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Background. Despite the importance of identifying proper novel porcelain preparation techniques to improve bonding of
orthodontic brackets to porcelain surfaces, and despite the highly controversial results on this subject, no systematic review or
meta-analysis exists in this regard. Objective. To comparatively summarize the effects of all the available porcelain surface
treatments on the shear bond strength (SBS) and adhesive remnant index (ARI) of orthodontic brackets (metal, ceramic,
polycarbonate) bonded to feldspathic porcelain restorations. Search Methods. A search was conducted for articles published
between January 1990 and February 2021 in PubMed, MeSH, Scopus, Web of Science, Cochrane, Google Scholar, and
reference lists. Eligibility Criteria. English-language articles comparing SBS of feldspathic porcelain’s surface preparation
methods for metal/ceramic/polycarbonate orthodontic brackets were included. Articles comparing silanes/bonding agents/
primers without assessing roughening techniques were excluded. Data Analysis. Studies were summarized and risk of bias
assessed. Each treatment’s SBS was compared with the 6 and 10MPa recommended thresholds. Studies including comparator
(HF [hydrofluoric acid] + silane + bonding) were candidates for meta-analysis. ARI scores were dichotomized. Fixed- and
random-effects models were used and forest plots drawn. Egger regressions and/or funnel plots were used to assess publication
biases. Results. Thirty-two studies were included (140 groups of SBS, 82 groups of ARI). Bond strengths of 21 studies were
meta-analyzed (64 comparisons in 14 meta-analyses). ARIs of 12 articles were meta-analyzed (28 comparisons in 8 meta-
analyses). Certain protocols provided bond strengths poorer than HF + silane + bonding: “abrasion + bonding, diamond bur +
bonding, HF + bonding, Nd:YAG laser (1W) + silane + bonding, CO2 laser (2W/2Hz) + silane + bonding, and phosphoric
acid + silane + bonding.” Abrasion + HF + silane + bonding might act almost better than HF + silane + bonding. Abrasion +
silane + bonding yields controversial results, being slightly (marginally significantly) better than HF + silane + bonding. Some
protocols had controversial results with their overall effects being close to HF + silane + bonding: “Cojet + silane + bonding,
diamond bur + silane + bonding, Er:YAG laser (1.6W/20Hz) + silane + bonding.” Few methods provided bond strengths
similar to HF + silane + bonding without much controversy: “Nd:YAG laser (2W) + silane + bonding” and “phosphoric acid
+ silane + bonding” (in ceramic brackets). ARIs were either similar to HF + silane + bonding or relatively skewed towards the
“no resin on porcelain” end. The risk of bias was rather low. Limitations. All the found studies were in vitro and thus not
easily translatable to clinical conditions. Many metasamples were small. Conclusions. The preparation methods HF + silane +
bonding, abrasion + HF + silane + bonding, Nd:YAG (2W) + silane + bonding, and phosphoric acid + silane + bonding (in
ceramic brackets) might provide stronger bonds.
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1. Introduction

Orthodontic brackets should tolerate masticatory forces, by
proper adhesion to the tooth, which is simulated in vitro by
shear bond strength (SBS) [1]. The bond of the orthodontic
brackets to the tooth surface or restoration must be strong
enough to withstand the forces of orthodontic treatment and
masticatory movements without displacement or failure [2].
At the same time, it should not be excessively strong that it
damages the dental or restoration surface while removing
the brackets at the end of orthodontic treatment [2].

Nowadays, beauty is an important factor in orthodontic
treatments [3]; hence, the number of adults seeking ortho-
dontic treatment almost doubled from 2010 to 2014 (from
14% to 27%) [4, 5]. Many adult orthodontic patients have
a resin, amalgam, gold, acrylic resin, or porcelain restoration
in their mouth [6].

Compared to the enamel surface, the bond of orthodon-
tic brackets to ceramic surfaces might be associated with
more failure [7]. Optimal adhesion of the bracket to the por-
celain surface is a concern in orthodontics, because the bond
should sustain orthodontic forces without jeopardizing por-
celain integrity after debonding [2, 8]. Glazed feldspathic
porcelain is not a suitable surface for orthodontic resin and
bonding penetration due to the physical properties of the
glazed surfaces and the chemical properties of the bonding
resins [9]. Therefore, to bond brackets to the surface of
glazed porcelain, a multistep process must be performed,
including porcelain deglazing [10] or sandblasting [11], pre-
cise isolation, surface preparation, rinsing, drying, and
finally bonding [7–9, 11–15].

Chemical, physical, and mechanical methods such as
orthophosphoric acid, maleic acid, air abrasion, and laser
have been used to prepare the enamel surface for orthodon-
tic brackets [16–21]. But the procedures of preparing the
surface of ceramic restorations are not exactly the same as
enamel. Different approaches such as hydrofluoric acid,
orthophosphoric acid, maleic acid, Monobond Etch &
Prime, ceramic primer, laser, burs and air abrasion are used
to bond orthodontic brackets to porcelain surface [2, 6, 12,
22–39]. However, many results are controversial and would
benefit from aggregation and meta-analysis.

Porcelain has been used in cosmetic dentistry for many
years due to its special physical properties such as strength
and elegance. This material is brittle due to low tensile
strength and high compressive strength. Dental porcelains
are divided into several categories based on the phase ratio
of crystalline to glass, including feldspathic porcelains, alu-
minous porcelains, or glass ceramics. Of these, feldspathic
porcelains have many applications in ceramic fused-to-
metal restorations as well as their ability to make strong
and attractive restorations [12, 34, 40]. Since feldspathic por-
celain restorations are common; bracket bonding to these
surfaces is of importance to orthodontists. The protocols
suggested and tested for improving shear bond strength of
orthodontic brackets bonded to feldspathic porcelains (with-
out increasing the SBS to excessively high and unsafe levels)
are largely diverse and controversial. And there is no system-
atic review or meta-analysis on this subject. Therefore, this

systematic review and meta-analysis was conducted to com-
paratively summarize the available methodologies in the liter-
ature, with emphasis on surface preparation techniques, and
to highlight more effective treatments. The objectives were
(1) to evaluate and summarize the available literature on SBS
and ARI of brackets bonded to feldspathic porcelain surface,
(2) to compare various techniques of surface preparation with
the gold standard [41] in terms of their bond strengths and
ARIs (as meta-analyses), and (3) to compare the mean SBS
of each group of each study with the bond strengths recom-
mended for orthodontic brackets in vitro [1].

2. Materials and Methods

2.1. Information Sources and Search Strategy. The review
protocol was not registered beforehand. To find and com-
pare (in vivo or in vitro) studies on porcelain surface prepa-
ration methods for orthodontic bracket bonding, English-
language articles published from January 1, 1990, to Febru-
ary 26, 2021, were searched by at least two authors in the
PubMed, Scopus, Web of Science, and Cochrane Library
databases. Related terms were searched in the Medical Sub-
ject Headings (MeSH) database, and finally, the terms
“Orthodontic Bracket” AND “Porcelain” AND “Shear Bond
Strength” were selected as the main search keywords. More-
over, manual search was done in Google Scholar and also in
reference lists of found full articles. Gray literature as well
was searched.

2.2. Inclusion and Exclusion Criteria. All English-language
(in vivo or in vitro) articles comparing porcelain surface
preparation methods for orthodontic brackets were included
in the study. According to the population, intervention,
comparison, and outcomes (PICO) criteria, the desired pop-
ulation was considered in vitro studies assessing the SBS
(and ARI) of orthodontic brackets to feldspathic porcelain
surfaces. Interventions were the surface treatments which
were considered in each study according to the surface prep-
aration methods (including surface roughening technique,
use or omission of silane, use of bonding). The comparator
was the HF + silane + bonding treatment, as the gold stan-
dard [41]. The outcomes were the average value and stan-
dard deviation reported for shear bond strength and
frequencies for adhesive remnant index scores. These out-
comes limited the search results to in vitro studies only, as
no in vivo studies had assessed SBS or ARI.

The following articles were excluded: reviews, case
reports, editorials, guidelines, letter to the editors, and
abstracts from conferences; articles not written in English;
duplicate articles; articles with no available full text; articles
which did not compare different surface preparation
methods; articles which did not work on “feldspathic” porce-
lain; merely comparing different types of silanes or bonding
agents or primers without assessing roughening techniques;
and articles which did not measure “shear bond strength”
or “adhesive remnant index.”

2.3. Data Items. The data were collected by at least two
authors. To be included in the quantitative part (the meta-
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analysis) regarding any given surface treatment, at least two
different studies with that particular surface treatment
needed to exist. As mentioned above, the outcomes of inter-
est were the average value and standard deviation reported
for shear bond strength and frequencies for adhesive rem-
nant index scores. Moreover, studies needed to include the
HF + silane + bonding treatment, as the gold standard
[41]. This group would be treated as the control group, in
comparison with other treatments. Therefore, articles in
which HF + silane were not applied were excluded from
the quantitative meta-analyses. There were some differences
in the definitions of ARI scores in some studies: a definition
was a 4-scale score of zero to 3 (0=no adhesive remnant on
the porcelain surface, 1 = less than 50% remnant on the por-
celain surface, 2 =more than 50%, and 3=100% remnant on
the porcelain). Another definition was a 5-scale score of 5 to
1 (5=no adhesive remnant on the porcelain surface, 4 = less
than 10% remnant on the porcelain, 3 =between 10% and
90% remnant on the porcelain, 2 =more than 90% remnant,
and 1= 100% adhesive remaining on the porcelain). All

results that were compatible with each outcome domain in
each study were searched for.

The other variables for which data were sought were the
country of research, sample size, number of groups, bracket
types, surface roughening methods, silane application proto-
cols, primer application protocols, bonding application pro-
tocols, thermocycling, SBS crosshead speed, and types of
ARI grouping. The bracket types included were metal and
ceramic brackets. One study with polycarbonate brackets
was excluded.

The grouping was done firstly based on the type of
brackets in use into metal, ceramic, and polycarbonate
brackets. Next, in each bracket group, there were groups
with or without silane application (all groups employed
bonding agents except a few cases). Afterwards, these groups
were divided further according to the surface treatment
techniques, being one of the following: HF (hydrofluoric
acid), PA (phosphoric acid), abrasion, silica coating, dia-
mond bur, Er:YAG laser, Nd:YAG laser, Er:CrYSGG laser,
CO2 laser, Ti:sapphire femtosecond laser, and femtosecond

Records identified through
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Additional records identified
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Figure 1: The flow diagram of studies included in this systematic review and meta-analysis.
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Table 2: Summary of study variables and their SBS and ARI scores. The 95% CIs are calculated for each study group. The P values are
calculated using the one-sample t-test by comparing each group with the SBS = 6 and 10MPa, as bond strengths recommended for
bonding orthodontic brackets.

Study Surface treatment Br N
SBS (MPa)

R
ARI∗

Mean SD 95% CI P6 P10 Type A B C D E

Ghozy, 2020

HF+ Si + Bo MB 10 10.2 3.0 8.1 12.3 0.0017 0.8377 M 5-1 2 0 1 3 4

PA37%+ Si + Bo MB 10 6.9 2.3 5.3 8.5 0.2472 0.0021 M 5-1 5 5 0 0 0

HF+ Si + Bo CB 10 10.6 5.1 7.0 14.2 0.0190 0.7185 M 5-1 3 5 0 0 2

PA37%+ Si + Bo CB 10 8.9 4.6 5.6 12.2 0.0773 0.4689 M 5-1 3 7 0 0 0

Kurt, 2019

HF+ Si + Bo MB 14 8.43 2.73 6.9 10.0 0.0054 0.0508 M

Ab+ Si + Bo MB 14 1.53 0.44 1.3 1.8 <0.00005 <0.00005 F

Cojet + Si + Bo MB 14 1.93 0.35 1.7 2.1 <0.00005 <0.00005 F

DB+ Si + Bo MB 14 2.31 0.93 1.8 2.8 <0.00005 <0.00005 F

Mirhashemi, 2018

HF+Bo MB 12 32.58 9.21 26.7 38.4 <0.00005 <0.00005 H 0-3 1 4 3 3

HF+Er:CrYSGG-3W-10Hz
+ Bo

MB 12 27.81 7.66 22.9 32.7 <0.00005 <0.00005 H 0-3 2 7 1 1

HF+Er:YAG-3W-10Hz
+ Bo

MB 12 23.08 9.55 17.0 29.1 <0.00005 0.0006 H 0-3 7 3 1 0

Er:CrYSGG-3W-10Hz + Bo MB 12 14.11 9.35 8.2 20.1 0.0120 0.1560 M 0-3 10 1 0 0

Er:YAG-3W-10Hz + Bo MB 12 6.3 3.09 4.3 8.3 0.7430 0.0016 M 0-3 10 0 1 0

Mehmeti, 2018

HF+ Si + Bo MB 12 10.82 5.92 7.1 14.6 0.0167 0.6408 M 5-1 1 3 3 2 3

PA37%+Si + Bo MB 12 9.9 4.95 6.8 13.0 0.0196 0.9455 M 5-1 1 4 2 3 2

HF+ Si + Bo CB 12 14.75 6.27 10.8 18.7 0.0005 0.0236 H 5-1 2 2 6 2 0

PA37%+ Si + Bo CB 12 14.1 4.35 11.3 16.9 <0.00005 0.0075 H 5-1 0 4 8 0 0

Cevik, 2018

HF+ Si + Bo CB 10 2.71 F 0-3 5 1 0 0

PA37%+ Si + Bo CB 10 1.17 F 0-3 6 0 0 0

Ab + Si + Bo CB 10 8.58 M 0-3 4 6 0 0

DB+ Si + Bo CB 10 6.51 M 0-3 5 5 0 0

Nd:YAG-15Hz + Si + Bo CB 10 3.37 F 0-3 2 6 0 0

Cevik, 2017

HF+ Si + Bo MB 10 2.93 1.32 2.0 3.9 <0.00005 <0.00005 F

PA37%+ Si + Bo MB 10 0.97 1.67 -0.2 2.2 <0.00005 <0.00005 F

Ab+ Si + Bo MB 10 5.86 2.34 4.2 7.5 0.8541 0.0003 M

DB+ Si + Bo MB 10 5.75 2.45 4.0 7.5 0.7543 0.0004 M

Nd:YAG-1W+Si + Bo MB 10 1.86 0.94 1.2 2.5 <0.00005 <0.00005 F

Durgesh, 2016

HF+ Si + Bo MB 15 10.66 1.83 9.6 11.7 <0.00005 0.1842 M 0-3 3 6 2 4

Ab + Si + Bo (25-micron) MB 15 19.87 1.59 19.0 20.8 <0.00005 <0.00005 H 0-3 5 5 3 2

Cojet + Si + Bo MB 15 26.6 2.55 25.2 28.0 <0.00005 <0.00005 H 0-3 6 7 1 1

Alakus
Sabuncuoglu, 2016

HF+ Si + Bo MB 10 11.19 0.92 10.5 11.8 <0.00005 0.0027 H 0-3 0 4 3 3

PA37%+ Si + Bo MB 10 6.182 1.98 4.8 7.6 0.7779 0.0002 M 0-3 1 6 3 0

Ab + Si + Bo MB 10 10.75 1.61 9.6 11.9 <0.00005 0.1748 M 0-3 0 4 4 2

Ab+HF+ Si + Bo MB 10 12.27 1.63 11.1 13.4 <0.00005 0.0017 H 0-3 0 3 3 4

DB+ Si + Bo MB 10 3.498 0.75 3.0 4.0 <0.00005 <0.00005 F 0-3 1 7 2 0

Er:YAG-2W-10Hz + Si
+ Bo

MB 10 7.829 1.49 6.8 8.9 0.0037 0.0013 M 0-3 0 3 5 2

Nd:YAG-2W-10Hz + Si
+ Bo

MB 10 9.489 1.16 8.7 10.3 <0.00005 0.1971 M 0-3 0 2 6 2

Stella, 2015

HF+ Si + Bo MB 13 22.83 3.32 20.8 24.8 <0.00005 <0.00005 H 0-3 2 1 0 5

HF+Bo MB 13 22.01 2.15 20.7 23.3 <0.00005 <0.00005 H 0-3 6 2 0 2

PA37%+ Si + Bo (gel PA) MB 13 16.42 3.61 14.2 18.6 <0.00005 <0.00005 H 0-3 5 3 0 0

PA37%+ Si + Bo (liquid PA) MB 13 9.29 1.95 8.1 10.5 <0.00005 0.2138 M 0-3 9 2 0 0

Erdur, 2015
HF+ Si + Bo MB 15 11.03 1.19 10.4 11.7 <0.00005 0.0047 H

Ab+ Si + Bo MB 15 12.97 1.26 12.3 13.7 <0.00005 <0.00005 H
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Table 2: Continued.

Study Surface treatment Br N
SBS (MPa)

R
ARI∗

Mean SD 95% CI P6 P10 Type A B C D E

Er:YAG-1.6W-20Hz + Si
+ Bo

MB 15 5.12 1.27 4.4 5.8 0.0178 <0.00005 F

Nd:YAG-2W-20Hz + Si
+ Bo

MB 15 5.67 1.03 5.1 6.2 0.2350 <0.00005 M

Ti:sapphire fs-0.45W-1 kHz
+ Si + Bo

MB 15 16.59 1.4 15.8 17.4 <0.00005 <0.00005 H

Aksakalli, 2015

HF+Bo MB 13 10.8 3.8 8.5 13.1 0.0007 0.4625 M 0-3 0 4 5 4

Ab +Bo MB 13 5.6 2.9 3.8 7.4 0.6280 0.0001 M 0-3 0 5 5 3

Er:YAG-2W-10Hz + Bo MB 13 9.3 1.5 8.4 10.2 <0.00005 0.1183 M 0-3 0 3 6 4

Akpinar, 2015

HF+ Si + Bo MB 20 9.09 3.51 7.4 10.7 0.0009 0.2606 M

Ab+ Si + Bo MB 20 9.07 3.76 7.3 10.8 0.0017 0.2825 M

Nd:YAG-4W-40Hz + Si
+ Bo

MB 20 5.11 1.53 4.4 5.8 0.0175 <0.00005 F

FS-0.75W-1 kHz + Si + Bo MB 20 11.58 4.16 9.6 13.5 <0.00005 0.1057 M

Zarif Najafi, 2014

HF+ Si + Bo MB 12 13.13 2.47 11.6 14.7 <0.00005 0.0011 H 0-3 0 2 10 0

Ab + Si + Bo MB 12 6.4 1.67 5.3 7.5 0.4243 <0.00005 M 0-3 8 4 0 0

CO2-2W-2Hz + Si + Bo MB 12 8.38 3.74 6.0 10.8 0.0497 0.1616 M 0-3 7 4 1 0

Yassaei, 2013

HF+ Si + Bo MB 25 7.4 1.27 6.9 7.9 <0.00005 <0.00005 M

Er:YAG-1.6W-20Hz + Si
+ Bo

MB 25 7.88 1.18 7.4 8.4 <0.00005 <0.00005 M

Er:YAG-2W-20Hz + Si
+ Bo

MB 25 7.52 1.09 7.1 8.0 <0.00005 <0.00005 M

Er:YAG-3.2W-20Hz + Si
+ Bo

MB 25 7.45 1.53 6.8 8.1 <0.00005 <0.00005 M

Purmal, 2013
HF+ Si + Bo MB 20 3.57 0.87 3.2 4.0 <0.00005 <0.00005 F 5-1 2 2 2 8 6

PA37%+ Si + Bo MB 20 3.46 0.65 3.2 3.8 <0.00005 <0.00005 F 5-1 11 5 2 1 1

Hosseini, 2013

HF+ Si + Bo MB 12 9.4 2.5 7.8 11.0 0.0006 0.4234 M 5-1 2 4 2 3 1

Nd:YAG-0.75W+Si + Bo MB 12 2.2 0.9 1.6 2.8 <0.00005 <0.00005 F 5-1 3 2 4 2 1

Nd:YAG-1W+Si + Bo MB 12 4.2 1.1 3.5 4.9 0.0001 <0.00005 F 5-1 2 2 4 2 2

Nd:YAG-1.25W+Si + Bo MB 12 4.9 2.4 3.4 6.4 0.1407 <0.00005 M 5-1 0 1 4 5 2

Nd:YAG-1.5W+Si + Bo MB 12 7 1.7 5.9 8.1 0.0664 <0.00005 M 5-1 2 5 3 1 1

Nd:YAG-2W+Si + Bo MB 12 9.6 2.7 7.9 11.3 0.0007 0.6180 M 5-1 1 1 5 3 2

Ganesan, 2013

HF+ Si + Bo MB 10 9.21 0.76 8.7 9.8 <0.00005 0.0094 M 0-3 4 5 1 0

HF+Bo MB 10 4.33 0.72 3.8 4.8 <0.00005 <0.00005 F 0-3 10 0 0 0

Ab +Bo MB 10 4.56 0.85 4.0 5.2 0.0005 <0.00005 F 0-3 10 0 0 0

Ab + Si + Bo (50-micron ab) MB 10 9.04 0.59 8.6 9.5 <0.00005 0.0006 M 0-3 4 6 1 0

Ab + Si + Bo (sandblast) MB 10 12.57 0.84 12.0 13.2 <0.00005 <0.00005 H 0-3 5 3 1 1

Ab +HF+Bo MB 10 7.31 0.83 6.7 7.9 0.0007 <0.00005 M 0-3 9 1 0 0

Ab+HF+ Si + Bo MB 10 13.26 0.72 12.7 13.8 <0.00005 <0.00005 H 0-3 0 6 4 0

DB+ Si + Bo MB 10 10.62 0.59 10.2 11.0 <0.00005 0.0089 M 0-3 5 4 1 0

Ahrari, 2013

HF+ Si + Bo MB 10 7.31 3.81 4.6 10.0 0.3052 0.0525 M

CO2-10W-200Hz + Si + Bo MB 10 5.7 1.81 4.4 7.0 0.6128 <0.00005 M

CO2-15W-200Hz + Si + Bo MB 10 5.2 2.8 3.2 7.2 0.3898 0.0004 M

CO2-20W-200Hz + Si + Bo MB 10 4.4 2.11 2.9 5.9 0.0400 <0.00005 F

Ramos, 2012

HF+ Si + Bo CB 10 17.5 1.56 16.4 18.6 <0.00005 <0.00005 H 0-3 0 3 5 0

HF+Bo CB 10 6.1 1.66 4.9 7.3 0.8531 <0.00005 M 0-3 2 6 2 0

DB+PA37%+Bo CB 10 4.8 0.68 4.3 5.3 0.0003 <0.00005 F 0-3 4 6 0 0

Poosti, 2012
HF+Bo MB 20 7 2.1 6.0 8.0 0.0465 <0.00005 M

Er:YAG-2W+Bo MB 20 2.3 1.1 1.8 2.8 <0.00005 <0.00005 F
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Table 2: Continued.

Study Surface treatment Br N
SBS (MPa)

R
ARI∗

Mean SD 95% CI P6 P10 Type A B C D E

Er:YAG-3W+Bo MB 20 3.7 2.3 2.6 4.8 0.0003 <0.00005 F

Nd:YAG-0.8W+Bo MB 20 6.9 2.7 5.6 8.2 0.1525 <0.00005 M

Girish, 2012

HF+ Si + Bo MB 10 12.83 0.5645 12.4 13.2 <0.00005 <0.00005 H 0-3 2 6 2 0

HF+Bo MB 10 8.707 0.3531 8.5 9.0 <0.00005 <0.00005 M 0-3 2 7 1 0

Ab +Bo MB 10 7.45 0.6345 7.0 7.9 <0.00005 <0.00005 M 0-3 1 9 0 0

Ab + Si + Bo MB 10 15.179 0.3844 14.9 15.5 <0.00005 <0.00005 H 0-3 0 6 4 0

DB+Bo MB 10 8.396 0.7043 7.9 8.9 <0.00005 <0.00005 M 0-3 7 3 0 0

DB+ Si + Bo MB 10 7.764 0.739 7.2 8.3 <0.00005 <0.00005 M 0-3 8 2 0 0

Saraç, 2011
Cojet + Si + Bo MB 20 23.51 3.11 22.1 25.0 <0.00005 <0.00005 H 0-3 20 0 0 0

Ab + Si + Bo (25-micron) MB 20 13.58 2.56 12.4 14.8 <0.00005 <0.00005 H 0-3 20 0 0 0

Saraç, 2007

HF+ Si + Bo MB 10 5.39 2.59 3.5 7.2 0.4754 0.0003 M

Ab+ Si + Bo (25-micron) MB 10 17.9 3.22 15.6 20.2 <0.00005 <0.00005 H

Ab+HF+ Si + Bo (25-
micron)

MB 10 20.37 3.02 18.2 22.5 <0.00005 <0.00005 H

Karan, 2007

Ab +Bo MB 14 3.2 2.7 1.6 4.8 0.0019 <0.00005 F 0-3 14 0 0 0

Ab + Si + Bo MB 14 10.7 5.1 7.8 13.6 0.0043 0.6162 M 0-3 2 6 2 0

Ab +HF+Bo MB 14 11.3 4.1 8.9 13.7 0.0003 0.2567 M 0-3 12 2 0 0

Ab+HF+ Si + Bo MB 14 10.5 6 7.0 14.0 0.0149 0.7601 M 0-3 6 2 3 0

Cojet + Si + Bo MB 14 15.2 5.9 11.8 18.6 <0.00005 0.0058 H 0-3 0 3 10 0

Türkkahraman,
2006

HF+ Si + Bo C 10 11.38 1.65 10.2 12.6 <0.00005 0.0267 H

Ab+ Si + Bo CB 10 5.46 1.34 4.5 6.4 0.2345 <0.00005 M

Ab+HF+ Si + Bo CB 10 10.45 1.15 9.6 11.3 <0.00005 0.2472 M

Türk, 2006

HF+ Si + Bo MB 10 5.39 2.59 3.5 7.2 0.4754 0.0003 M 0-3 10 0 0 0

Ab + Si + Bo (50-micron) MB 10 14.66 3.17 12.4 16.9 <0.00005 0.0012 H 0-3 10 0 0 0

Ab + Si + Bo (25-micron) MB 10 17.9 3.22 15.6 20.2 <0.00005 <0.00005 H 0-3 10 0 0 0

DB+ Si + Bo (fine bur) MB 10 26.38 3.63 23.8 29.0 <0.00005 <0.00005 H 0-3 10 0 0 0

DB+ Si + Bo (extra-fine bur) MB 10 24.26 4.87 20.8 27.7 <0.00005 <0.00005 H 0-3 10 0 0 0

Akova, 2005

HF+ Si + Bo MB 10 15.07 1.44 14.0 16.1 <0.00005 <0.00005 H

HF+Bo MB 10 10.78 0.62 10.3 11.2 <0.00005 0.0032 M

PA37%+Bo MB 10 2.36 0.41 2.1 2.7 <0.00005 <0.00005 F

PA37%+ Si + Bo MB 10 10.73 1.12 9.9 11.5 <0.00005 0.0694 M

Ab+Bo MB 10 2.04 0.41 1.7 2.3 <0.00005 <0.00005 F

Ab+ Si + Bo MB 10 13.81 2 12.4 15.2 <0.00005 0.0002 H

CO2-2W-2Hz +Bo MB 10 6.26 0.58 5.8 6.7 0.1900 <0.00005 M

CO2-2W-2Hz + Si + Bo MB 10 8.25 0.9 7.6 8.9 <0.00005 0.0002 M

Tengrungsun, 2004

HF+ Si + Bo MB 16 13.25 H

Ab+ Si + Bo MB 16 12.41 H

Nd:YAG-3W-20Hz + Si
+ Bo

MB 16 11.71 M

Özcan, 2004

HF+Bo PC 6 11.2 2.3 8.8 13.6 0.0026 0.2574 M

PA37%+Bo PC 6 8.5 2.8 5.6 11.4 0.0804 0.2465 M

Cojet + Si PC 6 12 2.9 9.0 15.0 0.0039 0.1520 M

Ab+ Si (30-micron) PC 6 13.6 2.2 11.3 15.9 0.0004 0.0102 H

Ab+ Si + Bo (30-micron) PC 6 10.9 2.8 8.0 13.8 0.0078 0.4667 M

Schmage, 2003

HF+ Si + Bo MB 10 12.2 3.4 9.8 14.6 0.0003 0.0711 M

HF+Bo MB 10 14.7 3.3 12.3 17.1 <0.00005 0.0015 H

Ab+Bo MB 10 2.8 1.5 1.7 3.9 <0.00005 <0.00005 F

Ab+ Si + Bo MB 10 15.8 4.2 12.8 18.8 <0.00005 0.0018 H
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laser. The HF and phosphoric acid groups, despite using dif-
ferent concentrations (HF concentration was mainly 9.6% or
about 10% and for PA was mostly 37%), were not separated
to avoid excessive dispersion of the metasamples. Laser
groups were divided into different groups based on the
power and frequency used. Abrasion groups, despite the
use of particles of different sizes (mostly 25 or 50 microns),
were not separated to prevent overdispersion of the meta-
samples. The diamond bur groups, despite using different
burs (mostly not mentioned, but some said fine or extra-
fine burs), were not separated to prevent overdispersion of
the metasamples. Polycarbonate brackets were not included
in the quantitative meta-analysis, as there was only one
study in this category.

Meta-analyses were performed in a separate metal
bracket category and in a separate ceramic bracket category.
In each bracket category, HF + silane (+bonding) prepara-
tion method was considered as the gold standard. In each
of the metal and ceramic categories, studies that did not have
this group were not included in the meta-analysis. Among
the various surface preparation groups, those entered into
the meta-analysis that contained more than one study in
that group. For example, the abrasion + silane + bonding
group was used in 14 studies (that also had the basic precon-
dition, i.e., having the HF + silane + bonding group). But for
example, the CO2 laser group (2W, 2Hz) + silane + bonding
was not included in the meta-analysis, because there was no
study that had the initial precondition, or there was only one
study that had the initial precondition.

Overall, the following groups were found (the ones
marked with an asterisk were included in the quantitative
meta-analyses of SBS as well):

Metal brackets: HF + silane + bonding∗, HF + bonding
(no silane)∗, HF + Er:CrYSGG laser (3W, 10Hz) + bonding
(no silane), HF + Er:YAG laser (3W, 10Hz) + bonding (no
silane), phosphoric acid 37% + bonding (no silane)∗, phos-
phoric acid 37% + silane + bonding∗, abrasion + bonding
(no silane)∗, abrasion + silane + bonding∗, abrasion + HF

+ bonding (no silane), abrasion + HF + silane + bonding∗,
Cojet (a type of silica coating) + silane + bonding∗, diamond
bur + bonding (no silane)∗, diamond bur + silane +
bonding∗, Er:YAG laser (1.6W, 20Hz) + silane +
bonding∗, Er:YAG laser (2W, 10Hz) + silane + bonding,
Er:YAG laser (2W, 20Hz) + silane + bonding, Er:YAG laser
(2W, 10Hz) + bonding (no silane), Er:YAG laser (3W) +
bonding (no silane), Er:YAG laser (3.2W, 20Hz) + silane
+ bonding, Er:CrYSGG laser (3W, 10Hz) + bonding (no
silane), Er:YAG laser (3W, 10Hz) + bonding (no silane),
Nd:YAG laser (0.75W) + silane + bonding, Nd:YAG laser
(0.8W) + bonding (no silane), Nd:YAG laser (1W) + silane
+ bonding∗, Nd:YAG laser (1.25W) + silane + bonding,
Nd:YAG laser (1.5W) + silane + bonding, Nd:YAG laser
(2W, 10Hz) + silane + bonding, Nd:YAG laser (2W,
20Hz) + silane + bonding, Nd:YAG laser (3W, 20Hz) +
silane + bonding, Nd:YAG laser (4W, 40Hz) + silane +
bonding, Ti:sapphire femtosecond laser (0.45W, 1 kHz) +
silane + bonding, femtosecond laser (0.75W, 1 kHz) + silane
+ bonding, CO2 laser (2W, 2Hz) + bonding (no silane),
CO2 laser (2W, 2Hz) + silane + bonding, CO2 laser
(10W, 200Hz) + silane + bonding, CO2 laser (15W,
200Hz) + silane + bonding, CO2 laser (20W, 200Hz) +
silane + bonding.

Ceramic brackets: HF + silane + bonding∗, HF + bond-
ing (no silane), phosphoric acid 37% + silane + bonding∗,
abrasion + silane + bonding, abrasion + HF + silane + bond-
ing, diamond bur + silane + bonding, diamond bur + phos-
phoric acid 37% + bonding (no silane), Nd:YAG laser
(15Hz) + silane + bonding.

Polycarbonate brackets: HF + bonding (no silane), phos-
phoric acid 37% + bonding (no silane), Cojet (a type of silica
coating) + silane (no bonding), abrasion + silane (no bond-
ing), abrasion + silane + bonding.

2.4. Risk of Bias Assessment. Since there was no tool available
to measure the risk of bias of in vitro studies, a questionnaire
was devised by VR from various major “risk of bias”

Table 2: Continued.

Study Surface treatment Br N
SBS (MPa)

R
ARI∗

Mean SD 95% CI P6 P10 Type A B C D E

Cojet + Si + Bo MB 10 14.9 3.8 12.2 17.6 <0.00005 0.0028 H

DB+Bo MB 10 1.6 0.8 1.0 2.2 <0.00005 <0.00005 F

Sant’Anna, 2002

HF+ Si + Bo MB 22 16.12 7.77 12.7 19.6 <0.00005 0.0013 H 0-3 0 1 4 5

Ab + Si + Bo MB 22 18.64 7.61 15.3 22.0 <0.00005 <0.00005 H 0-3 0 0 4 7

DB+ Si + Bo MB 22 17.11 7.37 13.8 20.4 <0.00005 0.0002 H 0-3 1 0 2 4

Bourke, 1999

HF+ Si + Bo MB 10 10.29 1.3 9.4 11.2 <0.00005 0.4984 M 0-3 0 4 5 1

HF+Bo MB 10 3.52 0.24 3.3 3.7 <0.00005 <0.00005 F 0-3 7 3 0 0

PA37%+Bo MB 10 0 0 F 0-3 10 0 0 0

PA37%+ Si + Bo MB 10 10.04 2.84 8.0 12.1 0.0015 0.9654 M 0-3 5 0 4 1
∗ARI scores A to D, respectively, indicate 0 to 3 in the 4-score systems. ARI scores A to E, respectively, indicate 5 to 1 in the 5-score systems. Note that the 4-
and 5-score ARI systems are intentionally presented in reverse orders, so that the “A” score always indicates that no adhesive remained on the porcelain. R:
result; M: moderate bond strength; H: high bond strength; F: failed bond: These are determined based on statistical comparisons in most cases; for 9 groups,
statistical comparisons were not technically possible and these F/M/H results were decided subjectively by comparing with similar results in other groups. Two
mean bond strengths = 10:62 and =10.78MPa were intentionally marked as “M” despite their mean SBS being statistically significantly above 10MPa, because
the significant difference from 10 was small and also since similar bond strengths from other groups were all moderate. HF: hydrofluoric acid; Si: silane; Bo:
bonding; PA: phosphoric acid; AB: abrasion; DB: diamond bur; FS: femtosecond laser; Br: bracket; MB: metal bracket; CB: ceramic bracket; PC: polycarbonate.
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assessment tools to include potential sources of bias relevant
to in vitro studies. Two authors assessed the studies in this
regard.

2.5. Effect Measures. In each study, mean SBS values of treat-
ments other than the control (HF + silane) would be dimin-
ished by the control in order to calculate their effect sizes.
Therefore, the SBS effect measure for each treatment was
the difference between the mean SBS of each group sub-
tracted from the mean SBS of the HF + silane group.

ARI data were aggregated in two different forms. Once,
they were dichotomized into low and high ARIs and were
treated as odds ratios against the gold standard ARI (HF +
silane). In this matter, the 4-score ARIs (0 to 3) were dichot-
omized into two groups of 0 or 1 (as one group of “failure”)
and 2 or 3 (as the other group of “success”). The 5-score
ARIs were dichotomized into two groups of “success” (previ-
ous groups of 1 to 2) and “failure” (previous groups of 3 to
5). Note that the directions of these two ARI systems are
the opposite of each other. In the second method, raw data
pertaining to ARI scores of similar groups were summed.
And the aggregated ARI scores of each group was compared
with the aggregated gold standard ARI, using a chi-square
test.

2.6. Synthesis Method. Studies were grouped according to the
methods of surface roughening. The SBS groups were (1)
abrasion-no silane-bonding-metal brackets, (2) abrasion-
[29, 35] HF-silane-bonding-metal brackets, (3) abrasion-
silane-bonding-metal brackets, (4) Cojet- (a method of silica
coating) silane-bonding-metal brackets, (5) diamond bur-no
silane-bonding-metal bracket, (6) diamond bur-silane-
bonding-metal bracket, (7) Er:YAG laser- (1.6W, 20Hz)
silane-bonding-metal bracket, (8) HF-no silane-bonding-
metal bracket, (9) Nd:YAG laser- (1W) silane-bonding-
metal bracket, (10) phosphoric acid 37%-silane-bonding-
ceramic bracket, (11) phosphoric acid 37%-silane-bonding-
metal bracket.

All the SBS studies except two had reported mean and
standard deviations for all their groups. A study had
reported median and the interquartile range instead of mean
and standard deviation [30]. A formula (ðQ3 −Q1Þ/1:35)
[42] was used to convert the range into standard deviation.
Also, another formula (ðmedian = Q1 = Q3Þ/3) [42] was
used to convert the median/quartile information into the
mean. A study had reported merely mean SBS values with-
out standard deviations [43], which was excluded from
meta-analyses pertaining to SBS. All ARI scores had been
reported in a way that raw data could be obtained from
the presented data.

All the assessed studies were summarized as tables and
also as forest plots. Heterogeneity was assessed using various
measures including the I2 statistic. The source of heteroge-
neity was not statistically assessed, since the studies were
all in vitro and usually no study variables except for the main
independent and dependent variables existed in each study,
and also because many metasamples were small. For sensi-
tivity analysis, forest plots and sample sizes were visually
inspected by two statisticians, and almost no cases of

extremities were found. Therefore, no statistical sensitivity
analyses deemed necessary. Publication bias was assessed
using the Egger regression.

2.7. Certainty Assessment. Since there was no method of cer-
tainty assessment for in vitro studies, we were limited to
reporting the certainty based on what we could obtain from
other study types.

2.8. Statistical Analyses. As detailed above, effect sizes and
95% confidence intervals (CI) were estimated for SBS values
and dichotomized ARI values of different surface treatments
in comparison with the treatment “HF + silane + bonding.”
Heterogeneity was assessed using various measures, includ-
ing I2. Meta-analyses were performed using random-effects
and fixed-effects models, depending on the heterogeneity
of the metasample. Also meta-analyses of SBS were per-
formed comparing different groups other than the gold stan-
dard. Publication bias was assessed using an Egger
regression and/or funnel plots. Aggregated ARI scores of
each treatment were compared with aggregated ARI scores
of the treatment “HF + silane + bonding” using a chi-
square test. Each aggregated ARI score was compared with
an evenly distributed hypothetical target, using a chi-
square goodness-of-fit test. For SBS of each group of each
study, a 95% CI was computed. SBS values of each group
of each study was compared with the SBS values 6 and
10MPa (as two optimum SBS thresholds for orthodontic
brackets [1]) using a one-sample t-test. The software in use
was STATA (version 17, StataCorp, College Station, TX,
USA). The level of significance was set at 0.05.

3. Results

The search yielded 301 results (49, 105, 11, 7, and 129 in dif-
ferent search engines/databases PubMed, Scopus, Web of
Science, Cochrane Library, and Google Scholar, respec-
tively). After finding and removing the duplicates, 176
search results remained. After screening the abstract of these
176 articles, 75 were excluded as not completely relevant.
The remaining 101 studies were assessed for the eligibility
criteria. Of them, 69 were excluded due to the following rea-
sons: (1) unavailable full text; (2) not comparing different
surface preparation methods; (3) working on other types of
porcelain, not on “feldspathic” porcelain; (4) comparing dif-
ferent types of silanes or bonding materials or primers; (5)
not measuring “SBS” or “ARI”; (6) not having clear results;
and (7) comparing different types of silanes or bonding
agents which could affect the results of surface treatments
as well. There remained 32 studies for qualitative analyses,
of which 21 and 12 were included in the quantitative analy-
ses pertaining to SBS and ARI, respectively (Figure 1).

The included studies are summarized (in terms of coun-
try, year, sample size, number of groups, brackets, surface
roughening methods, silane application protocol, primer
application protocol, bonding application protocol, thermo-
cycling, SBS crosshead speed, ARI grouping, and conclu-
sions) in Table 1. All the SBS and ARI values are reported
in Tables 2 and 3. Also, statistical comparisons between
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the gold standard’s aggregate ARI and aggregate ARI of each
of groups (using the chi-squared test) as well as comparisons
between ARI distributions versus an evenly distributed
hypothetical target (using the chi-squared goodness-of-fit
test) are presented in Table 3.

3.1. Summary of Studies That Were Not Included in Meta-
Analyses. In the studies that did not have the gold standard
group, meta-analysis was not conducted, but their groups
were compared with the shear bond strengths 6 and
10MPa (Table 2). Mirhashemi et al. [44] showed a very high
SBS for the silane-less treatment of HF etching and bonding.
The three laser groups HF + Er:CrYSGG-3W-10Hz + bond-
ing, HF + Er:YAG-3W-10Hz + bonding, and Er:CrYSGG-
3W-10Hz + bonding of their study as well showed very high
SBS values. However, another laser group Er:YAG-3W-
10Hz + bonding yielded merely acceptable (but minimum)
results. Cevik et al. [45] did not report adequate information
for any statistical calculations. Still, the mean SBS values
reported for the gold standard group was mildly greater than
phosphoric acid replacement (instead of HF) and mildly
poorer than Nd:YAG-15Hz + silane + bonding treatment,
all being extremely low and insufficient. The only group that
might provide minimum acceptable shear bond strengths
was DB + silane + bonding. Aksakalli et al. [46] showed that
the two silane-free treatments HF etching and bonding as
well as Er:YAG-2W-10Hz laser and bonding could yield
quite acceptable results, while another silane-free treatment
sandblasting followed by bonding might provide only the
minimum required SBS. Again, in the study of Poosti et al.
[14], the silane-free group HF etching and bonding was able
to provide (this time the minimum) required SBS. Their
silane-free laser treatment Nd:YAG-0.8W + bonding as well
provided the minimum necessary SBS. However, the other
two laser protocols (2- and 3-watt Er:YAG lasers followed
by bonding) failed to do so [14]. Saraç et al. [47] reported
high-enough bond strengths for Cojet + silane + bonding
and abrasion + silane + bonding, respectively. Karan et al.
[48] reported acceptable bond strengths for four treatments
“abrasion + silane + bonding, abrasion + HF + bonding,
abrasion + HF + silane + bonding, and Cojet + silane +
bonding.” However, air abrasion followed by bonding failed
to provide proper bond strengths [48]. Tengrungsun et al.
[43] had not provided enough information for statistical
analyses. Still, all of their three groups (HF + silane + bond-
ing, abrasion + silane + bonding, and Nd:YAG-3W-20Hz +
silane + bonding) seemed to have proper mean SBS values.
Özcan et al. [49] tested 5 treatments “HF + bonding, phos-
phoric acid 37% + bonding, Cojet + silane, abrasion + silane,
and abrasion + silane + bonding” on polycarbonate brackets,
all of which provide acceptable bond strengths. They were
the only study assessing polycarbonate brackets [49]. There
was only one study assessing the treatment “abrasion + HF
+ bonding” in comparison with the gold standard [29]. Since
there were no other such studies, it was not possible to con-
duct a meta-analysis on it. That study [29] showed that this
treatment (abrasion + HF + bonding) was poorer than its
control and could provide bond strengths about 1.9MPa
weaker.

3.2. Meta-Analyses of SBS. Detailed information of analyses
is presented as Figures 2–14. Therefore, we did not repeat
most of this information in the text.

3.2.1. SBS of Metal Brackets

(1) Abrasion, No Silane, and Bonding. Four studies were
included in this meta-analysis [2, 29, 31, 34]. The metasam-
ple was heterogenous (I2 = 98:8%, P < 0:0005). The overall
effect size was significantly below zero, indicating that this
treatment is significantly less effective than the gold standard
(Figure 2). The Egger regression showed that there was no
publication bias across the studies (P = 0:554).

(2) Abrasion, HF, Silane, and Bonding. Three studies were
included in this meta-analysis [27, 29, 35]. The metasample
was heterogenous (I2 = 99:3%, P < 0:0005). The overall effect
size was marginally significantly above zero, indicating that
this treatment might be more effective than the gold stan-
dard (Figure 3). The Egger regression showed a marginally
significant publication bias (P = 0:061).

(3) Abrasion, Silane, and Bonding. Fourteen studies were
included in this meta-analysis [2, 22, 27, 29–39]. The meta-
sample was heterogenous (I2 = 98:9%, P < 0:0005). The
overall effect size was almost (marginally significantly) above
zero for about 2MPa, with a very subtle overlap of its 95%
CI with the zero line, indicating that taking into account
the controversies in the 14 studies, this treatment is, overall,
marginally significantly more effective than the gold stan-
dard for about 2MPa (Figure 4). No publication bias was
detected (P = 0:719).

(4) Cojet, Silane, and Bonding. Three studies were included
in this meta-analysis [30, 34, 36]. The metasample was het-
erogenous (I2 = 99:5%, P < 0:0005). The overall effect size
was not different from zero, indicating that this surface
treatment might yield results similar to the gold standard,
also noting that previous results were controversial
(Figure 5). No publication bias was detected (Egger, P =
0:979).

(5) Diamond Bur, No Silane, and Bonding. Only two studies
were included in this regard [31, 34]. The metasample was
heterogenous (I2 = 96:6%, P < 0:0005). The overall effect size
was significantly negative, indicating that this surface treat-
ment acts poorer than the gold standard (Figure 6). The
Egger regression could not be performed, but the funnel plot
indicated a lack of publication bias.

(6) Diamond Bur, Silane, and Bonding. Seven studies were
included in this meta-analysis [22, 27, 29–33]. The meta-
sample was heterogenous (I2 = 99:7%, P < 0:0005). Most
studies were either similar to the control or poorer than it.
However, one study had an extremely higher SBS compared
with the control [32]. The overall effect size was very close to
zero with 95% CIs spanning around zero and thus not signif-
icantly different from zero, indicating the possible similarity
of this surface treatment with the gold standard as well as
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some controversy (Figure 7). No publication bias was
observed (Egger, P = 0:250).

(7) Er:YAG Laser (1.6W, 20Hz), Silane, and Bonding. Two
studies were included [37, 50]. The metasample was heterog-
enous (I2 = 99:2%, P < 0:0005). The overall effect size was
not significantly different from zero, indicating that this
treatment might act like the gold standard and/or that the

results might be controversial (Figure 8). The Egger regres-
sion could not be performed. The funnel plot suggested a
lack of publication bias.

(8) HF, No Silane, and Bonding. This meta-analysis included
six studies [2, 25, 26, 29, 31, 34]. The metasample was heter-
ogenous (I2 = 98:0%, P < 0:0005). The overall effect size was
significantly negative, indicating that this surface treatment

Table 3: Aggregated ARI scores. Each ARI cell in each row shows the number of all specimens (in all possible studies having that particular
treatment) that had that particular ARI score. For computing the first P value, statistical comparisons are performed between the gold
standard (the first group) and the rest of groups, using the chi-squared test. The second P value is calculated using the chi-squared
goodness-of-fit test, against an evenly distributed hypothetical target. All surface treatments have “bonding application”.

ARI system Br Surface treatment N
ARI–number (and %) in each group P1 P2

A B C D E

4-score (0 to 3)

M

HF+ silane + Bo 9 21 (22.1) 29 (30.5) 27 (28.4) 18 (18.9) — — 0.345

HF+Bo 6 26 (40.6) 20 (31.3) 9 (14.1) 9 (14.1) — 0.037 0.004

HF+Er:CrYSGG-3W-10Hz +Bo 1 2 (18.2) 7 (63.6) 1 (9.1) 1 (9.1) — 0.159 0.029

HF+Er:YAG-3W-10Hz + Bo 1 7 (63.6) 3 (27.3) 1 (9.1) 0 — 0.019 0.015

PA37%+Bo 1 10 (100) 0 0 0 — <0.0005 <0.0005
PA37%+ silane + Bo 3 20 (51.3) 11 (28.2) 7 (17.9) 1 (2.6) — 0.003 <0.0005

Abrasion + Bo 4 25 (53.2) 14 (29.8) 5 (10.6) 3 (6.4) — 0.001 <0.0005
Abrasion + silane + Bo 9 64 (49.6) 34 (26.4) 19 (14.7) 12 (9.3) — <0.0005 <0.0005
Abrasion + HF+Bo 2 21 (87.5) 3 (12.5) 0 0 — <0.0005 <0.0005

Abrasion + HF+ silane + Bo 3 6 (19.4) 11 (35.5) 10 (32.3) 4 (12.9) — 0.833 0.238

Cojet + silane + Bo 3 26 (54.2) 10 (20.8) 11 (22.9) 1 (2.1) — <0.0005 <0.0005
DB+Bo 1 7 (70) 3 (30) 0 0 — 0.006 0.004

DB+ silane + Bo 5 35 (61.4) 13 (22.8) 5 (8.8) 4 (7) — <0.0005 <0.0005
Er:YAG-2W-10Hz + silane + Bo 1 0 3 (30) 5 (50) 2 (20) — 0.308 0.158

Er:YAG-2W-10Hz +Bo 1 0 3 (23.1) 6 (46.2) 4 (30.8) — 0.168 0.123

Er:CrYSGG-3W-10Hz +Bo 1 10 (90.9) 1 (9.1) 0 0 — <0.0005 <0.0005
Er:YAG-3W-10Hz +Bo 1 10 (90.9) 0 1 (9.1) 0 — <0.0005 <0.0005

Nd:YAG-2W-10Hz + silane + Bo 1 0 2 (20) 6 (60) 2 (20) — 0.143 0.055

CO2-2W-2Hz + silane + Bo 1 7 (58.3) 4 (33.3) 1 (8.3) 0 — 0.026 0.019

C

HF+ silane + Bo 2 5 (35.7) 4 (28.6) 5 (35.7) 0 — — 0.183

HF+Bo 1 2 (20) 6 (60) 2 (20) 0 — 0.306 0.055

PA37%+ silane + Bo 1 6 (100) 0 0 0 — 0.030 <0.0005
Abrasion + silane + Bo 1 4 (40) 6 (60) 0 0 — 0.083 0.013

DB+ silane + Bo 1 5 (50) 5 (50) 0 0 — 0.102 0.019

DB+PA37%+Bo 1 4 (40) 6 (60) 0 0 — 0.083 0.013

ND:YAG-15Hz + silane + Bo 1 2 (25) 6 (75) 0 0 — 0.065 0.007

5-score (5 to 1)

M

HF+ silane + Bo 4 7 (13) 9 (16.7) 8 (14.8) 16 (29.6) 14 (25.9) — 0.063

PA37%+ silane + Bo 3 17 (40.5) 14 (33.3) 4 (9.5) 4 (9.5) 3 (7.1) 0.001 <0.0005
Nd:YAG-0.75W+ silane + Bo 1 3 (25) 2 (16.7) 4 (33.3) 2 (16.7) 1 (8.3) 0.316 0.676

Nd:YAG-1W+ silane + Bo 1 2 (16.7) 2 (16.7) 4 (33.3) 2 (16.7) 2 (16.7) 0.574 0.816

Nd:YAG-1.25W+ silane + Bo 1 0 1 (8.3) 4 (33.3) 5 (41.7) 2 (16.7) 0.325 0.122

Nd:YAG-1.5W+ silane + Bo 1 2 (16.7) 5 (41.7) 3 (25) 1 (8.3) 1 (8.3) 0.154 0.314

Nd:YAG-2W-10Hz + silane + Bo 1 1 (8.3) 1 (8.3) 5 (41.7) 3 (25) 2 (16.7) 0.327 0.314

C
HF+ silane + Bo 2 5 (22.7) 7 (31.8) 6 (27.3) 2 (9.1) 2 (9.1) — 0.261

PA37%+ silane + Bo 2 3 (13.6) 11 (50) 8 (36.4) 0 0 0.339 <0.0005
Br: bracket; M: metal; C: ceramic; N: number of articles; HF: hydrofluoric acid; Bo: bonding; PA: phosphoric acid; DB: diamond bur. ∗ARI scores A to D,
respectively, indicate 0 to 3 in the 4-score systems. ARI scores A to E, respectively, indicate 5 to 1 in the 5-score systems. Note that the 4- and 5-score
ARI systems are intentionally presented in reverse orders, so that the “A” score always indicates that no adhesive remained on the porcelain.
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acted poorer than the gold standard (Figure 9). A significant
publication bias was detected (beta = 5:79, SE = 1:610, P =
0:0003, Egger regression).

(9) Nd:YAG Laser (1W), Silane, and Bonding. This meta-
analysis included two studies [12, 22]. The metasample was
heterogenous (I2 = 94:8%, P < 0:0005). The overall effect size
was about -3.1MPa, but the very wide 95% CI crossed the zero
line with a small margin, rendering the effect size nonsignifi-
cant (Figure 10). Still, the overall difference wasmarginally sig-
nificant, and this treatment seems to act somehow poorer than
the gold standard, as both the effect sizes of both studies and
their 95% CIs were all negative (Figure 10). No publication
bias was observed (Egger, beta = 0:0).

(10) Nd:YAG Laser (2W), Silane, and Bonding. This meta-
analysis contained two studies [12, 27]. The metasample
was not significantly heterogenous (I2 = 62:7%, P = 0:10).
The overall effect size was not significantly different from
zero (Figure 11). No publication bias was observed (Egger,
beta = 0:0).

(11) CO2 Laser (2W, 2Hz), Silane, and Bonding. This meta-
analysis had two studies [2, 39]. The metasample was not
significantly heterogenous (I2 = 54:2%, P = 0:14). The signif-

icant overall effect size was about -6.1MPa, indicating the
poor quality of this treatment (Figure 12). The Egger test
could not be conducted, but the funnel plot did not show
any publication bias.

(12) Phosphoric Acid 37%, Silane, and Bonding. This meta-
analysis included eight studies [2, 22–28]. The metasample
was heterogenous (I2 = 90:8%, P < 0:0005). The overall effect
size of -2.8MPa was significantly below zero, indicating that
this surface treatment acted poorer than the gold standard
(Figure 13). There was no publication bias across the studies
(P = 0:755, Egger).

3.2.2. SBS of Ceramic Brackets

(1) Phosphoric Acid 37%, Silane, and Bonding. The meta-
sample of the included two studies [23, 24] was homogenous
(I2 = 0:0%, P = 0:734). Both studies similarly showed effect
sizes close to the gold standard. The overall effect size was
not significantly different from zero (Figure 14). The Egger
test and funnel plot showed no publication bias (P = 0:734).

3.3. Meta-Analyses of Dichotomized ARIs. After dichotomiz-
ing ARI scores as detailed above, their odds ratios against the
dichotomized ARI of the control group (the gold standard)
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Figure 4: Weighted mean differences (and 95% CIs) for the SBS of “abrasion, silane, bonding” versus the gold standard in metal brackets.
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Figure 9: Weighted mean differences (95% CIs) for the SBS of “HF, no silane, bonding” against the gold standard for metal brackets.
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were calculated. Detailed analysis parameters are illustrated
as Figures 15–22; therefore, they are not repeated as text.

3.3.1. 4-Score ARIs
(1) ARI of Metal Brackets

(1) Abrasion, No Silane, and Bonding. Only two studies
were included in this meta-analysis [29, 31]. There
was no heterogeneity (I2 = 0:0%, P = 0:791). The
overall odds ratio did not differ significantly from
the odds ratio = 1, meaning that the dichotomized

ARI of these studies did not differ considerably from
the dichotomized ARI of the gold standard
(Figure 15). The Egger regression and the funnel plot
did not show any publication bias (P = 0:791).

(2) Abrasion, HF, Silane, and Bonding. Only two studies
were included in this meta-analysis [27, 29]. There
was no heterogeneity (I2 = 0:0%, P = 0:386). The
overall odds ratio did not differ significantly from
the odds ratio = 1, meaning that the dichotomized
ARI of these studies did not differ considerably from
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Figure 10: Weighted mean differences (95% CIs) for the bond strengths produced by “Nd:YAG laser (1W), silane, bonding” versus the gold
standard in metal brackets.
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Figure 11: Weighted mean SBS differences (95% CIs) of “Nd:YAG laser (2W), silane, bonding” protocol in comparison with the gold
standard for metal brackets.
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Figure 12: Weighted mean differences (95% CIs) for the SBS values caused by the preparation method “CO2 laser (2W, 2Hz), silane,
bonding” against the gold standard for metal brackets.
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the dichotomized ARI of the gold standard
(Figure 16). The Egger regression and the funnel plot
showed no publication bias (P = 0:386).

(3) Abrasion, Silane, and Bonding. Seven studies were
included in this meta-analysis [27, 29, 31–33, 36,
39]. There was no heterogeneity (I2 = 39:4%, P =
0:129). The overall odds ratio did not differ signifi-

cantly from 1 (Figure 17). The Egger regression
showed no publication bias (P = 0:483).

(4) Diamond Bur, Silane, and Bonding. This meta-
analysis included five studies [27, 29, 31–33]. There
was no heterogeneity (I2 = 0:0%, P = 0:751). The
overall odds ratio was marginally significantly
smaller than 1 (Figure 18), indicating that ARI scores
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Figure 13: Weighted mean SBS differences (95% CIs) of “phosphoric acid 37%, silane, bonding” versus the gold standard for metal brackets.
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Figure 14: Weighted mean SBS differences (95% CIs) of “phosphoric acid 37%, silane, bonding” compared to the gold standard for ceramic
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Figure 15: Log odds ratios (and 95% CI) for dichotomized 4-score ARIs for “abrasion, no silane, bonding” versus the gold standard, in metal
brackets.
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Figure 16: Log odds ratios (95% CI) for dichotomized 4-score ARIs for “abrasion, HF, silane, bonding” against the gold standard for metal
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Figure 17: Log odds ratios (95% CI) for dichotomized 4-score ARIs for “abrasion, silane, bonding” compared to the gold standard, in metal
brackets.
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Figure 18: Log odds ratios (95% CI) for dichotomized 4-score ARI for “diamond bur, silane, bonding” against the gold standard, in metal
brackets.
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Figure 19: Log odds ratios (95% CI) for dichotomized 4-score ARI for “HF, no silane, bonding” versus the gold standard, in metal brackets.
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Figure 20: Log odds ratios (95% CI) for dichotomized 4-score ARI for “phosphoric acid 37%, silane, bonding” compared to the gold
standard, in metal brackets.
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Figure 21: Log odds ratios (95% CI) for dichotomized 5-score ARI for “phosphoric acid 37%, silane, bonding” against the gold standard, in
metal brackets. When dichotomizing 5-score ARIs, the higher scores were categorized as failures and the lower scores were categorized as
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of this treatment might be lower values than the ARI
of the gold standard. No publication bias was
observed (Egger, P = 0:406).

(5) HF, No Silane, and Bonding. This meta-analysis
included four studies [25, 26, 29, 31]. There was no
heterogeneity (I2 = 0:0%, P = 0:626). The overall
odds ratio was significantly smaller than 1
(Figure 19), indicating that ARI scores of this treat-
ment tend to skew towards the value zero compared
to the ARI of the gold standard. There was no publi-
cation bias (Egger, P = 0:849).

(6) Phosphoric Acid 37%, Silane, and Bonding. This
meta-analysis included three studies [25–27]. There
was no significant heterogeneity (I2 = 0:0%, P =
0:293). The overall odds ratio was marginally signif-
icantly smaller than 1 with an extremely small mar-
gin (P = 0:055, Figure 20), indicating that ARI
scores of this treatment tend to skew towards the
lower end compared to the ARI scores of the gold
standard. There was not any case of publication bias
(Egger, P = 0:141).

3.3.2. 5-Score ARIs. When dichotomizing 5-score ARIs, the
higher scores were categorized as failures and the lower
scores were categorized as successes. This was opposite of
the categories of the 4-score ARIs, as the definitions of the
4- and 5-score ARIs were reverse of each other.

(1) Metal Brackets: Phosphoric Acid 37%, Silane, and Bond-
ing. This meta-analysis included three studies [23, 24, 28].
There heterogeneity was significant (I2 = 73:8%, P = 0:018).
The overall odds ratio was marginally significantly smaller
than 1 (Figure 21). No publication bias was detected
(P = 0:346).

(2) Ceramic Brackets: Phosphoric Acid 37%, Silane, and
Bonding. Only two studies existed that had tested this treat-

ment [23, 24]. No heterogeneity was observed (I2 = 0:0%, P
= 0:365). The overall odds ratio was significantly smaller
than 1 (Figure 22), indicating that ARI scores of this treat-
ment tend to skew towards the “porcelain-resin junction
fracture” end compared to the ARI of the gold standard.
The Egger regression and funnel plot did not show any pub-
lication bias (P = 0:365).

3.4. Meta-Analyses of SBS Comparing Groups Other than
Gold Standard with Each Other

(1) Metal Brackets: Abrasion, Silane, and Bonding (as the
Control) versus Diamond Bur, Silane, and Bonding. A total
of 7 studies were included in this meta-analysis [22, 27,
29–33]. The sample was heterogenous. The overall difference
between the two methods was close to zero (Figure 23). No
publication bias was observed (Egger, P = 0:363).

3.5. Risk of Bias. The risk of bias was assessed using a ques-
tionnaire created for in vitro studies. Most studies had ade-
quately randomized the specimens. Baseline conditions
were similar across groups for most studies. Experimental
procedures were always different across groups. No opera-
tors were blinded of the groupings. There was no attrition
bias. All the intended outcomes had been adequately
reported in all studies. No undefined outcomes had been
reported. The summary of these assessments is presented
in Figures 24 and 25 and Table 4. Overall, it seemed that
most studied had rather low risks of bias.

3.6. Certainty of Evidence. There was no method of assessing
the certainty of evidence for in vitro studies. In the pyramid
of evidences, in vitro studies are at the lowest level because
they cannot be translatable to the extremely dynamic oral
and systemic conditions. On the other hand, they remove
numerous confounding factors in an experimental setting,
allowing a better control over results and risks of bias (as
was the case with the studies included in this systematic
review). Therefore, it seems that their results can be
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considered moderately confident per se, if not tending to
generalize them to clinical conditions.

4. Discussion

The goal of this systematic review and meta-analysis was to
offer proper methods that can act as good as the gold stan-
dard (HF followed by silane and bonding agent application)
or possibly better than it in producing proper shear bond
strengths of orthodontic brackets to feldspathic porcelain
surfaces. Findings of the above meta-analyses should be
approached with caution, as most of them had rather small
metasamples and many of the overall effect sizes were not
statistically significant. Besides, it should be noted that fac-
tors such as the physicochemical properties of materials in
use, details of methods such as duration or percentage of
HF etching, or even brands of materials (e.g., different silane
brands) might affect the outcome [51–53]. Furthermore, it
should be noted that although the surface treatment “HF
etching followed by silane and bonding application” was
used as the gold standard, an inspection of this group itself
shows that in some cases, even this gold standard had not
reached proper SBS values (Figure 26, Table 2), which can
be due to numerous methodological factors such as the
number of thermal cycles, the brands and types and concen-
trations of the materials in use, and durations of application.
Another important point to consider is that acting poorer
than the gold standard does not always and necessarily mean
failure. It is possible for a particular surface treatment to act
slightly (but significantly) poorer than the gold standard
while still providing adequate shear bond strengths. This is
why we also compared each group of each study with the
values 6 and 10MPa as the two recommended bond
strengths (Table 2) [1]. The literature does not contain clear
guidelines about shear force limits [54]. Still, a proper ortho-
dontic biomaterial needs to provide good adhesion in order
to endure masticatory forces (with a minimum bond
strength of 6 to 10MPa) [1, 54]. Conversely, adhesion forces
should not be excessively strong in order to avoid enamel

loss or porcelain damage after debonding (perhaps a maxi-
mum of 40 to 50MPa for certain (and not all) dental tissues
but not known for porcelain surfaces) [2, 8, 54, 55]. There-
fore, Scribante et al. [54] suggest that an ideal orthodontic
material should produce bonding forces between about 5
and 50MPa, even if these limits are mostly theoretical [54].
It should be noted that even some dental surfaces might
not tolerate high bond strengths; for example, enamel tested
transversally to its prismatic orientation might bear up to
11.5MPa only [55]. However, if the tensile force was parallel
to the enamel prisms, it could tolerate 42.2MPa [55]. And it
should be also taken into consideration that values suggested
as safe for dental tissues might not necessarily apply to
porcelains.

Overall, it might be concluded with some degree of con-
fidence that the following surface treatments might provide
shear bond strengths significantly lower than the gold stan-
dard method: “abrasion + bonding, diamond bur + bonding,
HF + bonding, Nd:YAG laser (1W) + silane + bonding, CO2
laser (2W, 2Hz) + silane + bonding, and phosphoric acid
37% + silane + bonding.” On the other hand, the addition
of sandblasting to the gold standard treatment (abrasion,
HF, silane, bonding) might improve the SBS. Moreover,
replacing HF etching in the gold standard treatment with
sandblasting (abrasion, silane, bonding) would yield quite
controversial results (i.e., all the three categories: poorer than
gold standard, similar to it, or better than it) that overall
might provide marginally significantly better shear bonds
than the gold standard for about 2MPa. Some surface treat-
ments had controversial results with their overall effects
being close to the gold standard; these were “Cojet + silane
+ bonding, diamond bur + silane + bonding, and Er:YAG
laser (1.6W, 20Hz) + silane + bonding.” And some surface
treatments were similar to the gold standard without much
controversy: “phosphoric acid 37% + silane + bonding” in
ceramic brackets and “Nd:YAG laser (2W) + silane + bond-
ing” in metal brackets.

The bond should not be too strong and damage porce-
lain integrity following debonding [8]. Bracket debonding
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Figure 23: Comparing abrasion, silane, and bonding (as the control) versus diamond bur, silane, and bonding.
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may cause four different fracture types: cohesive within the
adhesive layer, cohesive within the porcelain, adhesive at
the adhesive–bracket interface, and adhesive at the porce-
lain–adhesive interface [56]. ARI scores may depend to
some degree on the bond strength, but several other factors
as well can influence them including adhesive type and
bracket base design [57]. It is important to minimize the risk
of porcelain damage, and the mode of failure is critical in
this matter [58]. Two different ARI definitions had been
used by various studies; therefore, we had to investigate each
of these two ARI systems separately. Still, we made sure that
in both the opposite ARI definitions, the “porcelain-resin
junction fracture” was treated as the failure. The assessment
of dichotomized ARI scores showed that overall odds ratios
for three treatments (produced against the gold standard)
were not significant from OR = 1: “abrasion (without silani-
zation) + bonding, abrasion + HF + silane + bonding, and
abrasion + silane + bonding.” These were similar to the gold
standard. Five of the treatments had dichotomized ARIs
towards the porcelain-resin detachment (lower scores in 4-
score ARIs and higher scores in 5-score ARIs) compared
to the gold standard (diamond bur + silane + bonding, HF
(without silane) + bonding, phosphoric acid 37% + silane
+ bonding in 4-score ARI systems, phosphoric acid 37% +
silane + bonding in 5-score ARI systems [which showed a
marginally significant overall effect size], and phosphoric
acid 37% + silane + bonding for ceramic brackets). No sur-
face treatments tended to have ARI scores skewed towards
the “bracket-resin junction fracture” scores (score 4 or 1 in
the 4-score or 5-score systems, respectively) compared to
the gold standard. Aggregated ARI scores of the gold stan-
dard groups were mostly evenly distributed (Table 3). The
“HF + bonding” group had ARI scores mostly skewed to
the lower end (no resin remnant on the porcelain surface)
and different from that of the gold standard in the case of
metal brackets. The aggregated ARI scores of the groups
“PA37% + silane + bonding,” “abrasion + bonding,” “abra-
sion + silane + bonding,” “abrasion + HF + bonding,” “Cojet
+ silane + bonding,” and “Cojet + silane + bonding” were all
skewed to the “porcelain-resin adhesive fracture” end (no
resin remnant on the porcelain surface), most of which were

different from the distribution of the aggregated ARI scores
of the gold standard (Table 3).

HF acid may be utilized to chemically alter the porcelain
surface [8, 53], and its 9.6% concentration may be advanta-
geous over its 5% concentration [52]. The use of 9.6% HF
acid gel has been the most common, but due to its high
strength and tissue damage, its use should be controlled [4,
23]. Silanization (after surface preparation and before bond-
ing agent application) as well seems to be one of the factors
that can increase the bonding adhesion to the tooth surface
or restoration [59]. The findings of this study indicated that
without the application of silane, the overall SBS values of
different methods (i.e., abrasion + bonding, diamond bur +
bonding, and HF + bonding) were all significantly lower
than the gold standard. Therefore, it seems that silanization
might be an important and necessary step of the process.
However, it might not be the only necessary step, as we
observed that few other surface treatments including silane
as well failed to produce SBS values as strong as the gold
standard (Nd:YAG laser (1W) + silane + bonding or phos-
phoric acid 37% + silane + bonding). Silane is a coupling
agent composed of bifunctional molecules which bond to
porcelain on the one end and to resin on the other end,
enhancing the bond to bracket, not to mention that it
improves the wettability of porcelain surface as well [56,
60]. Earlier studies regarding silane effects on SBS of
brackets to porcelains were controversial [47, 52, 56, 60,
61] as some of them have found no advantage for silane
application [48, 61].

Instead of HF or besides it, some other methods can be
used to etch or roughen the porcelain surface. If useful, these
might reduce some problems associated with HF prepara-
tion, application, and expiration. Porcelain surface can be
roughened via sandblasting or burring [2, 22, 27, 29–39].
Earlier studies on the efficacy of one of these two methods
over the other are controversial. Our meta-analysis showed
that overall, these two methods (together with silane and
bonding application) might have similar efficacies in attach-
ing metal brackets to porcelain and also that both of these
may act almost similar to the gold standard; sandblasting
might even slightly improve the overall SBS compared to
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the gold standard. Another method replacing HF etching is
Cojet, which was shown to produce overall SBS values close
to those of the gold standard despite the controversy
observed over the three studies [30, 34, 36]. Some studies
have suggested the use of phosphoric acid instead of HF
[2, 22–28]; although the two available studies on ceramic
brackets showed an overall SBS similar to that of the gold
standard [23, 24], most studies on metal brackets showed
bond strengths weaker than those of the gold standard [2,
22–28]. The results of those two studies on ceramic brackets
should be approached with caution as well, as both of them
were slightly poorer than the gold standard [23, 24]. Another
HF replacement may be laser irradiation; it can roughen the
surface via concentrated heat, depending on the energy of its

photons [44]. Overall, it was found that the laser irradiation
protocols that might be somehow comparable to the gold
standard in some cases were Er:YAG (1.6W, 20Hz) and
Nd:YAG (2W) (both followed by silane and bonding agent
application) [12, 27, 37, 50]. It should be noted that in each
of these two protocols, one of the two available studies was
similar to the gold standard (in terms of SBS) while the other
one was severely weaker than it [12, 27, 37, 50]. The
Nd:YAG laser (1W) protocol had two studies, both acting
poorer than the gold standard [12, 22]. Similarly, CO2 laser
(2W, 2Hz) was tested in two studies, both failing to produce
proper bond strengths [2, 39]. So if the goal is to produce
bonds as strong as those produced by the gold standard, per-
haps the Er:YAG (1.6W, 20Hz) and Nd:YAG (2W) lasers

Table 4: The summary of the risk of bias assessment.

1st author Reference Country, year 1 2 3 4 5 6 7 8

Ghozy, E. A. [23] Egypt, 2020 ? Y N N Y Y N N

Kurt, I. [30] Turkey, 2019 ? Y N N Y Y N N

Mirhashemi, A. [44] Iran, 2018 Y Y N N Y Y N N

Mehmeti, B. [24] Croatia, 2018 ? Y N N Y Y N N

Cevik, P. [45] Turkey, 2018 ? Y N N Y Y N N

Cevik, P. [22] Turkey, 2017 ? Y N N Y Y N N

Durgesh, B. H. [36] Saudi Arabia, 2016 Y Y N N Y Y N N

Alakus Sabuncuoglu, F. [27] Turkey, 2016 Y Y N N Y Y N N

Stella, J. P. F. [26] Brazil, 2015 Y Y N N Y Y N N

Erdur, E. A. [37] Turkey, 2015 Y Y N N Y Y N N

Aksakalli, S. [46] Turkey, 2015 Y Y N N Y Y N N

Akpinar, Y. Z. [38] Turkey, 2015 Y Y N N Y Y N N

Zarif Najafi, H.∗ [39] Iran, 2014 Y Y N N Y Y N N

Yassaei, S. [50] Iran, 2013 Y Y N N Y Y N N

Purmal, K. [28] Malaysia, 2013 Y Y N N Y Y N N

Hosseini, M. H. [12] Iran, 2013 Y Y N N Y Y N N

Ganesan, J. [29] India, 2013 ? Y N N Y Y N N

Ahrari, F.∗ [62] Iran, 2013 Y N N N Y Y N N

Ramos, T. [63] Brazil, 2012 Y Y N N Y Y N N

Poosti, M. [14] Iran, 2012 Y Y N N Y Y N N

Girish, P. V. [31] India, 2012 ? Y N N Y Y N N

Saraç, Y. S. [47] Turkey, 2011 Y Y N N Y Y N N

Saraç, Y. Ş. [35] Turkey, 2007 Y Y N N Y Y N N

Karan, S. [48] Turkey, 2007 ? Y N N Y Y N N

Türkkahraman, H. [64] Turkey, 2006 Y Y N N Y Y N N

Türk, T. [32] Turkey, 2006 Y Y N N Y Y N N

Akova, T. [2] Turkey, 2005 Y Y N N Y Y N N

Tengrungsun, T. [43] Thailand, 2004 Y Y N N Y Y N N

Özcan, M. [49] Finland, 2004 Y Y N N Y Y N N

Schmage, P. [34] Germany, 2003 ? Y N N Y Y N N

Sant’Anna, E. F. [33] Brazil, 2002 Y Y N N Y Y N N

Bourke, B. M.∗ [25] UK, 1999 ? Y N N Y Y N N

(1) Was there adequate randomization? (2) Were baseline conditions similar across different groups? (3) Were experimental procedures similar for different
groups? (4) Were operators blinded to the grouping? (5) Were outcome data complete without missing? (6) Were all measured outcomes adequately reported?
(7) Were there any reports of outcomes that were not adequately explained in methods? (8) Any other inconsistency or source of bias. Y: yes; N: no; ?: not
mentioned and not obtainable. ∗In these studies, groups of glazed porcelain surfaces were included and deglazed porcelain surfaces were excluded.
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might be used instead of HF, after proper optimizations.
Some other laser protocols might provide proper or even
high bond strengths. For example, the lasers used by Mirha-
shemi et al. [44] should be further investigated. Since they
[44] had not adopted the gold standard, their results were
not meta-analyzed, but the lasers used by them
(Er:CrYSGG-3W-10Hz and Er:YAG-3W-10Hz followed
by bonding even without silanization) showed quite appro-
priate bond strengths without HF application, while result-
ing in very high bond strengths when combined with HF
etching [44]. There were other laser protocols as well which
would benefit from further investigation, since they were

able to produce proper bonds (CO2-2W-2Hz + Si + Bo,
CO2-10W-200Hz + Si +Bo, CO2-15W-200Hz + Si + Bo,
CO2-2W-2Hz + Bo, Er:CrYSGG-3W-10Hz + Bo,
Er:YAG-1.6W-20Hz + Si + Bo, Er:YAG-2W-10Hz + Bo,
Er:YAG-2W-10Hz + Si + Bo, Er:YAG-2W-20Hz + Si +
Bo, Er:YAG-3.2W-20Hz + Si + Bo, Er:YAG-3W-10Hz +
Bo, FS-0.75W-1 kHz + Si + Bo, Nd:YAG-0.8W + Bo,
Nd:YAG-1.25W + Si + Bo, Nd:YAG-1.5W + Si + Bo,
Nd:YAG-2W + Si + Bo, Nd:YAG-2W-10Hz + Si + Bo,
Nd:YAG-2W-20Hz + Si + Bo, Nd:YAG-3W-20Hz + Si +
Bo) or even very strong bonds (Ti:sapphire fs-0.45W-
1 kHz + Si + Bo, Er:CrYSGG-3W-10Hz + Bo, Table 2).
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Figure 26: Mean shear bond strengths reported in 140 groups show quite controversial results for many surface treatments. Each circle
shows the mean SBS reported by a certain study. Each bar represents the median of the mean SBS values across different studies; this bar
is transparent when there is only one study within a given category. Error bars represent interquartile ranges. Color changes are merely
for better identification of different parent categories.
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We also compared each of the groups of each study with
the bond strengths 6MPa and 10MPa (Table 2, Figure 26).
It was found that the following surface treatments might fail
to produce adequate bond strengths (that would be insignif-
icantly different from 6MPa or reasonably greater than it):
HF + silane + bonding (the gold standard itself which failed
to produce proper bond strengths in 2 studies), Nd:YAG-
1W + silane + bonding (failed in 3 studies), abrasion +
bonding (failed in 4 studies), diamond bur + silane + bond-
ing (failed in 2 studies), PA37% + silane + bonding (failed in
3 studies), PA37% + bonding (failed in 2 studies), HF +
bonding (failed in 2 studies), Er:YAG-1.6W-20Hz + silane
+ bonding, Nd:YAG-4W-40Hz + silane + bonding,
Nd:YAG-15Hz + silane + bonding (mean = 3:37MPa),
Nd:YAG-0.75W + silane + bonding, CO2-20W-200Hz +
silane + bonding, Er:YAG-2W + bonding, Er:YAG-3W +
bonding, diamond bur + PA37% + bonding, diamond bur
+ bonding, abrasion + silane + bonding, Cojet + silane +
bonding (each failed in 1 study, Table 2 and Figure 26).
On the other hand, the following protocols yielded bond
strengths that were higher than 10MPa: HF + silane + bond-
ing (the gold standard producing excessively high bond
strengths in 11 studies), abrasion + silane + bonding (in 11
studies), Cojet + silane + bonding (in 4 studies), abrasion
+ HF + silane + bonding (in 3 studies), diamond bur + silane
+ bonding (in 3 studies), HF + bonding (in 3 studies),
PA37% + silane + bonding (in 2 studies), HF +
Er:CrYSGG-3W-10Hz + bonding, HF + Er:YAG-3W-
10Hz + bonding, Ti:sapphire fs-0.45W-1 kHz + silane +
bonding, Er:CrYSGG-3W-10Hz + bonding, and abrasion
+ silane (each in 1 study, Table 2 and Figure 26). Some of
these strong bonds were still rather close to 10MPa; never-
theless, many of them were very strong (Table 2 and
Figure 26). Many surface treatments produced desirable
bond strengths between 6 and 10MPa: HF + silane + bond-
ing (the gold standard, producing appropriate bond
strengths in 14 studies), abrasion + silane + bonding (in 9
studies), PA37% + silane + bonding (in 7 studies), HF +
bonding (in 6 studies), CO2-2W-2Hz + silane + bonding
(in 2 studies), Diamond bur + silane + bonding (in 4 stud-
ies), abrasion + bonding (in 2 studies), abrasion + HF +
bonding (in 2 studies), abrasion + HF + silane + bonding
(in 2 studies), CO2-10W-200Hz + silane + bonding, CO2-
15W-200Hz + silane + bonding, CO2-2W-2Hz + bonding,
Cojet + silane, diamond bur + bonding, Er:CrYSGG-3W-
10Hz + bonding, Er:YAG-1.6W-20Hz + silane + bonding,
Er:YAG-2W-10Hz + bonding, Er:YAG-2W-10Hz + silane
+ bonding, Er:YAG-2W-20Hz + silane + bonding,
Er:YAG-3.2W-20Hz + silane + bonding, Er:YAG-3W-
10Hz + bonding, FS-0.75W-1 kHz + silane + bonding,
Nd:YAG-0.8W + bonding, Nd:YAG-1.25W + silane +
bonding, Nd:YAG-1.5W + silane + bonding, Nd:YAG-2W
+ silane + bonding, Nd:YAG-2W-10Hz + silane + bonding,
Nd:YAG-2W-20Hz + silane + bonding, Nd:YAG-3W-
20Hz + silane + bonding, and PA37% + bonding (each in
one study, Table 2 and Figure 26).

As stated above, this review was limited by some factors.
Firstly, it overlooked any potential studies published before
1990. Moreover, many of the numerous meta-analyses con-

ducted in this study had small metasamples. Besides, most
metasamples were heterogenous, and the results could differ
based on numerous methodological variables. Sensitivity
analyses were merely done subjectively and by visual inspec-
tion of forest plots. And the source of heterogeneity was not
assessed since in vitro studies usually control for many con-
founding variables. Most importantly, this review summa-
rized results of in vitro studies, which cannot be easily
generalized to clinical conditions. Hence, its results should
be interpreted with caution. Future clinical studies are war-
ranted to assess the efficacy of the methods marked as
appropriate in this review under clinical circumstances.
Moreover, future research should adopt more accurate and
also standardized ARI scores, instead of the different ARI
definitions currently in use. As advantages, the number of
studies included in the systematic review and then meta-
analyses were appropriate. Furthermore, the SBS values,
dichotomized ARIs, and aggregated ARIs of various proto-
cols in a several studies were summarized and, when possi-
ble, analyzed statistically. We did not rely merely on
comparisons with the gold standard, since the gold standard
itself might produce too strong or too weak results in some
situations; accordingly, we also calculated 95% CIs for mean
bond strengths and also compared all surface treatments
with the SBS range recommended for bonding orthodontic
brackets [1].

5. Conclusions

It is possible to produce quite different shear bond strengths
using the same surface treatment protocol, depending on
various methodological factors. It can be concluded that

(1) Based on the SBS and ARI values, the gold standard
method seems one of the best surface treatments in
terms of top SBS values; nonetheless, in some occa-
sions, the gold standard approach might produce
very strong or even too weak bonds.

(2) Some surface treatments might provide shear bond
strengths poorer than the gold standard and are not
recommended unless optimized to produce bond
strengths about at least 6 to 10MPa: “abrasion +
bonding, diamond bur + bonding, HF + bonding,
Nd:YAG laser (1W) + silane + bonding, CO2 laser
(2W, 2Hz) + silane + bonding, and phosphoric
acid 37% + silane + bonding”.

(3) The addition of sandblasting to the gold standard
treatment (becoming abrasion, HF, silane, and
bonding) might improve the SBS.

(4) Replacing HF etching in the gold standard treat-
ment with sandblasting (becoming abrasion, silane,
and bonding) would yield quite controversial
results that overall might provide marginally signif-
icantly better shear bonds than the gold standard
for about 2MPa.

(5) Some methods had controversial results with their
overall effects being close to the gold standard;
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these were “Cojet + silane + bonding, diamond bur
+ silane + bonding, and Er:YAG laser (1.6W,
20Hz) + silane + bonding”.

(6) Certain approaches provided bond strengths simi-
lar to the gold standard without much controversy:
“phosphoric acid 37% + silane + bonding” in
ceramic brackets and “Nd:YAG laser (2W) + silane
+ bonding” in metal brackets.

(7) Sandblasting and bur roughening (each followed by
silanization and bonding application) might have
similar efficacies in terms of SBS.

(8) Silanization might be recommended, as all the non-
silanated groups had poorer bond strengths com-
pared to the gold standard. This needs further
analyses focused on this variable.

(9) Dichotomized ARI of three methods seemed to be
similar to the gold standard ARI: “abrasion (with-
out silanization) + bonding, abrasion + HF + silane
+ bonding, and abrasion + silane + bonding”.

(10) Five of the treatments had dichotomized ARIs
towards the porcelain-resin detachment (lower
scores in 4-score ARIs and higher scores in 5-
score ARIs) compared to the gold standard; these
were diamond bur + silane + bonding, HF (without
silane) + bonding, phosphoric acid 37% + silane +
bonding in 4-score ARI systems, phosphoric acid
37% + silane + bonding in 5-score ARI systems,
and phosphoric acid 37% + silane + bonding for
ceramic brackets.

(11) No surface treatments tended to have ARI scores
skewed towards the “bracket-resin junction frac-
ture” scores (score 4 or 1 in the 4-score or 5-score
systems, respectively) compared to the gold
standard.

(12) The aggregated ARI scores of the gold standard
groups were mostly distributed evenly. The “HF +
bonding” group had ARI scores usually skewed to
the lower end (no resin remnant on the porcelain
surface) and different from that of the gold stan-
dard in the case of metal brackets.

(13) The aggregated ARI scores of the groups “PA37% +
silane + bonding,” “abrasion + bonding,” “abrasion
+ silane + bonding,” “abrasion + HF + bonding,”
“Cojet + silane + bonding,” and “Cojet + silane +
bonding” were all skewed to the “porcelain-resin
adhesive fracture” end (no resin remnant on the
porcelain surface), most of which were different
from the distribution of the aggregated ARI scores
of the gold standard.
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