bonded to etched enamel as compared to a composite resin control (20.4

+ l2.I MPa). This is in agreement with our study which also found no statistical

differences in RMGI cured with either light source or a composite resin control (PAC

15.4 + 3.2 ldPal' QTH 15. I + 2.1 MPa; composite resin control 12.1 + 3.9 MPa). Where

as, other studies have found RMGI shear bond strengths cured with either light source to

be significantly lower than a composite resin control but within clinically acceptable

limits (Pettemerides et al., 2001; Sfondrini et al., 2001: Cacciafesta et al.. 2002\.

According to the manufacture, the RMGI, Fuji Ortho LC, can be used to bond brackets

without etching and in the presence of water or saliva and still maintain clinically useful

shear bond strengths (Silverman et al., 1995). To date, there have been no other in vitro

studies which have evaluated the shear bond strength of RMGI cement cured with a PAC

light under unetched conditions. Previous studies using QTH light curing have found acid

conditioning of enamel before bonding with a RMGI produces stronger bond strengths

(Carter and McCabe,1995; Jaochakarasiri et al.,1995; Shin and I-,e,e,1995; Bishara et al.,

1998; Chung et al., 1999: Meehan et al., 1999),lending support to the present findings.

Pre-treatment with I07o polyacrylic acid alters the outer layer of enamel, which may

enhance the chemical and micro-mechanical bonding of RMGI to the tooth surface.

Polyacrylic acid removes surface contaminants and alters the surface energy by diffusion

of the acid and exchange of ions (Akinmade and Nicholson, 1993; Mount, 1994). This is

termed conditioning and should be distinguished from phosphoric acid etching.

Phosphoric acid etching before bonding with a composite resin actually causes
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dissolution and porosities in the enamel surface, increasing the risk of subsequent enamel

fracture and abrasion during de-bonding. Conditioning with polyacrylic acid produces an

uncontaminated surface without evidence of a prism-like etching pattern (Ewoldsen et al.,

1995; Komori and Ishikawa,1997). Therefore, conditioning with I}Vo polyacrylic acid

facilitates the chemical carboxyl-calcium complexing of RMGI to enamel and should be

performed before bracket bonding with a RMGI cement (Attin et al., 1996; Bishara et al.,

1998; Ishikawa et al., 2001).

Interestingly, in a clinical study where Fuji Ortho LC was used to bond brackets without

etching and in the presence of saliva, Silverman et al. (1995) reported a success rate of

96.8Vo bracket retention over a period of eight months. This supports the findings of the

present study, in which it was found RMGI's still produced clinically acceptable bond

strengths of at least 7 MPa (Reynolds, 1975) when the enamel surface was not etched.

Presumably, Silverman et al. (1995) were reporting on brackets that were bonded for

periods less than and up to eight months. A follow-up study of their test patients is

needed to confirm their conclusions. ln addition, more clinical studies are required to

evaluate the bond strength of Fuji Ortho LC under etched and non-etched conditions.

When evaluating the ARI scores, there were significant differences between the control

composite resin group and all other RMGI groups. The composite resin control had a

greater frequency of low ARI scores, indicating a bracket-adhesive failure with most of

the adhesive remaining on the enamel surface. When examining the groups bonded with

RMGI, no statistical significant differences in ARI scores were found whether the enamel

was etched, non-etched or either light source was used. The RMGI cements had a greater

frequency of high ARI scores, with the greatest values occurring in the non-etched test

groups, indicating bond failures occurred more frequently at the enamel-adhesive

interface with little or no adhesive remaining on the enamel surface which is in

agreement with other studies (Scott et al., 1995; Shin and Lee, 1995; Bishara et al., 1998;

Cacciafesta et al., 1998; Millet et al., 1999; Sfondrini et al., 200i). Fox et al. (1994) noted

that the ideal location for an adequate bond to fail is at the enamel-adhesive interface for

this would make debonding and subsequent enamel clean-up much easier.
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The results of the current investigation indicate that with etched and moist enamel,

RMGI's produce comparable bond strengths to conventional composite resins with either

QTH light or PAC light curing. Conditioning with lOVo polyacrylic acid produces an

uncontaminated surface and facilitates the RMGI chemical bond to enamel. However, the

bond strength of RMGI without surface conditioning was still found to be within

clinically acceptable limits (Reynolds, 1975) with either light source. Therefore, the PAC

light can be recommended as an advantageous alternative for curing RMGI's because

they enable the clinician to significantly reduce the time required for light curing without

affecting the shear bond strength. In addition, the combination of a RMGI and a PAC

light curing unit results in less adhesive remaining on the enamel surface after debonding,

thus simplifying clean-up procedures and minimizing enamel damage.

5.5 Evaluation of the Null Hypothesis

From the results of this study, the first null hypothesis which states that there will be no

statistically significant differences in the shear-peel bond strength of orthodontic

attachments bonded to human enamel with a composite resin (Transbond XT) when

cured with either a visible or plasma arc light is rejected. There is a statistically

significant difference (p<0.05) between the shear-peel bond strengths of each light

source.

The second null hypothesis which states that there will be no statistical significant

difference in shear-peel bond strengths of orthodontic attachments bonded with

composite resin (Transbond XT) to enamel etched by either traditional phosphoric acid

etching or a SEP (Transbond Plus) and cured with either QTH or a PAC light is accepted.

There were no statistically significant differences (p>0.05) between the shear-peel bond

strengths of orthodontic attachments bonded with composite resin to enamel etched by

either traditional phosphoric acid etching or a SEP and cured with either QTH or a PAC

light.
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The third null hypothesis which states that there will be no statistical significant

difference in shear-peel bond strengths of orthodontic attachments bonded to etched

human enamel with either a composite resin adhesive (Transbond XT) or a resin

modified glass ionomer (Fuji Ortho LC) when cured with either conventional QTH or

PAC light is accepted. There were no statistical significant differences (p>0.05) in shear-

peel bond strengths of orthodontic attachments bonded to etched enamel with either

composite resin or RMGI when cured with either light source.

The fourth null hypothesis which states that there will be no statistical significant

difference in shear-peel bond strengths of orthodontic attachments bonded to etched and

non-etched human enamel with a resin modified glass ionomer (Fuji Ortho LC) when

cured with either conventional QTH or PAC light is rejected. Non-etched enamel resulted

in statistically significant (p<0.05) lower bond strengths with both light sources.
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6.1 Conclusions

From this study, the following conclusions can be made:

Orthodontic attachments can be successfully bonded with composite resin to

human enamel that has been etched with traditional phosphoric acid or a SEP

and cured with either a QTH or PAC light in vitro.

Orthodontic attachments can be successfully bonded with RMGI to human

enamel that has been etched with 10Vo polyacrylic acid and cured with either a

QTH or PAC light in vitro.

Orthodontic attachments can be successfully bonded with RMGI to human

enamel that is unetched and cured with either a QTH or PAC light in vitro.

A plasma arc light exposure time of six seconds produced significantly greater

shear-peel bond strengths for orthodontic attachments bonded to phosphoric

acid etched enamel with composite resin adhesive, as compared to a twenty

second exposure with a conventional QTH curing light.

The use of a plasma arc curing light can significantly decrease the amount of

curing time required during bonding when compared to a conventional QTH

curing light.

The use of a plasma arc light had no effect on the amount of composite resin

adhesive remaining on the tooth enamel after debonding.

There was no statistically significant difference in the shear-peel bond

strength of composite resin bonded to enamel etched with a SEP and cured

with either QTH or PAC light as compared to conventional phosphoric acid

etched enamel bonded with composite resin and cured with QTH light.

The ARI values were slightly higher for attachments bonded with the SEP as

compared to the conventional two-step adhesive system, suggesting less

adhesive remains on the tooth surface when a self-etching primer is used.

By combining rapid plasma arc light curing with a self-etching primer,

significant time savings are passed on to the clinician and the potential for

emor and contamination are reduced during the bonding procedure.

l.

J.

4.

5.

6.

F1

8.

9.
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10. There were no statistically significant differences in shear-peel bond strengths

between orthodontic attachments bonded with composite resin or a resin

modified glass ionomer with enamel etching whether QTH or plasma arc light

curing was used.

1 1. Etching the enamel surface with 707o polyacrylic acid prior to bonding

orthodontic attachments with RMGI increases the bond strength.

12. When the enamel surface is not etched, the shear-peel bond strength of resin

modified glass ionomers is significantly reduced.

13. Resin modified glass ionomer cements have a greater frequency of bond

failure at the enamel-adhesive interface, leaving little to no adhesive

remaining on the enamel surface.

14. The in vitro data from this study may not accurately reflect the clinical

situation and should be interpreted with caution.

6.2 Recommendations

From the results of this in vitro study and an investigation of the literature, the following

recommendations are made:

1. PAC light curing units may effectively replace conventional QTH light curing, as

they appear to produce equal or greater shear-peel bond strengths when an

exposure time of 6 seconds is used.

2. SEPs may be used instead of conventional phosphoric acid etching, because they

reduce both the time required for bonding and number of technique sensitive

steps, while maintaining an equivalent shear-peel bond strength.

3. Enamel conditioning with l07o polyacrylic acid is recommended prior to bonding

with a resin modified glass ionomer to maximize bond strength. However, the

shear-peel bond strength of orthodontic brackets bonded to unetched enamel with

RMGI may still remain within clinically acceptable limits.
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4. Shear-peel bond strengths of RMGI cements used to bond orthodontic brackets to

conditioned enamel are equivalent to orthodontic composite resin. The

introduction of PAC light curing has significantly reduced the time required to

cure RMGI orthodontic cements, and they should be used more often for

orthodontic bonding due to their anticariogenic fluoride release, ease of clean-up

on debonding and minimal effect on enamel.

5. In the quest to improve orthodontic bonding, manufacturer's should continue their

effort to reduce the time required, steps involved and technique sensitivity while

minimizing the effect on enamel.

6. Future efforts should be directed at improving standardization of in vitro

laboratory bond strength studies, which would improve the interpretation of their

results.

1 . Future in vitro bond strength studies should also focus on reproducing the clinical

oral environment. This should include: thermal stress. mechanical stress and a

substitution for saliva.
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Use of a self-etching primer and plasma arc light for
effïcient orthodontic bonding

John E. McManaman, BSc (Hons), DDS,' \{illiam A. Wiltshire, BChD, BChD
(Hons), MDent, MChD, DSc,o Peter T. Williams, BASc, DDS, MSc," R. Bruce
McFarlane, DMD, MScd

Winnipeg, Manitoba

The purpose of this study was to evaluate the efficiency of combining rapid plasma arc
light curing (ORTHO Lite, 3M Unitek) and a self-etching primer (Transbond Plus Self
Etching Primer, 3M Unitek) for orthodontic bonding. Sixty recently extracted human
third molars were randomly divided into four groups of fifteen molars each: Groups I and
II - using Transbond XT composite resin (3M Unitek) bonded to enamel etched with
377o phosphoric acid and cured with either conventional quartz-tungsten-halogen
(Ortholux XT, 3M Unitek) or plasma arc light. Groups III and IV - using Transbond XT
bonded to enamel etched with Transbond Plus Self Etching Primer and cured with either
quartz-tungsten-halogen or plasma arc light. The composite resin (Transbond XT) was
cu¡ed for 20 seconds with the quartz-tungsten-halogen light and 6 seconds with the
plasma arc light as per manufacturer's instructions. The respective light intensities of the
quartz-tungsten-halogen and plasma arc curing lights were 550 mW/cm'and 2000
mWcm'. The samples were stored in distilled water for 24 hours at37"C and
subsequently tested to failure in shear mode in aZwick universal testing machine with a
cross head speed of 0.5 mm/min, employing a load cell of iOkN. The shear-peel bond
strength of the group bonded with composite resin to phosphoric etched enamel and
cured with the plasma arc light for 6 seconds had the highest shear-peel bond strength out
of all the groups tested (18.1 t 3.3 MPa), which was significantly higher (p = .05) than
the composite resin control group bonded to phosphoric etched enamel and cured with
the quartz-tungsten-halogen light for 20 seconds (I2.1 + 3.9 MPa). There was no
statistically significant difference in the shear-peel bond strength of composite resin
bonded to enamel with a self-etching primer and cured with either quartz-tungsten-
halogen or plasma arc light (12.2 + 2.7 }i4Pa and 13.1 + 3.3 MPa, respectively) or
between these two groups and the control, conventionally etched enamel bonded with
composite resin and cured with quartz-tungsten.halogen light (12. | -+ 3.9 MPa). The
present findings indicate that, plasma arc light curing enables the clinician to significantly
reduce curing times while producing equal or greater bond strengths than conventional
quartz-tungsten-halogen light-curing. Self-etching primers, which combine the traditional
separate steps of etching and priming into one, may be as effective as conventional
phosphoric acid etching, saving the clinician time and reducing the potential for error or
contamination during bonding.
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Development of the acid-etch technique' and composite resin adhesives revolutionized

the practice of orthodontics by replacing cemented bands with bonded orthodontic

brackets. Direct orthodontic bonding has improved the precision of tooth movement, oral

hygiene, esthetics, and significantly reduced clinician chair-side time. However, bonding

orthodontic brackets to enamel with composite resin still remains an exacting technique-

sensitive and time-consuming procedure. Long bonding appointments are inconvenient

for the patient and expensive for the orthodontist due to extra time spent at the chair. In

addition, prolonged curing time increases the risk of contamination with water, saliva, or

blood during bonding procedures, which may result in subsequent bond failures.2 Re-

bonding orthodontic brackets due to bond failures often requires additional appointments,

utilizing both extra clinician and staff time. As a result, manufacturer's are constantly

striving to develop new lights to reduce curing times and new bonding materials that will

reduce the number of procedural steps, be less sensitive to contamination and will

minimize enamel damage while still providing a clinically acceptable bond strength.

Recently, there have been two developments in orthodontic bonding which offer

significant reductions in time and technique sensitivity. One is a new plasma arc curing

light (ORTHO Lite, 3M/Unitek) which operates at a relatively high intensity and is

purported to result in optimum properties of resin composites in a much shorter curing

time than conventional curing units. The second is a new self-etching primer (Transbond

Plus, 3M/Unitek) which combines the steps of enamel etching and priming without

having to be rinsed off before bracket bonding. This significantly simplifies and reduces

the time required for enamel surface preparation. The combined reduction in both time

and technique sensitivity offered by plasma arc (PAC) light curing and self-etching

primers (SEP) may significantly reduce the risk of contamination and subsequent bond

failures while freeing up clinician time.

Recent developments in lighrcuring technology have led to the introduction of a PAC

light that delivers high-intensity output for rapid curing in orthodontics.3'a Instead of

conventional QTH light curing units which use a tungsten filament heated by electric

energy, PAC light units consists of two electrodes in a xenon gas filled bulb, started by a
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high voltage pulse, extremely high current densities ionize the xenon gas and generate an

energized 'plasma arc' which irradiates visible light with a much higher intensity than

QTH light curing units.s-7 Both the PAC and QTH lights have filters that narrow the

spectrum of visible light to a narrow range centered on 470-nm for maximum activation

of the camphorquinone (CQ) photo-iniator.

According to the manufacturer, the ORTHO Lite can cure orthodontic composite resin in

6 seconds per bracket (Transbond XT; 3M /Unitek); where as, conventional QTH light

curing requires 20 seconds per bracket (Ortholux XT; 3M Unitek). This translates into a

total cure time for al-l bonding in both arches with a PAC light of only two minutes, 48

seconds, compared to 9 minutes, 20 seconds with a conventional QTH light. In other

words, if three new cases are bonded in a dav. this translates into 20 minutes of saved

clinical time.

SEPs eliminate the separate steps of enamel etching and priming because they consist of

methacrylated phosphoric acid esters (pH = 1) which are polymerizable in situ; thus, the

chemical components act synergistically as both etchant and primer'.8'e Carboxyl groups

found on these acidic monomers are responsible for the initial low pH and dissolution of

enamel.l0'll The etching process is self-limiting, as the acidic monomer penetrates the

enamel surface, the carboxyl groups are quickly neutralized and a polymerizable resin

salt is formed. The polymerizable resin salt provides a continuum between the enamel

and composite resin of the bracket, resulting in a micromechanical bond.l2-la Therefore,

once the SEP is rubbed on the enamel surface, bracket bonding can commence

immediately without the usual separate steps of washing, drying and primer application.ls

Clinically, this translates into a65 Vo reduction in bonding timel6, while decreasing the

number of technique sensitive steps involved and associated risk of moisture

contamination and orthodontic bond faiiure.

There appears to be no studies published on the combined effect of PAC light curing and

use of a SEP on the bond strength of orthodontic brackets to enamel. The purpose of this

study was to evaluate the shear bond strength of orthodontic attachments bonded to
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human enamel using PAC and QTH curing lights in combination with both SEP products

and conventional acid etching. In addition, the amount of residual adhesive remaining on

the tooth surface after the attachments are debonded will be measured and compared.

MATERIALS AND METHODS

Sixty recently extracted human third molars with no visible defects were selected. Only

those teeth with intact enamel and no cracks, caries or fluorosis as determined by visual

inspection with a binocular microscope at2OX magnification (Nikon SM2-10, Tokyo,

Japan) were chosen. The roots of the teeth were removed under a running spray of water

using a cross cut bur in a high speed hand piece under a running spray of water. The teeth

were mounted in stainless steel rings filled with cold cure acrylic (Self-curing pink

orthodontic resin, Dentsply Limited, England). The teeth were positioned so that their

buccal surfaces were parallel to and projected slightly above the acrylic surface (Fig. 1).

The teeth were rinsed and stored in a covered glass container of distilled deionized water

in a refrigerator at 4 "C until bonding took place.lT

Bondable lingual orthodontic buttons (GAC International) were used because they have a

curved mesh base which conforms to the rounded topography of the human third molar

enamel samples. The average diameter (d) of the lingual orthodontic button base was

determined from five random measurements with digital callipers (Mitutoyo Digital

Micrometer, Tokyo, Japan). The surface area of the base was calculated by using the

formula A = Itd2/4. The area of the bondable base was used to calculate the stress in MPa

at shear-peel bond failure.

All of the teeth were cleaned and polished with residue free, non-fluoridated, non-

flavoured pumice and water slurry for 10 seconds using a slow speed dental hand piece

and rubber prophylactic cup. The samples were thoroughly rinsed with distilled water and

dried with oil free compressed air for 30 seconds, followed by immediate bonding of the

orthodontic attachments.

r14



The teeth were randomly assigned

samples as follows:

1. QTH light curing of Transbond

2. PAC light curing of Transbond

3. QTH light curing of Transbond

4. PAC light curing of Transbond

to one of four test groups, each consisting of fifteen

XT with conventional phosphoric acid etching.

XT with conventional phosphoric acid etching.

XT with a self-etching primer.

XT with a self-etching primer.

The buttons were bonded to the teeth using the method specified by the manufacturers'

instructions (3M Unitek) as follows:

Conventional2-step phosphoric acid etching and priming:

The enamel surface was etched for 30 seconds wtth3lTo orthophosphoric acid gel, rinsed

for 20 seconds with a water spray and dried with an oil free air source for 20 seconds.

The enamel surfaces of the teeth were inspected to confirm a chalky white etch pattern.

Transbond XT Light Cured Primer was applied to the enamel surface in a thin layer and

Transbond XT Adhesive Paste was applied and worked into the base of the button.

Transbond P lus self-etching p rimer:

The SEP liquid was mixed and activated by squeezing the liquid out of the first

compartment (A) into the second (B). The first compartment was folded over the second

which was subsequently squeezed to expel the mixed liquid into compartment (C) which

contains the applicator (Fig. 2).The applicator saturated with the activated SEP was

removed and the liquid was rubbed onto the enamel surface with moderate force for 3

seconds. A brief gentle oil and moisture free air burst was delivered to the tooth.

Transbond XT Adhesive Paste was applied and worked into the base of the button.

The lingual orthodontic buttons were seated on the enamel surface by applying firm

pressure with an explorer. Excess bonding material was carefully removed with the
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explorer to prevent disturbing any initial set of the material which may have been caused

by ambient light curing and to provide a clean junction between the button base and

enamel surface for the shearins blade.ls'le

Each bonded orthodontic attachment was light cured separately with either an Ortholux

XT QTH lighr (3M Unirek) or an ORTHO Lite PAC light (3M Unirek). The power

density, in milliwatts per square centimetre (mW/cm2), of the curing units was tested

before the study with a Demetron Radiometer (Demetron Research Corporation,

Danbury, CT, USA). The Transbond XT orthodontic composite resin was cured for 20

seconds (10s mesial and 10s distal) using the Ortholux XT QTH light or 6 seconds using

the ORTHO Lite (3s mesial and 3s distal) as per manufacturer's instructions (3M

Unitek). The light tip was maintained in a clean state and positioned both parallel to the

bracket base/enamel interface and as close as possible without disturbing the position of

the bondable button during curing.

Immediately after bonding, the samples were stored in distilled deionized water (IO}Vo

humidity) for 24 hours at 3J"C in an incubator (Thelco, Precision Scientific Co.,

Chicago, Il.) to assure maximum curing. Upon completion of the 24 hour storage period,

the shear-peel bond strength measurements were taken. The samples were mounted in the

shear-peel testing device (BencorrM Multi-T, Danville Engineering, San Ramon, CA,

USA) and tested in aZwick Universal Testing Machine (#1445,Zwick GmbH & Co.

Ulm, Germany). The debond load was applied occlusogingivally, with a crosshead speed

of 0.5mm/minute. A 1OkN load cell was used. The load was applied as close as possible

to the enamel-adhesive-attachment interface using a custom straight edge shearing blade

aligned tangent to the enamel height of contour and the lingual button base (Figs. 3 and

4). The samples were loaded until bond failure and the shear-peel bond strength in MPa

(megapascals) was recorded. To control systematic errors, the test results were carried out

by one operator and measured in random order.
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After debonding the amount of residual adhesive remaining on the enamel surface was

evaluated with a lighroptical stereomicroscope at20X magnification (Nikon SM2-10,

Tokyo, Japan). To assure inter-examiner reliability, two independent examiners evaluated

the specimens. The Adhesive Remnant Index (ARI) employed by Oliver20 was used to

evaluate the amount of adhesive remaining on the enamel surface of each sample after

debonding. The samples were scored according to the following criteria:

Score I = all of the adhesive remained on the enamel surface

Score 2 = more than 9OVo of the adhesive remained on the enamel surface

Score 3 = more than lOVo and less than 90Vo of the adhesive remained on the enamel

surface

Score 4 = less than IjVo of the composite remained on the enamel surface

Score 5 = no composite remained on the enamel surface

The ARI scores were also used as a method of defining the general site of bond failure

between the enamel. adhesive and bracket base.

Descriptive statistics, including the mean, standard deviation, and minimum and

maximum values for each of the four groups were recorded. A two-way analysis of

variance was used to determine whether significant differences in mean bond strengths

existed among the four test groups. If significant differences were present, Tukey's

multiple range test was utilized to identify which of the means were significantly

different from each other. The chi-squared test was used to determine significant

differences in the ARI scores among the different test groups. Significance for all

statistical tests was predetermined at a probability value of .05 or less.
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RBSULTS

The buttons were found to have a mean bondable base surface area of 10.17 mm2. The

light intensity, in milliwatts per squarc centimetre (mW/cm2), of the curing units is shown

in Table 1. The light intensity of the ORTHO Lite is nearly four times that of the

Ortholux XT light.

The descriptive statistics of the shear bond strength for each group are shown in Table 2.

Since the results of the analysis of variance that compared the shear bond strength of the

experimental groups indicated that there was a significant difference among the four

groups (p=0.0001), the means of the groups were compared with Tukey's test. The

findings indicated that there was no statistically significant difference in the shear-peel

bond strengths of the TQH or PAC cured SEP samples (I2.2 + 2.1 }lIPa and 13.1 + 3.3

MPa respectively) or between these two groups and the conventionally etched TQH cured

samples (12.1 + 3.9 MPa). Interestingly, PAC curing with a conventional etch (18.1 t 3.3

MPa) was the only group that was significantly different (p<0.05), producing stronger

bond strengths than TQH and PAC groups tested with a SEP and conventionally acid

etching with TQH light curing (Fig. a.).

Table 3 illustrates the distribution of ARI scores for the four groups tested. The results of

the Chi square test, comparing the sites of bond failure, indicated that there were no

significant differences among the four experimental groups (p=0.0001). Howevet,

bonding with a SEP demonstrated a trend of higher ARI scores than did conventional

acid etching with both lighrcuring units, suggesting less adhesive may remain on the

tooth surface when a self-etching primer is used. No damage to the enamel surface was

observed after debonding in any of the groups.
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DISCUSSION

Transbond Plus self-etching primer provided a shear-peel bond strength when used with

either conventional QTH light curing or plasma arc light curing that was not statistically

different than the conventional 2-step adhesive system cured with QTH light. However,

the strongest bond strengths, which were significantly greater than all others, occurred

when PAC light curing was combined with conventional phosphoric acid etching. To

date, there have been no studies on the combined affects of a SEP and PAC light curing

on orthodontic bond strengths. However, these recent innovations have been studied

separately by others which allows for some comparisons.

Our findings agree with other recent studies which demonstrate PAC light curing

produces shear-peel bond strengths that are equal to or greater than conventional QTH

light curing when orthodontic brackets are bonded with composite resin to conventional

phosphoric acid etched enamel.T'21-tu One of the factors affecting bond strength is the

degree of polymerization. The degree of polymerization depends on the amount of light

energy (Joules) of appropriate wavelength emitted during irradiation. Greater light

intensity increases degree of conversion and depth of cure which optimizes the

mechanical properties of composite resin.27-2n This energy is calculated as the product of

the output (mW/cm2) of the curing unit and the time of iradiation, and it may be termed

energy density (J/cm2).Insufficient energy density results in less than maximal

polymerization.30 The minimum reported light intensity necessary to polymerize resin

composite is 300 m'W/cm2.3i-33 Therefore, a high output of 2000 mW/cm2 produced by

the PAC light (ORTHO Lite; 3M/Unitek) as compared to only 550 mW/cm2 for the

conventional QTH unit (Ortholux XT; 3M Dental) produces the same energy density in a

much shorter time. For example, the PAC light used in our study produced more total

energy density (12,000 J/cmz¡in 6 seconds than the conventional QTH unit (11,000

J/cm2) produces in 20 seconds. Consequently, it seems that PAC light curing results in a

greater degree of polymerization and a higher bond strength than QTH light curing as

supported by this study.
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The research of others has shown that there is an overall trend of increased bond

strengths with increased exposure time of composite resin to PAC light. Although the

adhesive bond strengths demonstrated no statistical difference when compared to a 40

second conventional QTH light cure, Oesterle et aI.22 noted a clear trend of increasing

bond strengths with 3, 6 and 9-second PAC light exposures. Pettermerides et a1.23 found

light curing times of 1 and 2 seconds with the PAC light produced significantly lower

bond strengths than 20 seconds with a QTH light; however, there was no statistical

difference when a 3 second PAC exposure was used. Oesterle et a1.22 suggests in order to

produce a bond that is equal to or stronger than that achieved with a 4O-second

conventional light cure, a 6 to 9 second plasma arc light exposure is probably best.

Suggested exposure times of 2 or 3 seconds by some PAC light manufacturers are

probably inadequate to obtain optimal bond strengths.a'34 Therefore, as was found in our

study, the use of the plasma arc light with a 6 second exposure time should produce

orthodontic bond strengths that are greater or equal to those of conventional QTH light

curing.

The increased polymerization shrinkage of composite resin associated with high-intensity

rapid curing can affect the integrity of the enamel bond and may be a disadvantage of

PAC light curing.35-37 When using high levels of light intensity and rapid curing, no time

is left for the partially set resin polymer chains to flow, thus increasing internal stress.a In

general dentistry, this shrinkage is known to create internal stress within the restricted

area of a tooth cavity and can exceed the adhesive bond strength to dentin and enamel,

resulting in adhesive bond failure, in which the resin composite pulls away from the

cavity wall, or when the bond is strong, tooth or composite fracture at the tooth-adhesive

interface.3s-a2 Likewise, rapid curing during orthodontic bonding with a PAC light could

result in excessive composite resin stress between the bracket and enamel surface leading

to gap formation with leakage of oral fluids under the bracket base and caries, bond

failure or enamel tear-outs.

Although high-energy plasma lights have been shown to increase polymerization

shrinkase5'43 it did not affect the bond strensth results in our studv. There are several

t20



factors ìn bonding orthodontic brackets that differ from the use of bulk composite resin

and associated polymerization stresses in restorative dentistry. For instance, the adhesive

layer under a bracket is very thin and there is usually an excess ofresin at the edges of

the bracket to compensate for the shrinkage and prevent any deficiencies from forming

along the bracket edge. It is also unlikely that light is able to penetrate as far as the

immediate centre of the bracket base, leaving an area of uncured resin that is able to

dissipate polymerization stresses. Additionally, the bracket is 'free floating' and

polymerization shrinkage during light curing would tend to pull the bracket closer to the

enamel surface and relieve the polymerization stresses. The negative effects associated

with composite resin shrinkage as seen in dental restorations, may actually be beneficial

in orthodontic bonding by creating a closer intimacy of the bracket base with the bonded

enamel surface and, in turn, a stronger bond. Therefore, in orthodontic bonding increased

resin shrinkage due to high-intensity plasma arc light curing is probably not a concern.

SEPs result in less demineralization of enamel than conventional phosphoric acid

etching.aa-47 Despite a reduced depth of enamel etch, our study along with otherslt'47'48

have demonstrated that SEPs produce similar bond strengths as those of conventional

adhesive systems. It has been shown with conventional phosphoric acid etching that the

depth of demineralization is greater than the depth of monomer impregnation resulting in

voids which may compromise the quality of the bond.ae's0 However, this is not the case

with SEPs because the acidic monomers which cause etching are also responsible for

bonding. Therefore, the depth of the demineralization corresponds to the depth of

penetration of the monomers to be polymerized and there are no voids. This is supported

by a scanning electron microscopy (SEM) study, in which Torii et al.a7 found tag-like

extensions produced by SEPs reproduced the fine structure of the etched enamel in more

detail than those produced by phosphoric acid etching. The bond strength of composite

resin to enamel is attributed to the micromechanical interlocking produced by penetration

and polymerization of resin monomer into the etched surface.l'51 It is reasonable that the

increased efficiency of SEPs to penetrate to the full depth of etch may produce a more

intricate and effective pattern of resin tags, resulting in a bond strength similar to that

created by phosphoric acid etching, even ifthe depth ofetch is less.

12l



Bishara et al.a6 noted less adhesive remained on the enamel surface when an acidic

primer was used (ARI scores of 4 and 5) than when using phosphoric acid (ARI scores of

2 and 3) and suggested that the change in adhesive failure mode may be due to the

shallower depth of etch associated with SEPs. Our study also found a tendency for less

residual adhesive to remain on the tooth surface when an acidic primer was used (ARI

scores of 4) as compared to conventional phosphoric acid etching (ARI scores of 3). This

may serve as an advantage to the clinician because it will require less time to remove any

remaining resin from the teeth after debonding.

SEPs are a new innovation for orthodontic bonding, serving simultaneously as etchant

and primer. By reducing the number of steps during bonding, clinicians are able to save

time as well as reduce the potential for error and contamination during the bonding

procedure. In addition, the shallower etch pattern of SEPs tends to result in less adhesive

remaining on the enamel surface after debonding, thus simplifying clean-up procedures

and minimizing enamel damage. The clinical use of SEPs has been endorsed by some

practitioners since they are easy to use and provide acceptable outcomes (Brosnihan and

Safranek, 2000; Miller, 2001;White, 2001).15'16's2 The present results suggest SEPs

combined with rapid PAC light curing times of 6 seconds have the potential to be used

for very efficient and successful orthodontic bonding. However, controlled clinical trials

on orthodontic bonding with SEPs and PAC lights are clearly indicated.

CONCLUSIONS

L A plasma arc light exposure time of six seconds produced significantly greater

shear-peel bond strengths for orthodontic attachments bonded to phosphoric

acid etched enamel with composite resin adhesive, as compared to a twenty

second exposure with a conventional QTH curing light.
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2. The use of a plasma arc curing light can significantly decrease the amount of

curing time required during bonding when compared to a conventional QTH

curing light.

3. There was no statistically significant difference in the shear-peel bond

strength of composite resin bonded to enamel etched with a SEP and cured

with either QTH or PAC light as compared to conventional phosphoric acid

etched enamel bonded with composite resin and cured with QTH light.

4. The ARI values were slightly higher for attachments bonded with the SEP as

compared to the conventional two-step adhesive system, suggesting less

adhesive remains on the tooth surface when a self-etching primer is used.

5. By combining rapid plasma arc light curing with a self-etching primer,

significant time-savings are passed on to the clinician and the potential for

error and contamination are reduced during the bonding procedure.

RECOMMENDATIONS

1. PAC light curing units may effectively replace conventional QTH light curing, as

they appear to produce equal or greater shear-peel bond strengths when an

exposure time of 6 seconds is used.

2. SEPs may be used instead of conventional phosphoric acid etching, because they

reduce both the time required for bonding and number of technique sensitive

steps, while maintaining an equivalent shear-peel bond strength.
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Table 1. Light unit intensities as measured by the Demetron radiometer.

Light curing unit

OrtholuxXT

ORTHO Lite

Light intensity

(mWcnf)

5s0

2000

Table 2. Descriptive statistics of the shear-peel bond strengths of the four groups tested.

Test Groups N Y::l _ S:d.. Coefficient Highest Lowest
(MPa) Deviation : ,of , (MPa) (MPa)

(MPa) Yanance (7o)

1. Transbond/QTH 15 Lz.I 3.9 15.4 18.0 6.1
light/Phosphoric acid etch

2. TransboldlPAc, 15 18.1
IighlPhosphoric acid etch

3. Transbond/QTH 15 72.2 2.7 1.2 18.4 8.5
light/SEP

4. Transbond/ÞaC 15 13.1'' | 3,3 1l.l 21.0 B.z
lighlSEP l
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