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Effect of surface treatment on glass ionomers in sandwich 
restorations: a systematic review and meta-analysis of laboratory 
studies
Hoda S. Ismail1,* , Ashraf Ibrahim Ali1 , Franklin Garcia-Godoy2,3 

1Conservative Dentistry Department, Faculty of Dentistry, Mansoura University, Egypt
2Department of Bioscience Research, College of Dentistry, University of Tennessee Health Science Center, Memphis, TN, USA
3The Forsyth Institute, Cambridge, MA, USA

ABSTRACT

Objectives: This study aimed to evaluate the effect of different surface treatments on the bond strength between new or 
aged glass ionomers (GI) and resin composites in sandwich restorations.
Methods: A comprehensive search was conducted in three databases to identify studies focusing on the bond strength of 
new or aged GIs and resin composites in laboratory settings. The selected studies were assessed for potential biases 
based on predetermined criteria. Additionally, a meta-analysis was performed using three studies.
Results: A total of 29 studies were included, with 24 investigating the bond strength of new GIs and five focusing on GI re-
pair. Three studies were included in the meta-analysis (with a 95% confidence interval) which revealed no significant dif-
ference in the mean MPa values of resin-modified glass ionomer (RMGI) treated with phosphoric acid or Er,Cr:YSGG la-
ser before the application of an etch-and-rinse adhesive. Surface treatment was found to be crucial for achieving optimal 
bonding between GI and resin composite, regardless of the GI’s condition.
Conclusions: The combination of mechanical and chemical surface treatments does not significantly affect the bond 
strength between new RMGI and composite. However, for GI repair, it is recommended to use both treatments to en-
hance the bond strength.

Keywords: Bond strength; Glass ionomers; Sandwich restorations; Surface treatment
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Research Article

INTRODUCTION

The use of glass ionomer cement (GIC) in dental resto-

ration is highly regarded for its strong bond with enamel 

and dentin, sustained fluoride release, and thermal 

expansion similar to dentin [1,2]. However, GICs have 

limited aesthetics and lower abrasion resistance com-

pared to resin composites, limiting their use in high-

http://orcid.org/0000-0001-8369-4041
http://orcid.org/0000-0002-7776-2308
http://orcid.org/0000-0001-8133-3306


https://doi.org/10.5395/rde.2025.50.e13

Bond strength in GIC sandwich restorations

2/26

stress areas. To address this, the “sandwich technique” 

or “bilayered technique” was developed [3].

The lamination technique uses two restorative mate-

rials to create a single restoration, aiming to combine 

their physical and aesthetic benefits [4]. It pairs the 

dentin-adhesion and fluoride release of GIC with the 

aesthetics and polishability of resin composite for opti-

mal results [5]. This method is ideal for deep cavities or 

those with undermined areas, where resin composite 

is preferred [5]. When restoration margins contact with 

dentin, applying lamination over GIC enhances adhe-

sion and reduces microleakage [2]. Conventional and 

RMGI can be used, differing in adhesion, setting reac-

tion, and moisture sensitivity [6].

The weak cohesive strength of GIC, combined with 

the limited chemical interaction between GIC and resin 

composite resulting from their distinct chemical reac-

tion mechanisms, reduces the bond strength between 

the two materials [7]. To improve this, RMGI, which in-

cludes polymerizable functional groups, replaced con-

ventional GIC, enhancing bond strength through both 

chemical and mechanical bonding [8].

In sandwich restorations, the bond between GIC and 

resin composite is crucial for retention, durability, and 

sealing [7]. Inadequate bonding is a primary cause of 

failure, often leading to caries and restoration break-

down [9]. Factors affecting the bond include the base 

material’s tensile strength, bonding agent viscosity, and 

the polymerization shrinkage and bonding capacity of 

the overlay composite [10].

Despite the use of sandwich restorations, the wa-

ter-based nature and brittleness of GIC can lead to frac-

tures or wear, necessitating repairs by adding fresh ma-

terial [11]. Repair is needed in cases of technique errors 

or unaesthetic marginal staining. While resin composite 

repair is well-studied and routine in minimally invasive 

dentistry [12], the protocol for repairing GI-based resto-

rations with resin composite remains unclear.

The literature examines various chemical and me-

chanical surface treatments for GICs in sandwich res-

torations or resin composite repairs [13]. Early studies 

recommended etching GICs to improve bonding with 

composite resin [14], but recent research warns that 

etching may weaken GICs and cause cracks [15]. It is 

suggested that GICs may already have sufficient surface 

roughness for bonding, and excessive etching can dam-

age the material [15]. Studies on bonding agents show 

mixed results, with some recommending mild self-etch 

adhesives [16], while others favor GI-based adhesives 

[7].

There is ongoing debate about the necessary mechan-

ical surface treatment for aged GICs to ensure a durable 

bond with resin composite. Studies have used various 

methods for mechanical roughening, such as bur use 

[17] and air abrasion [13]. Additionally, alternative treat-

ments like photodynamic therapy (PDT) and laser treat-

ments (Er,Cr:YSGG and Nd:YAG) have shown promising 

results [18].

Given the variety of adhesive systems, advancements 

in GIs, and differences in adhesion and setting mecha-

nisms, no consensus exists on the optimal surface treat-

ment for GICs in sandwich restorations. This includes 

cases where GICs are bonded or repaired with resin 

composite. This review aims to assess the literature to 

identify the most effective surface treatment (chemical 

or mechanical) for new or aged GIs, focusing on bond 

strength in resin composite sandwich restorations.

METHODS

Using the PICO (Participant, Intervention, Comparator, 

and Outcome) framework, this systematic review aimed 

to address the following research questions [19]:

1. What is the most effective surface treatment (me-

chanical and/or chemical) (C) for achieving optimal 

bond strength (O) when bonding (I) new GI and resin 

composite in sandwich restorations (P)?

2. What is the most effective surface treatment (me-

chanical and/or chemical) (C) for achieving optimal 

bond strength (O) when bonding (I) aged GI and either 

resin composite or GI in sandwich restorations (P)?

The systematic review procedure was registered 

with Prospero and assigned the identification number 

CRD42024614235. This review strictly followed the 

protocols outlined in the recently revised PRISMA (Pre-

ferred Reporting Items for Systematic Reviews and Me-

ta-Analyses) guidelines [20]. To acquire pertinent data, 

a comprehensive search was conducted across three 

electronic databases: the National Library of Medicine 

(MEDLINE/PubMed), Scopus, and ScienceDirect. The 
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specific search methodologies used for each database 

are detailed hereafter.

#1 �AND #2 AND #3 AND #4 AND #5

#1 �“glass ionomer” OR “ionomer” OR “ionomers” OR 

“glass ionomer restoration” OR “glass ionomer ce-

ment”

#2 �“glass ionomer repair” OR “dental restoration re-

pair” OR “aged glass ionomer”

#3 �“sandwich restoration” OR “bilayered restoration” 

OR “bilayered resin composite” OR “sandwich 

technique” OR “laminate technique”

#4 �“surface treatment” OR “chemical treatment” OR 

“mechanical treatment” OR “laser treatment” OR 

“surface roughening” OR “bonding agents” OR “ad-

hesives”

#5 �“bond strength” OR “shear bond strength” OR “mi-

croshear bond strength” OR “tensile bond strength” 

OR “microtensile bond strength”

The following filters were applied to each database:

a. Pubmed

  Year: 2010-2024

 � Article type: Comparative study, evaluation study, 

and observational study

  Language: English

b. ScienceDirect

  Year: 2010-2024

  Article type: Research articles

  Subject area: Medicine and Dentistry

  Language: English

c. Scopus

  Year: 2010-2024

  Subject area: Dentistry and materials science

  Document type: Limited to article

  Language: limited to English

  Non-internet sources were manually checked to 

ensure comprehensive coverage. The retrieved 

articles from the searches were transferred into 

EndNote X7.7 software (Clarivate Analytics, Phil-

adelphia, PA, USA), which was utilized to detect 

and eliminate duplicate entries.

Search strategy
The comprehensive search strategy, collaboratively de-

veloped by the review team, underwent peer review by a 

second information specialist. Eligibility criteria for the 

studies were evaluated by each author based on three 

factors: the relevance of the title, the abstract, and the 

full text. The laboratory studies included in this review 

focused on investigating the required surface treatment 

(mechanical and/or chemical) for bonding new or aged 

glass ionomers (GIs) and resin composites in sandwich 

restorations, with a specific emphasis on bond strength. 

The exclusion criteria included: review papers, clinical 

trials, and case reports, implant-supported restorations, 

primary and endodontically treated teeth, studies that 

evaluated the bonding of pulp capping materials to 

GIs, and studies that evaluated the GI/resin composite 

interface when bonded to dentin or in a cavity. To be 

included in the review, all three authors had to reach 

a consensus. Any disagreements were resolved either 

through consensus or discussions with a senior re-

searcher.

Risk of bias assessment
In order to evaluate potential bias, two researchers in-

dependently evaluated the research utilizing criteria es-

tablished in earlier systematic reviews of laboratory ex-

periments [2,21]. If a criterion was specifically addressed 

in the research, it was labeled as “yes” to indicate its 

presence. Conversely, if the information was absent or a 

criterion was not detailed, it was marked as “no.” Studies 

that documented 1 to 3 criteria were deemed to possess 

a significant risk of bias, those documenting 4 or 5 cri-

teria were considered to have a moderate risk of bias, 

and studies detailing 6 or 7 criteria were categorized as 

having a low risk of bias.

Statistical analysis
The meta-analysis focused on studies that compared 

the shear bond strength values in RMGI (Fuji II LC) 

treatments when either phosphoric acid or Er,Cr:YS-

GG laser was used before the application of an etch-

and-rinse adhesive. Information such as sample sizes, 

averages, and standard deviations (SD) in MPa were 

extracted from these studies and analyzed using Stata 

for Windows, ver. 17 (StataCorp. LLC, College Station, 

TX, USA), with a confidence level of 95%. The average 

MPa data following both surface treatments were calcu-

lated using either fixed-effect or random-effects models, 

which were selected based on statistical assessments 
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for heterogeneity outcomes. The heterogeneity of the 

data was assessed through the Q homogeneity test, with 

significance determined at p < 0.05. The thresholds for 

interpreting I2 are as follows: 0% to 40%, heterogeneity 

might not be considered significant; 30% to 60%, het-

erogeneity may indicate moderate levels; 50% to 90%, 

heterogeneity may suggest substantial levels; and 75% 

to 100%, heterogeneity is considered considerable. A 

funnel plot, along with Egger’s test, was later employed 

to evaluate the possibility of publication bias.

RESULTS

Search results
Electronic searches, utilizing the aforementioned fil-

ters for each database, were conducted and identified 

11,007 published articles. The authors independently 

evaluated the titles and abstracts of the search results. 

However, 10,960 studies were excluded for one or more 

of the following reasons: they were not related to dental 

research, were case reports or clinical trials, focused on 

implant-supported restorations, primary teeth, end-

odontically treated teeth, or indirect restorations.

Forty-seven studies underwent full-text assessment 

to determine eligibility. Subsequently, based on the 

inclusion and exclusion criteria, 18 studies were ex-

cluded. These excluded studies focused on assessing 

the bonding of pulp capping materials to GIs or the 

bond strength of the GI/resin composite interface when 

bonded to dentin or within a cavity. Ultimately, 29 stud-

ies met the originally specified inclusion criteria for this 

review. The stages of the search process are depicted in 

the flowchart (Figure 1).

Data extraction
The current review evaluated 29 studies that investigat-

ed the effect of surface treatment approach (either me-

chanical or chemical) on new or aged GIs, particularly 

in terms of bond strength in resin composite sandwich 

restorations. Twenty-four studies were included for the 

In
clu

de
d

Sc
re

en
in

g
Id

en
tif

ica
tio

n

Identification of studies via databases

Records identified from Databases (n = 11,998)
Records removed before screening:

Duplicate records removed (n = 991)

Records excluded (n = 10,960)
Reasons are: Not dental, case reports and clinical trials, 

implant-supported restorations, primary teeth, 
endodontically treated teeth, indirect restoration, not 
related to research

Reports excluded (n = 18)
- �Evaluated bonding of pulp capping materials to glass 

ionomers (n = 10)
- �Evaluated the glass ionomer/resin composite inter-

face while bonded to dentin or in a cavity (n = 8)

Records screened (n = 11,007)

Reports assessed for eligibility (n = 47)

Reports sought for retrieval (n = 0)

Studies included in review (n = 29)
Reports of included studies (n = 29)

Figure 1. A flowchart depicting the search process, modified from the PRISMA (Preferred Reporting Items for Systematic Reviews and Me-
ta-Analyses) Statement.
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first review question, and five studies were included for 

the second question. Extracted data from the studies are 

summarized in Tables 1 to 4.

Analysis of study design and methodology
After conducting a thorough evaluation of the included 

studies, the primary parameters examined in the analy-

sis of study design and methodology were as follows: (1) 

control groups, (2) finishing and polishing (F/P) prior 

to bonding, (3) type of GI and the composite material 

used, (4) surface treatment method, (5) aging before 

testing, and (6) testing methods.

These parameters were consistent across the included 

studies for both the first and second research questions. 

Table 1. Assessment of sample size, surface treatment types, and test types in the included studies

Study Sample size per group and specimens’ 
dimensions Aging for GI Surface treatment

Test type
1ry 2ry

Arora et al. (2010) [22] 12 per group Chemical SBS
Dimensions for GI: 8 × 2.5 mm
Dimensions for composite: 5 × 5.5 mm

Boushell et al. (2011) [32] 10 per group Chemical SBS Failure mode analysis
Dimensions for GI: 5 × 2 mm
Dimensions for composite: 2.38 × 2 

mm
Zhang et al. (2011) [14] 20 per group Chemical μSBS Failure mode analysis

Dimensions for GI: not specified
Dimensions for composite: 1.5 × less 

than 2 mm
Chandak et al. (2012) [23] 10 per group Chemical SBS

Dimensions for GI: 6 × 2.5 mm
Dimensions for composite: 5 × 3 mm

Kandaswamy et al. (2012) 
[15]

25 per group Chemical SBS FESEM/EDX analysis
Dimensions for GI: 6 × 3 mm
Dimensions for composite: 6 × 3 mm

Navimipour et al. (2012) [24] 20 per group Chemical and  
mechanical

SBS Failure mode analysis
Dimensions for GI: 5 × 4 mm Surface evaluation 

using SEMDimensions for composite: 2.5 × 2 mm
Pamir et al. (2012) [33] 15 per group Chemical SBS Failure mode analysis

Dimensions for GI: 4 × 6 mm
Dimensions for composite: 4 × 6 mm

Fragkou et al. (2013) [25] 7 per group Chemical TBS Failure mode analysis
Dimensions for GI: 22 × 5 × 1 mm Tensile strain
Dimensions for composite: 22 × 5 × 1 

mm
Young’s elastic modulus

Kasraie et al. (2013) [26] 4 per group Chemical μSBS Failure mode analysis
Dimensions for GI: 15 × 2 mm
Dimensions for composite: 0.8 × 2 mm

Otsuka et al. (2013) [13] 10 per group Chemical and  
mechanical

SBS Failure mode analysis
Dimensions for GI: 6 × 4 mm Surface free energy 

measurementDimensions for composite: 4 × 2 mm
Babannavar and Shenoy 

(2014) [34]
5 per group Chemical SBS
Dimensions for GI: 6 × 3 mm
Dimensions for composite: 6 × 3 mm

Boruziniat and Gharaei 
(2014) [35]

10 per group Chemical SBS Failure mode analysis
Dimensions for GI: 2 × 2 mm
Dimensions for composite: 2 × 4 mm

(Continued to the next page)
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Study Sample size per group and specimens’ 
dimensions Aging for GI Surface treatment

Test type
1ry 2ry

Jaberi Ansari et al. (2014) [36] 10 per group Chemical
Dimensions for GI: 6 × 4 × 2 mm μSBS
Dimensions for composite: 0.7 × 1 mm

Ozer et al. (2014) [37] 10 per group Chemical SBS Failure mode analysis
Dimensions for GI: 10 × 1 mm
Dimensions for composite: 8 × 2 mm

Panahandeh et al. (2015) [38] 10 per group Chemical μSBS Surface evaluation 
using SEMDimensions for GI: 2 × 4 × 6 mm

Dimensions for composite: 0.7 × 1 mm
Sharafeddin and Choobineh 

(2016) [39]
10 per group Chemical SBS
Dimensions for GI: 6 × 3 mm
Dimensions for composite: 6 × 3 mm

Francois et al. (2019) [16] 22 per group Chemical SBS Failure mode analysis
Dimensions for GI: 7 × 3 mm E-SEM evaluation
Dimensions for composite: 7 × 3 mm

Pandey et al. (2019) [27] 10 per group Chemical SBS
Dimensions for GI: 10 × 2 mm
Dimensions for composite: 5 × 6 mm

Bin-Shuwaish et al. (2020) 
[10]

10 per group Chemical SBS Failure mode analysis
Dimensions for GI: 8 × 4 mm
Dimensions for composite: 4 × 4 mm

Ghubaryi et al. (2020) [18] 10 per group Chemical and  
mechanical

SBS Failure mode analysis
Dimensions for GI: 6 × 4 mm
Dimensions for composite: 4 × 3 mm

Bilgrami et al. (2022) [28] 8 per group Chemical SBS Failure mode analysis
Dimensions for GI: 4 × 2 mm
Dimensions for composite: 4 × 2 mm

Farshidfar et al. (2022) [29] 10 per group Chemical μTBS
Dimensions for GI: 10 × 5 × 6 mm
Dimensions for composite: 5 × 5 × 6 

mm
Zakavi et al. (2023) [30] 10 per group Chemical and  

mechanical
SBS Failure mode analysis

Dimensions for GI: 3 × 5 mm
Dimensions for composite: 2 mm

Dawood et al. (2024) [31] 10 per group Chemical and  
mechanical

SBS Failure mode analysis
Dimensions for GI: 10 × 2 mm
Dimensions for composite: 4 × 2 mm

Maneenut et al. (2010) [12] 15 per group 4 days of water storage Chemical SBS Failure mode analysis
Dimensions for GI: 8.5 × 4 mm
Dimensions for composite: 5.8 × 4 mm

Welch et al. (2015) [41] 20 per group
Dimensions for GI: 5 mm
Dimensions for composite: 4 mm

One-week water  
storage with one TC

Chemical and  
mechanical

SBS Failure mode analysis

500 TC
24-hour delay in a dry 

environment, fol-
lowed by 500 TC

Table 1. Continued

(Continued to the next page)
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Study Sample size per group and specimens’ 
dimensions Aging for GI Surface treatment

Test type
1ry 2ry

Vural and Gurgan (2019) [40] 12 per group Chemical μTBS Failure mode analysis
Dimensions for GI: 8 × 2 × 2 mm 5,000 TC SEM evaluation for the 

bonded interfaceDimensions for composite: 8 × 2 × 2 
mm

Ozaslan et al. (2023) [17] 10 per group 10,000 brushing cycles 
and 10,000 TC

Chemical μSBS Failure mode analysis
Dimensions for GI: 10 × 2 mm Surface evaluation 

using SEMDimensions for composite: 1.6 × 2 mm
Silva et al. (2024) [42] 8 per group 14 days’ water storage 

and 5,000 TC
Chemical μTBS Failure mode analysis

Dimensions for GI: 8 × 8 × 4 mm
Dimensions for composite: 8 × 8 × 4 

mm

E-SEM, environmental scanning electron microscopy; FESEM/EDX, finite element scanning electron microscopy/energy dispersive X-ray analysis; GI, 
glass ionomer; SBS, shear bond strength; μSBS, microshear bond strength; TBS, tensile bond strength test; μTBS, microtensile bond strength test; 
SEM, scanning electron microscope; TC, thermal cycle.

Table 1. Continued

However, the second research question also considered 

an additional parameter: the technique used to age the 

tested GIs.

Bonding new glass ionomer and resin composite in 
sandwich restorations
1. Control groups
Fourteen studies included a control group (without 

the use of the tested mechanical or chemical surface 

treatments) [10,13,16,18,22–31], while 10 studies did not 

include a separate control group [14,15,32–39] (Table 

5). Nine of the controlled studies did not involve any 

surface treatment prior to bonding with resin composite 

[10,13,22,23,25–29,31]. In contrast, the remaining stud-

ies included a control group that underwent some form 

of surface treatment, either using an adhesive [16,24,30] 

or a phosphoric acid etchant [18].

2. Finishing and polishing before bonding
Four studies performed F/P on the surface of new GI 

before bonding procedures [14,26,33,37], while one 

study performed F/P only on the surface of convention-

al GI and not on the tested RMGI [32]. Nineteen studies 

did not perform any F/P on the surface of the GI before 

bonding [10,13,15,16,18,22–25,27–31,34–36,38,39] (Ta-

ble 3).

3. Type of glass ionomer and overlying composite
All included studies tested RMGIs except four studies 

[14,15,28,39]. Nine studies did not test conventional GIC 

[10,18,22,23,25–27,30,35], while the remaining studies 

did. Eleven studies included and compared both RMGIs 

and conventional GICs [13,16,24,29,31–34,36–38]. Only 

two of the included studies tested glass hybrid [16,36]. 

Five of the included studies tested nanofilled composite 

[10,16,22,25,39], while nine studies tested nanohybrid 

composite [10,18,24,26,27,29,32,33,37]. Seven studies 

used microhybrid composite [13–15,28,30,36,38], while 

three studies used silorane-based composite [32,34,37]. 

One study used packable resin composite [23], and one 

study tested nanoceramic resin composite [28]. Only 

one study included bulk-fill composites [10], and one 

used submicron-filled resin composite [31] (Table 2).

4. Type of surface treatment
Nineteen studies included chemical surface treatment 

[10,14–16,22,23,25,26–29,33–39], while five studies test-

ed both mechanical and chemical surface treatments 

[13,18,24,30,31].

Seventeen studies used etch-and-rinse adhesives 

for chemical bonding between GIs and composites 

[10,14,16,18,22–27,30,31,33,35,36,38,39]. Similarly, 16 of 

the included studies used various self-etch adhesives, 

either two-step, one-step, or two-component self-etch 

adhesives [10,13,14–16,22,23,26,27,32,33,35–39]. Three 

studies used silorane-based adhesive [32,34,37], addi-

tionally, four studies used universal adhesives with dif-

ferent adhesive strategies [10,16,29,31]. Two studies in-
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Table 2. Scientific categories, brand names, and placement techniques of restorative materials used in the included studies
Study Materials used Classification Commercial name Placement technique
Arora et al. (2010) [22] GI RMGI Vitrebond Bulk

Overlying composite Nanofilled resin composite Filtek Z350 Incremental
Boushell et al. (2011) [32] GI RMGI Vitrebond plus Bulk

Conventional GIC GC Fuji IX GP EXTRA
Overlying composite Silorane-based composite Filtek LS One increment (2 mm depth)

Nanohybrid resin composite Filtek Z250
Zhang et al. (2011) [14] GI Two types of conventional GIC GC Fuji IX GP EXTRA Not specified

Riva Self Cure
Overlying composite Microhybrid resin composite Gradia Direct Anterior One increment (2 mm depth)

Chandak et al. (2012) [23] GI RMGI Vitrebond Bulk
Overlying composite Packable microhybrid resin 

composite
Filtek F‑60 Incremental

Kandaswamy et al. (2012) [15] GI Conventional GIC Fuji IX Bulk
Overlying composite Microhybrid resin composite Solare Incremental

Navimipour et al. (2012) [24] GI Conventional GIC Fuji II Bulk
RMGI Fuji II LC

Overlying composite Nanohybrid resin composite Filtek Z250 One increment (2 mm depth)
Pamir et al. (2012) [33] GI Conventional GIC Ketac Molar Quick Aplicap Bulk

RMGI Photac Fil Quick Aplicap
Overlying composite Nanohybrid resin composite Filtek Z250 Incremental

Fragkou et al. (2013) [25] GI RMGI Vitremer Tri-Cure Not specified
Overlying composite Nanofilled resin composite Filtek Supreme XT Not specified

Kasraie et al. (2013) [26] GI RMGI Vitrebond Bulk
Overlying composite Nanohybrid resin composite Filtek Z250 One increment (2 mm depth)

Otsuka et al. (2013) [13] GI Conventional GIC Fuji IX GP Bulk
Two RMGI Fuji II LC EM, Fuji Filling LC

Overlying composite Microhybrid resin composite Clearfil AP-X One increment (2 mm depth)
Babannavar and Shenoy 

(2014) [34]
GI RMGI Vitrebond Incremental

Nanofilled RMGI Ketac N100 Incremental
Conventional GIC Ketac Bond Bulk

Overlying composite Silorane-based composite Filtek P90 Incremental
Boruziniat and Gharaei 

(2014) [35]
GI RMGI Fuji II LC Bulk
Overlying composite Microfilled resin composite Heliomolar Incremental

Jaberi Ansari et al. (2014) [36] GI Conventional GIC Fuji II Bulk
RMGI Fuji II LC

Overlying composite Microhybrid resin composite Filtek Z100 Bulk
Ozer et al. (2014) [37] GI Conventional GIC Riva Self Cure Bulk

RMGI Fuji II LC
Overlying composite Nanohybrid resin composite Filtek Z250 Bulk

Silorane-based composite Filtek Silorane
Panahandeh et al. (2015) [38] GI Two RMGI Riva Light Cure and Fuji II LC Bulk

Two conventional GIC Riva Self Cure and Fuji II
Overlying composite Microhybrid resin composite Filtek Z100 Bulk

Sharafeddin and Choobineh 
(2016) [39]

GI Conventional GIC ChemFil Superior Bulk
Overlying composite Nanofilled resin composite Filtek Z350 Incremental

(Continued to the next page)
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Study Materials used Classification Commercial name Placement technique
Francois et al. (2019) [16] GI One glass hybrid + one con-

ventional GIC
EQUIA Forte Fil and Fuji IX 

GPFast
Bulk

RMGI Fuji II LC
Overlying composite Nanofilled resin composite Filtek Z350 Incremental

Pandey et al. (2019) [27] GI RMGI Fuji II LC Bulk
Overlying composite Nanohybrid resin composite Filtek Z250 Incremental

Bin-Shuwaish (2020) [10] GI RMGI Fuji II LC Incremental
Overlying composite Nanofilled bulk fill resin com-

posite
Filtek One Bulk Fill Bulk

Nanohybrid bulk fill resin 
composite

Tetric N-Ceram Bulk Fill Bulk

Nanofilled resin composite Filtek Z350 XT Incremental
Ghubaryi et al. (2020) [18] GI RMGI Fuji Filling LC Bulk

Overlying composite Nanohybrid resin composite Filtek Z250 Incremental
Bilgrami et al. (2022) [28] GI Conventional GIC Ketac Molar Bulk

Easy mix
Overlying composite Nanofilled resin composite Filtek Z350 Bulk (2 mm depth)

Nanoceramic resin composite Ceram X
Microhybrid resin composite Spectrum

Farshidfar et al. (2022) [29] GI One glass hybrid and one 
conventional GIC

Equia Forte Fil Bulk
Riva Self Cure

Two RMGI Fuji II LC
Riva Light cure

Overlying composite Nanohybrid resin composite GC Kalore Incremental
Zakavi et al. (2023) [30] GI RMGI Fuji II LC Bulk

Overlying composite Microhybrid resin composite Gradia direct One increment (2 mm)
Dawood et al. (2024) [31] GI Conventional GIC Securafil Bulk

RMGI Glass Liner
Overlying composite Submicron-filled resin com-

posite
PALFIQUE LX5 One increment (2 mm)

GI repair
Maneenut et al. (2010) [12] GI (Both materials used 

also for repair)
Nanofilled RMGI Ketac N100 Bulk
RMGI Fuji II LC

Overlying composite Nanofilled resin composite Filtek Supreme Bulk
Microfilled resin composite Solare

Welch et al. (2015) [41] GI RMGI Fuji II LC Bulk
Overlying GIC RMGI Fuji II LC Bulk

Vural and Gurgan (2019) [40] GI (The material was used 
also for repair)

Glass hybrid EQUIA Forte Fil Bulk

Overlying composite Microhybrid resin composite G‑aenial posterior Not specified
Ozaslan et al. (2023) [17] GI Glass hybrid EQUIA Forte HT Fil Bulk

Overlying composite Nanoceramic resin composite Neo Spectra ST HV Bulk (2 mm depth)
Silva et al. (2024) [42] GI (The material was used 

also for repair)
RMGI Riva Light Cure Incremental

Overlying composite Nanofilled resin composite Z350 XT Incremental

GI, glass ionomer; RMGI, resin-modified glass ionomer; GIC, glass ionomer cement.

Table 2. Continued
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Table 3. Detailed specifications for surface treatments used in the included studies
Study Finishing and polishing for GI Type of surface treatment Commercial brand and specification
Arora et al. (2010) [22] No Two-step etch-and-rinse adhesive Adper Single Bond 2

Two-component self-etch adhesive Adper Prompt L Pop (pH: 0.8)
Boushell et al. (2011) [32] Only for the Conventional GIC Two-step silorane-based adhesive Filtek LS adhesive (pH: 2.7)

Two-step self-etch adhesive Adper Scotchbond SE (pH: 1)
Zhang et al. (2011) [14] Yes 37% phosphoric acid + two-step etch-and-

rinse adhesive
SDI acid etch gel + Adper Single Bond 

Plus
Two-step self-etch adhesives Adper Scotchbond SE

Clearfil SE Bond (pH: 2)
One-step self-etch adhesives Clearfil S3 Bond (pH: 2.3)

One Coat 7.0
Chandak et al. (2012) [23] No Two-step etch-and-rinse adhesive Adper Scotch Bond 2

Two-component self-etch adhesive Adper Prompt L Pop
Kandaswamy et al. (2012) 

[15]
No Self-etch adhesives Adper prompt self-etch (pH: 1)

AdheSE (pH: 1.4)
Clearfil SE
One coat SE (pH: 2.2)

Navimipour et al. (2012) 
[24]

No 35% phosphoric acid gel + two-step etch-and-
rinse adhesive

Scotchbond Etchant
Adper Single Bond

Er,Cr:YSGG laser + etch-and-rinse adhesive Waterlase YSGG; Biolase Europe GmbH
A pulse energy setting of 1 W was 

applied for 15 seconds using a G-type 
tip with a diameter of 600 μm, accom-
panied by 10% water and 11% air.

Pamir et al. (2012) [33] Yes %35 phosphoric acid + two-step etch-and-
rinse adhesive

Scotchbond Etch
Adper Single Bond 2

Two-component self-etch adhesive Adper Prompt L Pop
Fragkou et al. (2013) [25] No Two-step etch-and-rinse adhesive Adper Single Bond 2
Kasraie et al. (2013) [26] Yes 37% phosphoric acid Scotchbond™ Etchant

Two-step etch-and-rinse adhesive Single Bond
Self-etch adhesives Clearfil SE Bond self-etch primer

Clearfil S3 Bond self-etch adhesive
Otsuka et al. (2013) [13] No 35% phosphoric acid + one-step self-etch 

adhesive
Gel Etchant (Kerr)
G-Bond Plus

Air abrasion acid + one-step self-etch adhesive Airborne particle abrasion with 50-μm 
aluminum oxide at 0.3 MPa for 5 seconds 

Babannavar and Shenoy 
(2014) [34]

No Two-step self-etch silorane-based adhesive Filtek P90 adhesive (pH: 2.7)

Boruziniat and Gharaei 
(2014) [35]

No Two-step etch-and-rinse adhesive Tetric N-Bond
Two-step self-etch adhesive AdheSE
One-step self-etch adhesive AdheSE One F (pH: 1.5)

Jaberi Ansari et al. (2014) 
[36]

No Two-component one-step self-etch adhesive Adper Prompt L Pop
Two-step self-etch adhesives Clearfil SE Bond

Clearfil Protect bond (pH: 2)
AdheSE

Two-step etch-and-rinse adhesive Adper Single bond
Ozer et al. (2014) [37] Yes Two-step self-etch adhesive Clearfil SE Bond

Two-step self-etch silorane-based adhesive Filtek P90 adhesive

(Continued to the next page)
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Study Finishing and polishing for GI Type of surface treatment Commercial brand and specification
Panahandeh et al. (2015) 

[38]
No 37% phosphoric acid + two-step etch-and-

rinse adhesive
Stae, SDI

Two-step self-etch adhesive Frog, SDI (pH: 2)
Sharafeddin and  

Choobineh (2016) [39]
No Two-step self-etch adhesive Clearfil SE Bond

One-step self-etch adhesive Optibond (pH: 1.4)
Two-component one-step self-etch adhesive Adper Prompt L Pop
37% phosphoric acid + two-step etch-and-

rinse adhesive
Adper Single Bond 2

Francois et al. (2019) [16] No One-step universal adhesive used in self-etch 
mode

Scotchbond Universal (pH: 2.7)

32% phosphoric acid + universal adhesive 
used in etch-and-rinse mode

Scotchbond Universal Etchant +  
Scotchbond Universal

32% phosphoric acid + two-step etch-and-
rinse adhesive

Scotchbond Universal Etchant +  
Scotchbond 1XT

One-step self-etch adhesive Optibond All-In-One (pH: 2.5)
Universal primer + one-step self-etch adhesive Monobond Plus + Optibond All-in-One
Coating material EQUIA Forte Coat

Pandey et al. (2019) [27] No Two-step etch-and-rinse adhesive Adper Single Bond 2
One-step self-etch adhesive Optibond All-In-One

Bin-Shuwaish (2020) [10] No 35% phosphoric acid + Two-step etch-and-
rinse adhesive

Ultra-Etch + OptiBond Solo Plus

Two-step self-etch adhesive Clearfil SE Bond 2
Universal adhesive used in both etch-and-rinse 

(with 35% phosphoric acid) and self-etch modes
Single Bond Universal

Ghubaryi et al. (2020) [18] No Methylene blue photosensitizers activated 
with photodynamic therapy + Two-step etch-
and-rinse adhesive

Sisco Research Lab 
A single-wavelength light source with an 

810 nm wavelength and a power out-
put of 1.5 W was used at a concentra-
tion of 100 mg/L. This light was directed 
perpendicularly onto the RMGI and 
continuously applied for 60 seconds.

Adper Single Bond 2
Er,Cr:YSGG laser + etch-and-rinse adhesive Biolase- Waterlase iPlus

For a duration of 5 seconds at 2.8 MPa
Nd-YAG laser + etch-and-rinse adhesive NianSheng

A noncontact circular motion technique 
was used with a power setting of 1.5 W 
for a duration of 60 seconds. During the 
procedure, the 400 μm quartz micro tip 
was kept at a 90-degree angle to the 
cement surface.

Aluminum oxide sandblasting + etch-and-
rinse adhesive

Aluminum trioxide, Dentsply 
With a power of 1.5 W and a frequency 

of 30 Hz, the MZ8 tip was used in a 
circular motion for 60 seconds, held 2 
mm away from the surface.

37% phosphoric acid + etch-and-rinse adhesive Aqua Etch
Bilgrami et al. (2022) [28] No 37% and 36% phosphoric acid gel Scotchbond Etchant

Dentsply
Farshidfar et al. (2022) [29] No 35% phosphoric acid Ultra-Etch

Two universal adhesives (used in both etch-
and-rinse and self-etch modes)

CLEARFIL Universal Bond (pH: 2.3)
G-Premio Bond (pH: 1.5)

Table 3. Continued

(Continued to the next page)
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Study Finishing and polishing for GI Type of surface treatment Commercial brand and specification
Zakavi et al. (2023) [30] No Two-step etch-and-rinse adhesive Adper Single Bond 2

37% phosphoric acid + etch-and-rinse adhesive Morva Etch
Aluminum oxide sandblasting + etch-and-

rinse adhesive
Microblaster Dento-Prep, Dental Micro-

blaster
30-μm Al2O3 particles for 10 seconds

Rough diamond bur + etch-and-rinse adhesive 012 Cylinder Flat End
The diamond bur was employed for 3 

seconds at high speed with an accom-
panying water spray.

Er: YAG laser + etch-and-rinse adhesive M021-3AF/4, Fotona
With a 1,064 nm wavelength, delivering 

1.5 W of power, at a frequency of 5 
Hz, with 8% water output and 4% air 
output, positioned 10 mm away from 
the target. The laser was operated in 
micro-short pulse mode, delivering 
energy at 300 mJ

Er, Cr: YSGG laser + etch-and-rinse adhesive Water Lase iPlus, Biolase
An MZ8 tip with a diameter of 800 μm 

and a spot size of 0.502 mm² was used. 
This tip emitted laser light at a 2,780-
nm wavelength, 1 W of power, and a 
frequency of 20 Hz. The water output 
was set at 20%, and the air output 
was 10%, with the tip held 1 mm from 
the surface for 15 seconds. This setup 
provided an intensity of 53.07 J/cm²

Dawood et al. (2024) [31] No Sandblasted Air Prophy Unit
Sandblasted + two-step etch-and-rinse adhesive For 30 seconds with an air abrasion unit 

using 50-μm aluminum oxide particles
37% phosphoric acid + two-step etch-and-

rinse adhesive
Scotchbond 1XT
Scotchbond Universal

Universal adhesive used in self-etch mode
Maneenut et al. (2010) [12] Yes Repair with nanofilled RMGI Ketac Nano-ionomer Primer

  Nanofilled RMGI Primer GC Dentin Conditioner
  Dentin Conditioner + Nanofilled RMGI Primer
  37% phosphoric acid gel + Nanofilled RMGI 

Primer
Repair with both resin composites Scotchbond Etching Gel
  37% phosphoric acid gel + two-step etch-

and-rinse/or one-step self-etch adhesive
Single Bond
G-Bond (pH: 2.8)

  Etch-and-rinse/or one-step self-etch adhesive
Repair with RMGI
  One-step self-etch adhesive
  Dentin Conditioner + one-step self-etch 

adhesive
  37% phosphoric acid gel + one-step self-etch 

adhesive
Welch et al. (2015) [41] No Sanding using wet 800-grit silicon carbide 

paper
Leco

Sanding + 37.5% phosphoric acid
Sanding + 37.5% phosphoric acid + two-step 

etch-and-rinse adhesive
Kerr Gel Etchant
Optibond Solo Plus

Table 3. Continued
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Table 3. Continued

Study Finishing and polishing for GI Type of surface treatment Commercial brand and specification
Vural and Gurgan (2019) 

[40]
No Repair using glass hybrid DIATECH, Swiss Dental

Roughened using a diamond coarse fissure bur Cavity conditioner, GC
20% mild polyacrylic acid G‑premio Bond   
20% mild polyacrylic acid + a universal adhesive
A universal adhesive
Repair using resin composite GC etching gel
Roughened using a diamond coarse fissure bur
Roughening + universal adhesive
40% phosphoric acid + universal adhesive
Universal adhesive

Ozaslan et al. (2023) [17] Yes Silane + universal adhesive Clearfil Ceramic Primer Plus
Prime & Bond Universal (pH: 2.7)

Silva et al. (2024) [42] Yes Universal adhesive in self-etch mode Scotchbond Universal
37% phosphoric acid + universal adhesive

Er,Cr:YSGG, erbium, chromium:yttrium, scandium, gallium garnet; Er:YAG, erbium-doped yttrium aluminum garnet; GI, glass ionomer; GIC, glass 
ionomer cement; ; Nd-YAG, neodymium-doped yttrium aluminum garnet; RMGI, resin-modified glass ionomer.

cluded a group in which the surface treatment consisted 

solely of phosphoric acid, without any adhesive applica-

tion [28,29]. One of the included studies used a univer-

sal primer and a coating material as a surface treatment 

for the tested GIs before bonding to resin composite 

[16]. Five of the included studies used mechanical sur-

face treatment in combination with chemical treatment 

[13,18,24,30,31]. The mechanical treatment included 

laser (Er,Cr:YSGG and Nd-YAG) [18,24,30], air abrasion 

[13,18,30,31], and Methylene blue photosensitizers acti-

vated with photodynamic therapy [18]. These mechani-

cal treatments were used as a replacement for the phos-

phoric acid etching. It is worth mentioning that none of 

the studies that used any type of mechanical treatment 

did any sort of F/P for the specimens before receiving 

the treatment (Table 3).

5. Aging before testing
Four of the included studies tested the specimens after 

48 hours of water storage [16,18,33,35], one study made 

1 and 6 months of water storage [14], and four studies 

performed thermal cycling for 5,000 [10,30], and 500 

[28,37] cycles. The rest of the included studies tested the 

specimens after 24 hours of water storage without any 

aging (Table 4).

6. Testing methods
Four of the included studies performed micro shear 

bond strength (μSBS) tests [14,26,36,38], while one study 

performed a tensile test [25], and one performed a mi-

crotensile bond strength test (μTBS) [29]. The rest of the 

included studies performed SBS tests. The cross-head 

speed was 0.5 mm/min in 13 of the included studies 

[10,16,18,22,24,26,27,29,32–36], while 10 studies used a 

cross-head speed of 1 mm/min [13–15,25,28,30,31,37–

39]. Additionally, one study utilized a cross-head speed 

of 3 mm/min [23] (Table 4). Fifteen studies examined 

the failure mode after testing using either an opti-

cal microscope [13,14,18,30,33], a stereomicroscope 

[10,16,24–26,28,31,35,37], or a binocular microscope 

[16]. Two studies did not specify the examination tech-

nique [28,32]. The magnifications used differed among 

the studies and ranged from ×2.5 to ×40 (Table 4).

Bonding aged glass ionomer and either resin compos-
ite or glass ionomer in sandwich restorations
1. Control groups
One study included a control group (without the use of 

the tested chemical or mechanical surface treatments) 

[40], while four studies did not include a separate con-

trol group [12,17,41,42] (Table 5).
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Table 4. Assessment of bond strength testing methodologies in the included studie
Study Test type Testing machine and speed Aging condition Method of failure analysis
Arora et al. (2010) [22] SBS UTM, 0.5 mm/min After 24 hours -
Boushell et al. (2011) [32] SBS UTM, 0.5 mm/min After 24 hours ×2.5
Zhang et al. (2011) [14] μSBS UTM, 1 mm/min After 24 hours, 1- and 6-month water storage Light microscope at ×40
Chandak et al. (2012) [23] SBS UTM, 3 mm/min After 24 hours -
Kandaswamy et al. (2012) [15] SBS UTM, 1 mm/min After 24 hours -
Navimipour et al. (2012) [24] SBS UTM, 0.5 mm/min After 24 hours Stereomicroscope at ×20
Pamir et al. (2012) [33] SBS UTM, 0.5 mm/min After 48 hours Light microscope at ×10 or ×20
Fragkou et al. (2013) [25] TBS UTM, 1 mm/min - Stereomicroscope at ×16
Kasraie et al. (2013) [26] μSBS UTM, 0.5 mm/min After 24 hours Stereomicroscope at ×40
Otsuka et al. (2013) [13] SBS UTM, 1 mm/min After 24 hours Optical microscope at ×10
Babannavar and Shenoy 

(2014) [34]
SBS UTM, 0.5 mm/min After 24 hours -

Boruziniat and Gharaei (2014) 
[35]

SBS UTM, 0.5 mm/min After 48 hours Stereomicroscope

Jaberi Ansari et al. (2014) [36] μSBS MTT, 0.5 mm/min After 24 hours -
Ozer et al. (2014) [37] SBS UTM, 1 mm/min 500 TC Stereomicroscope at ×25
Panahandeh et al. (2015) [38] μSBS MTT, 1 mm/min After 24 hours -
Sharafeddin and Choobineh 

(2016) [39]
SBS UTM, 1 mm/min After 24 hours -

Francois et al. (2019) [16] SBS UTM, 0.5 mm/min After 48 hours Binocular microscope at ×30
Pandey et al. (2019) [27] SBS UTM, 0.5 mm/min After 24 hours -
Bin-Shuwaish (2020) [10] SBS UTM, 0.5 mm/min 5,000 TC Digital stereomicroscope at ×30
Ghubaryi et al. (2020) [18] SBS UTM, 0.5 mm/min After 48 hours Optical microscope at ×10
Bilgrami et al. (2022) [28] SBS UTM, 1 mm/min 500 TC The exact technique and 

magnification are not speci-
fied

Farshidfar et al. (2022) [29] μTBS UTM, 0.5 mm/min After 24 hours -
Zakavi et al. (2023) [30] SBS UTM, 1 mm/min 5,000 TC Light microscope
Dawood et al. (2024) [31] SBS UTM, 1 mm/min After 24 hours Stereomicroscope at ×10
GI repair
Maneenut et al. (2010) [12] SBS UTM, 0.75±0.25 mm/min After 24 hours Light microscope at ×2
Welch et al. (2015) [41] SBS UTM - SEM at ×13
Vural and Gurgan (2019) [40] μTBS MTT, 1 mm/min - Stereomicroscope at ×40
Ozaslan et al. (2023) [17] μSBS UTM, 0.5 mm/min After 24 hours Stereomicroscope at ×30
Silva et al. (2024) [42] μTBS UTM, 1 mm/min After 24 hours Stereomicroscope at ×40

GI, glass ionomer; SBS, shear bond strength; μSBS, microshear bond strength; TBS, tensile bond strength; μTBS, microtensile bond strength; MTT, 
microtensile tester; SEM, scanning electron microscope; TC, thermal cycle; UTM, universal testing machine.

2. Finishing and polishing before bonding
Three studies performed F/P on the surface of aged GI 

before any bonding procedures, one before the aging 

of the GI [17], and the other two after the aging of the 

specimens and immediately before bonding [12,42]. 

Two studies did not perform F/P on the surface of the 

GI [40,41] (Table 3).

3. Type of glass ionomer and overlying composite
Three of the included studies tested RMGIs [12,41,42], 

while the other two studies tested glass hybrid [17,40]. 

Two of the included studies tested nanofilled resin com-

posite [12,42], microfilled resin composite [12], while 

one used microhybrid [40], and one tested nanoceramic 

resin composite [17]. Two studies used both GI or RMGI 

and resin composite as a repair material [12,40], while 

two studies used only RMGI as a repair material [41,42], 

and one included only resin composite for repair [17] 

(Table 2).

4. Technique of aging the tested glass ionomers
The aging techniques for the tested GIs varied before 
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Table 5. Risk of bias assessment

Study
Description 

of sample size 
calculation

Specimen 
preparation 
carried out 

by the same 
operator

Randomization 
of specimens

Use of control 
group (without 
the tested sur-
face treatment)

Use of  
materials 

according to 
manufacturers’ 

instructions

Evaluation of 
failure mode

Blinding of 
examiner Risk of bias

Arora et al. (2010) [22] No No Yes Yes Yes No No High
Boushell et al. (2011) 

[32]
No No Yes No Yes Yes No High

Zhang et al. (2011) [14] No No No No Yes Yes No High
Chandak et al. (2012) 

[23]
No No Yes Yes Yes No No High

Kandaswamy et al. 
(2012) [15]

No No No No No No No High

Navimipour et al. (2012) 
[24]

No No Yes Yes Yes Yes No Moderate

Pamir et al. (2012) [33] No No No No No Yes No High
Fragkou et al. (2013) 

[25]
No No No Yes Yes Yes No High

Kasraie et al. (2013) [26] No No Yes Yes Yes Yes No Moderate
Otsuka et al. (2013) [13] No No No Yes Yes Yes No High
Babannavar and  

Shenoy (2014) [34]
No No No No Yes No No High

Boruziniat and Gharaei 
(2014) [35]

No Yes Yes No Yes Yes No Moderate

Jaberi Ansari et al. 
(2014) [36]

No No No No Yes No No High

Ozer et al. (2014) [37] No No No No No Yes No High
Panahandeh et al. 

(2015) [38]
No No No No Yes No No High

Sharafeddin and  
Choobineh (2016) [39]

No No No No Yes No No High

Francois et al. (2019) 
[16]

No No Yes Yes No Yes No High

Pandey et al. (2019) [27] No No Yes Yes Yes No No High
Bin-Shuwaish (2020) 

[10]
No No Yes Yes Yes Yes No Moderate

Ghubaryi et al. (2020) 
[18]

No No Yes Yes Yes Yes No Moderate

Bilgrami et al. (2022) 
[28]

Yes No No No Yes Yes No High

Farshidfar et al. (2022) 
[29]

No No Yes Yes Yes No No High

Zakavi et al. (2023) [30] No No Yes Yes Yes Yes No Moderate
Dawood et al. (2024) 

[31]
No No No Yes Yes Yes No High

Maneenut et al. (2010) 
[12]

No No Yes No Yes Yes No High

Welch et al. (2015) [41] No No No No Yes Yes No High
Vural and Gurgan 

(2019) [40]
No No Yes Yes Yes Yes No Moderate

Ozaslan et al. (2023) [17] Yes No No No Yes Yes No High
Silva et al. (2024) [42] Yes Yes Yes No Yes Yes Yes Low
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the bonding procedures, including water storage [12], 

thermal cycling [40], both water storage and thermal 

cycling [41,42], and brushing simulation and thermal 

cycling [17] (Table 4).

5. Type of surface treatment
Four of the included studies tested chemical surface 

treatments [12,17,41,42], while only one study included 

both mechanical and chemical surface treatments [41]. 

Two studies used etch-and-rinse adhesives for chemical 

bonding between GIs and composites [12,41], while one 

of the included studies used a one-step self-etch adhe-

sive [12]. Three of the included studies tested universal 

adhesives [17,40,42]. Two of the included studies used 

dentin conditioner [12,40], one used a nanofilled RMGI 

primer [12], and one study used silane [17] as a chemi-

cal surface treatment for the surface of the aged GI. One 

of the included studies used wet 800-grit silicon carbide 

paper for roughening the surface of the aged GI, referred 

to as “sanding,” and considered it a separate mechanical 

surface treatment [41] (Table 3).

6. Aging before testing
None of the included studies performed any aging be-

fore testing (Table 4).

7. Testing methods
One of the included studies performed a μSBS test [17], 

while two studies performed μTBS tests [40,42]. The 

other two included studies performed SBS tests. The 

cross-head speed in the included studies ranged from 

0.5 mm/min in one study [17], 0.75 ± 0.25 mm/min [12], 

and 1 mm/min [40,42]. One study did not specify the 

cross-head speed used [41]. All of the included studies 

examined the failure mode using either a light micro-

scope [12], a stereomicroscope [17,40,42], or scanning 

electron microscopy (SEM) [41]. The magnifications 

used varied across the studies and ranged from ×2 to 

×40 (Table 4).

Analysis of results
Following a thorough evaluation of the studies includ-

ed, the key parameters examined during the result anal-

ysis were as follows: (1) comparison of various types 

of GIs; (2) comparison of different surface treatment 

methods, including control, mechanical, and chemical 

treatments; (3) universal adhesives; (4) assessment of 

the type of resin composite or repair material used in 

general, specifically for studies related to the second re-

search question; and (5) failure mode analysis.

Bonding new glass ionomer and resin composite in 
sandwich restorations
1. Comparing different types of glass ionomers
Regardless of the surface treatment employed, seven 

studies consistently demonstrated that RMGIs exhibited 

statistically significantly higher bond strength values 

when bonded to resin composites compared to con-

ventional GIC [13,16,24,29,31,33,36]. Conversely, three 

studies reported comparable bond strength values be-

tween RMGIs and conventional GICs [32,37], including 

nanofilled RMGI [34]. Two studies reported statistically 

significantly higher bond strength for RMGI compared 

to glass hybrid [16,29]. However, their findings regard-

ing glass hybrid compared to conventional GI were con-

tradictory. One study reported higher bond strength for 

glass hybrid compared to conventional GICs [16], while 

the other found no significant difference between them 

[29]. Two studies found that the type of RMGI used sig-

nificantly affected the bond strength results [13,38], and 

another two studies found that the type of conventional 

GIC also affected the results [14,38].

2. Control vs surface treatment
Seven studies indicated a statistically significant differ-

ence in the chemical treatment of the surface of RMGI 

[10,22,23,26,27,29,31], conventional GIC [13,29], and 

glass hybrid [29] compared to the control groups, which 

received no chemical or mechanical treatment. Howev-

er, one study reported the opposite outcome for RMGI 

[13]. Furthermore, one study found comparable bond 

strength values between the control and chemically 

treated RMGI [25].

3. Effect of combining mechanical and chemical sur-
face treatments
Three studies investigating the bond strength of con-

ventional GIC yielded contradictory results. One study 

[24] found no statistically significant difference in bond 

strength when combining mechanical treatment (laser) 
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with etch-and-rinse adhesive, regardless of whether 

acid etching was used or not. Another study found that 

combining both treatments (mechanical sandblasting) 

resulted in lower bond strength compared to using the 

chemical treatment alone [31]. On the other hand, an-

other study [13] reported a statistically significant differ-

ence in bond strength when air abrasion was used as a 

mechanical treatment before chemical treatment with 

self-etch adhesive. Furthermore, the use of acid etching 

enhanced the bond strength to the resin composite.

Three of the included studies compared different me-

chanical surface treatments (laser [24,30], sandblasting 

[31]), and roughening by bur [30]) with chemical treat-

ment alone (etch-and-rinse adhesive and universal ad-

hesive). One study found that laser treatment resulted in 

significantly higher bond strength than acid etching or 

the control group [24]. Another study found that sand-

blasting or bur treatment of RMGI resulted in a statisti-

cally significant difference compared to other treatment 

methods [30]. However, another study reported higher 

bond strength values for the chemical treatment alone 

(universal adhesive used in both adhesive strategies) on 

the surface of RMGI compared to combining chemical 

and mechanical treatments (sandblasting) [31]. Addi-

tionally, one of the included studies found that using 

Er,Cr:YSGG laser and acid etching before applying the 

etch-and-rinse adhesive resulted in significantly higher 

bond strength values compared to photodynamic thera-

py, Nd-YAG laser, or sandblasting before adhesive appli-

cation [18].

4. Etch-and-rinse vs self-etch adhesives
Six studies compared the effect of etch-and-rinse vs self-

etch adhesives on conventional GIC [14,33,36,38,39], 

and glass hybrid [16]. Among these, three studies found 

no significant difference [33,36,38], while the other three 

reported higher bond strength values for conventional 

GIC [14,39] and glass hybrid [16] with the use of self-

etch adhesive surface treatment.

On the other hand, nine studies evaluated the same 

comparison on RMGI. Among these, three studies found 

no significant difference between the two adhesive 

types [33,36,38], while four studies concluded that the 

use of self-etch adhesive yielded higher bond strength 

values [22,23,27,35]. One study found no significant 

difference when the RMGI was bonded to bulk-fill com-

posites, while the self-etch adhesive performed better 

when the RMGI was bonded to incremental composite 

[10]. Additionally, one study reported no significant dif-

ference between etch-and-rinse and one-step self-etch, 

while two-step self-etch showed higher bond strength 

values [26].

5. The use of phosphoric acid solely or etch-and-rinse 
adhesive without phosphoric acid
One of the included studies compared the use of phos-

phoric acid without adhesive application on the surfac-

es of conventional GIC, RMGI, and glass hybrid materi-

als. The findings revealed that applying only phosphoric 

acid, as opposed to no surface treatment, led to higher 

bond strength values exclusively for RMGI. However, 

when phosphoric acid was combined with a universal 

adhesive, significantly higher bond strength values were 

observed for all tested materials compared to acid etch-

ing alone [29].

In another study, etch-and-rinse adhesive was used 

with or without phosphoric acid etchant on the surfaces 

of conventional GIC and RMGI. The researchers found 

no significant difference when phosphoric acid was ap-

plied before adhesive application for 15 seconds. How-

ever, the difference became statistically significant when 

both the acid and adhesive were applied for 30 seconds 

or longer [33].

6. Comparing different self-etch adhesives
For the conventional GIC, two studies compared a two-

step silorane-based adhesive with a two-step methacry-

late-based adhesive [32,37]. The first study found no sig-

nificant difference in bond strength when compared to 

the strong self-etch adhesive [32], while the other study 

found that the mild self-etch adhesive had significantly 

higher bond strength values [37]. Additionally, one study 

did not find a significant difference between two-step 

and one-step adhesives [14]. Three of the included stud-

ies found statistically significantly higher bond strength 

values when using a mild self-etch adhesive compared 

to intermediate and strong self-etch [15,36,39], and two 

of them found a significant difference between interme-

diate and strong self-etch adhesives [15,39].

For RMGI, the same findings observed with con-
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ventional GIC were reported in both included studies 

[32,37]. One study found that a mild two-step self-etch 

had a statistically significant difference compared to 

the one-step self-etch [26]. Regardless of the number 

of steps, one study found that mild self-etch had sig-

nificantly higher bond strength than intermediate and 

strong self-etch adhesives [36]. Furthermore, one of the 

included studies found comparable bond strength val-

ues between one-step and two-step intermediate self-

etch adhesives [35].

7. Universal adhesive
A study evaluated the application of a universal adhe-

sive on the surface of glass hybrid material using both 

the etch-and-rinse and self-etch techniques, comparing 

its performance to that of traditional etch-and-rinse and 

self-etch adhesives. The findings revealed that the uni-

versal adhesive performed similarly in both modes and 

produced results comparable to the self-etch adhesive. 

Furthermore, the universal adhesive exhibited signifi-

cantly higher bond strength values than the etch-and-

rinse adhesive [16].

Three studies compared the use of universal adhesive 

on the surfaces of RMGI [10,31], conventional GIC [31], 

and glass hybrid [29] in both bonding modes. Two of 

these studies reported comparable bond strength val-

ues when using the universal adhesive in both modes 

[10,31], which were also comparable to those of the 

self-etch adhesive [10]. However, the etch-and-rinse 

mode of the universal adhesive differed from the etch-

and-rinse adhesive among the tested resin composite 

groups. The other study reported higher bond strength 

values for the etch-and-rinse mode of the universal 

adhesive tested compared to the self-etch mode of the 

same adhesive, regardless of the material tested [29].

8. Type of composite
Two separate studies examined the performance of 

methacrylate-based composites in comparison to silo-

rane-based composites [32,37], but their findings were 

inconsistent. One study concluded that there was no 

statistically significant difference between the bond 

strength of the two materials [32]. In contrast, the other 

study determined that the methacrylate-based compos-

ite exhibited significantly higher bond strength values 

than its silorane-based counterpart [37].

In another investigation, the performance of nanohy-

brid and nanofilled bulk fill composites was contrasted 

with that of nanofilled incremental composite [10]. The 

outcomes were found to vary based on the type of ad-

hesive used. When both etch-and-rinse and self-etch 

adhesives were employed, the bond strength values for 

both bulk fill composites surpassed those of the incre-

mental composite. In the case of the universal adhesive 

category, the nanohybrid composite demonstrated the 

highest bond strength values. Furthermore, a separate 

study compared nanofilled, nanoceramic, and micro-

hybrid composites, uncovering notably superior bond 

strength values for the nanoceramic composite com-

pared to the other two varieties [28].

9. Effect of aging
Among the studies analyzed, only one study investigat-

ed the influence of aging on the bond strength between 

the examined GI and resin composite [14]. The results 

revealed that following 6 months of water immersion, 

the bond strength values decreased compared to the 

immediate testing conducted after 24 hours. Neverthe-

less, this discrepancy did not reach statistical signifi-

cance, except for the specific etch-and-rinse adhesive 

that was tested.

10. Failure mode analysis
Six studies [13,14,16,18,24,26] reported that the most 

commonly observed failure mode in the tested GI was 

cohesive. Two studies [14,16] found no statistically sig-

nificant differences in failure modes among the tested 

groups. One study [33] observed that the predominant 

failure mode in conventional GIC was mixed, whereas 

in RMGI, it was cohesive. Another study [25] reported 

that adhesive failure was predominant when RMGI was 

bonded using an etch-and-rinse adhesive. In contrast, a 

separate study [35] found that the predominant failure 

modes were adhesive and mixed for self-etch adhesives, 

while cohesive failure was more common for RMGI with 

etch-and-rinse adhesive.

One study [37] reported that the cohesive failure mode 

was predominant when using a methacrylate-based re-

storative system, whereas the adhesive failure mode was 

predominant with a silorane-based restorative system. 

In another study [10], adhesive failure was observed 
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when no surface treatment was applied between the 

tested GI and resin composite. However, when a univer-

sal adhesive was used in etch-and-rinse mode, cohesive 

failure was observed across all groups with different sur-

face treatments. Similarly, another study [30] reported 

varying failure modes depending on the surface treat-

ment: adhesive failure without any surface treatment, 

cohesive failure with laser treatment, and mixed failure 

when air abrasion was performed prior to adhesive 

application. Finally, one study [31] found a higher inci-

dence of cohesive failure compared to adhesive failure, 

which correlated with increased bond strength.

11. Risk of bias assessment
Based on the criteria applied in the analysis, six studies 

(25%) had a medium risk of bias [10,18,24,26,30,35], 

while 18 studies (75%) were identified as having a high 

risk of bias (Table 5).

Meta-analysis results
Owing to the variations in experimental setups, only 

three studies fulfilled the criteria for inclusion in the 

meta-analysis [18,24,30]. In one of these selected stud-

ies, the data were originally presented in Newton and 

were later converted to MPa by dividing the values by 

the area of the bonded surfaces. Essential details such 

as sample sizes, means, SD, and mean differences 

with 95% confidence intervals (CIs) for each study are 

summarized in Table 6. The combined sample size for 

both the phosphoric acid and Er,Cr:YSGG laser-treated 

groups amounted to 40 each.

As depicted in Table 7, a random-effects model was 

utilized due to the presence of heterogeneity (p < 0.001). 

The calculated overall mean difference was 1.555 (95% 

CI, –2.857 to 5.968). This overall mean difference did not 

yield statistical significance, as indicated by a p-value 

of 0.490 (significance was set at < 0.05). The outcome 

of this meta-analysis suggested no substantial variance 

in the aggregated mean MPa values of RMGI surfaces 

treated with either phosphoric acid or Er,Cr:YSGG laser 

before the application of an etch-and-rinse adhesive 

(Table 6, Figure 2). Notably, the funnel plot and Egger’s 

test at 95% CIs hinted at potential publication bias (p = 

0.043) (Figure 3).

Bonding aged glass ionomer and either resin compos-
ite or glass ionomer in sandwich restorations
1. Comparing different types of glass ionomers
Only one study examined nanofilled RMGI and RMGI. 

However, the results for each material were analyzed 

independently, and no direct comparison between the 

two materials was made [12].

2. Control vs surface treatment
Among the included studies, only one study compared 

a control group of glass hybrid being repaired either 

with glass hybrid or resin composite, along with chem-

ical surface treatment. This study found statistically 

significantly higher bond strength values in the surface 

treatment groups [40].

3. Effect of combining mechanical and chemical treat-
ment
One of the studies included in the analysis examined 

Table 6. Results of meta-analysis

Study
Er,Cr:YSGG laser-treated Phosphoric acid-treated

Difference, mean (95% CI) p-value Weight
n Mean ± SD n Mean ± SD

Ghubaryi et al. [18] 10 14.26 ± 1.67 10 16.45 ± 0.32 –2.19 (–3.244 to –1.136) 36.46
Navimipour et al. [24] 20 22.81 ± 4.27 20 17.44 ± 5.18 5.37 (2.428 to 8.312) 31.95
Zakavi et al. [30] 10 17.22 ± 3.36 10 15.20 ± 3.61 2.02 (–1.037 to 5.077) 31.59
Total (random effects) 40 40 1.555 (–2.857 to 5.968) 0.490 100

CI, confidence interval; n, number of specimens; SD, standard deviation.

Table 7. Test for heterogeneity among included studies in the me-
ta-analysis
Statistic Value
Q 26.66
Degree of freedom 2
p-value <0.001
I2 (inconsistency) 0.9083
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Figure 3. A funnel plot used to evaluate the possibility of publication 
bias. CI, confidence interval.

the effectiveness of combining mechanical treatment 

(sanding) with chemical treatment, specifically acid 

etching alone or acid etching followed by the applica-

tion of a bonding agent [41]. The results of this study 

varied depending on the aging conditions applied to the 

samples. During the initial 5 minutes of RMGI setting, 

surface treatment had no impact on the bond strength 

results. However, when the specimens were immersed 

in water and subjected to thermal cycling, the group 

that underwent both mechanical and chemical treat-

ment, including the application of the bonding agent, 

exhibited the highest bond strength values. Another 

study reported that combining roughening with a bur 

before chemical treatment with a universal adhesive 

demonstrated a statistically significant difference com-

pared to using only the chemical treatment (universal 

adhesive) alone. However, it showed comparable values 

to using universal adhesive with prior phosphoric acid 

etchant [40].

4. The use of phosphoric acid solely or etch-and-rinse 
adhesive without phosphoric acid
One of the studies included in the analysis observed 

that applying an acid etchant prior to using either an 

etch-and-rinse or self-etch adhesive did not produce a 

statistically significant improvement in bond strength 

when compared to the use of the adhesives alone for 

nanofilled RMGI and conventional RMGI, respectively 

[12]. In contrast, a different study reported that treating 

the RMGI surface with sanding and acid etching alone 

significantly reduced bond strength values compared to 

when an adhesive was applied after these surface treat-

ments [41].

5. Universal adhesives
Three studies utilized a universal adhesive as the 

chemical surface treatment in their respective research 

[17,40,42]. In one study, the adhesive was not compared 

with any other chemical treatment [17]. However, in the 

second study, the use of the adhesive was compared 

in two bonding modes: when bonding glass hybrid to 

resin composite and when applying a repair material of 

glass hybrid with prior application of polyacrylic acid 

primer vs using the self-etch mode [40]. The results in-

dicated that utilizing the universal adhesive in the etch-
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and-rinse mode, along with the prior application of 

polyacrylic acid on the surface of the aged glass hybrid, 

resulted in significantly higher bond strength values 

compared to the self-etch mode of the universal adhe-

sive. The third study did not find a statistically signifi-

cant difference when using the universal adhesive in ei-

ther bonding strategy when bonding RMGI to the repair 

composite [42].

6. Type of repair material
One of the studies included in this analysis compared 

the use of nanofilled RMGI and RMGI as repair materi-

als for the same material, alongside nanofilled and mi-

crofilled resin composites [12]. The findings indicated 

higher bond strength values for the nanofilled compos-

ite compared to the nanofilled RMGI. Furthermore, no 

statistically significant difference was observed between 

the RMGI and microfilled resin composite. In another 

study, statistically significantly higher bond strength 

values were found for microhybrid resin composite 

when compared to glass hybrid as a repair material for 

an aged glass hybrid [40]. Contrary to previous findings, 

another included study reported higher bond strength 

values for repairing RMGI using the same material com-

pared to nanofilled resin composite, irrespective of the 

adhesive mode of the universal adhesive used for bond-

ing to the composite [42].

7. Failure mode analysis
Three of the studies included in the analysis reported 

adhesive failure as the predominant mode [17,40,42], 

whereas one study identified cohesive failure as the 

predominant mode in the aged GI [12]. However, when 

repairing nanofilled RMGI with the same material, the 

predominant failure mode was adhesive. Another study 

reported that premature failure was more frequent 

when the universal adhesive was used for bonding aged 

RMGI to the overlying composite in self-etch mode [42].

8. Risk of bias assessment
Based on the criteria evaluated in the analysis, one 

study (20%) was determined to have a low risk of bias 

[42], another was assessed to have a moderate risk of 

bias [40], while the majority of the studies (60%) were 

found to have a high risk of bias.

DISCUSSION

The authors of this review intentionally limited the 

inclusion of studies to those published within the past 

decade. This decision was driven by the rapid advance-

ments in dental adhesives and restorative materials. 

Consequently, earlier research focusing on older gener-

ations of restorative materials and adhesives, which may 

no longer be commercially available, was excluded.

The inclusion of laboratory studies in this review was 

necessitated by the limited number of clinical studies 

conducted in the past decade that specifically examined 

various surface treatments for GIs prior to resin com-

posite restorations. Notably, the primary objective of the 

available clinical studies was to compare different types 

of GIs [5,43], rather than to evaluate surface treatments.

Most of the studies included in this analysis utilized 

SBS testing due to its easier specimen preparation and 

alignment during measurements [18]. Previous research 

revealed that SBS testing is considered reliable and less 

questionable compared to μTBS when examining GIs 

[44]. However, it has been suggested that SBS evaluation 

may be less reliable than μTBS evaluation because the 

adhesive interface in μTBS analysis is relatively small, 

leading to more uniform stress distribution and bet-

ter access to the true interfacial bond strength [40]. It 

should be noted that during sectioning for μTBS testing, 

there is a risk of premature micro-cracking of samples 

[44]. In contrast to μTBS testing, the procedure and 

preparation of samples for μSBS testing are compara-

tively simpler. Scholars have observed that reducing the 

sample diameter in μSBS tests can mitigate stress for-

mation and minimize potential errors [44].

Initial observations from the review suggest that the 

bond strength between GIC and glass hybrid materials 

with resin composites is relatively lower when com-

pared to the bond strength between RMGI and resin 

composites. The bonding mechanisms between GIC 

and resin composite predominantly rely on microme-

chanical retention, which is influenced by surface ir-

regularities, roughness, and porosities [16]. In contrast, 

RMGI is thought to involve chemical bonding, resulting 

in a stronger bond. The incorporation of resin constit-

uents in RMGI has been shown to effectively enhance 

both bond strength and mechanical properties [13].
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Regardless of the type of GI, using surface treatment 

(either mechanical or chemical) resulted in a stronger 

bond compared to no treatment. When applying resin 

composite over various GIC bases, the weaker bond 

strength between the two materials can be explained by 

the relatively lower cohesive strength of GIC compared 

to the resin composite [10]. This difference may also be 

attributed to the high viscosity of the resin composite, 

which impedes proper flow on the surface of conven-

tional GIC unless a wetting agent is used [29]. Further-

more, the distinct chemical properties and reactions of 

these materials are likely to significantly contribute to 

adhesion failure without surface treatment [10].

The recent examination uncovered contradictory out-

comes in the comparison of etch-and-rinse adhesives 

with self-etch adhesives on GIC surfaces. Certain studies 

included in the review rejected the use of acid etching 

and provided the rationale for their findings. They ar-

gued that the application of 37% phosphoric acid during 

acid etching leads to the degradation of the underlying 

layers of the GIC matrix, thereby diminishing the cohe-

sive strength of the material [14,39]. Consequently, this 

reduction in cohesive strength can have a detrimental 

effect on the bond strength between the composite and 

GIC. It is important to highlight that the porosity created 

on the GIC surface by phosphoric acid differs from that 

induced by self-etch adhesives [14,39]. Conversely, oth-

er studies that did not observe a significant distinction 

between the two adhesive types or favored etch-and-

rinse adhesives proposed an alternative rationale for 

their results. They suggested that acid etching of the GIC 

solely weakens the surface of the cement, leading to co-

hesive failure within this weakened region rather than 

affecting the interfacial resin bond strength [33,38].

Regarding the combination of mechanical and chem-

ical surface treatments, the results of the current review 

did not find evidence supporting a synergistic effect in 

terms of bonding new GI to resin composite. However, 

it is possible that this combination could increase the 

bond strength of aged GIs. One possible explanation 

for this is that the use of a bur or silicon carbide paper 

may not only increase the roughness and irregularities 

on the surface of RMGI, thereby enhancing the micro-

mechanical bond strength [30], but it may also expose 

glass particles in the ‘old’ material that could react with 

the polyacrylic acid in the ‘new’ material (in the case of 

using GI for repair) or unreacted methacrylate mono-

mers that could interact with the overlying adhesive and 

resin composite (in the case of using resin composite for 

repair) [12]. However, this may not be critical for newly 

placed RMGI, as they already contain unreacted glass 

particles and methacrylate groups on their surface.

The predominant RMGI used in the studies was Fuji II 

LC, prompting a meta-analysis to examine the impact of 

surface treatments (mechanical or chemical) on RMGI 

surfaces before applying an etch-and-rinse adhesive. 

The findings indicated no significant difference in bond 

strength to resin composite when comparing phosphor-

ic acid treatment with the Er,Cr:YSGG laser.

The Er,Cr:YSGG laser, with a wavelength of 2790 

nm, has a high affinity for water and strong absorption 

capacity for hydroxyl groups (OH), enabling effective 

surface modifications. Since RMGI primarily consists of 

fluoroaluminosilicate glass and water-based polymeric 

acid, it is hypothesized that the laser-induced micro-ir-

regularities and increased porosity, enhancing compos-

ite adhesion [18]. These laser-induced porosities and 

irregularities may resemble those created by phosphoric 

acid, explaining the lack of a significant difference be-

tween the two techniques. Notably, one of the studies in 

the meta-analysis used a microhybrid resin composite 

instead of the nanohybrid composite used in the other 

two studies. An earlier systematic review demonstrated 

comparable clinical performance among nanofilled, 

nanohybrid, and microhybrid composites [45].

While asymmetry in the funnel plot suggests potential 

publication bias, caution is warranted when interpreting 

these results due to the limited inclusion of only three 

studies. The reliability of such tests generally improves 

with a minimum of ten studies in a meta-analysis [46]. 

With fewer studies, the statistical power is significantly 

reduced, making it difficult to distinguish between ran-

dom variation and true asymmetry in the data [46].

The acidity of the self-etch adhesives tested in the in-

cluded studies is likely a key factor influencing the out-

comes. An increase in the acidity of self-etch adhesives 

has been associated with reduced bond strength values 

of resin composites, regardless of the type of GI. One 

possible explanation for this is that stronger acids lead 

to greater neutralization of cations and the formation of 



Bond strength in GIC sandwich restorations

https://doi.org/10.5395/rde.2025.50.e13 23/26

weaker structures, such as salt crusts, which ultimately 

result in weaker bonding [15].

Additionally, other studies have suggested that highly 

acidic self-etching adhesives contain elevated solvent 

levels to facilitate the full ionization of acidic mono-

mers. As a result, after solvent evaporation, the adhesive 

layer becomes thinner, potentially leading to insufficient 

polymerization due to the formation of an air-inhibited 

layer. This can cause the accumulation of unpolymer-

ized acidic monomers within the layer [36,39].

The results of the current review did not provide con-

clusive evidence to support a specific bonding protocol 

when using universal adhesive for bonding GIs to resin 

composites. However, it is highly probable that a chem-

ical bond is formed between the universal adhesive and 

GIs through interactions between the functional mono-

mers present in the adhesive and the calcium ions (or 

strontium ions) found in the GIs matrix [16]. Further-

more, the hydrophilic nature of the functional groups 

facilitates their penetration into the hydrophilic matrix. 

Other interactions may occur between the acrylic and 

itaconic acid, as well as between the silane present in 

the universal adhesive and GIs [10,16].

In one of the studies reviewed, the decline in bond 

strength noted following 6 months of water immer-

sion could be associated with the deterioration of GIC 

caused by the plasticizing effect of water on the resin 

[14]. Furthermore, persistent by-products from the 

bonding procedure, like uncured monomers and degra-

dation products arising from resin hydrolysis, could also 

contribute to the bond weakening [47].

Several studies focusing on failure modes have high-

lighted the common occurrence of cohesive failure in 

GIC. This outcome is frequently observed in adhesive 

assessments of GICs. While some sources suggest that 

cohesive fracture within the substrate indicates stron-

ger bond strength [48], other research has not found a 

definitive correlation between fracture mode and SBS 

value [49].

The tendency for GIC to exhibit cohesive failure is 

likely due to limitations in its physical characteristics. 

However, bond failure is a complex event influenced by 

various factors. These factors may include uneven stress 

distribution during testing, micro-porosities within the 

cement that can serve as potential stress points, differ-

ences in the setting reactions between materials, and 

the curing contraction of the resin composite, which 

could lead to detachment of the GIC from the margins 

[14].

It is important to note that the majority of the in-

cluded studies employed macro-bond strength testing, 

which reported a higher occurrence of cohesive and 

mixed failures [17,50]. Conversely, in μSBS tests, where 

the surface area is reduced, force can be applied from a 

more specific area targeting the entire interface, making 

adhesive failures more common [44].

During the research phase of the current review, 

there was a lack of studies aimed at investigating GI 

repair, particularly concerning the recent types of GIs. 

Additionally, the included studies exhibited a high de-

gree of heterogeneity in terms of study design, testing 

parameters, and the use of restorative materials and 

chemical treatments that were not based on manufac-

turer instructions. Furthermore, most of the included 

studies did not subject the samples to any form of aging 

before testing, raising concerns about the durability of 

the bonding interface between different GIs and com-

posites. Heintze [50] argues that immediate bond tests 

do not yield clinically relevant results, nor do they show 

meaningful outcomes after 24 hours. Instead, such tests 

should be viewed merely as baseline values, serving as a 

reference point to assess the reduction in bond strength 

due to stress and extended storage.

Another point that warrants discussion is that most 

of the studies did not perform any form of F/P prior 

to surface treatment for the new GI restoration, while 

half of the studies included GI repair did perform such 

procedures. Research indicates that F/P significantly 

influence the surface properties of GIs [51]. This rais-

es the question of whether the results of the included 

studies would have been influenced by the pre-surface 

treatment of F/P, especially considering that two of the 

included studies examined the effect of using a bur in 

combination with chemical treatment [30,40].

The review encountered several limitations, including 

the exclusion of non-English publications and incon-

sistencies in test materials and methodologies. Addi-

tionally, a significant number of the studies lacked an 

aging process before testing, and some deviated from 

the manufacturer-recommended material usage. It is 
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suggested that laboratory bond strength assessments 

should replicate clinically relevant conditions to en-

hance the applicability of findings. Another notable lim-

itation was the absence of examiner blinding, with only 

one study explicitly mentioning blinding procedures. 

While discrepancies in surface treatments among the 

included studies likely contributed to result variations 

and limited the number of studies suitable for quan-

titative analysis, the review attempted to address this 

heterogeneity by categorizing treatments into specific 

groups (eg, chemical, mechanical, or combined).

The authors recommend conducting more detailed 

investigations to determine the most suitable surface 

treatment for different GIs, particularly the more recent 

types. This research should adhere to internationally 

accepted standards to ensure standardization and val-

idation, enabling comparisons across studies. Further 

studies are needed to explore the use of universal ad-

hesives in both bonding modes, in order to identify the 

preferred method for bonding with GIs.

CONCLUSIONS AND CLINICAL 
RECOMMENDATIONS

Regarding the first research question:
1. �Evidence suggests that the use of RMGIs is preferable 

to conventional GICs for sandwich restorations.

2. �Surface treatment of the GI is essential, regardless of 

the type of GI or the chosen surface treatment meth-

od.

3. �There is no conclusive evidence indicating that com-

bining mechanical and chemical surface treatments 

produces a synergistic positive effect on the bond 

strength of RMGIs to resin composites.

4. �No conclusive evidence to support the preference 

for self-etch adhesives, particularly one-step sys-

tems, over etch-and-rinse adhesives in terms of bond 

strength between GI and resin composite. This also 

applies to the two bonding modes of universal adhe-

sives.

5. �The acidity of self-etch adhesives may have a greater 

effect on bond strength results than the number of 

steps involved in the self-etch adhesive technique.

6. �There is no conclusive evidence indicating that the 

type of resin composite used affects the results.

Regarding the second research question:
1. �Surface treatment is necessary for aged GIs before re-

pair.

2. �Mechanical treatment (eg, roughening) prior to ap-

plying an adhesive enhances the bond strength. Ad-

ditionally, using the etch-and-rinse mode of universal 

adhesive on the surface of aged GIs may improve the 

bond strength to the repair material in comparison to 

self-etch modes.

3. �Resin composite is recommended for repairing con-

ventional GIC and glass hybrid restorations. However, 

RMGI can also be used for repairing aged RMGI.
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Evaluation of the effects of different file systems and apical functions 
of integrated endodontic motors on debris extrusion: an ex vivo 
experimental study
Sıla Nur Usta1,* , Antonio Magan-Fernandez2 , Cumhur Aydın1 
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ABSTRACT

Objectives: This study aimed to evaluate the effects of two different file systems operated with three apical functions of an 
endodontic motor integrated with an electronic apex locator on debris extrusion.
Methods: Sixty single-rooted teeth were prepared and divided into two main groups and three subgroups based on the 
file system (OneShape [Micro-Mega SA] and WaveOne [Dentsply Maillefer]) and apical function of the endodontic motor 
used (auto apical stop [AAS], auto apical reverse [AAR], and auto apical slowdown [ASD]). The teeth were mounted in 
pre-weighed glass tubes filled with 0.9% sodium chloride to complete the circuit with the apex locator. Files were ad-
vanced until the respective apical function (stop, reverse, or slowdown) was activated. The extruded debris was collected, 
dried, and weighed by subtracting pre-weighed values from post-weighed values. Preparation time was also recorded. 
Statistical analyses were performed to compare the groups.
Results: OneShape was associated with significantly less debris extrusion compared to WaveOne, regardless of the apical 
function (p < 0.05). The ASD function resulted in the least debris extrusion compared to AAS and AAR (p < 0.05). Prepara-
tion time was significantly longer in the ASD function (p < 0.05), while no differences were observed between the file sys-
tems (p > 0.05).
Conclusions: The OneShape file system and the ASD function produced the least amount of apical debris. While the ASD 
function requires more preparation time, its potential to minimize debris extrusion suggests it may reduce postoperative 
symptoms.
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INTRODUCTION

An accurate working length (WL) assessment is crucial 

for a successful endodontic treatment since it allows a 

complete disinfection and obturation of the root canal 

space by preserving the periapical tissues [1]. WL can 
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be defined as the distance between a coronal reference 

point and the apical constriction, which is the natural 

narrowing of the root canal and almost the termination 

of the pulp [2]. In routine endodontic treatments, the 

WL is measured with the aid of dental radiographs and 

electronic apical locators (EAL) [3]. Based on the pres-

ent findings, EALs have shown to be a faster and more 

reliable visualization method under different conditions 

that avoid radiation exposure, compared to convention-

al radiographs [4,5].

During the mechanical instrumentation process, ir-

rigation solutions, debris, pulp tissue, and microorgan-

isms can be extruded beyond the apical foramen. These 

events have been related to postoperative pain, flare-

ups, and reduced long-term success of the endodontic 

treatment [6]. All currently used endodontic file systems 

and preparation techniques have been associated with 

apical debris extrusion [7], but controlling the WL and 

the position of the endodontic instruments during the 

root canal treatment with EALs could limit these pos-

sible complications [8]. For this purpose, endodontic 

motors with integrated EALs have been developed as 

more straightforward and faster devices to measure WL 

and maintain apical constriction throughout root canal 

preparation [9].

Endodontic motors with integrated EALs have two 

main apical functions as follows: auto apical stop (AAS) 

and auto apical reverse (AAR) [3]. In the AAS function, 

the file tip stops and moves upwards slightly when it 

reaches the reference point and starts rotating again. 

In the AAR function, the file automatically reverses the 

rotation when the reference point is reached or passed, 

moves upwards slightly, and then returns to the origi-

nal rotation direction [10]. All apical functions start to 

work through the insertion of the instrumentation into 

the root canal space, and the WL can be detected with 

indicators on the endodontic motor during mechanical 

preparation. In addition to the previously described api-

cal functions, a new one has been recently introduced 

called apical slowdown (ASD). In this function, the 

motor automatically starts rotating at the canal orifice, 

reverses direction, slows down to a set final speed as the 

file tip approaches the apical reference point, and stops 

when leaving the canal entrance. Therefore, it was stat-

ed by the manufacturers that this motion preserves the 

cementodentinal junction and provides a safer prepa-

ration even in the narrowest root canals along with re-

duced risk of file separation [11].

It is considered that the above-mentioned apical 

functions have an impact on the apical debris extrusion 

of instrumentation systems with different kinematics 

and designs that already cause varying degrees of debris 

extrusion [12,13]. In this sense, while the ASD function 

represents a relatively recent innovation, its influence 

on debris extrusion and clinical outcomes warrants 

further investigation. To date, no study has comprehen-

sively evaluated the influence of different file systems 

utilized with distinct apical functions on apical debris 

extrusion, while simultaneously assessing preparation 

time. Therefore, this study aimed to compare the ef-

fects of rotary and reciprocal file systems (OneShape 

[Micro-Mega SA, Besançon, France] and WaveOne 

[Dentsply Maillefer, Ballaigues, Switzerland]) when op-

erated with three different apical functions—AAS, AAR, 

and ASD—of an endodontic motor integrated with an 

electronic apex locator, on debris extrusion and prepa-

ration time. The null hypothesis of the study was that 

different apical functions and file systems would not 

differ regarding the apical debris extrusion and prepara-

tion time.

METHODS

Sample size calculation and teeth selection
The protocol of the study was approved by the Ethics 

Committee of the University of Health Sciences (No. 

2024-494). The G*Power ver. 3.1 (Heinrich Heine Uni-

versity Düsseldorf, Düsseldorf, Germany) software was 

employed to perform the sample size calculation. The 

test family was set to F tests, and the statistical test was 

selected as analysis of variance (ANOVA): fixed effects, 

omnibus, and one-way. Input parameters included the 

effect size (0.57), which quantifies the expected magni-

tude of differences among the groups, the alpha level (set 

at 0.05), and the desired power (set at 0.90) based on a 

similar study in the literature [14]. The required teeth 

number per group was determined as 10.

Sixty extracted human teeth with caries-free, sin-

gle-rooted, mature apex, and less than 10º curvature 

were collected and evaluated under a stereo microscope 
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for any possible fractures or anatomical malformations. 

Cone-beam computed tomography (PlanmecaProMax 

3D; Planmeca, Helsinki, Finland) images of teeth were 

obtained, and the angle of curvature of the root canal 

was measured according to the method of Schneider 

[15], which is widely used in endodontic studies to 

measure canal curvature. The exclusion criteria for the 

selected teeth were calcified root canals, the presence of 

external or internal root resorption, and apical constric-

tion greater than a size #15 K-file (Dentsply Maillefer). 

Subsequently, the periodontal tissues of selected teeth 

were removed from the external root surfaces with peri-

odontal curettes, and teeth were stored in 0.1% thymol 

solution at 4°C until use. Access cavities were prepared 

with a round bur (856L314-014; G&Z Instrumente, 

Lustenau, Austria) by a high-speed handpiece with wa-

ter-cooling. The WL was determined as 1 mm short of 

where a #15 K-file became visible at the apical foramen 

and adjusted to 16 mm under a dental operating micro-

scope (LABOMED; Labo America, Inc., Fremont, CA, 

USA).

Experimental design
A method previously reported was followed to assess 

apical extrusion, with some modifications [16,17]. First-

ly, 20-mL ampules with rubber stops were selected, and 

holes were punctured in the middle of the plastic rub-

bers to place the teeth. After that, tubes were cleaned 

and placed in an incubator to remove residual materials. 

Glass tubes were filled with 0.9% sodium chloride (NaCl) 

to simulate the electric current in the human body and 

close the circuit between the EAL and the tooth. The 

same NaCl preparation was used for all samples to 

avoid differences in the ion capacity between solutions 

that may affect the measurements. Additionally, the 

same amount of NaCl was added to all tubes, ensuring 

that the root apexes of all teeth were in contact with the 

solution. A 27-gauge irrigation needle was stabbed into 

the rubber stopper to equalize the inner and outer pres-

sure (Figure 1). Filled tubes were pre-weighted three 

times using an analytical microbalance (Mettler Toledo 

AT201, Greifensee, Switzerland) with an accuracy of 10−4 

g. The mean values of the obtained measurements were 

recorded as a baseline. The outer surfaces of all glass 

tubes were covered with aluminum foil to ensure the 

researcher was blinded with respect to the used apical 

functions.

Mechanical instrumentation
Following the stabilization of the teeth with cyanoac-

rylate in the experiment apparatus, they were divided 

using randomization software (https://www.random-

izer.org/) into two main groups as follows: OneShape 

(n = 30) and WaveOne (n = 30) to reduce the number of 

files, and detecting the apical extrusion more accurate-

ly. Afterward, each main group was divided into three 

subgroups according to the used apical functions: AAS 

(n = 10), AAR (n = 10), and ASD (n = 10). Mechanical 

instrumentation was performed using Woodpecker 

Ai-Motor (Woodpecker Medical Instrument Co., Ltd, 

Guilin, China). The OneShape file was operated in a 

continuous rotary motion at a speed of 400 revolutions/

min (rpm) and a torque of 4 N/cm. The WaveOne file 

was used with “Reciproc ALL” mode (170°/50° at 350 

rpm) [18]. To evaluate the different apical functions of 

EAL, the lip clip was placed on the syringe, and the file 

holder was attached above the stopper on the metal 

shank of the files. The endodontic motor started to ro-

tate automatically when the files were inserted inside 

the wet root canal system. File systems were allowed to 

move through apical constriction until the apical action 

of the endodontic motor stopped, reversed, and slowed 

Figure 1. Experimental apparatus used to evaluate apically extruded 
debris. (a) The cover of the outer surface of a glass tube with alumi-
num foil. (b) The placement of the lip clip on the syringe in order to 
complete the circuit. (c) The operation of the file.

https://www.randomizer.org/
https://www.randomizer.org/
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down the motion. Root canals were irrigated with 2.5-

mL 0.9% NaCl and 2.5-mL distilled water, respectively, 

using a 27-gauge syringe after completion of the instru-

mentation process. Vacuum suction was used to remove 

the overflow of the irrigation solution. The preparation 

time was also recorded in seconds by a chronometer. 

All instrumentation procedures were performed by a 

single operator (SNU) with more than 5 years of experi-

ence under a dental operating microscope, and the later 

assessment of the debris extrusion was observed by a 

different blinded operator (CA) for the experimental 

groups, as previously described.

Teeth were removed from the tubes carefully, and 

filled tubes were incubated for 5 days at 70°C to evap-

orate the irrigation solution. Furthermore, tubes were 

post-weighted three times in the same conditions, and 

the mean values of all measurements were recorded. 

The amount of apically extruded debris was calculated 

by subtracting the baseline mean values from the final 

mean values.

Statistical analysis
Data were analyzed using a specific statistical package 

software (IBM SPSS version 16.0, IBM Corp, Armonk, 

NY, USA). Shapiro-Wilk test showed a non-normal 

and normal distribution for debris extrusion value and 

preparation time, respectively. The Kruskal-Wallis and 

Mann-Whitney U tests with Bonferroni correction were 

used to compare the different apical functions and file 

systems. A two-way ANOVA test was used to compare the 

three functions and two file systems in terms of prepara-

tion time. The level of significance was set at p < 0.05.

RESULTS

Table 1 shows the mean and standard deviation values 

of the apically extruded debris based on the different 

apical functions and file systems. Regardless of the used 

apical functions and file systems, OneShape and ASD 

were associated with statistically lower debris extrusion, 

respectively (p < 0.05). For the OneShape group, while 

AAS and AAR functions resulted in similar debris extru-

sion (p > 0.05), ASD caused significantly lower extruded 

debris values (p < 0.05). Moreover, extruded debris val-

ues were significantly higher in AAR function followed 

by AAS and ASD in the WaveOne group.

Both OneShape and WaveOne file groups have caused 

similar apical debris extrusion when they were operated 

with AAS and ASD functions (p > 0.05). However, the 

WaveOne group was associated with significantly high-

er debris extrusion compared to the OneShape group 

when it operated with the AAR function (p < 0.05).

The preparation time was significantly affected by the 

apical functions (p < 0.05) as shown in Table 2. For both 

OneShape and WaveOne groups, the mean preparation 

time was slightly higher in the ASD function; however, 

time values did not significantly differ between AAS and 

AAR (p > 0.05). Additionally, the used file system had no 

Table 1. The apically extruded debris in terms of three different apical functions and two file systems
File system Auto apical stop Auto apical reverse Apical slowdown p-value
OneShape 0.0090 ± 0.0030a,1 0.0081 ± 0.0025a,1 0.0045 ± 0.0021a,2 0.037
WaveOne 0.0103 ± 0.0042a,1 0.0263 ± 0.0203b,2 0.0050 ± 0.0025a,3

p-value < 0.001

Values are presented as mean ± standard deviation.
Different superscript lowercase letters in the same column indicate a statistically significant difference (p < 0.05).
Different superscript numbers in the same row indicate a statistically significant difference (p < 0.05).

Table 2. The preparation time in terms of three different apical functions and two file systems
File system Auto apical stop Auto apical reverse Apical slowdown p-value
OneShape 43.078 ± 1.700a 45.131 ± 1.880a 48.875 ± 2.241b 0.929
WaveOne 43.126 ± 1.815a 45.120 ± 1.939a 48.698 ± 2.411b

p-value < 0.001

Values are presented as mean ± standard deviation.
Different superscript lowercase letters in the row indicate a statistically significant difference (p < 0.05).
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significant impact on the preparation time regardless of 

the apical function (p > 0.05).

DISCUSSION

The use of endodontic motors integrated with the EALs 

ensures a more controlled and faster root canal prepa-

ration and prevents over-extended instrumentation [19]. 

Monitoring the WL during mechanical instrumentation 

allows the endodontic files to work within the root ca-

nal system, thereby minimizing apical debris extrusion 

from the apical region [20]. Since different apical func-

tions and file systems operate with variable kinematics 

in apical constriction, it is important to investigate the 

effect of these variables on apical debris extrusion. This 

study stands out due to its investigation of the effects 

of different apical functions on apical debris extrusion 

by an advanced endodontic motor with an integrated 

electronic apex locator. Moreover, this is the first study 

that has evaluated and compared the effect of three 

apical functions (AAS, AAR, and ASD) in both rotary 

and reciprocal file systems (OneShape and WaveOne) 

in terms of debris extrusion and preparation time. The 

findings of this study provide new insights into the inter-

play between file systems and apical functions, being a 

valuable contribution to endodontic practice and future 

research. According to the present findings of this study, 

the null hypothesis was rejected due to the fewer debris 

extrusion values in ASD function and the OneShape 

group.

Tooth morphology and the file systems used could 

have had an impact on in vitro debris extrusion. Al-

though teeth with similar anatomy were selected for the 

experiments, the results may have been affected due to 

different factors such as microhardness and mineral-

ization of dentine [21]. Moreover, single-file rotary and 

reciprocal file systems, OneShape and WaveOne, were 

used to assess the effect of different apical functions 

on debris extrusion more objectively since the reduced 

number of files could improve the quality of measure-

ment of the debris extrusion by minimalizing possible 

complications during chemomechanical preparation of 

the samples [22].

In this study, glass tubes were filled with NaCl solu-

tion to allow EAL readings, and NaCl was also used as 

an irrigation solution. However, the remaining crystals 

after the evaporation of the solution could have caused 

an increase in the amount of debris collected [23]. To 

overcome this limitation, baseline values of the tubes 

were obtained after they were filled with NaCl. More-

over, the same bottle of solution was used to ensure 

standardization and reduce manufacturing errors. An-

other important point to address is the inability to mim-

ic periapical tissues and periapical backpressure due to 

insufficient laboratory conditions [24]. Although the use 

of agar gel or foam has been suggested to simulate clini-

cal conditions, these materials could not be utilized due 

to the working mechanism of the EALs and the process 

of collecting extruded debris.

The accuracy of the AAS and AAR functions in detect-

ing apical constriction has been previously indicated in 

the literature [8,25]. However, there is limited informa-

tion regarding their effects on apical debris extrusion. 

Apical functions are designed to help determine the WL 

through electrical signals sent by a file inserted into the 

root canal. Different operational settings of the apical 

functions influence the movement of the endodontic 

file and, consequently, may result in apically extruded 

debris at varying rates. Based on the findings of this 

study, the AAR function caused more debris extrusion 

than other tested functions for both file systems. This re-

sult can be explained by the fact that AAR automatically 

reverses the direction of the file towards the coronal 

direction when apical constriction is reached. Com-

pared to the AAS, the disengagement of the flutes of the 

files during their removal from the root canal space in 

the AAR function may perform additional mechanical 

preparation and cause the extrusion of more debris 

[5]. Moreover, the potentially increased safety of the 

AAS function, achieved by disengaging the flutes of the 

endodontic instrument before completely stopping the 

motion while preventing jamming or tip lock could limit 

the instrumentation and cause lower debris extrusion 

[3,25].

ASD is a relatively new function that has been inte-

grated into endodontic motors, and therefore, there is 

limited information regarding the possible effects and 

accuracy of this function in the literature [11,26]. This 

function allows the endodontic motor to slow down to 

a set final speed as the file tip approaches the apical ref-
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erence point. In this study, all apical functions caused 

apical debris extrusion at different levels; however, the 

values were significantly lower with the ASD function. 

It was considered that ASD function controlled the me-

chanical preparation limits at a continuous and slowing 

rate, resulting in safer and more efficient performance. 

Therefore, this controlled movement of the files, partic-

ularly in the apical region, may have caused less extru-

sion of debris. However, it is important to note that the 

ASD function does not guarantee the complete preven-

tion of apical debris extrusion alone. Other factors, such 

as the skill and technique of the clinician, the type of 

instrumentation used, proper irrigation protocols, the 

type of tooth, the apical diameter, and the preparation 

size, also play a significant role in minimizing debris ex-

trusion [4,27–29].

Regardless of the apical functions and file systems, 

OneShape resulted in lower debris extrusion in this 

study. Similarly, Sinha et al. [30] reported lower debris 

extrusion values in the OneShape group compared to 

the WaveOne Gold. Moreover, Topçuoğlu et al. [31] also 

reported that the WaveOne files produced significantly 

more debris compared with OneShape. This result can 

be explained by the fact that OneShape, operating with 

continuous rotational motion, has a mechanism that 

may enhance the coronal transportation of dentine 

chips and debris, functioning like a screw conveyor [31]. 

Another possible explanation could be the different 

taper sizes of instruments. It can be hypothesized that 

the larger taper at the tip of WaveOne files may lead 

to increased debris extrusion compared to OneShape 

files, as it results in more extensive preparation of the 

dentinal walls. However, some studies in the literature 

have shown that the amount of apical debris extrusion 

is higher in rotary files [32] or similar [33] compared to 

reciprocal systems. Differences in methodologies and 

clinician-based factors could account for these varying 

results.

There is only one study that assessed the effect of dif-

ferent apical functions on apical debris extrusion, which 

demonstrated no statistically significant difference be-

tween groups, contrary to the findings of this study [13]. 

However, some concerns should be noted regarding that 

study. Firstly, a multiple rotary file system was used for 

the root canal preparation, which may have jeopardized 

apical debris extrusion due to the increased sensitivity. 

Moreover, the authors did not consider the presence of 

remaining crystals after the evaporation of the solution. 

Therefore, there is a gap regarding the elimination of the 

weight of crystals in the apical debris calculation. These 

methodological differences may explain the different 

outcomes found in our study.

Although the modified model of Myers and Mont-

gomery [16] has a leading role in the measurement of 

debris extrusions due to advantages such as practicality, 

simplicity, reproducibility, and the possibility of com-

parison between different systems and methodologies, 

some drawbacks need to be underlined [21]. Addressing 

the artificial representation of periapical tissues [34], the 

lack of backpressure [35], being technique-sensitive and 

the contact of moist or greasy fingertips [34] are crucial 

to improve the reliability and applicability of findings. In 

this sense, micro-computed tomographic assessment 

could be a valid alternative by allowing a volumetric 

analysis of apical debris extrusion rather than weight [36].

The EALs provide advantages to clinicians in the WL 

control; however, their accuracy and working mecha-

nism can be affected by many factors [37,38]. This may 

change the efficiency of the file in the canal, resulting 

in the extrusion of different amounts of debris in vivo 

which could be associated with postoperative pain 

and inflammation [39,40]. Although ASD function has 

the potential to minimize apical debris extrusion, this 

hypothesis is based on theoretical considerations and 

indirect evidence. Thus, further well-designed clinical 

studies are required to understand the additional im-

pacts of the apical functions on debris extrusion using 

different types of instruments and teeth.

CONCLUSIONS

Within the limitations of this study, all apical functions 

caused apically debris extrusion. OneShape and ASD 

were associated with statistically lower debris extrusion. 

The preparation time was significantly longer in ASD 

function.
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Impact of the use of high-power 810-nm diode laser as monotherapy 
on the clinical and tomographic success of the treatment of teeth 
with periapical lesions: an observational clinical study
Fabricio Hinojosa Pedraza1 , Abel Victor Isidro Teves-Cordova2,* , Murilo Priori Alcalde2 , Marco Antonio Hungaro Duarte2 
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ABSTRACT

Objectives: The aim of this study was to demonstrate the impact of a high-power 810-nm diode laser as monotherapy on 
the clinical and tomographic success of treating teeth with periapical lesions, through a series of 31 cases.
Methods: Teeth with apical lesions underwent endodontic treatment in which a high-power 810-nm diode laser with sa-
line solution was used as monotherapy for disinfection. This type of therapy aimed to replace the traditional irrigation 
protocol with sodium hypochlorite. This research is the first to assess the clinical success of this alternative treatment, 
along with tomographic evaluations conducted over periods ranging from 2 to 7 years, analyzed using the periapical in-
dex based on cone-beam computed tomography (CBCTPAI). All cases were performed by a single clinician following the 
same laser protocol, which involved using 1 W of continuous power and four cycles of 20 seconds of laser activation. 
Results: All teeth showed no clinical symptoms upon follow-up examination. However, the tomographic evaluation re-
vealed that the success rates for teeth receiving primary treatment were 60% and 80% according to strict and loose crite-
ria, respectively. For teeth requiring retreatment, the success rates were 12.5% and 37.5% using strict and loose criteria, 
respectively.
Conclusions: The teeth with apical lesions that underwent primary treatment did not present clinical symptoms, but they 
showed a moderate success rate on tomographic evaluation. However, despite lacking clinical symptoms, teeth with api-
cal lesions that required retreatment had a very low success rate on tomographic evaluation.

Keywords: Cone-beam computed tomography; Laser therapy; Disinfection; Endodontics; Root canal therapy
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INTRODUCTION

Pulpal and apical issues are closely linked to various 

factors, with bacteria being the predominant factor [1]. 

Bacteria play a pivotal role in the failure of root canal 

treatments, affecting both primary and persistent in-

fections [2]. The bacterial microbiota comprises both 

positive and negative bacteria that infect the root canal 

lumen, ramifications, and dentinal tubules [3]. Present-

ly, the primary objective in endodontics is the thorough 

cleaning and disinfection of the root canal, aiming to 

eliminate a substantial microbial burden and smear 

layer [4]. Standard protocols involve mechanically pre-

paring the root canal, irrigating with substances such as 

sodium hypochlorite (NaOCl), chlorhexidine, and eth-

ylenediaminetetraacetic acid (EDTA), and activating the 

irrigant [5–9].

The literature indicates certain limitations associated 

with these irrigants, such as chlorine, which exhibits in-

tradentinal penetration of only 130 µm, whereas certain 

bacteria like Enterococcus faecalis and Streptococcus 

mutans can penetrate up to 1,000 µm or more [10,11]. 

Additionally, the extravasation of these chemical sub-

stances can lead to damage in periapical tissues also 

some studies show that the adverse effects are linked to 

the breakdown of the collagen matrix within mineral-

ized dentin, the hypochlorite anion can penetrate the 

mineralized collagen, damaging the collagen fibrils. This 

results in a mineral-dense but collagen-deficient ghost 

mineral matrix, which has diminished flexural strength 

[12–14]. Emerging alternatives in the market include 

high-power lasers that can complement disinfection by 

utilizing various power levels and wavelengths, generat-

ing photothermal and photoacoustic effects [15–17]. Di-

ode lasers are currently in use for routine procedures in 

endodontics, serving in disinfection processes, and with 

specific wavelengths and power levels, they can induce 

microbial death [18,19]. Studies suggest that high-power 

diode lasers can also function as monotherapy proce-

dures in endodontics, implying that disinfection can be 

achieved solely through laser therapy [20].

Various case reports, clinical studies, and in vitro in-

vestigations have highlighted the effectiveness of the 

810-nm diode laser as an optimal wavelength for both 

superficial and deep dentin disinfection [16,20,21]. 

However, there is currently a lack of extensive clinical 

evidence in the literature regarding the clinical and to-

mographic success of diode laser monotherapy. There-

fore, this series presents 31 clinical cases demonstrating 

long-term clinical success with follow-up controls using 

cone-beam tomography, assessed with the periapical 

index based on cone-beam computed tomography 

(CBCTPAI) [22]. The cases in this study underwent 

treatment solely utilizing a high-power 810-nm diode 

laser for disinfection.

METHODS

All treatments described in this article were performed 

after obtaining written informed consent from the pa-

tient and conducted in compliance with research ethics.

Twenty-three Hispanic patients, with an average age 

of 53 years (range, 16–80 years), presented a total of 31 

teeth. Among the inclusion criteria were all teeth that 

had higher lesion apical, incisive, canines, premolar, 

and molar with type I, II, and IV. The systematic condi-

tion and pulp and periapical diagnosis of the teeth are 

presented in Table 1. Among them were 15 female and 

eight male patients seeking treatment due to sponta-

neous pain, swelling, or low-intensity discomfort during 

chewing upon clinical evaluation. All patients exhibited 

signs and symptoms of both primary and secondary 

infections during clinical assessment, with radiographs 

confirming apical periodontitis in all teeth. Clinically, 

the teeth were sensitive to percussion and palpation, 

and all responded negatively to cold testing. The ob-

served signs and symptoms indicated dental infections 

associated with the teeth, leading to focused consid-

eration of pulp and periapical diagnoses without ex-

ploring alternative possibilities. As a result, all patients 

received diagnoses ranging from pulp necrosis to previ-

ously performed endodontic treatment with symptom-

atic and asymptomatic apical periodontitis. The chosen 

treatment for all cases involved nonsurgical root canal 

therapy, including initial root canal treatment and root 

canal retreatment.

Before consenting, patients were thoroughly informed 

about the treatment’s benefits and drawbacks, compar-

ing them to alternative options. Once informed consent 

was obtained, covering both the treatment and the pub-
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Table 1. Preoperative conditions of each tooth type
Teeth Diagnosis Sinus tract Swelling Systemic disease Obturation
1 Pulp necrosis with chronic periapical abscess Yes No No -
2 Previously treated and asymptomatic apical periodon-

titis
No No No Improper density/short

3 Previously initiated therapy with acute periapical 
abscess

No Yes No Improper density/short

4 Previously initiated therapy with symptomatic apical 
periodontitis

No No No Adequate

5 Previously treated with symptomatic apical periodon-
titis

No No No Improper density/short

6 Pulp necrosis with asymptomatic apical periodontitis No No Kidney stones and allergies -
7 Pulp necrosis with asymptomatic apical periodontitis No No Kidney stones and allergies -
8 Pulp necrosis with asymptomatic apical periodontitis No Yes No -
9 Pulp necrosis with asymptomatic apical periodontitis No No Controlled periodontal 

disease
-

10 Pulp necrosis with asymptomatic apical periodontitis No No Controlled periodontal 
disease

-

11 Pulp necrosis with asymptomatic apical periodontitis No No Coronary stent -
12 Pulp necrosis with asymptomatic apical periodontitis No No Coronary stent -
13 Pulp necrosis with chronic apical abscess Yes No No -
14 Pulp necrosis with asymptomatic apical periodontitis No No No -
15 Previously treated with symptomatic apical periodon-

titis
No No No Improper density/short

16 Previously treated with asymptomatic apical peri-
odontitis

No No No Improper density/short

17 Previously treated with symptomatic apical periodon-
titis

No No Arterial hypertension, func-
tional heart disease

Improper density/short

18 Pulp necrosis with symptomatic apical periodontitis No No No -
19 Previously treated with symptomatic apical periodon-

titis
No No No Improper density/short

20 Pulp necrosis with acute periapical abscess No No No -
21 Pulp necrosis with acute periapical abscess No No No -
22 Previously treated with Chronic periapical abscess Yes Yes No Improper density/short
23 Previously treated With asymptomatic apical peri-

odontitis
No No Allergic to penicillins and 

thyroid disease
Improper density/short

24 Previously treated With asymptomatic apical peri-
odontitis

No No Allergic to penicillins and 
thyroid disease

Improper density/short

25 Previously treated With asymptomatic apical peri-
odontitis

Yes No Allergic to penicillins and 
thyroid disease

Improper density/short

26 Previously treated With asymptomatic apical peri-
odontitis

No No Arterial hypertension, hepa-
titis A

Improper density/short

27 Previously treated with acute periapical abscess No Yes (spreading/
extraoral)

No Improper density/short

28 Pulp necrosis with acute periapical abscess No No Kidney stone -
29 Pulp necrosis with symptomatic apical periodontitis No Yes Diabetes mellitus -
30 Pulp necrosis com symptomatic apical periodontitis No No No -
31 Pulp necrosis with symptomatic apical periodontitis No No No -

lication of clinical cases in journals, the treatments were 

conducted. All cases were not treated under magnifi-

cation. The teeth were anesthetized with 2% lidocaine 

containing 1:80,000 epinephrine, and all procedures 

were conducted under absolute isolation and surgical 

field disinfection. Nonselective caries removal involved 

the following steps: caries were excavated using a sterile 

round diamond bur, starting from the outermost area 

and progressing inward. Once all carious lesions were 

eliminated, a new bur was employed to access the pulp 
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chamber. This procedure was carried out using a high-

speed handpiece with cooling. Upon reaching the pulp 

chamber, an opening was created using a sterile tapered 

diamond bur. The clinical diagnosis of pulp necrosis 

was confirmed by observing the presence or absence of 

bleeding from the pulp chamber, while the diagnosis of 

previously performed endodontic treatment was con-

firmed by identifying the presence of obturation materi-

al.

Treatment protocol for teeth with pulp necrosis (Fig-
ures 1–5)
Following the creation of the access opening, the pulp 

chamber was flushed with saline solution, and the me-

chanical preparation of the cervical third of the root 

canal was carried out to neutralize the infected content 

using the Silver Reciproc motor (VDW GmbH, Munich, 

Germany). The rotary file system utilized was Mtwo 

(VDW GmbH). Electronic canal length measurement 

was conducted with the Apex NRG locator (Medic NRG 

AA BB CC

Figure 1. This image shows tooth 37 diagnosed with pulp necrosis with a chronic periapical abscess. (A) Diagnostic X-ray. (B) Immediate after 
obturation. (C) Tomographic control where complete healing is evident after 45 months.

AA BB CC DD

Figure 2. This image shows tooth 11 diagnosed with pulp necrosis with an asymptomatic apical periodontitis. (A) Diagnostic X-ray. (B) Immedi-
ate after obturation. (C) X-ray control. (D) Tomographic control where complete healing is evident after 65 months.
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Ltd, Tel Aviv, Israel). The root canals were filled with 

saline solution, and a size of 15 K file, connected to 

the electronic apex locator, was introduced until it dis-

played a reading of 1 on the equipment’s display. The 

rubber stop was positioned at the corresponding cusp, 

a periapical radiograph was taken to confirm the mea-

surement, and this measurement was recorded. These 

procedures were applied to both single-rooted and 

multi-rooted teeth.

The apical third was prepared using the sequence rec-

ommended by the manufacturer. Abundant irrigation 

with 3 mL of saline solution was performed between 

each file. The final preparation was standardized for 

all teeth and root canals in size 25 and taper 0.06. After 

completing the root preparation, 17% EDTA (Maquira 

Ltda, Maringá, Brazil) was applied for 3 minutes. It was 

introduced into the root canal using a syringe and nee-

dle, a procedure repeated for all cases. Subsequently, 

decontamination irrigation with saline solution was 

performed using Fotona XD-2 (Fotona, Ljubljana, Slo-

venia), a high-power 810-nm diode laser set at 1 W of 

power in continuous wave mode. A 200-μm diameter 

optical fiber was utilized. Once ready, the actual disin-

fection was conducted by inserting the optical fiber to 

Figure 3. This image shows tooth 27 diagnosed with pulp necrosis and asymptomatic apical periodontitis. (A) Diagnostic X-ray. (B) Immediate 
after obturation. (C) Tomographic control where an apical image in the process of healing is observed after 24 months.

AA BB CC

Figure 4. Tooth 36 with a diagnosis of Pulp necrosis with acute periapical abscess. (A) Diagnostic X-ray. (B) Immediate after obturation. (C) To-
mographic control after 24 months. showing the apical lesion in the same manner as in the initial X-ray, considered a failure.

AA BB CC
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1 mm short of the working length. Once in position, ir-

radiation commenced with the established parameters. 

The optical fiber moved in and out at a speed of 2 m/sec 

with a helical motion in a counterclockwise direction. 

There were four cycles of 20 seconds each, with 3 mL 

of saline solution irrigation between each cycle, and a 

15-second rest period at the end of each cycle. After this, 

the root canal was dried with sterile paper points, and 

the presence of purulent exudate was evaluated (some 

teeth could be obturated in one appointment, while oth-

ers required two or more appointments). In the absence 

of purulent exudate, obturation was performed using 

gutta-percha cones and a zinc oxide and eugenol-based 

sealer called Grossdent (Laboratorios Farmadenta SA, 

Lima, Perú) with the single-cone technique. Restoration 

was then done immediately for some cases using direct 

light-cured composite resins, while others required 

posts and crowns (Tables 2 and 3).

Treatment of teeth with previously initiated endodon-
tic therapy (Figures 6 and 7)
All procedures, encompassing anesthesia, isolation, bio-

mechanical preparation, smear layer removal, decon-

tamination, obturation, and restoration, were executed 

in a manner consistent with the approach employed for 

the group of teeth with necrosis. Conversely, root canal 

filling removal was carried out using K-files (Dentsply 

Maillefer, Ballaigues, Switzerland) and orange oil (Ma-

quira Dental Group, Maringá, PR, Brazil). The canals 

were gradually enlarged with manual files until a K-file 

size of 20 achieved canal patency. Subsequently, the 

preparation was reiterated using rotary Mtwo files until 

size 25 and taper 0.06, all teeth were standardized with 

this size. Following this step, all subsequent procedures 

were conducted identically to those outlined earlier for 

the previous group.

For both teeth diagnosed with necrosis and those 

previously treated, immediate post-obturation controls 

were conducted using periapical radiographs. Long-

term follow-up assessments were performed through 

cone-beam computed tomography (CBCT) scans, with 

patients being monitored over a span of 2 to 7 years. All 

CBCT scans were acquired using a Promax 3D CBCT 

scanner (Planmeca, Helsinki, Finland) with the follow-

ing parameters: image size of 8 × 8 cm, voxel size of 15 

µm, 84 kV, 14 mA, 15 seconds of exposure time, and 0.30 

mm resolution. The analysis of images was carried out 

using Planmeca Romexis Viewer software (Planmeca) 

with the CBCTPAI, as proposed by Estrela et al. [22]. 

The tomographic images were evaluated in three planes 

(sagittal, coronal, and horizontal) to identify the pres-

ence or absence of apical lesions. When lesions were 

identified, they were measured and classified according 

to the CBCTPAI (Table 4). The data collected were tabu-

lated for better comprehension (Tables 2 and 3).

Strict and loose criteria were used to classify the suc-

Figure 5. Tooth 36 with a diagnosis of pulp necrosis with symptomatic apical periodontitis. (A) Diagnostic X-ray. (B) Immediate after obturation. 
(C) Radiographic control. (D) Tomographic control after 35 months, showing the apical lesion in the same manner as in the initial X-ray, consid-
ered a failure.

AA BB CC DD
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cess of root canal treatment. The strict criteria were 

associated with a tomographic reduction in lesion size, 

evidence of normal periodontal space, and follow-up 

controls where the CBCTPAI score was ‘0.’ The loose cri-

teria were associated with scores showing a reduction in 

apical lesion size (loose criteria) when compared to the 

initial diagnostic radiograph.

RESULTS

Findings from follow-up checks (Tables 2 and 3)
All the treated teeth exhibited no reported clinical pain 

or discomfort by the patients, and percussion and pal-

pation tests yielded negative findings. Additionally, no 

alterations in the gum tissue or signs of swelling were 

observed during the clinical evaluations.

All patients were evaluated with a single follow-up 

CBCT scan during evaluation periods ranging from 2 to 

7 years, aiming to avoid excessive tomographic radia-

tion exposure. The tomographic evaluations were con-

ducted by assessing the three planes: sagittal, axial, and 

coronal. This approach provided a three-dimensional 

evaluation with follow-up controls [23].

Table 2. Classification categories, case frequency, and success rate 
based on strict criteria

Variable General 
frequency

Success
Yes No

General 31 (100) 11 (35.5) 20 (64.5)
Sex
  Female 20 (64.5) 6 (30.0) 14 (70.0)
  Male 11 (35.5) 5 (45.5) 6 (54.5)
Tooth group
  Incisive 5 (16.1) 3 (60.0) 2 (40.0)
  Canine 2 (6.5) 2 (100) 0 (0)
  Premolar 9 (29.0) 1 (11.1) 8 (88.9)
  Molar 15 (48.4) 5 (33.3) 10 (66.7)
Treatment type
  Initial treatment 15 (48.4) 9 (60.0) 6 (40.0)
  Retreatment 16 (51.6) 2 (12.5) 14 (87.5)
No. of visits
  Single 25 (80.6) 11 (44.0) 14 (56.0)
  Multiple 6 (19.4) 2 (33.3) 4 (66.7)
Quality of coronal seal on follow-up
  Absent 0 (0) - -
  Unsatisfactory 0 (0) - -
  Satisfactory 31 (100) 11 (35.5) 20 (64.5)
Type of coronal sealing
  Absent 0 (0) - -
  Crown 23 (74.2) 7 (30.4) 16 (69.6)
  Direct restoration 8 (25.8) 4 (50.0) 4 (50.0)
Filling limit
  Ideal 22 (71.0) 9 (40.9) 13 (59.1)
  Overextension 4 (12.9) 0 (0) 4 (100)
  Underfilling 5 (16.1) 2 (40.0) 3 (60.0)
Post-endodontic pain
  Present 0 (0) - -
  Absent 31 (100) 18 (58.1) 13 (41.9)
Follow-up period, >3 yr 20 (64.5) 9 (45.0) 11 (55.0)

Values are presented as number (%).

Table 3. Classification categories, case frequency, and success rate 
based on loose criteria

Variable General 
frequency

Success
Yes No

General 31 (100) 18 (58.1) 13 (41.9)
Sex
  Female 20 (64.5) 11 (55.0) 9 (45.0)
  Male 11 (35.5) 8 (72.7) 3 (27.3)
Tooth group
  Incisive 5 (16.1) 4 (80.0) 1 (20.0)
  Canine 2 (6.5) 2 (100) 0 (0)
  Premolar 9 (29.0) 7 (77.8) 2 (22.2)
  Molar 15 (48.4) 9 (60.0) 6 (40.0)
Treatment type
  Initial treatment 15 (48.4) 12 (80.0) 3 (20.0)
  Retreatment 16 (51.6) 6 (37.5) 10 (62.5)
No. of visits
  Single 25 (80.6) 15 (60.0) 10 (40.0)
  Multiple 6 (19.4) 3 (50.0) 3 (50.0)
Quality of coronal seal on follow-up
  Absent 0 (0) - -
  Unsatisfactory 0 (0) - -
  Satisfactory 31 (100) 18 (58.1) 13 (41.9)
Type of coronal sealing
  Absent 0 (0) - -
  Crown 23 (74.2) 12 (52.2) 11 (47.8)
  Direct restoration 8 (25.8) 6 (75.0) 2 (25.0)
Filling limit
  Ideal 22 (71.0) 13 (59.1) 9 (40.9)
  Overextension 4 (12.9) 1 (25.0) 3 (75.0)
  Underfilling 5 (16.1) 4 (80.0) 1 (20.0)
Post-endodontic pain
  Present 0 (0) - -
  Absent 31 (100) 11 (35.5) 20 (64.5)
Follow-up period
  ≥3 yr 11 (35.5) 9 (81.8) 2 (18.2)
  <3 yr 20 (64.5) 9 (45.0) 11 (55.0)

Values are presented as number (%).
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Figure 6. Tooth 16 with a diagnosis of previously initiated endodontic treatment and acute periapical abscess. (A) Diagnostic X-ray. (B) Immedi-
ate after obturation. (C) Tomographic control after 30 months, showing the apical lesion in the same manner as in the initial X-ray, considered a 
failure.

AA BB CC

Figure 7. Tooth 36 with a diagnosis of previously treated with symptomatic apical periodontitis. (A) Diagnostic X-ray. (B) Immediate after obtu-
ration. (C) Tomographic control after 40 months, showing the apical lesion in the same manner as in the initial X-ray, considered a failure.

AA BB CC

Table 4. Classification of CBCTPAI and case distribution by tooth type and success rate

Tooth type
CBCTPAI

0 1 2 3 Total
Incisive (%) 3 1 1 - - - 5
Canine (%) 2 - - - - - 2
Premolar (%) 1 1 5 - 2 - 9
Molar (%) 5 4 3 1 - 2 15
Total 11 (strict success) 6 (loose success) 9 (fail) 1 (loose success) 2 (fail) 2 (fail) 31
Strict criteria 35.48% success 64.52% fail 1
Loose criteria 58.06% success 41.94% fail 1

CBCTPAI, periapical index based on cone-beam computed tomography (proposed by Estrela et al. [22]).
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Considering strict criteria, out of 31 cases (100%), in 

35.5% [11] of the cases, there was topographic repair 

compatible with success, while in 64.5% [20], the apical 

lesions did not reduce sufficiently to be considered a 

total success according to the CBCTPAI by Estrela et 

al. [22]. Segmenting the data by the type of treatment 

revealed that initial treatments had a clinical and to-

mographic success rate of 60% [9] and a failure rate of 

40.0%, while retreatments achieved a 12.5% success rate 

[2]. Direct restorations had a success rate of 50.0% [4] 

compared to those restored with crowns at 30.4% [7]. 

There was a higher clinical and tomographic success 

rate in anterior teeth, including incisors (60.0%) and 

canines (100%), compared to posterior teeth, including 

premolars (11.1%) and molars (33.3%). Controls con-

ducted over a period of more than 3 years (45.0%) ex-

hibited greater success compared to those with shorter 

follow-up periods (18.2%) (Figures 2 and 3).

Using loose criteria, out of 31 cases, the majority of 

cases showed a reduction in the size of apical lesions. 

In total, 18 cases (58.1%) were considered successful, 

considering cases with tomographic repair and those 

in the process of repair. Males had a higher success rate 

at 72.7% compared to females at 55.0%. When consid-

ering the type of treatment, teeth that received initial 

treatment achieved an 80.0% success rate, while retreat-

ments reached a 37.5% success rate. Direct restorations 

had a success rate of 75.0% when compared to resto-

rations with crowns at 52.2%.

The data analysis revealed that suboptimal obtura-

tions demonstrated an 80% success rate, while ideal ob-

turations had a 59.1% success rate. Additionally, cases 

with follow-up controls conducted in less than 3 years 

achieved an 81.81% success rate, in contrast to those 

with longer follow-up periods, which showed a success 

rate of 45.0%.

DISCUSSION

The persistence of apical periodontitis arises from 

the presence of intra- or extraradicular infections and 

their byproducts, sustaining a persistent inflammatory 

process. Consequently, complete healing of periapical 

lesions is often challenging, leading to the categoriza-

tion of root canal treatment as a failure [24]. Despite ad-

vancements in technology enabling effective root canal 

disinfection, the degree of success varies based on clini-

cal and microbiological diagnoses [25]. Challenges arise 

particularly in cases of pulp necrosis and symptomatic 

or asymptomatic apical periodontitis, where achieving 

cleaning levels compatible with clinical and tomograph-

ic success is a significant hurdle. Studies indicate that 

larger apical lesions are associated with a greater diver-

sity of bacterial species and a higher failure rate [26]. 

Moreover, current challenges extend to secondary or 

persistent infections, as their bacterial microbiota tends 

to exhibit higher resistance compared to primary infec-

tions. Research has demonstrated that the microbiota of 

teeth with previously conducted root canal treatments 

and subsequent failures contains a higher prevalence of 

resistant gram-positive bacteria, such as E. faecalis [27].

Current irrigation procedures involving NaOCl or ch-

lorhexidine, combined with chelating agents like EDTA, 

have significantly improved the cleaning and disinfec-

tion of infected teeth [24]. These procedures have been 

further optimized by incorporating additional devices 

to enhance their effectiveness, such as ultrasonic tips, 

irrigant agitators, and, more recently, lasers [6,28–31]. 

Although lasers have been utilized in endodontics for 

many years, a new type of laser has gained notable in-

terest among clinicians due to its cost-effectiveness and 

versatility. These lasers are referred to as high-power 

diode lasers, capable of performing various clinical 

procedures, from surgical cutting to the disinfection of 

periodontal pockets and root canals [21,32].

The application of high-power diode lasers in root ca-

nal disinfection is currently under investigation through 

in vitro studies, where different wavelengths and power 

settings have demonstrated disinfectant effects [33,34]. 

Some in vivo studies have also assessed disinfection ca-

pabilities, with particularly promising results, especially 

for the high-power 810-nm diode laser [35]. The impact 

of the high-power 810-nm diode laser on disinfection in 

saline solution is a topic of debate in some studies, with 

findings ranging from no significant effect to a very low 

effect. However, other research indicates a maximum 

effect. According to certain authors, the laser’s impact 

is attributed to three potential mechanisms: direct heat 

absorption by the bacterium, heating through absorp-

tion of the substrate surrounding the bacterium, and a 
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photodamage effect [16].

Certain research evaluates diode lasers as adjuncts to 

current root canal disinfection methods, producing var-

ied results [19,36]. Other studies explore diode lasers as 

monotherapy treatments, where primary disinfection is 

exclusively accomplished with the diode laser, eliminat-

ing the use of NaOCl or chlorhexidine [10]. In this pre-

sented series of 31 clinical cases, a high-power 810-nm 

diode laser was utilized with a consistent disinfection 

protocol for all cases. The programming involved 1 W in 

continuous mode with four cycles of 20 seconds and a 

15-second thermal relaxation period between each cy-

cle. Notably, this protocol replaced the use of NaOCl. All 

cases were diagnosed as necrosis or previously treated 

with radiographically evident apical lesions. The laser 

disinfection protocol deviates from the standard NaOCl 

disinfection protocol, as irrigation during instrumenta-

tion is conducted using saline solution throughout the 

procedure. Following root canal instrumentation, 17% 

EDTA was applied, followed by the laser disinfection 

protocol as previously described. Teeth without puru-

lent exudate were obturated in a single appointment, 

while those requiring multiple appointments were left 

with saline solution in the canal and sealed with poly-

carboxylate until the next session, where disinfection 

and corresponding obturation procedures were reiter-

ated. Similar procedures were carried out for cases with 

previously treated endodontics, involving the removal 

of previous obturations using orange oil. The overall 

results demonstrated success rates, based on both strict 

and less strict criteria, at 35.48% and 58.06%, respective-

ly.

When specifically analyzing the type of diagnosis, it 

was observed that for primary treatments with a diag-

nosis of necrosis, the success rate was 60% and 80% ac-

cording to strict and loose criteria, respectively, all with 

follow-up controls using cone-beam tomography. In the 

overall results, the success rates appeared lower due to 

the cases of retreatments, where success was notably 

low. However, in primary treatment cases, the results 

were quite comparable to other studies where they used 

NaOCl. For instance, Friedman et al. [37] reported a 

success rate of 74% in necrotic teeth with radiolucent 

images in the apical region, though follow-up assess-

ments were conducted using radiographs. In another 

study by Karaoğlan et al. [38] a success rate of 71.8% 

with complete healing and 84.6% with healing in prog-

ress was reported, also with radiographic evaluation. 

Sjogren et al. [39] found success rates of 83% for lesions 

larger than 5 mm with an evaluation period of 8 to 10 

years. For teeth with previously performed treatments 

and apical lesions less than 5 mm, the success rate was 

65%, and for lesions larger than 5 mm, it was 38% (all 

with radiographic evaluation) [39]. In another study by 

Gorni and Gagliani [40], with a 2-year follow-up using 

radiographic assessment, a success rate of 84.4% for 

complete healing and 86% for healing in progress was 

reported in teeth with apical lesions. Ricucci et al. [41], 

in a study of 1,369 teeth with a 5-year evaluation, found 

success rates ranging from 78.2% to 86.8% for teeth with 

apical lesions. Similarly, Ng et al. [42], in a study on the 

success of primary root canal treatment, found success 

rates ranging from 31% to 96% based on strict criteria 

and between 60% and 100% based on loose criteria.

In our results, endodontic retreatments exhibited a 

success rate of 37.5% based on less strict criteria, closely 

resembling the findings of Ng et al. [43] who reported 

a success rate of 41.7% for teeth retreated with lesions 

larger than 5 mm. However, some other research on 

retreatment success rates has reported higher levels of 

success than what we found [44,45]. The disparity in our 

results could potentially be attributed to the lack of re-

moval of the sealing material, which prevents the bacte-

ricidal effect of the laser on dentin. Additionally, the in-

fluence of the absence of intracanal medication and the 

use of an irrigant with bactericidal properties may have 

contributed to a greater reduction in microbial load 

and, consequently, increased success in retreatments. 

The influence of chemical agents has demonstrated 

significant assistance in resolving apical periodontitis 

[6,7,46].

Nowadays, magnification plays an important role in 

root canal treatment. With magnification, it is possible 

to see and locate canals that would not be visible to the 

naked eye, and it also allows for better visualization of 

materials like gutta-percha for removal when they re-

main inside the canal. Our clinical research did not use 

magnification, which could have been a valuable aid in 

the treatment of teeth with previous root canal therapy 

and possibly in primary infections as well [47].
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Post-endodontic pain was assessed in all patients, and 

none of them experienced pain after root canal treat-

ment. The effect of laser therapy has been shown to be a 

promising alternative for reducing and controlling pain 

in endodontic therapy. Our results are consistent with 

findings in several articles by Nunes et al. [48], Abbara et 

al. [49], and Ismail et al. [50] (Tables 2 and 3).

Utilizing tomography for evaluations offers the advan-

tage of enhanced visualization of apical lesions, even 

when they are very small and might not be detectable 

in traditional radiographic images. A study by Amino-

shariae et al. [51] demonstrated that CBCT images were 

twice as likely to detect a periapical lesion compared to 

traditional periapical radiography in endodontic suc-

cess studies. This highlights that our successful results, 

while somewhat lower compared to other research, 

could be attributed to the evaluation method used, 

which provides greater reliability in detecting the pres-

ence or absence of apical lesions. This is in contrast to 

radiographic techniques used in other studies, where 

an apical lesion may have been described as completely 

healed when it was not. The CBCTPAI was used because 

it presents advantages for clinical applications. Addi-

tionally, CBCTPAI scores are calculated by analyzing 

the lesion in three dimensions, obtaining computed 

tomography slices in the mesiodistal, buccopalatal, and 

diagonal directions. This shows superiority over con-

ventional radiographic analysis, which only evaluates 

in two planes. CBCTPAI was the method of choice in 

our research because, although we have other methods 

to evaluate, such as the CBCT ERI (endodontic radio-

lucency index) method or the CBCT COPI (complex 

periapical index) method, one of the limitations we had 

was the use of large-field tomographies, which reduced 

image resolution. Therefore, using another more accu-

rate method like CBCT ERI, which works with smaller 

volumes and high resolution to analyze images smaller 

than 0.5 mm, was not necessary in our case because our 

tomographies were not small fields [52].

The lower success in cases requiring retreatment may 

be attributed to the limited apical preparation, which 

was 25.06. This could have resulted in obturation ma-

terial remaining inside the root canal, impeding the 

penetration of laser energy into the dentin and allow-

ing bacterial viability in the root canal. Limited apical 

preparation can contribute to bacterial persistence, as 

demonstrated in a study by Rodrigues et al. [53] which 

found that a larger apical preparation size improved the 

disinfection effect in the root canal. Despite the final 

apical preparation size being 25.06 in primary treat-

ments, the disinfection effect of the high-power diode 

laser helped achieve success rates comparable to the 

studies mentioned earlier.

Intracanal medication is a crucial step in the root 

canal disinfection process. Multiple research investiga-

tions have identified various benefits of using calcium 

hydroxide as the preferred medication, mainly due to its 

strong alkalinity, capacity to dissolve tissues, capability 

to neutralize endotoxins, and antibacterial properties, 

calcium hydroxide, also known as Ca(OH)2, is extensive-

ly employed as an intracanal medicament, a published 

review has identified prognostic factors related to lower 

healing rates or tooth loss, including the presence of 

apical periodontitis, lesion size, and preoperative sinus 

tract [54]. In our cases, all presented periapical lesions, 

but the majority were treated in a single appointment. 

Even in cases requiring two or more sessions, intracanal 

medication was not utilized. While intracanal medi-

cation is considered an essential part of endodontic 

treatment, its usage appears to be decreasing [54]. Other 

studies have indicated that the completion of endodon-

tic treatment in one or two appointments does not result 

in a significant difference in clinical and radiographic 

success rates [38]. In our cases, the high-power diode 

laser served as the sole means of disinfection for both 

primary treatments and retreatments, whether complet-

ed in one appointment or multiple appointments. Our 

results show that laser can help to restore health in the 

patient without the need for calcium hydroxide, with 

outcomes comparable to those shown in studies where, 

with large apical lesions, success rates reached 86.6% 

for small lesions, 78.2% for large lesions, and 54.5% for 

extremely large lesions [41,55]. The benefits of intraca-

nal medication in the described cases, both in teeth un-

dergoing initial treatment and retreatment, could have 

improved success rates. However, more randomized 

clinical studies are necessary to assess the combination 

of intracanal medication and laser therapy, which could 

help increase success rates, particularly in cases of teeth 

with large apical lesions where the prognosis is affected 
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by the number of microorganisms present, as described 

in other studies. Additionally, evaluating the increase or 

decrease in symptoms during the period of intracanal 

medication could help in planning other possible treat-

ments [26]. This approach was designed to assess the 

laser’s potential as a disinfectant, aligning with other 

research where the use of the laser alone was adequate 

to achieve a high level of disinfection success, in in vivo 

studies [19].

This case series demonstrates a moderate potential 

of high-power 810-nm diode lasers with saline solution 

in the process of root canal disinfection, achieving clin-

ical and tomographic success rates ranging from 60% 

to 80%, depending on the criteria used. These cases 

primarily involved primary treatments with diagnoses 

of pulp necrosis and large apical lesions, with the ma-

jority completed in a single session. While the use of 

disinfection monotherapy can be a subject of discussion 

and debate, it paves the way for potential application 

in other procedures where NaOCl disinfection may be 

limited, such as in cases of immature apices or pulp 

regeneration. Randomized clinical studies with tomo-

graphic controls may help in the future to assess how 

safe and effective monotherapy procedures for disin-

fection can be. The limitations of the investigation were 

related to the inability to obtain previous control tomog-

raphies, which could have provided better visualization 

of each case for comparing pre- and posttreatment 

sizes. Some benefits that this research shows are that 

through evidence from clinical cases, it was found that 

the high-power 810-nm diode laser has the capability of 

disinfection and achieving success levels comparable 

to the well-known NaOCl, as demonstrated in compari-

sons with previously cited literature.

Future studies using a larger apical preparation size 

could have been considered for improved results. Addi-

tionally, having a larger sample of patients would be im-

portant to validate the findings, providing more weight 

to the clinical case report.

CONCLUSIONS

The teeth with apical lesions that underwent primary 

treatment did not present clinical symptoms, but they 

showed a moderate success rate on tomographic eval-

uation. However, teeth with apical lesions that required 

retreatment, despite lacking clinical symptoms, had a 

very low success rate on tomographic evaluation.
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The effect of limonene extract on the adhesion of different 
endodontic cements to root dentin: an in vitro experimental study
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ABSTRACT

Objectives: The study aimed to evaluate the effect of limonene extract (LE) on push-out bond strength (BS) to root dentin 
in endodontically treated teeth.
Methods: Single-rooted teeth were selected and instrumented using the reciprocating technique, then divided into three 
groups based on the final irrigating solution: 2.5% sodium hypochlorite (NaOCl), 17% ethylenediaminetetraacetic acid 
(EDTA), and 5% LE. The roots were further divided (n = 12) and obturated using the single-cone technique with epoxy 
resin-based (ERB) or bioceramic sealer (Bio-C). After 3 days, the roots were sectioned into 2-mm slices, obtaining two 
slices from each root third. Push-out BS testing was conducted at 0.5 mm/min, followed by failure pattern and adhesive 
interface analysis using scanning electron microscopy. Push-out BS data were analyzed by three-way analysis of variance 
and Tukey post-hoc test (p < 0.05).
Results: ERB showed higher BS when irrigated with EDTA (5.0 ± 2.3 MPa) compared to NaOCl (1.8 ± 1.1 MPa) (p = 
0.0005), particularly in the cervical third. LE yielded intermediate values without significant differences from the other ir-
rigants (3.5 ± 1.9 MPa) (p > 0.05). For Bio-C, the highest BS was observed in the apical third, especially with LE (9.4 ± 5.0 
MPa), differing from other thirds and final irrigating solutions (p < 0.05). Mixed failure patterns were most prevalent, re-
gardless of the irrigant solutions.
Conclusions: The combination of LE with Bio-C demonstrated superior BS in the apical third, suggesting its potential as 
a final irrigating solution in endodontic treatments.
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INTRODUCTION

Endodontic treatment is based on the biomechanical 

cleaning of the root canal system (RCS), involving the 

physical-chemical removal of inflamed and necrotic 

pulp tissue using instruments, along with irrigation, and 

obturation of the RCS [1]. The success of endodontic 

therapy relies on the elimination of microorganisms 

from the RCS and the prevention of reinfection. The 

objectives of instrumentation are to facilitate irrigation, 

cleaning, and shaping of the RCS, as well as three-di-

mensional obturation [2].

During and after instrumentation, irrigators facilitate 

the removal of microorganisms and the smear layer 

from the root canal by means of a flushing mechanism. 

Irrigators can also contribute to preventing the compac-

tion of hard or softened tissue in the apical third, as well 

as to avoid debris extrusion into the periapical region [2]. 

Currently, instrumentation is widely regarded to pro-

vide access to apical anatomy for irrigant, which should 

perform most of the cleaning and shaping [3,4].

The most widely used irrigant is sodium hypochlorite 

(NaOCl), which is a highly destructive, nonselective ox-

idant that readily reacts with biomolecules, giving it the 

ability to dissolve biofilm components and necrotic de-

bris [4]. Additionally, it contributes to reducing bacterial 

virulence factors such as endotoxins and lipoteichoic 

acids and serves as a lubricant for endodontic instru-

ments [5].

NaOCl is used in dentistry as an irrigating solution 

in endodontic treatments, with its effect attributed to 

the free available chlorine (OCl– and HOCl), which are 

strong oxidants whose properties depend on pH. The 

ideal concentration of NaOCl ranges from 0.5% to 8.25% 

[5]. Its limitations include cytotoxicity, inability to com-

pletely remove the inorganic smear layer, and adverse 

effects on the mechanical properties of roots, such as 

dentin brittleness at high concentrations [3,6].

Demineralizing or chelating agents, such as ethylene-

diaminetetraacetic acid (EDTA), constitute another 

group of endodontic irrigants. These agents bind to and 

form ring-shaped complexes with metal ions, allowing 

for the effective dissolution of inorganic material. EDTA 

does not affect organic tissue and has limited antimi-

crobial effects by chelating metal cations from the outer 

membrane of bacteria [2,7].

Monoterpenes are secondary plant metabolites 

commonly used as antiseptics [8]. Limonene, a type 

of monoterpene, is a monocyclic compound found in 

citrus oils, such as those from oranges, grapefruits, and 

lemons. It is widely used in perfumes, soaps, pharma-

ceuticals, and foods due to its citrus scent. Additionally, 

limonene is employed in medical practices [9–12].

Limonene, an organic compound found in citrus oils, 

has been studied in dentistry for its potential as a treat-

ment for dental caries. A study has shown that limonene 

may have a stronger inhibitory effect on Streptococcus 

sobrinus than chlorhexidine and can potentially inhibit 

the progression of caries [10]. This compound can in-

hibit the growth of cariogenic bacteria, their adhesion, 

acid production, and other cariogenic virulence factors 

such as insoluble glucan [11,12]. Additionally, limonene 

exhibits antimicrobial, anti-inflammatory, anticarcino-

genic, and anticariogenic activities. It is considered safe 

with low toxicity, and its lipophilicity allows for good 

cellular absorption, particularly in the intestines, pro-

viding good bioavailability in systemic circulation [8,10]. 

Studies have also demonstrated that d-limonene has 

relevant clinical activity against both gram-positive and 

gram-negative bacteria [13,14].

The aim of this in vitro study was to evaluate the ef-

fect of using limonene extract (LE) as a final irrigating 

solution during endodontic treatment in teeth obtu-

rated with different root canal sealers, namely epoxy 

resin-based (ERB) and bioceramic (Bio-C), regarding 

push-out bond strength (BS) and failure pattern after 

push-out using a stereomicroscope. The null hypoth-

eses tested were that irrigation and obturation with 

different compositions do not interfere in the BS of 

endodontically treated teeth and in the failure pattern 

between the gutta-percha, the root canal sealer, and the 

intraradicular dentin.

METHODS

The sample size was calculated based on a pilot study, 

comparing means of push-out BS among the treatments 

and using OpenEpi app (www.openepi.com), with a 

95% confidence interval and power of 80%. The mini-

mum estimated number of specimens was 11 for each 

http://www.openepi.com
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group; however, considering eventual sample loss, 12 

specimens were included in each group.

This study used human tooth roots, such as maxillary 

and mandibular premolars, which were obtained from 

the teeth bank of the institution, where it was reviewed 

and approved by the Institutional Ethics Committee 

of Ribeirao Preto School of Dentistry (approval No. 

67552923.8.0000.5419). The extracted teeth were ini-

tially stored at 4°C in 0.1% thymol solution until use to 

preserve their integrity during storage [15]. Following 

endodontic treatment, the teeth were transferred to 

artificial saliva at 37°C, mimicking the body’s natural 

temperature to simulate clinical conditions prior to sec-

tioning.

They were macroscopically analyzed and scanned 

using a cone-beam computed tomography scanner 

PreXion 3D (Prexion Co. Ltd, Tokyo, Japan), with an 

endodontic acquisition protocol of 90 kV, 4 mA, 37 sec-

onds exposure time, isotropic voxel size of 0.10 mm, 

and a field of view of 5 × 5 mm. Two-dimensional mor-

phometric data, including circularity and major and 

minor diameters, were obtained using the OnDemand 

3D Project Viewer software (Cybermed Inc., Tustin, CA, 

USA) to determine the degree of root canal flattening 

[16–19]. Thus, 72 roots with oval-shaped root canals 

(major diameter/minor diameter ratio between 1 and 2), 

vestibulolingual/mesiodistal dimension ≤1.5 mm, and 

16-mm root length were selected.

After sample selection, the root canals were irrigated 

with 2.5 mL of 2.5% NaOCl (Coltene/Whaledent AG, 

Altstatten, Switzerland) using a 21-mm disposable plas-

tic syringe with a 27-gauge tip (Ultradent Products Inc., 

South Jordan, UT, USA) and explored with a #15 K-file 

(Dentsply Maillefer, Ballaigues, Switzerland) until the 

tip of the instrument emerged at the apical foramen. 

From this measurement, 1.0 mm was subtracted to es-

tablish the working length [19,20].

The biomechanical preparation was performed using 

the reciprocating motion instrumentation technique 

with WaveOne Gold files Medium 35.06 (Dentsply 

Maillefer), with torque and speed preset by the man-

ufacturer. The final irrigation protocol was divided 

according to the final irrigating solution used for this 

purpose, into groups with 2.5 mL of 2.5% NaOCl, 2.5 

mL of 17% EDTA (CanalPro EDTA; Coltene/Whaledent 

AG), and 2.5 mL of 5% LE (Sigma-Aldrich, St. Louis, MO, 

USA) (Table 1). The LE was diluted in distilled water 

to achieve the tested concentration (5%). For this, 0.5 

mL of limonene was added to 95 mL of distilled water. 

Subsequently, 2.5 mL of the solution was used for the 

final irrigation of the root canal. A fresh limonene solu-

tion was prepared for each use. The irrigation process 

involved continuous flushing of the root canal with the 

solution for 5 minutes after instrumentation was com-

pleted. Canal drying was accomplished using a Capil-

lary Tip aspiration cannula (Ultradent Products Inc.) 

and 35.06 absorbent paper points (Dentsply Maillefer).

The canals were obturated using the single-cone 

technique with WaveOne Gold Conform Fit Medium 

35.06. The groups were divided into two subgroups: one 

obturated with ERB sealer (AH Plus; Dentsply De Trey, 

Konstanz, Germany) and the other with Bio-C Sealer 

(Angelus, Londrina, Brazil) (Table 2). The roots were 

stored in an incubator at 37°C for 3 days. All procedures, 

including biomechanical preparation and obturation, 

were performed by the same operator.

To obtain slices for the push-out BS test, the roots 

were embedded in self-curing acrylic resin (Jet; Clássi-

co, São Paulo, Brazil) and adapted to a metallographic 

cutter (Isomet 1000; Buehler, Lake Bluff, IL, USA) to be 

sectioned perpendicularly to their long axis in the me-

siodistal direction. A double-sided diamond disc with 

a thickness of 0.3 mm was used, operating at a speed of 

350 rpm under continuous cooling.

From each root third, two dentin slices, each 2.0 mm 

(±0.2 mm) thick, were obtained, totaling six slices per 

Table 1. Irrigating solutions with commercial name, manufacturer, and composition
Solution Commercial name Manufacturer Composition
Limonene Pro Lyks - Natural Hydroplan EB, São Paulo, SP/Brazil Citrus sinensis peel oil expressed
Sodium hypochlorite NaOCl Asfer Chemical Industry. São Caetano do 

Sul – SP/Brazil
2.5% Sodium hypochlorite base

Ethylenediaminetetraacetic acid EDTA Chemical and Pharmaceutical Biodynamics 
LTDA. Ibiporã – PR/Brazil

Disodium ethylenediaminetetraacetic acid, 
sodium hydroxide, and deionized water
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root for the push-out test and analysis of the adhesive 

interface using scanning electron microscopy (SEM).

Push-out bond strength test
The slices were positioned on stainless steel metal bases 

attached to the bottom portion of the universal testing 

machine model 2519-106 (Instron, Canton, MA, USA). 

Depending on the diameter of the root canal filling ma-

terial in the cervical, middle, and apical thirds, metal 

bases with holes of 1.2-, 1.5-, and 2.5-mm diameter in 

their central portion were selected, along with metal 

rods with active tips of 0.8-, 1-, and 1.5-mm diameter. 

The specimens were positioned in the same direction 

as the hole in the metal base, with their cervical face 

facing downwards, and the rods were fixed to the upper 

portion of the testing machine and positioned over the 

intracanal material. The testing machine was operated 

at a constant speed of 0.5 mm/min until the maximum 

tension required for displacement of the material was 

reached [18–21].

The force required for displacement was measured 

in Newtons (N). To calculate the BS, the resulting force 

was converted into megapascals (MPa) by dividing it by 

the lateral area (LA) of the intracanal material. For the 

accurate calculation of the adhered LA, the geometric 

aspect of the intracanal material (sealer + gutta-percha) 

was considered based on the level of the slice obtained. 

For this purpose, before the test, the height of each slice 

was measured using a digital caliper, as well as the radi-

us (major and minor) using a Leica M165C stereomicro-

scope (Leica Microsystems, Mannheim, Germany) with 

Las ver. 4.4 software (Leica Microsystems).

Thus, the area of adhesion of the sealer (in mm2) was 

calculated using the formula for lateral area (LA):

LA= π (R + r) √(h2 + [(R – r)]2)

In this formula, “R” is the measurement of the radius of 

gutta-percha and sealer in its coronal portion, “r” is the 

measurement of the radius of gutta-percha and sealer in 

its apical portion, and “h” is the height/thickness of the 

slice. From these data, the BS in MPa was calculated by 

dividing the force required for the displacement of the 

gutta-percha by its lateral area (BS = F/LA).

For the analysis of failure type, the slices were evaluat-

ed using the Leica M165C stereomicroscope at 25× mag-

nification and the Las ver. 4.4 software. The observed 

failures were determined as percentages and classified 

as follows: (a) adhesive to dentin: when the obturation 

material detached from the dentin; (b) adhesive to seal-

er: when the gutta-percha detached from the sealer; (c) 

mixed: when the obturation material detached from 

both the dentin and the sealer; (d) dentin cohesive: 

when dentin fracture occurred; and (e) gutta-percha 

cone cohesive: when the gutta-percha cone fractured.

Scanning electron microscopy
For analysis by SEM, the second dentin slice from 

each root third (cervical, middle, and apical) was used. 

Preparation for SEM involved polishing the dentin spec-

imens with progressively decreasing water sandpaper 

up to 1,200 grit. Subsequently, the specimens were 

rinsed in distilled water and superficially decalcified in 

6-M hydrochloric acid (HCl) for 30 seconds and depro-

teinized in 2% NaOCl for 10 minutes. Afterward, the 

specimens were rinsed, dehydrated, and fixed onto alu-

minum cylindrical structures (10 × 10 mm) using dou-

ble-sided adhesive tape as described in previous studies 

[19–23]. Following vacuum metallization, the specimens 

were analyzed using a scanning electron microscope 

(JSM 5410; JEOL Ltd., Tokyo, Japan) operating at 20 kV.

Data analysis
The BS data were initially analyzed for normal distribu-

Table 2. Endodontics root canal sealers
Material Mainly compounds Lot Manufacturer
Epoxy resin-based: AH Plus Paste A: bisphenol-A epoxy resin, bisphenol-F epoxy resin, calcium tungstate, 

zirconium oxide, silica, iron oxide pigments
210400657 Dentsply De Trey, Konstanz, 

Germany
Paste B: dibenzylamine, aminoadamantane, tricyclodecane-diamine, calcium 

tungstate, zirconium oxide, silica, silicone oil
Bioceramic: Bio-C Sealer Calcium silicate, calcium aluminate, calcium oxide, zirconium oxide, iron oxide, 

silicon dioxide, and dispersing agent.
64766 Angelus, Londrina, Brazil
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tion using the Shapiro-Wilk test (p > 0.05) and homoge-

neity using the Levene test, showing normal distribution 

and homogeneity.

The parametric three-way analysis of variance (ANO-

VA) was used to analyze the influence and interaction 

among final irrigating solutions (NaOCl, EDTA, and LE), 

root canal sealers (ERB and Bio-C), and root thirds (cer-

vical, middle, and apical). The Tukey post-hoc test was 

used for multiple comparisons with a significance level 

of p < 0.05.

To analyze the prevalence of failure patterns found 

after the push-out BS test, the Fisher exact test was per-

formed.

RESULTS

Bond strength
The mean and standard deviation values obtained 

from the push-out BS test for the variables of root canal 

sealers, final irrigating solutions, and root thirds are pre-

sented in Table 3.

The three-way ANOVA (Tukey, p < 0.05) showed that, 

for the ERB sealer, there was no significant difference in 

the BS of the sealer to dentin among the analyzed thirds 

(p > 0.05). Regarding the Bio-C sealer, there was a higher 

BS of the sealer when treated with LE in the apical third, 

a statistically different result (p > 0.05) compared to the 

other thirds, which did not differ from each other (p > 

0.05). The other irrigating solutions did not result in BS 

differences between them (p > 0.05), regardless of the 

analyzed third.

Analyzing the BS of the root thirds in relation to the 

irrigating solutions performed for each of the root canal 

sealers, it was found that the ERB sealer exhibited high-

er BS to cervical dentin when treated with EDTA (5.0 ± 

2.3 MPa). This result was statistically significantly differ-

ent (p = 0.0005) compared to the irrigating solution with 

NaOCl (1.8 ± 1.1 MPa), which resulted in the lowest BS 

values among all solutions.

The irrigating solution with LE yielded intermediate 

values in relation to the other irrigating solutions, with 

no statistically significant difference compared to them 

(p > 0.05). Regarding the Bio-C sealer, there was a differ-

ence (p < 0.0001) in the BS to dentin in the apical third, 

such that after irrigating solution with LE, there was a 

higher BS (9.4 ± 5.0 MPa). This result was statistically 

different compared to the other irrigating solutions (p > 

0.0001). NaOCl and EDTA did not show statistically sig-

nificant differences among themselves (p = 0.282).

When comparing the BS of different sealers to dentin 

treated with the same type of irrigating solution and 

in the same third, it was found that, when dentin was 

treated with LE, the Bio-C sealer exhibited higher BS (9.4 

± 5.0 Mpa) in the apical third, with a statistically signifi-

cant difference from the ERB sealer (2.2 ± 1.5 Mpa) (p < 

0.001).

When the dentin was irrigated with EDTA, the ERB 

sealer exhibited higher BS (5.0 ± 2.3 MPa) in the cervi-

cal third, with a statistically significant difference (p = 

0.0008) when compared to the Bio-C sealer (1.9 ± 1.5 

Table 3. The bond strength (MPa) of endodontic root canal sealers to root dentin treated with different irrigating solutions in the cervical, 
middle, and apical thirds

Root canal sealer
Final irrigating solution

Limonene extract EDTA NaOCl
ERB
  Cervical third 3.5 ± 1.9abA 5.0 ± 2.3aA# 1.8 ± 1.1bA

  Medium third 2.5 ± 1.0aA 3.4 ± 2.1aA 1.4 ± 0.6aA

  Apical third 2.2 ± 1.5aA 3.3 ± 2.1aA 1.9 ± 0.9aA

Bio-C
  Cervical third 2.4 ± 1.6aB 1.9 ± 1.5aA* 1.4 ± 0.5aA

  Medium third 2.6 ± 1.9aB 1.5 ± 0.9aA 1.9 ± 1.4aA

  Apical third 9.4 ± 5.0aA* 1.4 ± 0.9bA 3.0 ± 2.1bA

Values are presented as mean ± standard deviation.
Bio-C, bioceramic; EDTA, ethylenediaminetetraacetic acid; ERB, epoxy resin-based; NaOCl, sodium hypochlorite.
Lowercase letters in the row and uppercase letters in the column, for the same sealer, indicate statistically significant differences (p < 0.05). Different 
symbols within the same final irrigating solutions and root third indicate statistically significant differences between sealers.
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MPa). All other final irrigating solutions did not show 

statistically significant differences (p > 0.05), regardless 

of the root canal sealer used or the third analyzed.

Fracture pattern analysis
The results of the Fisher exact test analysis and the per-

centage data of the distribution of failure types for each 

group are described in Tables 4 and 5. The Fisher exact 

test demonstrated that, regardless of the root canal seal-

er used, there was a higher percentage of mixed failures 

to dentin compared to other types of failures. Analyzing 

the final irrigating solutions, it was found that, regard-

less of the root canal sealer used, the use of EDTA and 

LE resulted in almost 30% cohesive fractures to dentin 

and around 2% of adhesive fractures. Additionally, when 

treated with NaOCl, no adhesive fractures occurred, in-

dicating that the irrigating solution is a significant factor 

for the prevalence of the fracture pattern with this type 

of sealer (ERB, p = 0.020; Bio-C, p < 0.001).

Analysis of the adhesive interface using scanning elec-
tron microscopy
The statistical analysis observed in the evaluation of 

the experimental groups can be confirmed by the qual-

itative analysis of the SEM images (Figure 1), which 

allowed the observation of areas of misfitting (yellow ar-

rows) and adaptation at the adhesive interface between 

the gutta-percha cone, root canal sealers, and root 

dentin in the different irrigating solution types (NaOCl, 

EDTA, LE).

DISCUSSION

This study evaluated the BS and adhesive interface anal-

ysis of dentin irrigating solutions with LE, EDTA, and 

NaOCl as final irrigating agents in teeth filled with REB 

(AH Plus) and Bio-C (Bio-C Sealer). According to the 

results, the null hypothesis cannot be accepted, as teeth 

treated with LE showed higher BS values in the apical 

third compared to the other final irrigating solutions.

Prior to tooth selection, a thorough analysis of the 

teeth was conducted by evaluating images obtained 

from cone-beam computed tomography [16]. Root ca-

nal anatomy may exhibit varied cross-sectional shapes 

within the same dental group, depending on the ratio 

between buccolingual and mesiodistal dimensions. 

This analysis for sample selection is necessary because 

the single-cone technique may have limitations, espe-

cially in oval canals, regardless of the root canal sealer 

used. The sample was standardized by selecting circular 

Table 4. Result of the Fisher exact test analysis of fracture pattern prevalence in relation to root canal sealers and final irrigating solution fac-
tors
Comparison group χ² value df p-value (χ²) p-value (Fisher exact test) Number of specimens
Failure pattern × ERB 11.9 6 0.064 0.020 232
Failure pattern × Bio-C 20.7 6 0.002 <0.001 234
Failure pattern × Total 22.3 6 0.001 <0.001 466

Bio-C, bioceramic; df, degree of freedom; ERB, epoxy resin-based.

Table 5. Failure rate following the push-out bond strength test for different root canal sealers and dentin irrigating solution 
Root canal sealer Failure pattern LE (%) EDTA (%) NaOCl (%)
ERB AD 1.4 1.3 0.0

AC 0.0 1.3 0.0
CD 12.8 29.5 14.5
M 85.9 69.2 85.5

Bio-C AD 0.0 1.3 0.0
AC 2.6 3.9 0.0
CD 9.0 26.9 36.8
M 88.5 68.0 67.1

AD, adhesive to dentin; AC, adhesive to sealer; Bio-C, bioceramic; CD, cohesive in dentin; EDTA, ethylenediaminetetraacetic acid; ERB, epoxy res-
in-based; LE, limonene extract; M, mixed; NaOCl, sodium hypochlorite.
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root canals (ratio equal to 1) of single-rooted teeth to 

minimize bias risk.

Root canal irrigation in endodontic treatment is one 

of the steps in dentin preparation for the removal of the 

smear layer and intracanal disinfection. Different irriga-

tion techniques are developed, studied, and observed 

in the literature, effectively removing debris and micro-

organisms from the root canals and thereby assisting in 

the adhesion between root canal sealers, gutta-percha, 

and root dentin [20–22,24].

In the present study, there was no statistically signifi-

cant difference (p > 0.05) among the root canal sealers, 

except for the results of the LE groups in the apical third 

and EDTA groups in the cervical third. The use of LE 

for final irrigation followed by root canal obturation 

with ERB sealer yielded BS values like those obtained 

with Bio-C sealer, except in the apical third, where LE 

showed higher BS values with a mixed failure pattern 

in the obturation material. SEM photomicrographs 

allowed for the observation of a more uniform and thin-

ner layer of endodontic root canal sealer at the adhesive 

interface.

In the remaining thirds, the use of LE did not lead to 

a decrease in BS compared to the other final irrigating 

solutions, resulting in values without statistically signif-

icant differences between them (p > 0.05). Furthermore, 

the analysis of fracture patterns showed that this irrigat-

ing solution resulted in a low prevalence of the number 

of adhesive fractures, with nonadhesive fractures being 

the most prevalent, demonstrating good bonding at 

the tooth/sealer interface. The use of EDTA for final 

irrigation, followed by obturation with ERB sealer and 

Bio-C sealer, showed BS without statistically significant 

differences with a mixed failure pattern. SEM photomi-

crographs allowed for the observation of a uniform and 

thin layer of ERB sealer and Bio-C sealer on the obtura-

tion material and the presence of gaps at the adhesive 

interface, with greater penetration into the dentinal tu-

bules occurring regularly and homogeneously.

Dentin irrigating solution with NaOCl may result in 

lower BS values with a mixed failure pattern in the ob-

turation material. This can be explained by the forma-

tion of an oxygen layer on the dentin surface, resulting 

from the cleavage of NaOCl into chlorine and oxygen 

AA

DD

BB

EE

CC

FF

LE

AH Plus

Bio-C Sealer

EDTA NaOCI

Figure 1. Areas of misfitting (yellow arrows) and adaptation at the adhesive interface between the gutta-percha cone (g), root canal sealer (c), 
and root dentin (d) in the different final irrigating solution types (limonene extract [LE], ethylenediaminetetraacetic acid [EDTA], and sodium 
hypochlorite [NaOCl]). For the epoxy resin-based sealer group (AH Plus; Dentsply De Trey, Konstanz, Germany) treated with LE (A) and EDTA (B), 
and Bio-C sealer group (Bio-C Sealer; Angelus, Londrina, Brazil) treated with LE (D) and EDTA (E), it is possible to observe adaptation at the adhe-
sive interface, with integrity of the obturation margins and a lower percentage of gaps. In NaOCl, regardless of the experimental group, sealer 
predominance can be observed in the polar areas (C and F) with areas of misfitting.
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[25]. Studies support that NaOCl did not demonstrate 

a positive effect on adhesion to root dentin, which may 

increase tensions and generate larger gaps at the adhe-

sive interface, resulting in less uniform root canal sealer 

penetration and more void spaces. Nonetheless, NaOCl 

is considered an endodontic irrigating solution with an-

tibacterial effects and the ability to dissolve organic tis-

sues [26–29]. According to a previous study [30], dentin 

samples treated with LE showed smear layer removal 

and open dentinal tubules. Considering this, the high-

er BS results of LE suggest an efficient removal of the 

smear layer from root dentin.

D-limonene, a monoterpene abundant in citrus es-

sential oils, has attracted attention in dentistry for its low 

toxicity, sustainability, and diverse biological properties, 

including antimicrobial, antioxidant, anti-inflammato-

ry, anticancer, and anticariogenic effects [11]. Its antiox-

idant activity neutralizes reactive oxygen species (ROS), 

reducing oxidative stress and protecting cells, while its 

anti-inflammatory effects involve the inhibition of cy-

tokines and prostaglandins via cyclooxygenase-2 and 

nuclear factor kappa-B pathways. Additionally, it dis-

rupts microbial membranes and inhibits biomolecule 

synthesis in certain pathogens. Although widely studied 

in medicine for conditions like cancer and respiratory 

issues, its potential in restorative dentistry lies in its 

ability to inhibit matrix metalloproteinases through ROS 

scavenging, potentially improving restoration longevity 

[31].

Despite the promising results observed for the use of 

limonene as a final irrigating solution, the study is lim-

ited by having been conducted on teeth without micro-

biological contamination caused by caries progression. 

Therefore, further studies are needed to evaluate the 

effect of limonene on contaminated teeth.

CONCLUSIONS

This in vitro study concludes that combining LE with 

Bio-C sealer results in superior BS in the apical third of 

the root, while BS in the cervical and middle thirds is 

consistent across different root canal sealers when LE is 

used for final irrigation. The most common failure type 

between sealer and dentin was mixed, regardless of the 

irrigation method and root canal sealer type. Addition-

ally, final irrigation with EDTA and LE enhances the 

adaptation of the adhesive interface, irrespective of the 

root canal sealer type used.
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ABSTRACT

Objectives: The study aimed to conduct a bibliometric analysis of the GentleWave system (Sonendo, Inc.).
Methods: An electronic search was conducted in June 2024 using the Web of Science Collection database. Two reviewers 
independently screened publications, extracting data on authorship, publication details, study design, and citation met-
rics. Statistical analyses were performed in R to assess variable correlations, while the VOSviewer (Visualization of Simi-
larities Viewer) software was used to map author and keyword networks.
Results: The search yielded 47 records, with 32 studies included. Publications spanned 2014 to 2024. The Journal of End-
odontics published the highest number of studies (n = 15), and the International Endodontic Journal had the highest im-
pact factor (5.4). The University of British Columbia and Sonendo, Inc. were the most frequent affiliations. Among the 32 
articles, 28 were in vitro studies, primarily focusing on microbiology (n = 9). A total of 95 authors were identified, with 
Haapasalo and Shen being the most cited (n = 229). The articles accumulated 495 citations, demonstrating a strong posi-
tive correlation between the number of studies and citation counts (r = 0.98).
Conclusions: The analysis highlights a predominance of in vitro studies. Geographic concentration in the United States 
and Canada limits diversity, while the strong correlation between study numbers and citations suggests that increased 
publication volume enhances visibility.
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INTRODUCTION

Biomechanical preparation of the root canal system is 

a critical step for the success of endodontic treatment. 

This process relies on the combined action of mechani-

cal instrumentation and the physicochemical properties 

of irrigating solutions, along with their application pro-

tocols [1,2]. The primary objectives of irrigation include 
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the removal of intracanal medicaments [3], eliminating 

the smear layer and debris [4,5], and enhancing disin-

fection. The latter is particularly crucial, as a substantial 

portion of the root canal walls remains unaffected by 

instrumentation alone [6,7].

To effectively promote disinfection and organic tissue 

dissolution, irrigation solutions must be adequately 

distributed within the root canal system [8]. Given the 

limitations of conventional syringe-and-needle irriga-

tion [9,10], alternative irrigation protocols have been ex-

plored. Passive ultrasonic irrigation (PUI), for example, 

has been extensively investigated as a method for en-

hancing irrigant agitation [11,12]. Studies have demon-

strated that PUI outperforms conventional irrigation in 

several aspects, including tissue dissolution [10], smear 

layer removal [13], and biofilm disintegration [14]. How-

ever, for PUI to be effective, canals must be enlarged 

to allow the insert to vibrate freely. Since it is typically 

performed with metal inserts, there is a potential risk of 

unnecessary wear on the dentin walls [12,15].

Recently, the GentleWave system (Sonendo, Inc., 

Laguna Hills, CA, USA) was developed to promote 

cleaning of the root canal system without the need for 

significant canal enlargement. The system comprises a 

console and a sterile, single-use handpiece designed for 

individual patients. It delivers a continuous stream of 

treatment fluid—3% sodium hypochlorite (NaOCl), 8% 

ethylenediaminetetraacetic acid (EDTA), and distilled 

water—from the handpiece tip into the pulp chamber. 

Simultaneously, excess fluid and debris are removed 

through a built-in suction mechanism integrated into 

the handpiece, which channels waste into a canister 

within the console. The GentleWave system utilizes a 

broad spectrum of sound waves, known as multisonic 

technology, to generate advanced fluid dynamics for 

agitating irrigating solutions. When the treatment fluid 

is introduced, it interacts with the stationary fluid in the 

pulp chamber, creating a strong shear force that leads to 

hydrodynamic cavitation. The treatment begins with 3% 

NaOCl, followed by a water rinse, and concludes with 8% 

EDTA. This flow induces a gentle vortical motion and 

generates a slight negative pressure within the root ca-

nal system, ensuring effective cleaning from the coronal 

to apical regions [14,16]. This system has shown prom-

ise in the disinfection of the root canal system [17,18], 

removal of intracanal medication [19], tissue dissolution 

[16], and retrieval of fractured instruments [20].

Bibliometric analyses offer a valuable approach to 

evaluating emerging trends, collaboration patterns, and 

the intellectual structure of a specific research domain 

within the existing literature [21]. Due to the benefits 

and conveniences, bibliometric analyses have become 

increasingly popular in endodontics. Recent studies 

have employed this approach to investigate topics such 

as regenerative endodontics [22], calcium silicate ce-

ments [23], guided endodontics [24], and photodynam-

ic therapy [25]. To date, there has been no bibliometric 

analysis in the literature specifically assessing studies 

on the GentleWave system. Thus, this study aims to con-

duct a bibliometric analysis of the GentleWave system 

to identify potential gaps in the literature and generate 

new insights for future research.

METHODS

Databases and search strategies
An electronic search was conducted in June 2024 using 

the Web of Science Collection database (https://www.

webofscience.com). The search strategy included terms 

related to the GentleWave system and the agitation 

method (multisonic). The complete search strategy em-

ployed was: (“gentlewave” OR “gentlewave system” OR 

“multisonic”).

Eligibility criteria and study selection
Studies related to the GentleWave system were selected 

for this bibliometric analysis. Publications not pertinent 

to the topic and general literature reviews on endodon-

tic irrigation were excluded. No filters were applied to 

restrict the years or language of publication. The search 

results were exported to the reference management 

software EndNote Web (Clarivate, London, UK).

The full texts were reviewed by two independent re-

viewers, and in cases of discrepancies, a third reviewer 

with expertise in the field was consulted to reach a con-

sensus.

Data extraction
Data extraction was conducted by one reviewer, con-

sidering only the information present in the selected 

https://www.webofscience.com
https://www.webofscience.com


GentleWave system: trends, collaborations, research gaps

https://doi.org/10.5395/rde.2025.50.e17 3/12

studies. The extracted data included authors, title, jour-

nal, year of publication, keywords, number of citations, 

country, institution, study design, impact factor (from 

Journal Citation Reports by Clarivate), and the Journal 

Citation Indicator (JCI from Clarivate). Regarding study 

design, the studies were classified according to their 

methodology into categories such as reviews, in vitro/ex 

vivo, and clinical studies.

Data analysis
The extracted data were compiled into a database and 

organized in a Microsoft Office Excel 2016 spreadsheet 

(Microsoft Corp., Redmond, WA, USA). The graphical 

representation of the data was conducted using the Vi-

sualization of Similarities Viewer software (VOSviewer, 

version 1.6.17.0; Centre for Science and Technology 

Studies of Leiden University, Leiden, the Netherlands) 

to assess the connections between authors and key-

words. For keyword analysis, a threshold of a minimum 

of three occurrences was established. In the network 

analysis, the major clusters and their primary sources 

were identified based on their frequency of occurrence. 

Less frequent terms indicate lower emphasis or less-uti-

lized sources. The lines connecting the terms represent 

collaborations among them.

Correlation matrix
The statistical analyses were carried out using the R 

programming language version 4.3.0 (The R Founda-

tion for Statistical Computing, Vienna, Austria; https://

www.r-project.org). The Shapiro-Wilk normality test was 

performed on each numerical variable in the dataset, 

including the Journal Impact Factor (JIF), JCI, number 

of studies, and number of citations. Based on the results 

of this test, appropriate correlation tests were selected. 

For variables that followed a normal distribution, the 

Pearson correlation test was applied, while for variables 

that did not follow a normal distribution, the Spearman 

correlation test was used. The significance level was set 

at α ≤ 0.05.

RESULTS

The data extracted from the selected studies are 

grouped in Supplementary Table 1.

Records identified from  
Web of Science  

(n = 47)

Records screened  
(n = 47)

Records excluded  
(n = 15)

Reports sought for retrieval  
(n = 32)

Reports assessed for  
eligibility  
(n = 32)

Studies included in review  
(n = 32)

Reports not retrieved  
(n = 0)
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clu

de
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g
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Identification of studies via databases and registers

Figure 1. Flowchart of the study selection protocol.

Search and study selection
The initial database search yielded 47 records. Two 

non-article records were excluded. After reviewing the 

titles, abstracts, and full texts by two independent re-

viewers, 15 studies were excluded for not meeting the 

inclusion criteria. A total of 32 studies [14,16–20,26–51] 

were included in this bibliometric analysis (Figure 1).

Year of publication
The studies included spanned from 2014 to 2024. The 

year 2019 had the highest number of publications (n = 

6), while both 2014 and 2024 had the lowest number of 

publications (n = 1). The earliest study was published by 

Haapasalo et al. [16], titled “Tissue dissolution by a novel 

multisonic ultracleaning system and sodium hypochlo-

rite,” while the most recent article was titled “Efficacy 

of the GentleWave system in the removal of biofilm from 

the mesial roots of mandibular molars before and after 

minimal instrumentation: an ex vivo study,” published 

in 2024 by Kim et al. [50]. The description of the number 

of publications by year can be found in Figure 2.

https://www.r-project.org
https://www.r-project.org
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Journals, Journal Impact Factor, and Journal Citation 
Indicator
The articles were published in 11 journals. The Journal 

of Endodontics (JOE) had the highest number of stud-

ies related to the GentleWave system (n = 15), followed 

by the International Endodontic Journal (IEJ, n = 4). 

According to the Journal Citation Reports, the IEJ has 

the highest impact factor (5.4), followed by Scientific 

Reports (3.8) and the JOE (3.5). Additionally, the IEJ ex-

hibited the highest JCI (1.9), followed by the JOE (1.86) 

and Clinical Oral Investigations (1.33). Data on the JCI 

and JIF were not available for Restorative Dentistry and 

Endodontics.

A description of the journals, their JIFs, JCIs, number 

of studies, and citations of articles published on the 

GentleWave system can be found in Table 1.

Affiliations
The following affiliations were the most frequent: 

University of British Columbia (10 studies and 229 ci-

tations), Sonendo, Inc. (six studies and 208 citations), 

University of Minnesota (five studies and 28 citations), 

Huazhong University of Science and Technology (four 

studies and 73 citations), New York University (three 

studies and 61 citations), São Paulo State University 

(three studies and 15 citations), University of Maryland 
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5.0

4.5

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5
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Figure 2. Distribution of the number of studies published over the years.

Table 1. Journals, Journal Impact Factora), Journal Citation Indicatora), and citation counts of studies published on the GentleWave systemb)

Source title Journal Impact Factor Journal Citation Indicator Number of studies Number of citations
Journal of Endodontics 3.5 1.86 15 376
International Endodontic Journal 5.4 1.9 4 15
Journal of Pharmacy and Bioallied Sciences 0.7 0.2 1 0
Scientific Reports 3.8 1.05 2 8
Restorative Dentistry And Endodontics - - 2 10
Applied Sciences-Basel 2.5 0.56 1 0
Odontology 1.9 0.95 2 18
Medicina-Lithuania 2.4 0.67 1 10
Materials 3.1 0.58 1 10
Australian Endodontic Journal 1.3 0.62 1 9
Clinical Oral Investigations 3.1 1.33 2 39

a)Clarivate, London, UK. b)Sonendo, Inc., Laguna Hills, CA, USA.
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(three studies and 12 citations), and University of To-

ronto (three studies and 65 citations).

Study design and themes
Among the 32 studies included, 28 were in vitro/ex vivo 

studies. Other study designs included clinical studies (n 

= 3), and one narrative literature review. No systematic 

reviews, meta-analyses, or bibliometric analyses on the 

GentleWave system were found. Microbiology emerged 

as the most prevalent research theme (n = 9), followed 

by root canal debridement (n = 4), apical pressure (n = 

3), retreatment (n = 3), healing rate (n = 2), calcium hy-

droxide removal (n = 2), dentin structure analysis (n = 2), 

obturation (n = 1), tissue dissolution (n = 1), removal of 

calcification (n = 1), removal of separated instruments (n 

= 1), postoperative pain (n = 1), apical extrusion (n =1), 

and others (literature review, n =1).

Authors
A total of 95 authors were identified from 10 countries: 

the United States, Canada, Brazil, China, Saudi Arabia, 

South Korea, India, Japan, Mexico, and Spain. Most 

authors are from the United States (n = 22), followed by 

Canada (n = 13) and Brazil (n = 6) (Table 2). The three 

most cited authors are Haapasalo, M (n = 229); Shen, Y (n 

= 229); and Khakpour, M (n = 172). The authors with the 

highest citations and their number of published studies 

are presented in Table 3.

Keywords
A total of 207 keywords were identified, with 33 key-

words appearing at least three times across the selected 

studies. The most frequently occurring keywords were 

“GentleWave system” (n = 20) and “Irrigation” (n = 19). 

The frequency distribution and co-occurrence patterns 

of these keywords are illustrated in Figure 3.

Studies
The 32 selected articles collectively accumulated 495 

citations. The article published by Haapasalo et al. [16] 

in the JOE was the most cited in the literature (51 cita-

tions). The journals with the highest number of citations 

were JOE, Clinical Oral Investigations, and Odontology, 

with 376, 39, and 18 citations, respectively (Table 2). 

Complete citation data for all included are available in 

Supplementary Table 1.

Correlation matrix
According to the correlation matrix analysis, there is a 

strong positive correlation between the number of studies 

and the number of citations (0.98). A moderate positive 

correlation was observed between the number of citations 

and the JCI (0.57), and a low positive correlation with the 

JIF (0.24). The number of studies showed a positive cor-

relation coefficient of 0.65 with the JCI and 0.34 with the 

JIF. Additionally, a strong positive correlation was found 

between the JIF and the JCI (0.85) (Figure 4).

DISCUSSION

Bibliometric reviews play a crucial role in contemporary 

academic research by providing a systematic and quan-

Table 2. Countries and number of studies and citations on the 
GentleWave systema)

Country Number of studies Citations
United States 22 365
Canada 13 294
China 6 93
Brazil 6 65
Saudi Arabia 3 8
South Korea 2 20
Spain 1 5
Mexico 1 0
Japan 1 31
India 1 0

a)Sonendo, Inc., Laguna Hills, CA, USA.

Table 3. The authors with the highest number of studies and cita-
tions in GentleWave systema)

Author Number of studies Citations
Haapasalo, M 10 229
Shen, Y 10 229
Khakpour, M 4 172
Wang, Z 5 139
Curtis, A 3 114
Patel, P 3 114
Vandrangi, P 3 78
Ma, J 4 73
Basrani, B 3 65
Friedman, S 2 65

a)Sonendo, Inc., Laguna Hills, CA, USA.
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titative analysis of scientific production. Emerging fields 

of study, such as the rise of new technologies, offer a 

comprehensive view of the current state of knowledge 

[52]. The GentleWave system is a new device designed 

to promote minimally invasive root canal treatment by 

facilitating the cleaning of anatomically complex areas 

through the propagation of acoustic energy and pow-

erful agitation of irrigating solutions, thereby reducing 

the need for endodontic instruments and canal enlarge-

ment [32]. The first study on GentleWave was published 

10 years ago, in 2014 [16]. The year 2019 saw the highest 

number of publications on GentleWave, reflecting a 

growing interest in studying this device. Since then, the 

number of publications has experienced another peak 

in 2022, indicating the current relevance of discussing 

topics related to irrigation in the field of endodontics. 

These publication peaks correlate with promising re-

sults associated with GentleWave, particularly in the 

effective removal of the smear layer [26], tissue disso-

lution [16], and improved healing outcomes [32]. Such 

advancements not only encourage further research but 

also underscore the significance of GentleWave in mod-

ern clinical practice.

The JOE has published the most studies on Gen-

tleWave, followed by IEJ. These two journals are con-

sidered leaders in research and clinical practice in 

endodontics, and their high JIFs reflect the quality and 

relevance of the information they provide to researchers 

and clinicians in this field. Previous bibliometric reviews 

have consistently demonstrated more publications for 

Figure 3. Frequency and interaction between keywords. Larger circles indicate the most used keywords. Lines between circles indicate relation-
ships between keywords. Different colors indicate different clusters according to year. VOSviewer (Visualization of Similarities Viewer software): 
Centre for Science and Technology Studies of Leiden University, Leiden, the Netherlands.
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both JOE and IEJ [24,53–58]. The significant influence of 

these publications on endodontic practice justifies their 

prominence in this bibliometric review.

Haapasalo and Shen were the most cited authors and 

had the highest number of published articles, attributed 

to their pioneering investigations of this new technolo-

gy. The most cited article, “Tissue dissolution by a novel 

multisonic ultracleaning system and sodium hypochlo-

rite” [16], was also the first published on GentleWave, 

which explains its high citation count as it has become 

a foundational reference for other authors. Despite 

being the most cited work on the subject, it has yet to 

reach 100 citations to be considered a classic in the field 

[52,59], illustrating that, even 10 years after the publica-

tion of the first article, the topic has not been thoroughly 

studied and explored.

This bibliometric analysis revealed that the United 

States and Canada dominate the scientific production on 

this topic, with the United States leading in total publi-

cations and citations. The University of British Columbia 

stands out as the most productive institution on Gen-

tleWave studies, with the highest volume of published 

articles and citations. The fact that this equipment is 

manufactured by an American company may contrib-

ute to the concentration of research in North America, 

particularly in the United States and Canada. Addition-

ally, the high cost of the equipment may limit the ability 

to conduct studies in other regions of the world. It is 

also worth noting that previous bibliometric analyses in 

endodontics have similarly found that the United States 

ranks among the countries with the highest number of 

publications and citations [24,55,56,60,61].

Microbiology was the most frequently addressed 

topic in the studies, as the disinfection of the root canal 

system is the primary goal of GentleWave. Additionally, 

microorganisms are the main cause of periapical dis-

eases and the most common contributors to endodon-

tic treatment failure [62–64]. This topic was followed by 

root canal debridement and apical pressure, which are 

directly related to the equipment’s mechanism of action 
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and the need for canal enlargement for cleaning, as well 

as the potential extrusion of septic-toxic content beyond 

the apex due to operational pressure. The most preva-

lent keywords identified in the analyzed literature were 

“GentleWave system,” “Irrigation,” and “Debridement.” 

These terms directly correspond to the primary research 

focus and the predominant in vitro study designs em-

ployed to evaluate this new technology.

The correlation matrix conducted in our study re-

vealed a strong positive correlation (0.98) between 

the number of published studies and the number of 

citations, suggesting that as the number of studies on a 

topic increases, the total number of citations tends to 

rise consistently. This is expected, as a higher volume 

of studies often leads to greater recognition and serves 

as a reference for other researchers [65]. A moderate 

positive correlation (0.57) was observed between the 

number of citations and the JCI, indicating a significant 

relationship between the citations an article receives 

and the JCI of the journal in which it was published. The 

JCI reflects the influence of a journal by considering the 

citations received by its published articles. This moder-

ate correlation suggests that journals with a higher indi-

cator tend to have articles with more citations, but this 

relationship is not as direct or strong as that between 

the number of studies and citations. The correlation of 

0.65 between the number of studies and the JCI is pos-

itive and moderate to strong. This implies that journals 

publishing a greater number of studies tend to have a 

higher JCI, reflecting that journals with a larger volume 

of publications often have greater visibility and influ-

ence in the scientific community. The strong positive 

correlation of 0.87 between the JIF and the JCI indicates 

a very strong and positive relationship. This suggests 

that journals with a higher JIF also tend to have a simi-

larly high JCI, as demonstrated in a previous study [66]. 

Both metrics reflect the impact and influence of a jour-

nal, and this strong correlation is expected, as they both 

assess the relevance and recognition of journals within 

the scientific community, albeit through slightly differ-

ent approaches. The correlations between the number 

of citations and the JIF (0.24) and between the number 

of studies and the JIF (0.34) were considered low. In 

summary, the analysis of the correlation matrix reveals 

that while the number of studies and the number of ci-

tations are strongly correlated, the relationship between 

journal impact metrics (JCI and JIF) and citations is 

more variable.

In vitro/ex vivo studies currently dominate the re-

search landscape due to their ability to evaluate new 

equipment and techniques under controlled conditions, 

enabling precise control and isolation of experimental 

variables. These controlled investigations provide fun-

damental evidence that supports subsequent clinical re-

search development. However, while such findings offer 

valuable preliminary data, they cannot be fully extrapo-

lated to the clinical setting, which involves multifactori-

al issues and complex variables that influence outcomes 

[67]. The current literature reflects this gap, with only 

three clinical studies published to date [30,32,42]. This 

underscores the critical need for more rigorous clinical 

investigations, particularly well-designed randomized 

controlled trials that would provide higher levels of evi-

dence. Additionally, conducting systematic reviews that 

consolidate and critically analyze the available informa-

tion is essential for advancing the understanding and 

practical application of these findings.

A notable strength of this study is the absence of filters 

based on publication year, citation count, or language, 

allowing for a broad and comprehensive analysis of all 

relevant publications available at the time of research. 

Although this bibliometric study has limitations that 

should be considered, such as the use of a single data-

base for article extraction, the Web of Science remains 

the most established database for bibliometric research. 

The selection of this database was intentional, as it 

aligns with standard methodological approaches in 

endodontic research and ensures compatibility with 

VOSviewer software [23,24,52,55]. Web of Science pro-

vides standardized, high-quality citation data from rig-

orously indexed journals, offering reliable metrics while 

maintaining methodological consistency with previous 

studies in the field. While multi-database analyses can 

expand search scope, our approach prioritizes data in-

tegrity and reproducibility within a well-structured cita-

tion index system [68].

CONCLUSIONS

The bibliometric analysis reveals a predominance of 
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in vitro/ex vivo studies published on the GentleWave 

system, highlighting the need for more clinical research 

and systematic reviews. The concentration of scientific 

production in the United States and Canada limits the 

geographic diversity of publications. The strong cor-

relation between the number of studies and citations 

reflects the growing recognition of this technology.
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Dentin thickness of C-shaped root canal walls in mandibular 
premolars based on cone-beam computed tomography: a 
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ABSTRACT

Objectives: This study aimed to measure the dentin thickness of C-shaped canals in mandibular first and second premo-
lars at coronal, middle, and apical root levels using cone-beam computed tomography (CBCT).
Methods: Dentin thicknesses of buccal, lingual, mesial, and distal root walls of 41 C-shaped premolars were measured at 
three different root levels on axial CBCT slices. The measurements were made at the midpoint of each third, along with 1 
mm below and above the midpoint. C-shape configurations of the premolar root canals were also recorded. Analysis of 
variance, Kruskal-Wallis, and the independent samples t-tests were used for the comparisons (p = 0.05).
Results: The thickest walls for both premolars were buccal and lingual walls at all three root levels (p < 0.05). The thinnest 
walls for the first premolar teeth were mesial and distal walls of the lingual canal, while it was the mesial end of the buccal 
and lingual canals for the second premolars (p < 0.05). Dentin wall thicknesses at the mesial end of buccal and lingual ca-
nals of C1-shaped first premolars were thinner than C2-shaped first premolars at the apical level (p < 0.05).
Conclusions: Danger zones for C-shaped mandibular first and second premolars are predominantly mesial walls facing 
the radicular groove and distal wall of the lingual canal. CBCT imaging during endodontic treatment is recommended to 
avoid complications.
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INTRODUCTION

The C-shaped canal morphology is an anatomical vari-

ation in which independent root canals are merged 

or connected through isthmuses or fins, forming a 

C-shaped appearance at cross-sectional views. As re-
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ported previously, it is a well-defined anatomical vari-

ation frequently related to mandibular second molars, 

and it has been thoroughly studied, including its ana-

tomic, histologic, and radiologic features [1–3].

C-shaped canal morphology in mandibular molars 

is often associated with the fusion of the roots and a 

longitudinal radicular groove on the root surface [2,4]. 

The radicular groove is described as a developmental 

depression area that occurs because of root fusion and 

creates a danger zone, increasing the risk of stripping 

perforation during endodontic preparation [5]. It has 

been reported that the root canal wall facing the radicu-

lar groove was thinner than the other walls in C-shaped 

mandibular molars [3]. In accordance with this finding, 

histological evaluation of C-shaped mandibular second 

molars demonstrated that the dentin thickness between 

the root canal and the external surface of the root was 

less than 1 mm in some sections [6].

Although limited in number, recent case reports and 

scientific studies have also described the presence of 

C-shaped canal morphology in mandibular premolars 

[7–11]. The prevalence of C-shaped canal configuration 

in mandibular premolars varies depending on ethnicity, 

and its prevalence was reported to be between 1.1% to 

10.9% for mandibular first premolars and 0.6% to 2% for 

second premolars [9–11]. While the Chinese population 

demonstrated a lower prevalence of C-shaped canal 

morphology [9], the prevalence rates were relatively 

higher in the Argentine population [11]. Morphologic 

features of C-shaped canals in mandibular premolars 

have been found similar to C-shaped mandibular mo-

lars, including longitudinal radicular groove [5,7]. Due 

to the smaller size of mandibular premolar teeth, the 

longitudinal radicular groove is particularly import-

ant and requires considerable attention with regard to 

endodontic mishaps [5]. Considering anatomical com-

plexities including isthmuses, transverse anastomoses, 

irregularities, concavities, and thin dentin thickness, 

endodontic treatment of C-shaped root canals pres-

ents a clinical challenge. Removal of pulp and necrotic 

tissue, working length determination, and proper ir-

rigation and disinfection will be key problems during 

root canal instrumentation and shaping. Consequently, 

the awareness of dentin thickness in premolars with 

c-shaped canals is particularly important to maintain 

the integrity of the canal walls.

To our knowledge, there are few studies evaluating the 

root dentin thickness of C-shaped mandibular first pre-

molars [12–15]. Given the low prevalence of C-shaped 

morphology in mandibular second premolars, the num-

ber of scientific reports evaluating the prevalence and 

morphology of C-shaped canals in such teeth is even 

scarce [11,16]. In fact, no study can be found investigat-

ing the root dentin thickness of C-shaped mandibular 

second premolar teeth. Therefore, the aim of this study 

was to measure the dentin thickness of C-shaped canals 

in both mandibular first and second premolars at cor-

onal, middle, and apical root levels using cone-beam 

computed tomography (CBCT) images.

METHODS

This study was approved by the Medical Research Eth-

ics Committee of Ege University (No. 22-2.1T/33) and 

followed the principles of the Declaration of Helsinki. A 

general formal consent is obtained from every patient 

who applies to our clinic, stating that the data can be 

used in an anonymized fashion for scientific purposes. 

A total of 2,024 CBCT volumes from 1,061 patients of 

the Turkish population (654 females, 407 males; mean 

age, 31.57 ± 15.35 years) taken for various reasons be-

tween the years of October 2018 and March 2020 at the 

Department of Oral and Maxillofacial Radiology were 

examined retrospectively. Images of patients showing 

at least one C-shaped mandibular premolar tooth were 

included in the study. Teeth with previous endodontic 

treatment, internal and/or external root resorptions, 

immature apices, periapical lesions, full-crown resto-

rations, and CBCT images with severe artifacts were ex-

cluded. CBCT images had been previously obtained us-

ing a Kodak 9000 3D device (Kodak Carestream Health, 

Trophy, France) at 70 kV, 10 mA, and 10.8 seconds expo-

sure time, using a 50 × 37-mm small field of view (FOV), 

and a 76-μm isotropic voxel resolution.

The diagnosis of C-shaped configuration was made 

according to the description of Fan et al. [7] and teeth 

with a partial or complete external radicular groove on 

the mesiolingual or distolingual root surface and C1 or 

C2 canal configuration at any axial root level (coronal, 

middle, and apical) were considered as having C-shaped 
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Table 1. Classification of C-shaped canal configuration in mandib-
ular premolar teeth according to Fan et al. [7]
C-Shaped configuration Definition
C1 Continuous ‘C’ with no separation or division
C2 Discontinuation in the ‘C’ outline resembling 

a semicolon
C3 Two separate round, oval, or flat canals
C4 One round, oval, or flat canal
C5 Three or more separate canals
C6 No canal lumen or no intact canal

Figure 1. Cone-beam computed tomography (CBCT) image illustrating the diagnosis of C-shaped configuration. (A) Coronal and (B) sagittal 
CBCT images showing a C-shaped mandibular first premolar. Axial CBCT images showing (C) a C4-type configuration at the coronal level, (D) a 
C2-type configuration at the middle level, and (E) a C3-type configuration at the apical level. CEJ, cementoenamel junction.

canal morphology. According to Fan et al. [7], C1 canal 

configuration was identified as a continuous “C” with 

no separation or division, whereas C2 was discontinu-

ous in the “C” outline resembling a semicolon (Table 1). 

When a C1 or C2 configuration was detected at any axial 

root level, coronal and sagittal CBCT slices were also 

examined to confirm the root level of the C shape (Figure 

1). Forty-nine premolar teeth of 37 patients were deter-

mined to have a C-shaped canal configuration. Images 

of five first premolars and three second premolars were 

excluded due to the presence of severe artifacts and low 

image resolution interfering with the correct measure-

ment of dentin thickness.

Concisely, 39 small FOV CBCT volumes of 41 C-shaped 

mandibular premolars (32 first and nine second premo-

lars) of 33 patients with a mean age of 31.8 ± 14.6 years 

were used to measure dentin thicknesses at three dif-

ferent root levels (coronal, middle, and apical) on axial 

CBCT slices.

CS 3D Imaging Software (Kodak Carestream Health) 

was used for the measurements of dentin thicknesses. 

The root lengths of premolars were measured from the 

cementoenamel junction (CEJ) to the root apex and 

divided into three equal parts. The first level beginning 

from the CEJ to the middle third of the root was named 

as the coronal level, the third level beginning from 

the apex to the point where the middle third ends was 

named as the apical level and the level between the 

coronal and apical levels was named as the middle level 

(Figure 2A). At each root level where C-shaped canal 

AA BB CC
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morphology was present, the dentin thicknesses were 

measured on three consecutive axial CBCT slices: mid-

point of each root level, 1 mm below the midpoint, and 

1 mm above the midpoint (Figure 2B).

The dentin thicknesses measured on three consecu-

tive CBCT slices were calculated as the mean wall thick-

ness and recorded along with the C-shaped canal type 

(C1 or C2).

Dentin thickness measurements were made on eight 

separate dentin walls at all root levels, demonstrating a 

C-shaped canal configuration. For each root level pre-

senting with C1 or C2 configuration, primarily, thick-

nesses of buccal (Bu), lingual (Li), distal (D), and mesial 

(M) walls were measured. Then additional thickness 

measurements were done at both buccal and lingual 

canal walls as the distances between: (1) mesial end of 

the buccal canal and the external root surface facing the 

radicular groove (M1), (2) distal end of the buccal canal 

and the external root surface facing the radicular groove 

(M2), (3) lingual canal and the external mesial root sur-

face facing the radicular groove (M3), (4) mesial end of 

the buccal canal and external mesial root surface (M4), 

(5) lingual canal and external distal root surface (D1) 

Figure 2. Coronal cone-beam computed tomography images showing (A) the coronal, middle, and apical root levels beginning from the ce-
mentoenamel junction (CEJ) to the root apex and (B) the dentin thickness measurement slices and midpoints of coronal (MP-c), middle (MP-m), 
and apical (MP-a) root thirds.

AA BB

Figure 3. Axial cone-beam computed tomography images showing 
(A) the root dentin thickness measurements of buccal (Bu) and lin-
gual (Li) walls, (B) mesial and distal ends of the buccal canal facing 
the radicular groove (M1, M2), (C) between mesial ends of lingual 
and buccal canals and the external mesial root surface (M3, M4) and 
(D) between distal ends of lingual and buccal canals and external 
distal root surface (D1, D2).
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and (6) distal end of the buccal canal and the external 

distal root surface (D2) (Figure 3) [12].

Two investigators performed the measurements sep-

arately, and the mean of their measurements was used 

for statistical analysis.

Analysis of variance and Kruskal-Wallis tests were 

used to compare the dentin thickness measurements of 

different dentin walls. The independent samples t-test 

was used to compare the dentin thickness measure-

ments of the first and second premolars, and C-shape 

canal types (C1 and C2). For all groups, a p-value of 

<0.05 was considered significant.

RESULTS

Among 32 first premolars, C-shaped morphology was 

present at the coronal level of three teeth, at the middle 

level of 29 teeth, and at the apical level of 16 teeth. All 

nine second premolar teeth showed a C-shaped config-

uration at the middle level, and four of them also con-

tinued at the apical level. No C-shaped morphology was 

found at the coronal level of the second premolars. Both 

first and second premolars exhibited an external radic-

ular groove on the mesiolingual surface of the root.

In general, mean dentin thicknesses for first premo-

lars were listed as Bu, Li, D2, M4, M2, M1, D1, and M3 

beginning from the thickest to thinnest at all three root 

levels. For the second premolars, the list was similar to 

the first premolars; however, M1 was the thinnest wall, 

followed by M3 and D1 at all root levels.

Root dentin thickness at coronal level
Table 2 shows the mean dentin thicknesses of C-shaped 

first and second premolars at the coronal, middle, and 

apical levels of the root. No difference was found be-

tween the mean dentin thicknesses of any walls at the 

coronal level of the first premolars (p > 0.05). Since no 

C-shaped morphology was found at the coronal level of 

the second premolars, no comparison could be made.

Root dentin thickness at middle level
At the middle level, the buccal wall was significantly 

thicker than all the other walls (p < 0.05), followed by 

the lingual and D2 walls for both the first and second 

premolars (Table 2). However, the lingual wall was sig-

nificantly thicker than only M1, D1, and M3 for both 

premolars (p < 0.05). D1 and M3 walls were significantly 

thinner for both first and second premolars (p < 0.05). 

Although the mean thickness of the M3 wall was lower 

than that of the D1 wall, the difference was not signifi-

cant for both premolars (p > 0.05).

At this root level, the MB1 wall was significantly thinner 

than the M2 and M4 walls for the first premolars (p < 0.05). 

However, the measurements done at the middle level of 

the second premolar roots showed that M1 was signifi-

cantly thinner than D1 and M3 walls as well (p < 0.05).

The minimum wall thickness measured at the middle 

level was 0.63 mm for the first premolars and 0.54 mm 

for the second premolars.

Root dentin thickness at apical level
At the apical level of first premolars, the buccal wall was 

Table 2. The root dentin thickness measurements of C-shaped first and second premolars at coronal, middle, and apical levels of root dentin

Premolar
Number of axial 
cross-sections 

(n)
Buccal Lingual

Dentin thickness (mm)
D1 M3

D2 M4 M2 M1

First premolar
  Coronal third 3 1.51 ± 0.50 1.48 ± 0.75 1.25 ± 0.22 1.08 ± 0.18 0.91 ± 0.34 0.83 ± 0.34 0.80 ± 0.30 0.76 ± 0.30
  Middle third 29 1.44 ± 0.24* 1.10 ± 0.25 1.02 ± 0.21 0.97 ± 0.22 0.95 ± 0.40 0.78 ± 0.32 0.75 ± 0.18* 0.63 ± 0.10*
  Apical third 16 1.05 ± 0.25* 0.75 ± 0.23 0.72 ± 0.15 0.72 ± 0.27 0.62 ± 0.22 0.59 ± 0.20 0.56 ± 0.16* 0.47 ± 0.11*
Second premolar
  Coronal third 0 - - - - - - - -
  Middle third 9 1.37 ± 0.11* 1.20 ± 0.26 0.97 ± 0.20 0.96 ± 0.29 0.86 ± 0.35 0.54 ± 0.19* 0.75± 0.18* 0.72 ± 0.23*
  Apical third 4 0.83 ± 0.24 0.72 ± 0.22 0.68 ± 0.25 0.60 ± 0.08 0.37 ± 0.20 0.36 ± 0.25 0.56 ± 0.21 0.54 ± 0.36

Values are presented as number only or mean ± standard deviation.
*Statistically significant (p < 0.05).
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significantly thicker than the other walls (p < 0.05). The 

thicknesses of the M3 and D1 walls were significantly 

lower than all the other walls (p < 0.05); however, the 

difference was not significant for M1, M2, and M4 (p > 

0.05). Although the mean thickness of the M3 wall was 

lower than that of the D1 wall, the difference was not 

significant (p > 0.05).

The minimum dentin thickness measurement at the 

apical level was 0.47 mm for the first premolars and 0.36 

mm for the second premolars. The mean dentin thick-

nesses of the M3 wall for the first premolars and M1 and 

M2 walls for the second premolars were below 0.5 mm 

at the apical level.

Comparison of the first and second premolars for root 
dentin thickness
No C-shaped morphology was observed at the coronal 

level of second premolars; therefore, no comparison 

could be made between the measurements of the two 

premolars at this root level. Regarding middle level, the 

M1 wall was significantly thinner in the second pre-

molars (p = 0.04). No difference was observed between 

dentin thicknesses of the first and second premolars at 

the apical level (p > 0.05).

Comparison of the first and second premolars for root 
dentin thickness of C1- and C2-type canals
The mean dentin thicknesses of the C1- and C2-shaped 

first premolars are presented in Table 3. Among 32 

C-shaped first premolars, six canals exhibited C1-type 

and 26 canals showed C2-type canal configuration (Fig-

ure 4A and D, 4B and E). The buccal wall was the thick-

est, followed by L and D2 walls at all levels of C1- and 

C2-type premolar roots; however, the difference was 

significant only at middle and apical levels of the C2-

type first premolars (p < 0.05). At the apical level, the M1 

and M3 walls of C1-type first premolars were thinner 

than those of C2-type first premolars (p = 0.036 and p = 

Table 3. The root dentin thickness measurements of C1 and C2-shaped first premolars

Premolar
Number of axial 
cross-sections 

(n)
Buccal Lingual

Mean dentin thickness (mm)
D1 D2

M1 M2 M3 M4

C1-shaped first premolar
  Coronal third 1 1.55 1.55 0.60 0.65 0.60 0.95 1.00 1.05
  Middle third 6 1.25 ± 0.15* 1.13 ± 0.14 0.72 ± 0.14 0.82 ± 0.29 0.57 ± 0.08 0.82 ± 0.21 0.65 ± 0.10 0.96 ± 0.09
  Apical third 6 0.83 ± 0.15* 0.79 ± 0.30 0.46 ± 0.16* 0.51 ± 0.08 0.39 ± 0.10* 0.58 ± 0.24 0.48 ± 0.19 0.67 ± 0.20
C2-shaped first premolar
  Coronal third 2 1.50 ± 0.70 1.45 ± 1.06 0.90 ± 0.42 1.05 ± 0.35 1.00 ± 0.28 1.15 ± 0.21 0.90 ± 0.42 1.35 ± 0.21
  Middle third 26 1.48 ± 0.24* 1.09 ± 0.27 0.80 ± 0.35 0.97 ± 0.42 0.64 ± 0.10 1.01 ± 0.21 0.77 ± 0.18 1.03 ± 0.23
  Apical third 10 1.17 ± 0.21* 0.73 ± 0.19 0.68 ± 0.18* 0.69 ± 0.26 0.53 ± 0.09* 0.81 ± 0.26 0.61 ± 0.12 0.75 ± 0.12

Values are presented as number only, mean only, or mean ± standard deviation.
*Statistically significant (p < 0.05).

Figure 4. Cone-beam computed tomography (CBCT) images depict-
ing the most prevalent C-shaped canal configurations in mandibular 
first and second premolars. Coronal and axial CBCT images showing 
(A, D) mandibular first premolar with a C2-type canal configuration, 
(B, E) mandibular first premolar with a C1-type canal configuration, 
and (C, F) mandibular second premolar with a C2-type canal config-
uration.

AA

DD

BB

EE

CC

FF



Dentin thickness of C-shaped premolars

https://doi.org/10.5395/rde.2025.50.e18 7/10

0.02, respectively). Since all of the nine second premo-

lars showed only C2 canal configuration (Figure 4C and 

F), no further comparison could be done.

DISCUSSION

The C-shaped canal morphology is a challenging ana-

tomical variation associated dominantly with mandib-

ular second molars. However, it can be seen in mandib-

ular premolar and maxillary molar teeth as well [8,17]. 

Although few studies have investigated the C-shaped 

canal morphology in premolar teeth, it has been gener-

ally accepted that the C-shaped configuration has a low-

er prevalence in mandibular premolars as compared to 

mandibular molar teeth. Yet, similar anatomical char-

acteristics were reported [5,7]. A longitudinal radicular 

groove on the external root surface, which is associated 

with the presence of C-shaped canal anatomy, is a com-

mon feature in both C-shaped mandibular molar and 

premolar teeth [4,7]. It is acknowledged that the prox-

imity of C-shaped canals to radicular grooves, as well as 

the increase in the depth of the groove, creates danger 

zones resulting in decreased thickness in dentin walls 

of the root canal, creating a higher risk for stripping per-

foration [18,19]. Therefore, knowledge of the minimum 

thickness of dentin walls close to the radicular groove is 

critical to avoid complications and failures during end-

odontic instrumentation.

The C-shaped canal morphology, including the struc-

tural features of danger zones, has been extensively 

evaluated in maxillary and mandibular molars [20,21] 

and maxillary premolars [22,23]. On the other hand, 

there are only a couple of studies that have evaluated 

the prevalence and morphology of C-shaped canals 

in mandibular first and second premolar teeth [8–10]. 

However, to our knowledge, the presence of danger 

zones, in other words, the assessment of root dentin 

thickness in C-shaped mandibular first premolars, has 

been rarely studied [12–14], and no study has investi-

gated the root dentin thickness in C-shaped mandibular 

second premolars. Furthermore, all of the above-men-

tioned studies have used micro-computed tomography 

(micro-CT) and ex vivo methodology for the evaluation 

of C-shaped canals. Therefore, the present study is the 

first to evaluate the root dentin thicknesses of C-shaped 

second premolar teeth along with the first premolars 

using clinical CBCT images.

According to the results obtained, the cross-sectional 

morphology of the root canals of mandibular premolar 

teeth showed a wide range of anatomical variations 

from the coronal to the apical root level. According to 

the results, C-shaped morphology was rarely observed 

in the coronal level of first premolars and not seen at 

the coronal level of second premolars. C2 was predom-

inant in the middle and apical root levels of both first 

and second premolars. These findings suggest complex 

canal morphology in C-shaped premolars is compel-

ling for clinicians both from a diagnostic and practical 

perspective. Anatomically complex canals or additional 

root canals in mandibular premolar teeth may be easily 

overlooked in periapical radiographs. Moreover, the 

C-shaped canals cannot be easily detected with two-di-

mensional images [24]. Even though the sudden nar-

rowing of the root canal and a change in density as well 

as taurodont appearance [25] resulting from the deeply 

placed pulp chamber [26] in periapical images give a 

clue about the canal bifurcation (groove) signaling a 

thin root dentin, definitive diagnosis of C-shaped canal 

and details regarding morphology requires three-di-

mensional imaging [27]. In this context, CBCT is the 

primary three-dimensional imaging method widely rec-

ommended for the diagnosis of anatomically complex 

root canal systems since the clinical use of micro-CT is 

not suitable [28]. However, it should be noted that, as 

used in the present study, only high-resolution images 

with sub-millimeter spatial resolution obtained with a 

limited FOV are applicable for the detection of C-shaped 

canals and for the accuracy of measurement of dentin 

wall thicknesses.

Our results revealed that the thinnest dentin wall in 

the first premolars was M3, while it was M1 wall for the 

second premolar teeth. This finding supports the previ-

ous results that all C-shaped premolars had an external 

radicular groove in the mesiolingual position, and the 

minimum dentin thickness was dominantly found at the 

mesial walls in the middle and apical root thirds [12,14]. 

Similar to the presented findings, previous studies have 

demonstrated that D1 and M3 walls were significantly 

thinner than the other dentin walls for the C-shaped 

mandibular first premolars and that the mesial wall was 
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significantly thinner than the distal wall at the middle 

and apical thirds of C-shaped first premolars [12,14]. 

This finding is also valid for second premolar teeth 

however, no significant difference was found between 

dentin thicknesses of M3 and D1 walls at the apical third 

of C-shaped second premolars. The discrepancy in the 

results may be due to the use of different classification 

methods for C-shaped canals, as well as due to the qual-

ity of the images used to evaluate C-shaped morphology 

and measure dentin thicknesses. Many previous studies 

have demonstrated that the spatial resolution of the im-

ages has a significant impact on measurement accuracy 

[29–31].

In accordance with previous findings, the present-

ed results revealed that danger zones for mandibular 

first premolars are D1 and M3 walls [13]. Given the low 

prevalence of C-shaped morphology in premolar teeth 

[10,16], no studies can be found in the literature that 

have investigated the root dentin thickness of mandib-

ular second premolars. Our findings revealed that in 

addition to the D1 and M3 walls, dentin thicknesses of 

M1 and M2 walls were thinner than 0.5 mm and there-

fore present high potential danger zones for mandibular 

second premolars at the apical root third. Even though 

the sample size of C-shaped second premolars was low 

in this study, our findings provide important informa-

tion regarding the complex morphology of C-shaped 

canals and the thinness of M1, M2, M3, and D1 walls of 

mandibular second premolars. Although more studies 

with higher sample sizes are required to support these 

findings, it is still possible to recommend meticulous 

choice of endodontic instrument type and use of ad-

vanced equipment such as operating microscopes and 

dental loupes to sufficiently visualize and locate root 

canals with complex anatomy and avoid perforation in 

these thin dentin zones of second premolars. It may be 

advisable to further recommend the use of conserva-

tive shaping methods, meticulous irrigation, and warm 

gutta-percha obturation techniques during endodontic 

treatment of C-shaped premolar teeth [32–34].

According to the classification of Fan et al. [7], C1 and 

C2 were the most common C-shaped canal configu-

rations often observed at the middle and apical levels. 

Using Fan’s classification, Gu et al. [12] did not find any 

difference in root dentin thicknesses of C1 and C2 canal 

configurations. Contrary to this finding, we demonstrat-

ed a significant difference in dentin thicknesses of M1 

and M3 walls at the apical level of C2-shaped first pre-

molars. This finding is important considering that the 

C-shaped canal in mandibular premolar teeth may not 

continue as a single C-shaped form from the CEJ up to 

the apex [7,25]. In this case, C-shaped morphology may 

go easily undetected and may create an increased risk of 

stripping perforation, inadequate irrigation and disin-

fection, and accordingly, incomplete obturation, which 

may all lead to endodontic treatment failure.

The mean dentin thickness of C-shaped canals was 

reported to range from 0.25 to 0.66 mm in the apical 

and middle portions of the root [35]. In our study, these 

values varied from 0.36 mm to 1.44 mm for the same 

regions. As these measurements have been done before 

root canal instrumentation, one can expect that the root 

canals would be thinner, particularly in apical regions, 

after instrumentation. If conservative techniques such 

as anti-curvature filing and rotary instrumentation with 

low tapers are not employed, excessive dentin may be 

removed, causing complications from ledge formation 

to perforation [36–38]. In addition, root canal filling 

of C-shaped teeth also poses a problem. It has been 

speculated that compaction forces during obturation 

can exceed the resistance of the root canal wall when 

the remaining thickness of dentin is 0.2 to 0.3 mm after 

instrumentation [39]. This may inevitably cause a root 

fracture. Therefore, warm gutta-percha techniques in-

stead of cold lateral compaction will be safer and more 

suitable for the three-dimensional filling of C-shaped 

root canals [38,40].

CONCLUSIONS

The findings suggest that C-shaped canals in mandib-

ular first and second premolars were predominantly 

found in the middle third of the root. In general, while 

the buccal and lingual dentin walls were the thickest, the 

mesial dentin walls facing the external radicular groove 

were the thinnest. The results revealed that potential 

danger zones for C-shaped mandibular first and second 

premolars are predominantly the mesial and distal walls 

of the lingual canal. However, the mesial walls of buccal 

canal facing the external radicular groove were extreme-
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ly thin at the apical root third of second premolar teeth, 

demonstrating additional danger zones.

Clinicians should be aware of this variation in den-

tin thicknesses of C-shaped root canals in mandibular 

premolars. CBCT imaging and further precautions are 

recommended to avoid complications during endodon-

tic treatment of C-shaped root canals of mandibular 

premolar teeth.
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Impact of post adhesion on stress distribution: an in silico study
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ABSTRACT

Objectives: This study aimed to evaluate the stress distribution in teeth restored with different post materials and bond-
ing conditions using finite element analysis (FEA).
Methods: A two-dimensional FEA model of a maxillary central incisor restored with IPS-Empress-2 crown (Ivoclar Viva-
dent), composite resin core, and posts were created. The model simulated bonded and non-bonded conditions for both 
fiber-reinforced composite (FRC) and titanium (Ti) posts. Stress distribution was analyzed using ANSYS 14.0 software 
under a 100-N load applied at a 45° angle to the long axis of the tooth.
Results: The results revealed that stress concentration was significantly higher in non-bonded posts compared to bonded 
ones. FRC posts exhibited stress values closer to those of dentin, whereas Ti posts demonstrated higher stress concentra-
tion, particularly in non-bonded states, increasing the potential risk of damage to surrounding tissues.
Conclusions: FRC posts, with elastic properties similar to dentin and proper adhesion, minimize stress concentration 
and potential damage to surrounding tissues. Conversely, materials with higher elastic modulus like Ti, can cause unfa-
vorable stress concentrations if not properly bonded, emphasizing the importance of post adhesion in tooth restoration.
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INTRODUCTION

Endodontically treated teeth are generally considered 

mechanically compromised due to the loss of den-

tal tissue resulting from caries, previous restorations, 

crown fractures, and the access cavity preparation for 

root canal treatment. The reduction in dentin moisture 

content and structural integrity further decreases their 

fracture resistance [1]. Consequently, such teeth require 

additional restorative interventions, ranging from direct 

composite resin restorations and onlays to full-coverage 

crowns, depending on the extent of tissue loss. In cases 

where substantial coronal destruction compromises 

retention and resistance, a post is inserted into the root 
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canal to serve as a core substitute, subsequently sup-

porting the final restoration [2].

Posts are available in various materials, shapes, and 

dimensions, broadly categorized into prefabricated and 

cast posts [2,3]. Prefabricated posts are advantageous in 

terms of time efficiency and cost-effectiveness; howev-

er, they may exhibit interfacial gaps or bubbles between 

the post and core material, and their adaptability to 

the canal morphology is limited. In contrast, cast posts, 

fabricated as a single unit with the core, offer superior 

adaptation but necessitate additional clinical visits and 

laboratory procedures.

The reinforcement effect of post placement in end-

odontically treated teeth remains a subject of debate [4–

6]. Some studies have reported that posts reduce stress 

within dentin, while others have suggested that they 

increase the risk of root fractures [7,8]. Finite element 

analysis (FEA) and experimental studies have provided 

conflicting findings, with evidence indicating that posts 

do not significantly enhance the strength of root dentin 

under static or fatigue conditions [7,8].

Post materials vary from metals to fiber-reinforced 

composites (FRC), each exhibiting distinct mechanical 

properties. Materials with a high elastic modulus, such 

as titanium (Ti) and zirconia, efficiently withstand ap-

plied forces but may induce stress concentration within 

the root structure due to their rigidity [9]. Duret et al. [10] 

proposed that the ideal post should possess an elastic 

modulus similar to dentin, advocating for carbon fiber 

posts due to their comparable mechanical behavior 

(elastic modulus, 21 GPa vs. dentin, 18 GPa). Similarly, 

FRC posts have been shown to distribute stress more 

evenly, reducing the risk of catastrophic root fractures 

[3,11]. In contrast, metal posts, including Ti, stainless 

steel, and zirconia, exhibit significantly higher elastic 

moduli, leading to increased apical stress concentration 

and a greater likelihood of unfavorable root fractures 

[11–15].

Initially, post retention relied on mechanical reten-

tion, but due to the associated risk of root fractures, ad-

hesive bonding techniques have become the preferred 

approach [2]. Zinc phosphate and polycarboxylate ce-

ments, which offer inadequate adhesion to both dentin 

and posts, have largely been replaced by resin cements. 

Resin cements demonstrate superior adhesion, partic-

ularly when used with FRC posts, and have been associ-

ated with improved long-term survival rates in clinical 

practice [16].

Post retention is influenced by multiple factors, in-

cluding post material, shape, surface texture, thickness, 

length, and adhesion to the luting cement [17–19]. 

Among these, post length is particularly critical, with 

various studies recommending it be at least equal to the 

crown length, extend to at least two-thirds of the root 

length, or reach at least the midpoint between the alve-

olar crest and the root apex [2,14,20–22]. Unlike metal 

posts, FRC posts achieve retention through adhesion 

with resin cement. The effectiveness of this bond is 

determined by the resin cement type, post surface treat-

ment, and the bonding protocol used [23–26].

The present study aims to evaluate stress distribution 

variations between bonded and non-bonded conditions 

of FRC and Ti posts under identical loading conditions 

using FEA. In clinical practice, Ti posts are typically used 

in a non-bonded state, relying on mechanical retention. 

In contrast, FRC posts benefit from adhesive bonding, 

which enhances retention and stress distribution within 

the root canal. This fundamental difference between 

FRC and Ti posts allows for a direct comparison of their 

mechanical behavior under bonded and non-bonded 

conditions. By analyzing the impact of post adhesion, 

this study seeks to provide insights into the biomechan-

ical behavior of different post systems. We hypothesize 

that bonded post conditions will result in lower stress 

concentrations compared to non-bonded conditions, 

regardless of post material.

To the best of our knowledge, no studies have sepa-

rately evaluated the stress distribution within the post 

itself and in the surrounding dentin under both bonded 

and non-bonded conditions. Most FEA studies focus on 

overall stress patterns without distinguishing between 

stresses concentrated in the post and those affecting 

the dentin structure. However, in clinical practice, stress 

distribution in these two areas can differ significantly, 

influencing the long-term prognosis of post-retained 

restorations. Most previous FEA studies have assumed 

complete bonding between the post and dentin, which 

does not fully represent clinical reality. Metal posts, 

such as Ti, cannot achieve adhesion, whereas FRC 

posts rely on adhesive bonding, which serves as a sig-



Impact of post adhesion on stress

https://doi.org/10.5395/rde.2025.50.e19 3/12

nificant advantage in clinical applications. However, 

the implications of this difference in bonding on stress 

distribution remain insufficiently explored. Therefore, 

this study addresses this gap by comparing bonded and 

non-bonded states for both Ti and FRC posts, provid-

ing clinically relevant insights into their stress behavior 

and implications for long-term success. Furthermore, 

by analyzing stress distribution separately in both the 

post and dentin, this study provides a more detailed 

understanding of how bonding conditions influence 

mechanical behavior. This differentiation is crucial, as 

non-bonded conditions can lead to localized stress ac-

cumulation in the post or dentin, potentially affecting 

clinical outcomes.

METHODS

Design and materials of the finite element model
Based on the human maxillary central incisors, a 

two-dimensional (2D) tooth model was created by 

sectioning buccolingually. After removing the coronal 

portion, the crown was reconstructed with a post, core, 

and a 2 mm thick IPS-Empress-2 ceramic (Ivoclar Viva-

dent, Schaan, Liechtenstein) crown (Figure 1A). The 

total length of the tooth was set to 23 mm, the diameter 

of the post to 1.4 mm, and the total length of the post to 

13 mm, based on previous studies that utilized the same 

anatomical dimensions for FEA of maxillary central in-

cisors in post-retained restorations [27,28]. The exposed 

post above the root was fixed at 1.6 mm, with 11.4 mm 

of the post embedded in the root, and 4 mm of gut-

ta-percha. The embedded post was subjected to bonded 

or non-bonded conditions with core composite, dentin, 

and gutta-percha. The dimensions of the tooth model, 

including the 1.4 mm post diameter and 2 mm crown 

thickness, are shown in Figure 1B. The IPS-Empress-2 

ceramic crown was modeled with a total thickness of 2 

mm, comprising 0.8 mm inner thickness and 1.2 mm 

outer thickness. Both Ti posts and FRC posts were used, 

and the core was modeled with core composite resin. 

The FRC post used in this study was the D.T. Light-Post 

(BISCO Inc., Schaumburg, USA), and its material prop-

erties were obtained directly from the manufacturer. 

The Ti post used in this study was the ParaPost XH Ti-

tanium Post (Coltène/Whaledent Inc., Cuyahoga Falls, 

OH, USA), and its mechanical properties were refer-

enced from a previous study [27]. Ti posts were included 

in this study as a positive control due to their significant-

ly higher elastic modulus compared to dentin and their 

typical use in a non-bonded state [11,27,28]. This allows 

for a clearer evaluation of the effect of post adhesion by 

providing a distinct contrast with FRC posts. The mate-

rial properties of the designed 2D model, including the 

elastic modulus (E) and Poisson’s ratio (υ), are shown in 

Table 1 [27–29].

The mesh generation, boundary conditions, and load-

Figure 1. Materials and finite element model design for tooth restoration analysis. (A) Materials involved in the investigated model. (B) Dimen-
sions of the investigated model of a tooth restored with a cylindrical post and IPS-Empress-2 crown. (C) Finite element model for analysis. FRC, 
fiber-reinforced composite; Ti, titanium. IPS-Empress-2: Ivoclar Vivadent, Schaan, Liechtenstein.
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ing directions for the 2D FEA model of this study are 

shown in Figure 1C. The number of elements and nodes 

for each material in the entire model used for analysis is 

listed in Table 2. Each element was modeled as a 4-node 

quadrilateral element with incompatible nodes under 

plain strain conditions using Auto Mesh function of AN-

SYS Workbench ver. 14.0 (ANSYS Inc., Canonsburg, PA, 

USA) .

Finite element analysis and boundary conditions
A finite element model was created based on mea-

surements of an extracted maxillary central incisor 

fully restored with a ceramic crown, composite resin 

core, and cylindrical posts (either Ti or FRC). Figure 

1C shows the mesh generation and boundary condi-

tions of the 2D finite element model. For the boundary 

conditions of the analysis, the nodes along the x-axis at 

the bottom of the cancellous bone were fixed either in 

the y-direction or in both the x- and y-directions. The 

nodes in the same length portion as the upper part of 

the gutta-percha were fixed in both x- and y-axes, while 

the remaining nodes were fixed only in the y-axis direc-

tion. These boundary conditions were established fol-

lowing previous studies on FEA of post-retained teeth, 

which analyzed the effects of different post designs 

and loading directions on stress distribution in root 

and periodontal structures. Additionally, the general 

principles for defining boundary conditions in finite 

element modeling were applied based on established 

computational biomechanics guidelines [29,30]. A load 

of 100 N (≈10 kg) was applied at a 45° angle to the long 

axis of the tooth on the concave central lingual surface 

(right side of the model). The analysis was performed 

using the commercial software ANSYS 14.0. The anal-

ysis was conducted for two types of posts, Ti and FRC, 

each with a diameter of ϕ1.4 mm and a total length of 

13 mm. In all cases, 1.6 mm of the post was embedded 

and fixed in the core, with the remaining portion of 11.4 

mm implanted in the dentin part of the root. The core, 

dentin, and gutta-percha in contact with the posts were 

analyzed under bonded and non-bonded conditions 

for both Ti and FRC posts. However, Ti posts are gen-

erally used in a non-bonded state in practice, so the 

analysis was conducted under both fully bonded and 

Table 1. Material properties used in Finite element models
Material Young’s modulus (E) (MPa) Poisson’s ratio (υ) Note
Crown 100,000 0.25
  IPS-Empress-2 layering ceramic [28] 65,000 0.19
  IPS-Empress-2 layering ingot [28] 12,000 0.30
Core composite [27] 18,600 0.31
Dentin [29]
Post 112,000 0.33 Bonded or non-bonded
  Titanium [27] 15,000 0.29
  FRC 68.9 0.45
Periodontal ligament [29] 13,700 0.30
Cortical bone [29] 0.69 0.45
Gutta-percha [29] 1,370 0.30
Cancellous bone [29]

FRC, fiber-reinforced composite.
IPS-Empress-2: Ivoclar Vivadent, Schaan, Liechtenstein. FRC: D.T. Light-Post, BISCO Inc., Schaumburg, IL, USA (information given by the manufactur-
ers).

Table 2. Number of elements on used meshes
Material Number of elements Number of nodes
Crown
  Ceramic 638 2,125
  Ingot 617 2,062
Core composite 505 1,650
Dentin 3,730 11,692
Post (FRC, titanium) 950 3,061
Ligament 603 2,214
Cortical bone 1,396 5,109
Gutta-percha 33 158
Cancellous bone 3,645 11,306
Total elements 12,117

FRC, fiber-reinforced composite.
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non-bonded assumptions. For FRC posts, although they 

are initially bonded during implantation, continuous 

repeated loading during use can lead to partial or com-

plete non-bonding. Therefore, analyses were performed 

under both fully bonded and non-bonded assumptions.

Based on the boundary conditions, the analysis was 

performed under single compressive loading condi-

tions by applying loads. The stress distribution of max-

imum principal stress for each material was analyzed 

to understand stress concentration and characteristics. 

Finally, by examining the stress concentration in posts 

and dentin under bonded and non-bonded conditions 

of different post materials, the characteristics based on 

the material and bonding conditions were identified. 

The analysis was conducted using the FEA tool ANSYS 

14.0 Workbench under plane strain conditions for a 2D 

analysis.

RESULTS

In a model sectioned parallel to the tooth’s long axis, 

the applied load of 100 N (≈10 kg) at a 45° angle to the 

long axis at the central part of the lingual surface was 

analyzed for stress distribution using FRC and Ti posts, 

both with a length of 11.4 mm implanted in the root and 

a total length of 13 mm. The maximum principal stress 

distribution patterns were analyzed to confirm stress 

concentration and distribution trends under bonded 

and non-bonded conditions with surrounding materi-

als.

The maximum principal stress values for the entire 

model, dentin, posts, and core composite under load, 

applied at the central concave part of the lingual surface 

at a 45° angle to the x-axis, are shown in Table 3. In all 

four conditions (bonded and non-bonded states for 

FRC and Ti posts), the maximum stress values in the 

entire model were similar, with slightly higher values in 

non-bonded conditions. This trend was also observed 

in the dentin.

However, in posts, the maximum stress concentration 

values in non-bonded states were significantly higher 

than in bonded states for both post materials. The FRC 

posts showed about a 27-fold increase, while the Ti 

posts showed about a 14-fold increase, indicating a sig-

nificant increase in stress concentration in FRC posts. 

This is because the strength of FRC posts is approxi-

mately one-sixth that of Ti posts. Both FRC and Ti posts 

in bonded conditions and FRC posts in non-bonded 

conditions exhibited high stress concentration values in 

the dentin. In contrast, Ti posts in non-bonded condi-

tions showed higher stress concentration values in the 

posts.

The stress distribution patterns under different bond-

ing conditions for FRC and Ti posts are presented in Fig-

ure 2. The maximum principal stress was concentrated 

at the upper outer dentin near the contact area with the 

ceramic. A force applied at a 45° angle to the long axis 

is similar to a bending force. The slightly higher maxi-

mum value of the FRC posts compared to the Ti posts is 

attributed to the stronger material properties of the Ti 

posts under bending loads.

The stress concentration in posts and dentin under 

bonded and non-bonded conditions is illustrated in Fig-

ure 3. Only the non-bonded Ti post showed maximum 

stress concentration at the upper buccal corner, while 

the other three conditions showed stress concentration 

at the upper outer dentin (Figure 3D). The maximum 

stress concentration values in dentin were similar un-

der bonded and non-bonded conditions, with slightly 

higher values in non-bonded states. Both post materials 

Table 3. Maximum of von Mises stress in all body, dentin, post, and crown under load

Variable
Maximum principal stress (MPa)

FRC Titanium
Bonded Non-bonded Bonded Non-bonded

All body 996.90 1,043.60 986.74 1,019.70
Post 14.797 399.60 46.01 666.64
Dentin 429.91 438.89 426.06 431.03
Core composite 15.67 203.39 14.06 196.82

FRC, fiber-reinforced composite.
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Figure 2. Maximum principal stress distribution across the tooth 
model under load conditions. (A) Maximum stress of tooth model 
with bonded fiber-reinforced composite (FRC) post under load. (B) 
Maximum stress of tooth model with non-bonded FRC post under 
load. (C) Maximum stress of tooth model with bonded titanium 
(Ti) post under load. (D) Maximum stress of tooth model with 
non-bonded Ti post under load.
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showed increased stress concentration in posts and 

dentin under non-bonded conditions. Non-bonded 

FRC posts showed lower stress concentration values 

than dentin, while non-bonded Ti posts showed 1.6 

times higher stress concentration values than dentin, 

with significant stress at the edges in contact with den-

tin. This indicates that non-bonded posts have reduced 

resistance to bending loads, leading to increased stress 

concentration in the posts and surrounding materials.

Stress concentration was observed in the lingual can-

cellous bone and dentin area, with stress also concen-

trated at the lingual dentin and post areas. In non-bond-

ed states, stress was concentrated at the upper and 

lower ends of the post, and at the upper lingual dentin 

edge in contact with the post. Stress concentration was 

mainly in the lingual dentin, not the posts. FRC posts 

showed maximum stress values in dentin 36 times high-

er than in posts, while Ti posts showed 13 times higher 

stress values in dentin, with a three-fold greater increase 

in FRC posts than Ti posts.

Figure 4 shows the detailed stress distribution in the 

core composite, post, and dentin under bonded and 

non-bonded conditions. Bonded posts had lower stress 

concentration values than dentin, while non-bonded 

posts showed significantly higher stress concentration 

than bonded states (Figure 4B). Bonded FRC posts 

showed maximum stress concentration at the right edge 

in contact with dentin and core, while non-bonded FRC 

posts showed maximum stress concentration at the 

upper buccal edge and high stress at the boundary with 

dentin. Ti posts showed stress concentration at the low-

er part and upper contact edges, with maximum stress 

concentration at the lower buccal edge in bonded states 

and upper buccal edge in non-bonded states. Under 

load, non-bonded posts showed several-fold increases 

in maximum stress concentration values, with more 

complex stress distribution. Posts may transition from 

bonded to non-bonded states under repeated loads, 

leading to increased stress concentration and potential 

damage to surrounding tissues, emphasizing the impor-

tance of post adhesion in tooth restoration.

Figure 4C shows stress distribution in dentin under 

bonded and non-bonded conditions, with similar pat-

terns and slightly higher stress concentration values in 

non-bonded states, concentrated at the upper buccal 
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Figure 3. Maximum stress distribution of maximum principal stress in post and dentin of tooth model under load: (A) bonded fiber-reinforced 
composite (FRC), (B) non-bonded FRC, (C) bonded titanium (Ti), and (D) non-bonded Ti.
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Figure 4. Maximum stress distribution of maximum principal stress in tooth model under load: (A) core composite, (B) post, and (C) dentin. FRC, 
fiber-reinforced composite; Ti, titanium.
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corner. Non-bonded conditions also showed stress con-

centration at the dentin in contact with the post lower 

edges, indicating the potential for internal fractures due 

to stress concentration.

Figure 4A shows the maximum principal stress dis-

tribution in the core composite. Bonded FRC posts 

showed stress concentration away from post contact ar-

eas, while non-bonded conditions in both posts showed 

stress concentration at the upper post and lower core 

edges, significantly increasing stress concentration 

values by 13-fold in non-bonded states. This highlights 

the importance of effective load distribution in bond-

ed states to prevent stress concentration and potential 

tooth damage.

DISCUSSION

This study employed a 2D FEA method that provides 

easily interpretable results compared to three-dimen-

sional (3D) FEA and excluded the cement layer between 

the root dentin and the post. While 3D models offer a 

more comprehensive simulation of complex anatomical 

structures and occlusal forces, they require significant-

ly higher computational resources and more complex 

meshing processes. In contrast, 2D FEA allows for effi-

cient analysis with well-controlled boundary conditions 

and has been widely used in previous studies for eval-

uating stress distribution in post-retained restorations 

[27–30]. Although the 2D model has limitations in fully 

replicating the 3D biomechanical behavior of teeth and 

surrounding tissues, it is a widely accepted approach 

for comparative stress analysis and remains a valuable 

tool for preliminary evaluations in dental biomechanics 

research. This is because the elastic modulus of resin 

cement is not significantly higher than that of dentin, 

and there is limited information on the thickness of the 

cement layer encountered in clinical practice.

Posts used clinically are made from various materials, 

including gold alloys, Ti, stainless steel, ceramics, zirco-

nia, and FRC. FRC posts are manufactured by embed-

ding carbon fibers, quartz, or glass fibers in epoxy resin 

or methacrylate resin [3,9]. The fibers are aligned paral-

lel to the post’s long axis, with diameters of 6 to 15 µm. 

The number of fibers in the post’s cross-section varies 

by type, ranging from 25 to 30 fibers, occupying 30% to 

50% of the area. Adhesion between the fibers and resin 

matrix is enhanced by silanization before embedding. 

Strong interfacial adhesion between fibers and the res-

in matrix allows stress transfer from the matrix to the 

fibers, essential for effective reinforcement properties 

[9,31].

Previous FEA studies related to stress distribution in 

posts did not consider different interface conditions, 

implying that both metal and FRC posts were bonded 

to the dentin. However, metal posts are not actually 

bonded to the cement, and FRC posts can become 

non-bonded over time due to increased fatigue stress. 

In this study, models of both bonded and non-bonded 

states of Ti and FRC posts were created and analyzed, 

considering actual usage conditions. Unlike previous 

studies, which assumed complete bonding of posts to 

the root, dentin, and composite resin core, this study 

accounted for the realistic conditions of usage [11]. Ti 

posts generally remain in a non-bonded state upon im-

plantation, whereas FRC posts maintain a bonded state 

due to silanization. However, some may mistakenly be-

lieve that metal posts are bonded to surrounding tissues 

due to their excellent mechanical properties, expecting 

superior performance in use [9]. From an engineering 

perspective, repeated loading on a non-bonded contact 

state leads to fretting, which can damage surrounding 

tissues due to the post material’s excellent mechanical 

properties [11]. FRC posts, despite being bonded ini-

tially, may also become non-bonded due to repeated 

masticatory loads and moisture absorption by the ce-

ment [24]. Therefore, it is necessary to predict potential 

non-bonding scenarios. Consequently, the analysis 

included not only the bonded and non-bonded states of 

the materials but also the opposite conditions.

Ti posts, regardless of bonding, cannot avoid stress 

concentration due to their higher elastic modulus com-

pared to dentin. However, if Ti posts could be implanted 

in a bonded state, they might demonstrate better char-

acteristics despite the unavoidable risk of root fractures 

from stress concentration. Practically, bonding Ti posts 

during implantation is difficult. Thus, higher stress con-

centration in the post than dentin during non-bonded 

state loads may increase the risk of surrounding tissue 

damage. Conversely, FRC posts, while showing in-

creased maximum stress concentration in non-bonded 
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states, exhibit stress concentration values similar to 

those of dentin in both bonded and non-bonded states. 

Despite the limitations of this study, our findings sug-

gest that FRC posts may have less impact on surround-

ing tissue damage from stress concentration compared 

to metal posts.

Compared to bonded posts, non-bonded posts 

showed an increase in stress concentration. Our find-

ings underscore the critical role of adhesion in stress 

distribution. Non-bonded posts exhibited significant-

ly higher stress concentrations compared to bonded 

posts, particularly for Ti posts due to their high elastic 

modulus. This aligns with clinical observations where 

non-bonded posts increase the likelihood of mechani-

cal failures such as root fractures [11,16,28]. While FRC 

posts maintained more favorable stress distributions 

even in non-bonded states, their adhesion degradation 

over time cannot be overlooked [3]. In clinical practice, 

adhesive failure is a significant concern for FRC posts 

due to moisture absorption and fatigue stress [23,24]. 

This highlights the necessity of robust bonding tech-

niques and periodic assessment of bonded restorations. 

Future studies should explore the long-term effects of 

cyclic loading on adhesion degradation in FRC posts 

and investigate various materials or surface treatments 

to improve the durability of bonded restorations. Ad-

ditionally, clinical trials comparing the failure modes 

and survival rates of bonded and non-bonded posts in 

various patient populations are necessary to validate 

these findings in real-world scenarios. Importantly, pre-

vious FEA studies assumed ideal bonding conditions, 

which do not align with clinical realities, particularly for 

metal posts. Our study, by incorporating both bonded 

and non-bonded scenarios, bridges this research gap 

and provides a more accurate representation of post-re-

stored teeth under functional loads [11,16,23,29]. Addi-

tionally, Ti posts in non-bonded states exhibited higher 

stress concentration in the post compared to dentin 

under loads, whereas FRC posts showed lower values 

compared to dentin under loads. The load caused sig-

nificantly greater stress concentration and impact on 

posts and surrounding tissues, especially in non-bond-

ed states. FRC posts bonded to root canal dentin distrib-

uted stress uniformly to the dentin. While non-bonded 

FRC posts showed slight stress concentration at the 

post-dentin interface and root tip, the stress magnitude 

was not significantly higher than in dentin. This sup-

ports the conclusion of other studies that the primary 

failure cause of restorations with FRC posts is not root 

fracture but post non-bonding [11,12,23].

Therefore, ensuring the adhesion of FRC posts with 

resin cement to both the post and dentin is crucial for 

maintaining restorations. This includes proper surface 

treatment of the post, adhesion process, appropriate use 

of resin cement, and effective removal of gutta-percha, 

sealers, and other materials previously applied in the 

root canal during post hole preparation.

CONCLUSIONS

Considering all the limitations of this study, we can con-

clude that bonded FRC posts demonstrate a more fa-

vorable stress distribution compared to Ti posts, which 

exhibited higher stress concentration, particularly in 

non-bonded conditions. The results suggest that post 

adhesion plays a crucial role in minimizing mechanical 

complications and reducing the risk of surrounding tis-

sue damage.

Furthermore, our findings emphasize the importance 

of selecting appropriate post materials and ensuring 

proper bonding techniques to improve long-term clin-

ical outcomes. Clinicians should carefully consider the 

mechanical behavior of different post materials and the 

effects of bonding conditions when restoring endodon-

tically treated teeth. Future studies with 3D models and 

in vivo validation are needed to further explore the bio-

mechanical performance of post-retained restorations.
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Cleaning protocols to enhance bond strength of fiberglass posts on 
root canals filled with bioceramic sealer: an in vitro comparative study
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ABSTRACT

Objectives: This study aimed to evaluate whether the agitation protocols using ultrasonic inserts or the XP-endo Finisher 
R file improved the removal of two different endodontic sealer remnants and the bond strength of fiberglass posts to den-
tin.
Methods: Seventy-two human teeth were selected. The canals were prepared with Reciproc 50 and Easy ProDesign 
30/.10 and root filled according to the endodontic sealer groups: AH Plus or EndoSequence BC Sealer HiFlow. The sam-
ples were kept at 37ºC and 95% humidity for 28 days. During the post space preparation, the obturation was removed 
with Largo burs, and the groups were divided according to the irrigant agitation protocols (n = 12): no agitation, agitation 
with R1-Clearsonic associated with E1-Irrisonic ultrasonic inserts, or agitation with XP-endo Finisher R file. The fiber-
glass posts were cemented with RelyX ARC. The roots were sectioned into slices and submitted to the push-out test. Mi-
cro-computed tomography analysis was used to check the effectiveness of irrigating solution agitation in the elimination 
of remnants.
Results: The cleaning protocols with agitation were more effective in increasing the bond strength of posts to dentin for 
both sealer groups compared to non-agitation (p < 0.05). There was no difference between the same cleaning protocols 
for the different sealers. Among the different thirds, there was no statistical difference for the same sealer in the different 
cleaning protocols (p > 0.05).
Conclusions: Both agitation protocols effectively clean root-filled canals sealed with resin-based and calcium sili-
cate-based sealers during fiberglass post space preparation. These protocols result in improved bond strength compared 
to non-agitation methods.

Keywords: Calcium silicate; Endodontics; Fiberglass; Root canal obturation
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INTRODUCTION

Endodontically treated teeth often exhibit significant 

coronal destruction, requiring intraradicular retainers 

before coronal reconstruction [1]. Fiberglass posts are 

widely used due to their esthetic properties and favor-

able mechanical characteristics, such as an elastic mod-

ulus (18 GPa) similar to dentin (20 GPa). Additionally, 

their translucency allows light transmission into the 

canal, enhancing resin cement polymerization [2].

However, the bond strength of fiberglass posts can be 

affected by the type of endodontic sealer used for root 

canal filling. Some studies suggest that bioceramic seal-

ers may compromise adhesion, advising against their 

use when post placement is required [3–8]. Research 

consistently reports that canals filled with bioceramic 

sealers exhibit lower bond strength compared to those 

obturated with epoxy resin-based sealers. This reduced 

adhesion is attributed to the interaction between calci-

um ions released by bioceramic sealers and phosphate 

ions in dentin, leading to the formation of apatite crys-

tals and tag-like structures [9–11]. These mineral precip-

itates obstruct dentinal tubules, making their removal 

challenging using conventional endodontic techniques 

[12].

EndoSequence BC Sealer HiFlow (Brasseler USA, Sa-

vannah, GA, USA) is a ready-to-use bioceramic sealer 

that, according to the manufacturer, has low viscosity 

and greater radiopacity compared to its predecessor, 

BC Sealer. AH Plus (Dentsply Maillefer, Ballaigues, Swit-

zerland), on the other hand, is a well-established epoxy 

resin-based sealer widely recognized for its excellent 

physicochemical properties [13]. Comparative studies 

indicate that BC HiFlow leaves fewer remnants after 

retreatment [14] and exhibits higher cell viability [15]. 

However, AH Plus has lower solubility compared to BC 

HiFlow [15].

To enhance fiberglass post retention after removal 

of root canal filling, ultrasonic agitation has been pro-

posed as a cleaning strategy to eliminate residual sealer 

and improve dentin adhesion. The R2-Flatsonic ultra-

sonic insert (Helse Ultrasonic, Santa Rosa de Viterbo, 

Brazil) has shown promising results in increasing bond 

strength when resin-based sealers are used. However, its 

efficacy in removing bioceramic sealers remains uncer-

tain [16]. Other instruments frequently used in obtura-

tion removal include the R1-Clearsonic and E1-Irrisonic 

ultrasonic inserts (Helse Ultrasonic), and the XP-endo 

Finisher R file (FKG Dentaire, La Chaux-de-Fonds, Swit-

zerland), which will be evaluated in this study.

The R1-Clearsonic ultrasonic insert provides mechan-

ical action, scraping dentin walls to remove residual 

sealer [17]. The E1-Irrisonic insert facilitates irrigant 

agitation, enhancing fluid penetration into dentinal 

tubules [18]. Both inserts generate acoustic energy and 

vibration to break down mineral residues, potentially 

improving smear layer removal and hybrid layer forma-

tion for resin cement penetration.

The XP-endo Finisher R file is another promising al-

ternative for removing residual root canal filling. This 

file assumes a serpentine shape upon activation, allow-

ing it to stir the irrigating solution and reach complex 

anatomical areas. Studies indicate that it is more effec-

tive than ultrasonic inserts in removing bioceramic seal-

er [18–20]. Its MaxWire alloy composition enables an 8% 

taper expansion when transitioning from martensitic 

to austenitic phase at body temperature, improving its 

adaptability to irregular canal anatomy [18]. However, 

its impact on fiberglass post bond strength after sealer 

removal remains unclear.

Given these uncertainties, this study aimed to evalu-

ate whether agitation protocols using ultrasonic inserts 

(R1-Clearsonic and E1-Irrisonic) or the XP-endo Fin-

isher R file improve the removal of residual endodontic 

sealers (bioceramic and resin-based) and enhance the 

bond strength of fiberglass posts to dentin after cemen-

tation.

METHODS

Sample size
The sample size was justified through the sample calcu-

lation based on the previous methodologies by Özcan 

et al. [21] and Soares et al. [7]. The G*Power ver. 3.1 pro-

gram for Mac (Heinrich Heine University Dusseldorf, 

Germany) was used to compare more than two means 

with independent groups (analysis of variance, ANO-

VA), with a total of three groups, with an alpha error (α) 

of 0.05, a beta power (β) of 0.80, a standard deviation es-

timates of 2.53, and a minimum difference to be detect-
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ed at the value of 6.90. Twelve samples per group were 

indicated as the ideal size required.

Sample preparation
The approval of the Human Ethics Committee of the 

Piracicaba Dental School (FOP/Unicamp) (CAAE: 

30059020.9.0000.5418) was obtained before starting the 

research. This study used 72 single-rooted maxillary in-

cisor teeth. The teeth were radiographed using a digital 

sensor on the mesiobuccal and buccolingual planes to 

check the degree of curvature. Inclusion criteria: teeth 

with a curvature of at most 5° according to Schneider’s 

classification, single-rooted teeth with a single canal ac-

cording to Vertucci’s classification, and teeth with fully 

formed apices. Teeth with endodontic treatment, inter-

nal or external reabsorptions, root caries, cracks, and/or 

calcifications were excluded from the research [22].

The teeth were cleaned, and the crown was removed 

from the cementoenamel junction using a water-cooled 

diamond disc (Isomet100 PrecisionSaw; Buehler Ltd., 

Lake Bluff, IL, USA), leaving approximately 15 mm of 

root. The root canal cervical preparation was carried out 

with a 30./10 file at 6 mm from the apex (Easy ProDesign 

S; Easy Equipamentos Odontológicos, Belo Horizonte, 

Brazil) in continuous rotation at a speed of 950 revo-

lutions/min (rpm) and torque of 4 Ncm mounted on a 

VDW Silver motor (VDW GmbH, Munich, Germany). 

The Reciproc file system in sequence R25, R40, and R50 

instrumented the entire canal length at the foramen lev-

el and operated in “Reciproc all” mode using the same 

motor. During instrumentation, the canals were irrigat-

ed with a solution of 2.5% sodium hypochlorite (NaOCl) 

using a 30-gauge needle (NaviTip; Ultradent Products 

Inc., South Jordan, UT, USA) for a total of 10 mL in the 

whole irrigation. For this purpose, a layer of sticky wax 

was applied to the apical foramen to prevent liquid from 

leaking out of the canal. At the end of the instrumenta-

tion, passive ultrasonic irrigation was performed using 

the E1-Irrisonic insert mounted on a Newtron Booster 

ultrasonic device (Acteon North America, Mount Laurel, 

NJ, USA) at 30% power. The agitation was carried out at 

2 mm short of the working length, where it was applied 

2 mL of 2.5% NaOCl was applied into the root canal for 

three cycles of 20 seconds, totaling 6 mL and 1 minute. 

Soon after that, the same process was performed for 

ethylenediaminetetraacetic acid (EDTA) 17% and then 

with hypochlorite again. Finally, 5 mL of distilled water 

was introduced into the root canal for the final wash, 

and the canal was dried with absorbent Reciproc R50 

paper points (VDW GmbH).

Root canal filling
The root was randomized and distributed in two groups 

(n = 36) according to the sealer used in the canal filling, 

either EndoSequence BC Sealer HiFlow or AH Plus. 

Table 1 displays the components of the endodontic seal-

ers.

Single cone was the technique used for the obtura-

tion, and the sealers were prepared according to the 

manufacturer’s instructions. R50 gutta-percha points 

were coated with the sealer and inserted into the canal 

with apical pressure until reaching the working length. 

Posteriorly, the heated condenser cut the gutta-percha, 

and other cold condensers vertically condensed the 

filling material. The roots were kept at 37ºC and 95% hu-

midity for 28 days to ensure a complete bioceramic set.

Root canal filling removal
After this period, the filling material was removed from 

the 15 mm-long canals using Largo burs correspond-

ing to No. 1 Exact Pin Kit (Angelus, Londrina, Brazil), 

leaving 4 mm of gutta-percha in the apical third. A peri-

apical radiograph was taken to confirm the complete 

removal of the filling material from the dentinal walls.

Table 1. Composition of AH Plus and EndoSequence HiFlow sealers
Cement Batch Composition
EndoSequence BC Sealer HiFlow (Brasseler USA, 

Savannah, GA, USA)
1901SPWF Tricalcium silicate, dicalcium silicate, calcium hydroxide, zirconium oxide, and 

fillers
AH Plus (Dentsply Maillefer, Ballaigues,  

Switzerland)
1810000183 Paste A: Epoxide paste: bisphenol-A epoxy resin, bisphenol-F epoxy resin, calcium 

tungstate, zirconium oxide, aerosol, and pigment
Paste B: 1-adamantane amine N, N’-dibenzyl-5-oxa-nonandiamine-1,9TCD-Di-

amine, calcium tungstate, zirconium oxide, aerosol, and silicone
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Root canal cleaning
At this time, the root was randomized and subdivided 

into three groups (n = 20) corresponding to the cleaning 

protocol after root filling removal: group 1, ultrasonic 

agitation using R1-Clearsonic followed by E1-Irrisonic; 

group 2, agitation with XP-endo Finisher R; and group 3, 

no agitation. The cleaning sequence for each group was 

the following [18]:

Group 1 (US): The R1-Clearsonic tip mounted on a 

Newtron Booster ultrasonic device was used to remove 

and scrape clinging filling material in the dentinal wall 

of canals immersed with 2.5% NaOCl. After this process, 

the E1-Irrisonic tip, inserted 0.5 mm from the apical 

gutta-percha filling, and agitated 1 mL of this same solu-

tion for 30 seconds. Both the tips were set at power 1. 

Then, 5 mL of NaOCl washed the entire canal. After this, 

E1-Irrisonic agitated 1 mL of 17% EDTA for 30 seconds, 

and then the canal was washed with 5 mL of the same 

solution. In the next step, 1 mL of 2.5% NaOCl was agi-

tated for 30 seconds according to the previous protocol. 

Finally, irrigation with 5 mL of distilled water concluded 

the cleaning of the canal.

Group 2 (XP): The XP-endo Finisher R file was cou-

pled to a VDW Silver motor and operated in continuous 

rotation at a speed of 800 rpm with a torque of 1 Ncm 

inserted 0.5 mm from the apical gutta-percha filling. 

The file was agitated with 1 mL of 2.5% NaOCl, which 

was inserted into the root canal for 30 seconds. Then, 

5 mL of NaOCl washed the entire canal. After this, the 

file was agitated with 1 mL of 17% EDTA for 30 seconds, 

and then the canal was washed with 5 mL of the same 

solution. In the next step, 1 mL of 2.5% NaOCl was agi-

tated for 30 seconds according to the previous protocol. 

Finally, irrigation with 5 mL of distilled water concluded 

the cleaning of the canal.

Group 3 (control): A volume of 5 mL of 0.9% saline 

solution irrigated the canals without any agitation pro-

tocol using a 5 mL irrigation syringe and a 30-gauge 

NaviTip at 0.5 mm from the apical gutta-percha filling.

Quantitative analysis of the filling remnant
Cleaning efficiency was evaluated by micro-computed 

tomographic (micro-CT) images. For this quantitative 

analysis, five teeth from each group were selected and 

scanned after root filling removal and after the estab-

lished cleaning protocols using a micro-CT device, the 

SkyScan 1174 (Bruker microCT, Kontich, Belgium). The 

scanning parameters were standardized as follows: 50 

kV, 800 µA, 23.2-µm voxel side, 0.5-mm aluminum filter, 

and rotation steps of 0.7 and 3 frames. All scans were 

reconstructed with NRecon software (ver. 1.6.9; Bruker 

microCT) using the following parameters: smooth-

ing level of 5, ring artifact correction of 6, and 30% of 

beam-hardening correction. Afterward, the alignment 

of the scans of each tooth acquired after root filling re-

moval and after the cleaning protocol was performed 

using the 3D registration tool in Data Viewer software 

(Data Viewer ver. 1.5.1; Bruker microCT). Finally, the 

volume (mm3) of the filling remnant was quantified with 

the CTAn software (ver. 1.13; Bruker microCT) using a 

standardized threshold of gray values that allowed to 

distinguish of the root dentin from the filling remnant 

material.

Fiberglass post cementation
For the post cementation, 37% phosphoric acid etched 

the post space for 15 seconds, and 5 mL of distilled 

water rinsed the canal for 30 seconds. Then, absorbent 

paper points dried the entire dentinal walls. The adhe-

sion was performed using the Scotch Bond Multipur-

pose system (3M ESPE, St. Paul, MN, USA). Initially, the 

activator was applied into the canal with a microbrush, 

followed by the removal of excess with a paper point. 

The same process was carried out with the primer and 

catalyst. For the fiberglass post conditioning, 37% phos-

phoric acid was applied to the fiberglass post for 15 sec-

onds and rinsed with distilled water. Sequentially, the 

post received a silane layer (Ultradent Products Inc.) us-

ing a microbrush. The RelyX ARC dual resin cement (3M 

ESPE) was handled, following the manufacturer’s in-

structions, and taken to the Centrix-type syringe system 

(DFL, Rio de Janeiro, Brazil) to be applied inside the ca-

nal. Then, the post was inserted, adapted, and pressed 

for 20 seconds into the canal. The excess material on the 

root surface was removed. At the end, a Valo light curing 

unit (Ultradent Products Inc.) photopolymerized the 

system for 40 seconds. Each root was inserted into an 

individual Eppendorf tube containing moistened cotton 

at the base and labeled according to the correspond-

ing group. The moistened cotton was used to maintain 
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humidity and prevent dentin dehydration, avoiding 

potential bias in the push-out bond strength tests. The 

Eppendorf tubes were kept at 37ºC for 5 days. Table 2 

summarizes the cleaning and cementation protocol for 

the posts.

Push-out bond strengths
The 5-day-old samples were cut into three slices with 

a 1-mm thickness, each corresponding to one-third of 

the root canal (cervical, middle, and apical), using a 

water-cooled diamond disc. In sequence, the sample 

slice was positioned on the universal testing machine 

(Instron 4411; Instron, Norwood, MA, USA) with a 0.5-

mm diameter metal rod positioned in the center of the 

fiberglass post, applying mechanical load in a crown-

to-apex direction at a speed of 0.5 mm/min until the 

post displacement from the root slice. This loading was 

quantified in newtons (N). To calculate the area of the 

truncated cone, the following formula was used: A = π (R 

+ r) √h2 + (R − r)2. R is the radius of the coronal portion; 

r is the radius of the apical portion; and h is the height 

of the slice. The bond strength was calculated by divid-

ing the force in N by the area in mm2 and expressed in 

megapascals (MPa).

Table 2. Summary of the cleaning and cementation protocol
Group Cleaning protocol Fiber post cementation
Control • 5 mL of 0.9% saline solution irrigated the canals without any agita-

tion protocol using a 5-mL irrigation syringe and a 30-gauge NaviTip 
at 0.5 mm from the apical gutta-percha filling.

• Step 1: 37% phosphoric acid etched the post space for 15 
seconds, and 5 mL of distilled water rinsed the canal for 30 
seconds.

• Step 2: absorbent paper points dried the entire dentinal walls.
• Step 3: The activator (Scotch Bond Multipurpose system) was 

applied into the canal with a microbrush, followed by the 
removal of excess with a paper point.

• Step 4: The same process (step 3) was carried out with the 
primer and catalyst.

• Step 5: 37% phosphoric acid was applied to the fiberglass post 
for 15 seconds and rinsed with distilled water.

• Step 6: the post received a silane layer.
US • Step 1: R1-Clearsonic tip was used to remove and scrape clinging 

filling material in the dentinal wall of canals immersed with 2.5% 
NaOCl.

• Step 7: The RelyX ARC dual resin cement was handled and 
taken to the Centrix syringe system to be applied inside the 
canal.

• Step 2: E1-Irrisonic tip, inserted 0.5 mm from the apical gutta-percha 
filling, agitated 1 mL of this same solution for 30 seconds. Then, 5 mL 
of NaOCl washed the entire canal.

• Step 8: the post was inserted, adapted, and pressed for 20 
seconds into the canal. The excess material on the root surface 
was removed. At the end, a Valo light curing unit (Ultradent 
Products) photopolymerized the system for 40 seconds.• Step 3: E1-Irrisonic agitated 1 mL of 17% EDTA for 30 seconds, and 

then the canal was washed with 5 ml of the same solution.
• Step 4: E1-Irrisonic agitated 1 mL of 2.5% NaOCl for 30 seconds 

according to the previous protocol.
• Step 5: irrigation with 5 mL of distilled water concluded the cleaning 

of the canal.
XP • Step 1: XP-endo Finisher R file agitated 1 mL of 2.5% NaOCl inserted 

into the root canal for 30 seconds. Then, 5 mL of NaOCl washed the 
entire canal.

• Step 2: XP-endo Finisher R agitated with 1 mL of 17% EDTA for 30 
seconds, and then the canal was washed with 5 mL of the same 
solution.

• Step 3: XP-endo Finisher R agitated 1 mL of 2.5% NaOCl for 30 sec-
onds according to the previous protocol.

• Step 4: irrigation with 5 mL of distilled water concluded the cleaning 
of the canal.

EDTA, ethylenediaminetetraacetic acid; NaOCl, sodium hypochlorite; US, experimental group using an ultrasonic irrigation protocol; XP, experimen-
tal group based on the XP-endo Finisher R file.
Centrix-type syringe system: DFL, Rio de Janeiro, Brazil. E1-Irrisonic and R1-Clearsonic tips: Helse Ultrasonic, Santa Rosa de Viterbo, Brazil. NaviTip 
and Valo curing light: Ultradent Products Inc., South Jordan, UT, USA. RelyX ARC and Scotchbond Multipurpose: 3M ESPE, St. Paul, MN, USA. XP-endo 
Finisher R file: FKG Dentaire, La Chaux-de-Fonds, Switzerland.
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Failure mode
The failure mode after the push-out test was evaluated 

using a stereomicroscope (LEICA MZ7.5; Leica Mi-

crosystems, Wetzlar, Germany) under 50× magnifica-

tion. The fractures were classified as adhesive between 

dentin and cement, adhesive between post and cement, 

cohesive into dentin, cohesive into fiberglass post, co-

hesive into cement, or mixed failure.

Adhesive interface and nanoleakage with ammoniacal 
silver nitrate analysis
A root from each group was selected to obtain an extra 

slice to analyze the adhesive interface and nanoleakage. 

For this test, the slice of each group was immersed in 

ammoniacal silver nitrate solution in an Eppendorf tube 

covered with aluminum foil for 24 hours at 37ºC. After 

this time, the slices were rinsed with distilled water for 

1 minute. Then, in other labeled Eppendorf tubes, con-

taining 1 mL of developer solution, the sections were 

immersed and kept under fluorescent light for 8 hours. 

Next, the slices were rinsed with distilled water irriga-

tion for 1 minute and embedded in epoxy resin to make 

stubs. After inclusion and resin polymerization, the 

stubs were polished with constant irrigation in the or-

der of sandpaper 600 for 4 minutes, 1000 for 5 minutes, 

and 2000 for 5 minutes, respectively. At each sandpaper 

change, the stubs were cleaned in an ultrasonic vat with 

distilled water for 5 minutes. Sequentially, the stubs 

were polished with a felt disk, applying a small propor-

tion of 1-µm diamond paste for 2 minutes. Finally, the 

stub was cleaned in an ultrasonic vat for 10 minutes. 

After polishing and dehydration, double-sided carbon 

tapes were glued to one side of the stubs, which were 

then subjected to carbon coverage and evaluated in a 

scanning electron microscope (SEM; JSM-5600LV, JEOL 

Ltd., Tokyo, Japan) at magnifications of ×270.

Statistical analysis
Statistical analyses were performed using JASP software 

(University of Amsterdam, Amsterdam, The Nether-

lands), ver. 0.14.1.0 (2021). A mixed ANOVA (considering 

both within- and between-subject effects) was conduct-

ed. The assumptions of normality and sphericity were 

assessed using the Shapiro-Wilk and Levene tests, re-

spectively. When significant differences were found, the 

Tukey post-hoc test was applied for multiple compari-

sons. A significance level of 5% (p < 0.05) was adopted 

for all statistical tests.

RESULTS

There was no statistical difference between HiFlow 

and AH Plus sealers for the same cleaning protocols 

(p > 0.05). The ultrasonic and XP agitation groups did 

not show a statistical difference for canals obturated 

with AH Plus (p > 0.05). However, in the AH Plus group, 

both ultrasonic and XP agitation achieved higher bond 

strength than irrigation with saline solution during post 

preparation (p < 0.05). The ultrasonic and XP agitation 

groups did not show a statistical difference for canals 

obturated with HiFlow (p > 0.05). Both the US and XP 

groups achieved higher bond strengths compared to the 

saline irrigation group in the canals obturated with Hi-

Flow (p < 0.05) (Table 3).

In micro-CT, there was no statistical difference be-

tween the different types of sealers for the same clean-

Table 3. The bond strength (Mpa) of the total of all thirds for each cleaning protocol and sealer type

Cleaning
AH Plus HiFlow AH Plus HiFlow

Cervical Middle Apical Cervical Middle Apical Total Total
No agitation 8.35 ± 1.86 8.80 ± 2.66 7.91 ± 2.84 7.46 ± 2.20 7.71 ± 2.18 6.41 ± 2.28 8.35 ± 0.57Aa 7.19 ± 0.05Aa

US 13.49 ± 3.27 11.31 ± 2.14 10.37 ± 2.86 12.22 ± 6.18 11.12 ± 5.59 8.10 ± 3.40 11.72 ± 0.44Ba 10.48 ± 1.40Ba

XP 13.22 ± 5.16 13.37 ± 8.17 10.92 ± 5.94 13.25 ± 5.04 11.41 ± 3.76 9.80 ± 3.80 12.50 ± 1.19Ba 11.49 ± 0.70Ba

Values are presented as mean ± standard deviation.
US, experimental group using an ultrasonic irrigation protocol; XP, experimental group based on the XP-endo Finisher R file (FKG Dentaire, La 
Chaux-de-Fonds, Switzerland).
AH Plus: Dentsply Maillefer, Ballaigues, Switzerland. HiFlow: EndoSequence BC Sealer HiFlow; Brasseler USA, Savannah, GA, USA.
Different capital letters in the same column indicate statistical differences for the same sealer among different cleaning protocols (p < 0.05). Differ-
ent lowercase letters in the same line indicate the absence of statistical differences among different sealers for the same type of cleaning protocol  
(p > 0.05).
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ing protocol. Only for the HiFlow group was a statistical 

difference observed in the removal of remnants after the 

cleaning protocol with ultrasonic tips (p = 0.03) (Table 

4). The failure mode analysis indicated mostly mixed 

failures after the push-out analysis (Figure 1).

SEM images showing the post-cement dentin-cement 

line of the AH Plus and HiFlow groups and their respec-

tive cleaning subgroups are shown in Figure 2.

The agitation effect in cleaning the remnants adhered 

to the dentin wall after the root canal filling removal 

protocol is represented in Figure 3.

DISCUSSION

Endodontic sealer type has been found to influence the 

bond strength of fiberglass posts to root dentin [6,21,23]. 

Based on that, this study assessed the agitation effect of 

the irrigating solution after post space preparation on 

bond strength. This is the first study in the literature to 

assess this objective using the HiFlow bioceramic sealer 

and agitating with the Clerasonic/Irrisonic inserts and 

XP-endo Finisher R file.

The push-out test was used to evaluate bond strength. 

This test is frequently used in endodontics to evaluate 

the bond strength of root canal posts. The key advantage 

over different tests, such as the microtensile technique, 

is the presence of material within the canal surrounded 

by dentin [24]. Furthermore, the push-out test evaluates 

bonding throughout different canal regions and thirds 

[21].

Table 4. The remaining material volume (mm3) in the root canals after obturation and after cleaning

Cleaning
AH Plus HiFlow

After filling removal After cleaning After filling removal After cleaning
US 0.95 ± 0.71Aa 0.03 ± 0.03Aa 1.56 ± 0.43Aa 0.16 ± 0.36Ba

XP 1.9 ± 1.89Aa 1.12 ± 1.12Aa 3.0 ± 1.53Aa 2.2 ± 1.58Ab

Values are presented as mean ± standard deviation.
US, experimental group using an ultrasonic irrigation protocol; XP, experimental group based on the XP-endo Finisher R file (FKG Dentaire, La 
Chaux-de-Fonds, Switzerland).
AH Plus: Dentsply Maillefer, Ballaigues, Switzerland. HiFlow: EndoSequence BC Sealer HiFlow; Brasseler USA, Savannah, GA, USA.
Different uppercase letters mean statistical differences for the same type of sealer and cleaning protocol (p < 0.05). Different lowercase letters indi-
cate a statistically significant difference for the same sealer among the different cleaning protocols (p < 0.05).
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In the current investigation, cleaning the root canals 

using an ultrasonic tip or an XP-endo Finisher R file 

resulted in a stronger bond strength than the control 

group in both canals filled with AH Plus and HiFlow. 

The XP-endo Finisher R file is extremely flexible and 

whips when inserted into the canals and exposed to 

body temperature. The file forms a sickle shape and 

presses against the dentin walls, causing the irrigation 

solution to spout into the dentinal tubules. This tech-

nique allows the tip file to whip to scrape the dentin 

wall, displacing adherent fragments [18,20,23]. Because 

of the agitation during cleaning, the XP file allowed for 

deep penetration of the resin cement into the dentin, re-

sulting in a high bond strength. There were no statistical 

differences in bonding strength between canal thirds.

Cleaning with ultrasonic inserts also resulted in 

greater bond strength values and effective agitation and 

cleaning, which differed significantly from the control 

group. The Irrisonic does not come into contact with 

the canal walls; instead, it works through vibration and 

acoustic transmission to spout the solution into the 

canal wall by cavitation and acoustic flow, which splits 

material off the walls [23]. However, the Clearsonic tip 

works directly and mechanically, scraping the remain-

ing material from the dentin wall with its arrow-shaped 

tip [17]. The combination of Irrisonic and Clearsonic 

was shown to improve cleaning while also allowing res-

in cement to adhere to and penetrate dentin more effec-

tively.

Although there was no statistical difference, HiFlow 

sealer had lower bond strength values than AH Plus. 

The literature [21,25,26] found similar results. Other 

studies that did not use ultrasonic cleaning found lower 

bioceramic sealer bond strength values than AH Plus 

Figure 2. Scanning electron microscope images (250× and 15 kV) indicating the middle third adhesive interface of each sealer group and ag-
itation subgroup. Yellow arrows indicate the glass fibers around the epoxy resin. Black arrows indicate the cement line. White arrows indicate 
adhesive penetration into the dentin. AH Plus: Dentsply Maillefer, Ballaigues, Switzerland. HiFlow: EndoSequence BC Sealer HiFlow; Brasseler 
USA, Savannah, GA, USA. Clearsonic and Irrisonic: Helse Ultrasonic, Santa Rosa de Viterbo, Brazil. XP-endo Finisher R: FKG Dentaire, La Chaux-de-
Fonds, Switzerland.

AH Plus HiFlow
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[3,5,6,8]. Furthermore, similar experiments employing 

an ultrasonic insert to clean the post area demonstrat-

ed that AH Plus had a stronger bond strength than a 

bioceramic sealer [16]. Except for one study [27], which 

reported a greater result for iRoot SP (Innovative BioC-

eramix Inc., Vancouver, BC, Canada) in comparison to 

AH Plus.

While there was no statistical difference between AH 

Plus and HiFlow in this study, the literature indicates 

that resin-based cements have superior bond strength 

due to their similar composition to resin and the ab-

sence of components that affect polymerization [28]. 

Additionally, epoxy resin does not interfere with the free 

radicals that initiate the polymerization of composite 

resins [7].

HiFlow was chosen because it is a bioceramic sealer 

with a higher flow rate, which could show the effec-

tiveness of agitation protocols to remove them from 

the dentinal tubules. Bioceramic sealers are harder to 

remove from canals [12]. In contact with dentin mois-

ture, they release calcium hydroxide that binds to phos-

phates in the dentinal fluid and forms lath-like apatite 

crystals [9–11], which adhere to the dentin mineral and 

precipitate in the dentinal tubule [9,29], making remov-

al difficult. In addition to crystal formation, the calcium 

hydroxide release creates an alkaline environment that 

reduces the effectiveness of acid etching, resulting in a 

weak hybrid layer with a resinous tag [6,7].

According to micro-CT analysis, the HiFlow ultrasonic 

group showed greater remaining removal after cleaning 

Figure 3. Representative micro-computed tomographic images showing remaining materials before and after cleaning with ultrasonics and 
the XP-endo Finisher R (FKG Dentaire, La Chaux-de-Fonds, Switzerland). AH Plus: Dentsply Maillefer, Ballaigues, Switzerland. HiFlow: EndoSe-
quence BC Sealer HiFlow; Brasseler USA, Savannah, GA, USA. Clearsonic and Irrisonic: Helse Ultrasonic, Santa Rosa de Viterbo, Brazil.

After desobturation

AH Plus

Clearsonic/Irrisonic Clearsonic/Irrisonic

XP-endo Finisher R XP-endo Finisher R

HiFlow

After desobturationAfter clean After clean
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protocols than the XP group, owing to the combined 

efficiency of the two inserts, making it an alternative to 

removing bioceramic sealers from the wall canal. This is 

consistent with the literature [23], which demonstrated 

that the ultrasonic insert removed the remaining mate-

rial from the canal better than the XP instrument. Both 

agitation groups for HiFlow and AH Plus sealers showed 

a significant reduction in remnants, demonstrating that 

the ultrasonic group had a higher cleaning percentage. 

This micro-CT analysis allowed us to conclude that agi-

tation of the irrigant solution is suggested for post space 

preparation. In root canal retreatment, some authors 

[18–20] found that the Irrisonic insert eliminated fewer 

remains from the canal than the XP file. In contrast, 

another study [23] showed that the ultrasonic insert re-

moved the most remains when compared to the XP file.

Our study was the first to apply the nanoleakage 

methodology with an ammoniacal silver nitrate solution 

to measure cementation density in SEM using back-

scattered electrons (BSE), which is more accurate than 

secondary electrons. In SEM, the post-cement-dentin 

interface cementation is shown hermetically, with no 

bubbles evident. The round bundles illustrate fiber-

glass that has been wrapped in epoxy resin (black). The 

cement line depicts the inorganic zirconia and silica 

particles that are covered by the bisphenol A-glycidyl 

methacrylate (Bis-GMA) and triethylene glycol dimeth-

acrylate (TEGDMA) organic matrix. The black rays from 

the cement show the adhesive that has penetrated the 

dentinal tubules, indicating a high level of adhesion. 

White spots in the cement-dentin interface indicate 

gaps filled with silver particles. All groups show good 

adherence. However, there is a thicker adhesive layer for 

groups with agitation, particularly the AH Plus group. 

Furthermore, the HiFlow sealer no-agitation group 

contains voids filled with silver particles, represented 

by white rays, indicating a failure in adhesive adherence 

and penetration.

Regarding the failure mode, the highest frequency was 

the mixed type. This can be explained by the sum of the 

failure types. Cohesive failures could be invisible during 

push-out test execution, and the remaining endodontic 

sealer influences adhesive failures, especially those of 

cement-dentin. Adhesive failure between cement and 

dentin, only, was the least observed. The post-cement 

adhesive failure was the second most observed failure 

type and was the most frequent in other work [6]. The 

difference from the literature may be attributed to the 

use of silane in our study, which the authors did not use.

The limitation of this study includes the variability in 

root canal anatomy, with some being more flattened 

and others being more irregular. Besides the attempt to 

standardize as closely as possible to each other, this was 

not totally possible. Furthermore, despite the advantag-

es of the push-out test, it does not show the true clinical 

situation, making it difficult to draw definitive conclu-

sions from the study [30].

The findings of this study have significant clinical 

implications for root canal cleaning after the removal 

of filling material for fiber post preparation. The use 

of ultrasonic instruments and the XP-endo Finisher R 

proved effective in reducing intracanal residues, creat-

ing a cleaner and more suitable surface for adhesion, 

which may enhance the cementation of resin-based ce-

ments.

CONCLUSIONS

Both agitation protocols using the XP-endo Finisher 

file or Clearsonic combined with Irrisonic ultrasonic 

inserts effectively clean root-filled canals sealed with 

resin-based and calcium silicate-based sealers during 

fiberglass post space preparation. These protocols result 

in improved bond strength compared to non-agitation 

methods.
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Stress distribution of restorations in external cervical root resorption 
under occlusal and traumatic loads: a finite element analysis
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ABSTRACT

Objectives: This study analyzed the stress distribution in a maxillary central incisor with external cervical resorptive de-
fect restored with different restorative materials under normal masticatory and traumatic loading conditions using finite 
element analysis.
Methods: Cone-beam computed tomography of an extracted intact incisor and created resorptive models (Patel’s 3D 
classification-2Bd and 2Bp) in the maxillary central incisor was performed for finite element models. The 2Bd models 
were restored either with glass ionomer cement (GIC)/Biodentine (Septodont) or a combination of both with composite 
resin. 2Bp models were restored externally with a combination technique and internally with root canal treatment. The 
other model was external restoration with GIC and internal with fiber post. Two masticatory loads were applied at 45˚ to 
the palatal aspect, and two traumatic loads were applied at 90˚ to the buccal aspect. Maximum von Mises stresses were 
calculated, and stress distribution patterns were studied.
Results: In 2Bd models, all restorative strategies decreased stress considerably, similar to the control model under all 
loads. In 2Bp models, the dentin component showed maximum stress at the deepest portion of the resorptive defect, 
which transfers into the adjacent pulp space. In 2Bp defects, a multilayered restoration externally and root canal treat-
ment internally provides better stress distribution compared to the placement of a fiber post.
Conclusions: Increase in load, proportionally increased von Mises stress, despite the direction or angulation of the load. 
Multilayered restoration is preferred for 2Bd defects, and using an internal approach of root canal treatment is suggested 
to restore 2Bp defects.

Keywords: Biodentine; Cone-beam computed tomography; Dental stress analysis; Finite element analysis; Glass iono-
mer cements; Root resorption
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INTRODUCTION

External cervical resorption (ECR) is a complex process 

with dynamic pathogenesis occurring in the cervical 

area of the tooth due to clastic cell activity [1]. Tissue 

injuries, such as pre-cemental or periodontal dam-

age associated with inflammation, are most likely the 

reasons for the initiation of ECR [2]. ECR has varied 

predisposing factors, with orthodontic treatment being 

considered the most common factor, attributing up to 

an incidence of 45.7% [3]. Among the other risk factors, 

trauma and hypoxia play a major role in the initiation 

and progression of resorptive lesions [4]. The incidence 

of ECR is most common in maxillary central incisors, 

accounting for up to 29.24% [5]. Clinical characteristics 

of ECR range from being minimally restricted to dentin 

in the cervical region to being invasive and extensive, 

involving the full length of the roots. Based on two-di-

mensional and three-dimensional (3D) assessments of 

depth and extension, various classifications are avail-

able [6,7].

The treatment strategy of ECR depends on various 

factors such as clinical signs and symptoms, the ability 

to probe the point of entry, and the presence of bone-

like tissue at the point of entry. Based on these pa-

rameters, three treatment options, such as extraction, 

monitoring, or a therapeutic restorative approach, are 

suggested [8]. Restoration of ECR can be performed by 

an external, internal, or combined approach depending 

on lesion access and debridement [9]. Over ten-year fol-

low-ups of 274 teeth, the overall survival rate of treated 

ECR was found to be 84.6% in the first 3 years and grad-

ually reduced to 28.6% in 10 years. This reduction in 

success rate drastically reduced after 5 years, with verti-

cal root fracture being attributed as the main reason for 

failure [8]. Occlusal forces (centric and eccentric) could 

play a major role in the biomechanics of the tooth. As 

eccentric forces flex the tooth and the highest stress 

concentration is seen in the cervical region [10], man-

aging resorptive defects involving the cervical region 

of the tooth becomes challenging for clinicians. Thus, 

treatment strategies for ECR should focus on materials 

capable of resisting occlusal load and rehabilitating the 

tooth by compensating for the lost structural integrity.

Currently, it is observed that 61% of ECR lesions have 

been treated by external surgical methods using bio-

active endodontic cements and glass ionomer cement 

(GIC) [11]. Heithersay’s class II and class III lesions were 

restored mostly with bioactive endodontic cements 

alone (41%) or along with composite resin, while class 

IV lesions were completely restored with bioactive end-

odontic cements (57%) following root canal treatment 

[11]. Rajawat and Kaushik [12] have observed that the 

stress distribution in smaller resorptive lesions extend-

ing into the dentin (1Bd) when restored with mineral 

trioxide aggregate was better. However, restoring larger 

and deeper ECR lesions (2Bd and 3Bd) with BioAggre-

gate (Innovative BioCeramix Inc., Vancouver, BC, Cana-

da) and Biodentine (Septodont, Saint-Maur-des-Fossés, 

France) distributed the stress similar to that observed 

in intact teeth [12]. Askerbeyli Örs and Küçükkaya Eren 

[13] have shown that, for resorptive lesions involving 

pulp with less than 90˚ of circumferential spread, re-

storing with Biodentine distributes stress better than 

GIC or composite resin. For resorptive lesions involving 

pulp and with more than 90˚ of circumferential spread, 

GIC yielded favorable results [13]. A recent finite ele-

ment study by Manaktala et al. [14] concluded that for 

resorptive lesions involving the pulp, irrespective of the 

location and size of the lesion, restoring with both min-

eral trioxide aggregate and Biodentine exhibited similar 

biomechanical performance. It would be interesting to 

see if restoring the ECR defect with multilayered res-

torations and the addition of post inside root canal to 

check if it would distribute the stress and reinforce the 

tooth.

Finite element simulations of ECR lesions and their 

restorations under various forces, such as normal occlu-

sal and traumatic loads, are essential. Normal occlusal 

forces on the anterior could vary in a range between 50 

N and 370 N [15], and the traumatic load reported in the 

literature ranges between 300 N and 2,000 N [16–18]. 

Thus, the aim of the current study is to understand the 

stress distribution in a maxillary central incisor with an 

external cervical resorptive defect restored with differ-

ent restorative materials under normal masticatory and 

impact loading conditions using finite element analysis 

(FEA).
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METHODS

Generation of geometric finite element models
Following approval by the Institutional Ethical Commit-

tee of Meenakshi Ammal Dental College and Hospital 

(MADC/IECI/031/2021), five freshly extracted intact, 

sound, mature human maxillary right central inci-

sors with a regular crown and root morphology were 

scanned using high-resolution cone-beam computed 

tomography (CBCT) CS 9600 3D machine (Carestream 

Dental LLC, Atlanta, GA, USA) at 10 × 10 micron voxel 

size, 120 kV and 3.20 mA and viewed using software CS 

3D Imaging ver. 3.5.18 (Carestream Dental LLC).

ECR defect 2Bd was then created in the teeth using di-

amond points TF13 and TF15 (Mani Medical India, Pvt. 

Ltd., Delhi, India) with a high-speed airotor handpiece 

(NSK; Nakanishi Inc., Kanuma, Japan) under water 

coolant. The resorption cavity was extended from the 

mid-labial to distal to mid-palatal region circumferen-

tially (approximately 160˚–170˚), involving the enamel, 

cementum, and dentin in the cervical third of the crown 

and root longitudinally, with a depth of 1.2 to 1.5 mm 

into the dentin, and verified using multiple angled in-

traoral periapical radiographs. One of the five simulat-

ed defects was then subjected to a second CBCT scan 

using the same device settings as in the first scan. The 

simulated 2Bd defect was then modified using the same 

armamentarium by extending its depth by 0.5 mm in its 

deepest portion to involve the pulp in order to create a 

2Bp defect, which was similarly verified, validated, and 

scanned.

The DICOM (Digital Imaging and Communications in 

Medicine) files generated by the CBCT scans were con-

verted to STL (stereolithography) files using MIMICS 

CS ver. 18.0 (Materialise, Leuven, Belgium), which were 

further utilized to generate 3D models with delineated 

boundaries of enamel, dentin, pulp, and cementum 

using Geomagic studio and control version 2014. The 

models were then imported into SolidWorks (Dassault 

Systèmes, Cedex, France) for further work. The 3D mod-

els of the control tooth, tooth with 2Bd resorptive defect, 

and tooth with 2Bp resorptive defect are illustrated in 

Figure 1A–C.

Experimental models with simulation of various re-
storative strategies
The 2Bd models were restored using external approach-

es as follows: (a) completely restored with GIC (R1) (Fig-

ure 2A), (b) completely restored with Biodentine (R2) 

(Figure 2B), and (c) layered restorations of Biodentine 

and GIC subgingivally and Biodentine and composite 

supragingivally (R3) (Figure 2C).

Combined therapeutic options for the 2Bp models 

were simulated as follows: the internal approach—

endodontic treatment with incisal access was simulated 

corresponding to a no. 7 round bur. A conical canal 

Figure 1. Virtually created three-dimensional (3D) model of an intact tooth (control) (A), 2Bd unrestored tooth (B), 2Bp unrestored tooth (C), 
representation of the 3D meshed model (D), and loading conditions (E).

AA BB CC DD EE

Masticatory load Traumatic load
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preparation was simulated with an apical diameter 

of #50 with a 2% taper. This simulation was further 

restored as follows: (a) internally obturated with gut-

ta-percha and externally restored with Biodentine and 

GIC subgingivally and Biodentine and resin composite 

supragingivally (R4) (Figure 2D), and (b) internally 

obturated with 5-mm gutta-percha (GP) and fiber-rein-

forced composite (FRC) post placed in the canal coro-

nally and externally restored with GIC completely (R5) 

(Figure 2E).

Finite element meshing details
The 3D meshes were generated with 10-node tetrahe-

dral elements and quadratic displacement shape func-

tions with three degrees of freedom per node (Figure 

1D). The average mesh size was about 0.5 mm, and the 

number of elements and nodes of each model is tabu-

lated (Table 1).

Properties of the materials used
The generated models were transferred to Ansys soft-

ware (Ansys 2022, R1 student version; Ansys, Inc., 

Canonsburg, PA, USA) for subsequent stress analysis. 

All tissues were presumed to be linearly elastic, homo-

geneous, and isotropic, with the bonding between the 

tissues considered ideal. The needed properties are pre-

sented in Table 2 [19–24].

Boundary and loading conditions
A thickness of 0.25 mm of periodontal ligament, 2 mm 

each of cancellous and cortical bone were simulated 

around all the models, starting 1.5 mm apical to the ce-

Figure 2. Virtually created three-dimensional models of five restoration types based on material combinations. (A) R1: restoration with glass 
ionomer cement (GIC) alone. (B) R2: restoration with Biodentine (Septodont, Saint-Maur-des-Fossés, France) alone. (C) R3: restoration with Bio-
dentine, GIC, and composite resin. (D) R4: internal restoration with gutta-percha and composite resin, and external restoration with Biodentine, 
GIC, and composite resin. (E) R5: internal restoration with fiber-reinforced composite (Everstick post, GC Corp., Tokyo, Japan), gutta-percha, and 
composite resin, and external restoration with GIC.

AA BB CC DD EE

Gutta-percha

Enamel Enamel

Enamel

Cementum Cementum

Cementum

Gutta-percha

Everstick postBiodentin

Biodentin

Biodentin
Glass ionomer 
cement

Glass ionomer 
cement

Glass ionomer 
cement

Glass ionomer 
cement

Composite resin

Composite resin Entrance  
filling-composite 
resin

Entrance  
filling-composite 
resin
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mentoenamel junction and uniformly wrapped around 

the root [25,26], except for at the site of resorptive defect. 

Under all loading conditions, it was assumed that the 

simulated cortical bone was fixed.

Four loading conditions were applied: F1 and F2, 

masticatory load of 50 N [15,27] and 100 N [28,29], re-

spectively, applied at 45° to the long axis of the tooth, 

palatally and incisal to the cingulum; F3 and F4, impact 

forces of 200 N and 300 N [16,17], respectively, applied 

to the middle third of the buccal surface of the crown at 

90˚ to the long axis of the tooth (Figure 1E).

Von Mises stress evaluations were carried out using 

Ansys software, and the highest equivalent stresses in 

the entire tooth structure and resorptive areas for each 

model were visualized and noted from the color scale.

RESULTS

The number of elements and nodes for control, unre-

stored, and restored models is presented in Table 1. 

The overall maximum stress was always found to be 

in enamel at the point of force application. Von Mises 

stresses of control, unrestored, and restored models for 

2Bd and 2Bp are presented in Tables 3 and 4, respec-

tively.

2Bd models
In 2Bd models, on application of forces (F1, F2, F3, and 

F4), the highest stress was observed in experimental 

models with resorptive defects without any restoration. 

The dentin component showed maximum stress at the 

deepest portion of the resorptive defect. On F1 and F2 

applications, the stress gets distributed to the mid root 

region on the buccal side and the buccal and palatal 

sides for F3 and F4. In the dentin component, R1, R2, 

and R3 have been found to reduce stresses equally and 

considerably similar to control under F1, F2, F3, and F4. 

The maximum stress concentration gets transferred to 

the mid root region on the buccal aspect on application 

of F1, F2, and to the mid root region on both buccal and 

palatal aspects, with more concentration on the pala-

tal aspect with F3 and F4. The stresses exponentially 

increase from F1 to F2 (2 times) and from F3 to F4 (1.5 

times) in all models. The stresses increase by 1.9 times 

from F2 to F3 in all models. With respect to dentin, the 

control model, unrestored model, and restored models 

show an increase of 5.4, 3.5, and 4.5 times, respectively. 

The maximum stresses of the periodontal ligament and 

cementum components of 2Bd unrestored were ob-

served to be adjacent to the deepest part of the resorp-

tive site. In cementum, von Mises stress after restoration 

in 2Bd models (R1 and R3) under F1, F2, F3, and F4 was 

closer to the range of stress in the intact tooth model. 

However, in R2, the stress was greater than the unre-

stored defect model. Within the restorations, Biodentine 

takes up the maximum stress concentration compared 

to GIC and composite. Multilayered restorations are at-

tributed to more stress concentration compared to sin-

gle restorations. The distribution of von Mises stresses 

in dentin and cementum in the 2Bd models is given in 

Figure 3.

2Bp models
In 2Bp models, on application of F1 and F2, the highest 

stress was observed in the control model. On applica-

tion of F2, the maximum stress concentrations observed 

for R4 and R5 were greater than the unrestored model. 

Table 1. Number of elements and nodes for control, unrestored, 
and restored models
Model Number of elements Number of nodes
Control 123,720 719,037
2Bd unrestored 69,710 365,522
2Bd restored (R1, R2, R3) 72,405 381,505
2Bp unrestored 198,591 1,121,134
2Bp restored (R4, R5) 284,308 1,156,977

Table 2. Properties of materials used in finite element models
Material Young’s modulus (GPa) Poisson’s ratio
Enamel [19] 41 0.31
Dentin [19] 18.6 0.31
Cementum [20,21] 6.8 0.31
Pulp [19] 0.003 0.45
Periodontal ligament [19] 0.0000689 0.45
Cancellous bone [19] 1.37 0.30
Cortical bone [19] 13.7 0.30
Gutta-percha [19] 0.14 0.45
Glass ionomer cement [22] 10.8 0.30
Biodentine [23] 22 0.33
Glass fiber post [24] 29.2 0.30
Composite resin [19] 12 0.30

Biodentine: Septodont, Saint-Maur-des-Fossés, France.
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On application of F3 and F4, the maximum stress was 

observed in the unrestored model. In the 2Bp unre-

stored model, the dentin component showed maximum 

stress at the deepest portion of the resorptive defect, 

which gets transferred into the pulp space adjacent to it. 

In the dentin component, R4 and R5 have been found to 

reduce stresses equally and considerably similar to con-

trol under F1, F2, F3, and F4. Also, the maximum stress 

concentration gets transferred to the mid root region 

on the buccal aspect upon application of F1 and F2, 

and to the mid root region on both buccal and palatal 

aspects, with more concentration on the palatal aspect 

on application of F3 and F4. The stresses increase by 1.8, 

3.1, and 2.9 times from F2 to F3 in control, unrestored, 

and restored models, respectively. With respect to den-

tin, the control model, unrestored model, and restored 

models show an increase of 5.4, 2.6, and 3.5 times, re-

spectively. The maximum stress of the cementum com-

ponent of 2Bp unrestored was observed to be adjacent 

to the deepest part of the resorptive defect extending 

buccally on the application of F1 and F2, and palatally 

on the application of F3 and F4. The maximum stress of 

the periodontal ligament component was found to be 

at the apex on the application of all four loads. In 2Bp 

models, under F1 and F2, von Mises stress was closer 

to the intact tooth model, while it got reduced below it 

under F3 and F4. Considering the stress on restorations 

exclusively, R4 has more stress concentration than R5. 

The external part that is restored with multilayered res-

torations is subject to more stress concentration than 

single-layer restorations, as observed in 2Bd models. 

On the contrary, R5 has more stress concentration than 

R4 when the internal part is considered in particular, 

because FRC takes up more stress. The distribution of 

von Mises stresses in dentin and cementum in the 2Bd 

models is given in Figure 4.

DISCUSSION

The strategies in the management of ECR have evolved 

over the years. However, the loss of structural integrity 

of the tooth due to chemical, mechanical, and physical 

reasons could result in a massive drop in success and 

survival rates after 5 years [8,30–33]. In previous end-

odontic literature, the impact of traumatic loads on ECR 

has not been studied. It is observed that the incidence 

of recurrent trauma ranges from 8% to 45%, and patients 

under 9 years of age have an eightfold increased risk of 

re-trauma in comparison to 12-year-olds [34]. Thus, in 

our study, other than the two normal occlusal loads, two 

traumatic loads of 200 N and 300 N were chosen. Unlike 

normal occlusal load, a specific force cannot be attribut-

Figure 3. Distribution of von Mises stresses in dentin and cementum 
in the Patel’s three-dimensional classification 2Bd models (control, 
unrestored, and restored). Please refer to Figure 2 for the description 
of R1 to R3.
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ed to traumatic clinical situations [15,27–29]. Thus, a 

traumatic load of 200 N was chosen as double the nor-

mal masticatory load, and 300 N was chosen based on 

previous literature [16,17].

Von Mises stress in dentin in the 2Bd unrestored mod-

el was 1.8 and 1.2 times more as compared to that of the 

respective control models under masticatory and trau-

matic loads. Amongst the 2Bd models, all the restorative 

strategies resulted in von Mises stress closer to the range 

of stress in the intact tooth model in the dentin compo-

nent under masticatory load. It was interesting to note 

that after being restored, the stress values decreased 

below the intact tooth model under traumatic load in 

R1, R2, and R3. In our study, 2Bd models that were com-

pletely restored with GIC or Biodentine showed similar 

von Mises stresses to those of the normal dentin. This 

was in concurrence with the previous literature where 

a 2Bd defect in the buccal aspect was restored with Bio-

dentine and Bioaggregate [12,13]. Biodentine and GIC 

are considered excellent dentin replacement materials 

due to properties such as tensile stress, modulus of 

elasticity, Poisson’s ratio, and resilience being similar to 

that of dentin [35,36]. These properties could aid in the 

uniform distribution of stresses in R1 and R2 in a similar 

pattern to that of the intact tooth. A recent systematic 

review has shown that bioactive endodontic cements 

exclusively are preferred for restoring ECR in approx-

imately 32% of cases [11]. However, a combination of 

bioactive cements with composites is preferred in 42% 

of cases [11]. Low wear resistance and non-esthetic 

properties of these materials restrict the placement to 

the crestal bone level and layering composite over them 

in a clinical situation [37,38]. Thus, a combination of 

various materials (R3) has been considered in this study. 

R3 has also been shown to reduce von Mises stress simi-

lar to normal dentin and hence will be preferred over R1 

and R2.

Von Mises stress in dentin in the 2Bp unrestored 

model was 3.7 and 1.8 times more as compared to the 

respective control models under masticatory and trau-

matic loads. It is interesting to note that the masticatory 

loads showed more stresses than traumatic loads, and 

this could possibly be because of the change in the 

angle of load application and the involvement of pulp. 

In comparison to 2Bd models, when the resorptive le-

sion involves the pulp, von Mises stresses increase by 

approximately 2 and 1.5 times under both normal and 

traumatic load. A previous study has compared various 

treatment options in multiple resorptive defects depict-

ing dentin and pulpal involvement [13]. However, the 

increase in stress in pulpal models is not mentioned 

elaborately.

Figure 4. Distribution of von Mises stresses in dentin and cementum 
in the Patel’s three-dimensional classification 2Bp models (control, 
unrestored, and restored). Please refer to Figure 2 for the description 
of R4 and R5.
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In our study, amongst the 2Bp models, internal ap-

proaches with or without FRC post resulted in von Mis-

es stress closer to the range of stress in the intact tooth 

model in the dentin component under masticatory 

load. In the recent systematic review, it was observed 

that nearly 34% of ECRs were treated with root canal 

treatment (internal approach) and only 5% of cases 

were managed with a combined approach [11]. It was 

interesting to note that after being restored, the stress 

values decreased below the intact tooth model under 

traumatic load in R4 and R5. The use of GIC externally 

and GP internally has generated the lowest von Mises 

stress for the 2Bp models in this study, which is similar 

to that of a previous study [13]. This is the first study to 

evaluate the role of placing an FRC post and the stress 

distribution caused thereby in teeth with ECR. It is 

observed that the placement of an FRC post does not 

improve the stress distribution when restoring an ECR 

lesion. Thus, the R4 therapeutic option is preferable as it 

will reduce multiple interfaces and thereby the bonding 

difficulties inside the root canal.

In all restorative strategies, the stress gets transferred 

from the defect to the buccal aspect extending from the 

middle to the apical third in the root under 50 N and 100 

N. These results are similar to the previous FEA studies 

on ECR [12,13]. In one study, the stress distribution in 

the root dentin was on the palatal aspect as the defect 

was on the palatal aspect [14]. In our study under 200 N 

and 300 N, the stress gets transferred to the cervical to 

the middle 3rd on the palatal aspect and the middle 3rd 

on the buccal aspect. This might be due to an increase 

in the force and the point of application (90˚ to the long 

axis of the tooth).

In our study, Biodentine, which has a similar Young’s 

modulus (22 GPa) [23] to that of dentin (18.6 GPa) [19], 

was found to have decreased the stress towards GIC and 

composite resin. Thus, future research can aim at con-

structing models with undermining resorptive lesions 

as well as increasing the thickness of Biodentine in com-

bination with restorations.

The strengths of the current study are the non-inva-

sive, standardized methodology possible with FEA, and 

that two classes of ECR being repaired with different re-

storative strategies, including a multilayered restoration 

for 2Bd models and the combination of GP with FRC 

post for 2Bp models under a wide range of loading con-

ditions, were evaluated.

However, the limitations include that only a single 

representative model of each of the 2Bd and 2Bp classes 

was studied, though clinically, many such patterns of 

resorption can occur. Secondly, the resorptive defect 

was created with drills, which might not be as precise as 

the clinical situation. This was performed to standardize 

the models (2Bd and 2Bp) at baseline in all dimensions 

with the exception of pulpal involvement. It is also not 

very definite if the influence of the surrounding tissue 

architecture would influence the restorations in the real 

resorptive defects, as this cannot be replicated in this 

scenario. The assumption that all tissues and materials 

were homogenous, isotropic, and elastic, and all surfac-

es were considered to be ideally bonded, is an inherent 

disadvantage of FEA, which should be considered while 

clinically translating the results.

CONCLUSIONS

Within the limitations of the study, it can be conclud-

ed that restoring with a single restorative material or 

multiple layers decreases the stress concentration; 

multilayered restorations are preferred in 2Bd defects. 

Placement of the FRC post does not add a significant 

difference in stress distribution compared to GP alone, 

and therefore, the use of GP alone is suggested for the 

internal approach restoration of 2Bp defects.
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Surgical management of maxillary sinusitis of endodontic origin after 
reestablishing maxillary sinus floor healing through a nonsurgical 
approach: a case report
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ABSTRACT

When root canal infections breach the maxillary sinus floor (MSF), maxillary sinusitis of endodontic origin (MSEO) can 
result. This case illustrates the surgical management of MSEO following the nonsurgical reestablishment of the MSF. A 
55-year-old woman presented with left facial pain and was diagnosed with MSEO originating from the left upper first mo-
lar. Despite undergoing nonsurgical root canal treatment, there was no evidence of bony healing after 6 months. Howev-
er, cone-beam computed tomographic (CBCT) scans revealed the reestablishment of MSF. Subsequently, surgical inter-
vention was carried out using a dental operating microscope. Two years after surgery, CBCT images indicated that the 
mucosal edema had resolved, and the MSF was well reestablished. Preserving the MSF is crucial for the success of end-
odontic surgery. When MSEO is present, the integrity of the MSF must be assessed to determine appropriate treatment 
options.
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Case Report

INTRODUCTION

Endodontic microsurgery has a high success rate and a 

favorable prognosis [1], making it a reliable treatment 

option for periradicular pathosis that does not respond 

to nonsurgical endodontic treatment. However, when 

this surgical approach is performed on maxillary pos-

terior teeth, there is an increased risk of maxillary sinus 
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perforation due to the close proximity of the tooth root 

apices to the maxillary sinus floor (MSF) [2]. Maxillary 

sinusitis can occur when the Schneiderian membrane 

on the MSF is violated by root canal infections origi-

nating from the maxillary teeth. This condition is often 

referred to as maxillary sinusitis of endodontic origin 

(MSEO) [3], which was previously known as ‘endo-an-

tral syndrome’ [4]. Additionally, in some instances, the 

MSF may be extensively damaged by the expansion of 

pathological tissue. If endodontic surgical procedures 

are carried out under these circumstances, the roots 

of the maxillary teeth may become directly exposed to 

the sinus, potentially leading to unfavorable healing 

outcomes. Therefore, it is important to consider the pro-

active healing of the MSF prior to surgical intervention 

by first performing nonsurgical endodontic treatment. 

However, to our knowledge, there are no case reports 

demonstrating the healing of the MSF that facilitates 

subsequent surgical intervention.

In this context, this case report presents the surgical 

management of MSEO following the reestablishment of 

the MSF through a nonsurgical approach.

CASE REPORT

Dental history and diagnosis
A 55-year-old Asian woman presented with complaints 

of left facial pain. Her medical history was unremark-

able. Approximately 3 years prior, she underwent 

nonsurgical root canal treatment on her maxillary first 

molar (#26) and second molar (#27) at a private clinic. 

Examination of the molars in the left upper quadrant re-

vealed normal probing depths, no visible buccal gingival 

swelling, and no sensitivity to percussion. A periapical 

radiograph displayed root canal fillings in #26 and #27, 

along with periradicular radiolucency around the buccal 

root apexes of #26 (Figure 1A). Sagittal and coronal cone-

beam computed tomography (CBCT) images showed a 

significant periradicular lesion with mucosal edema in 

the left maxillary sinus (Figure 1B, C). Notably, the MSF 

between the root apexes of #26 and the maxillary sinus 

was almost indiscernible.

Figure 1. Nonsurgical endodontic treatment. (A) Diagnostic X-ray image. An asterisk indicates periapical radiolucency around the mesiobuccal 
root. Sagittal (B) and coronal (C) views of diagnostic cone-beam computed tomography (CBCT) images show the destroyed maxillary sinus floor 
(MSF; white arrowheads) and mucosal edema on the MSF. (D) Periapical X-ray image taken after 6 months. Sagittal (E) and coronal (F) views of 
CBCT images demonstrate the reestablished MSF (yellow arrowheads).
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Based on these findings, a diagnosis of MSEO with 

a periapical abscess originating from tooth #26 was 

made. Due to the risk of unfavorable outcomes, such as 

endo-antral communication, a surgical approach was 

ruled out. Instead, nonsurgical root canal treatment was 

planned. Written informed consent was obtained from 

the patient.

Nonsurgical and surgical procedures and follow-up 
visits
Tooth #26 was anesthetized with a 2% lidocaine solution 

containing 1:100,000 epinephrine by infiltration. The 

root canal filling material was removed using a recipro-

cating nickel-titanium instrument (Reciproc R25; VDW, 

Munich, Germany). Copious irrigation with 5% sodium 

hypochlorite was performed, and a calcium hydrox-

ide-based intracanal medicament (Calcipex II; Nippon 

Shika Yakuhin, Shimonoseki, Japan) was placed into the 

root canals. At the subsequent visit, the patient’s symp-

toms had significantly decreased, and the canals were 

filled with gutta-percha and a bioceramic sealer (White 

Endoseal MTA; Maruchi, Wonju, Korea). The access 

cavities were restored with a light-cure resin composite 

(Filtek Z350 XT; 3M ESPE, St. Paul, MN, USA). Addition-

ally, root canal treatment on tooth #27 was performed 

using the same protocols as for #26. Two months later, 

the patient’s symptoms had resolved, and full zirconia 

crowns were placed on teeth #26 and #27.

At the 6-month follow-up, the patient reported a 

sensation of fullness in the left facial area. A periapical 

radiograph revealed no evidence of bony healing (Figure 

1D). Interestingly, the sagittal and coronal views from 

CBCT scans showed a remarkable reestablishment of 

the cortical MSF, although the size of the mucosal ede-

ma and periradicular bony lesion remained unchanged 

(Figure 1E, F). Consequently, surgical intervention 

was planned. After informed consent for the surgical 

procedures was obtained, the procedure began with 

the reflection of the mucoperiosteal flap, followed by 

enucleation of the inflamed tissue and resection of the 

buccal roots-ends (Figure 2A–C). Then, root-end cavi-

ties were then prepared with an ultrasonic tip (KiS tip, 

Young Specialties, Algonquin, IL, USA) and filled with 

mineral trioxide aggregate (Endocem MTA; Maruchi) 

Figure 2. Surgical endodontic treatment procedure. (A) Clinical appearance of the cystic capsule (yellow asterisk). (B) Mesiobuccal root apex 
within the bony cavity. (C) Preparation of the retrograde cavity using an ultrasonic tip. (D, E) Root-end cavities filled with mineral trioxide aggre-
gate. (F) Postoperative periapical radiographs.
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(Figure 2D–F). The excised tissue was sent for patholog-

ical examination and was diagnosed as a radicular cyst 

characterized by stratified squamous epithelium and 

infiltration of chronic inflammatory cells (Figure 3A, B). 

Additionally, numerous cholesterol crystals were identi-

fied (Figure 3C).

Two years post-surgery, the patient exhibited no 

symptoms. Additionally, the periapical radiograph and 

CBCT images indicated bony healing around the roots 

of tooth #26, and mucosal edema had resolved with a 

well-reestablished MSF (Figure 4). However, on the cor-

onal view of the CBCT, a well-demarcated radiolucency 

Figure 3. Histological features of the cystic tissue (hematoxylin and eosin staining). (A) The cyst was lined with fibrous connective tissue and 
stratified squamous epithelium (red arrowhead) (×40). (B) A dense infiltration of chronic inflammatory cells is evident (highlighted within the 
wihte rectangular box in A). (C) Cholesterol clefts were observed within the cystic wall (indicated by the yellow rectangular box in A). 

Figure 4. Two-year follow-up radiographs. (A) The periapical radiograph demonstrates bony healing and maxillary sinus floor (MSF) around the 
root apices. (B, C) Cone-beam computed tomography images reveal favorable bony healing and normal mucosa with a well-defined MSF. The 
MSF depicted in the radiographs is marked with white arrowheads. Well-demarcated radiolucent areas around the palatal root are indicated 
with yellow arrows.

AA BB

CC

AA BB CC



Management of MSEO after MSF reestablishment

https://doi.org/10.5395/rde.2025.50.e12 5/6

was observed around the buccal aspect of the palatal 

root (Figure 4C).

DISCUSSION

In this case, we opted to perform nonsurgical endodon-

tic treatment to remove the microorganisms within the 

root canals and to promote the healing of the lesion. At 

the 6-month follow-up, we confirmed the remarkable 

reestablishment of cortical MSF integrity, despite the re-

currence of the patient’s symptoms and the absence of 

radiographic changes in the size of the mucosal edema 

and the bony lesion itself (Figure 1E, F). This phenom-

enon may have occurred because the overall bacterial 

load was reduced by nonsurgical endodontic treatment, 

leading to a decrease in cystic pressure on the MSF. The 

periradicular lesion in this case was likely a bay cyst, as 

it was associated with failed root canal treatment and 

responded to a nonsurgical approach [5]. It is also pos-

tulated that the reduction in cystic pressure resulted in 

less force exerted on the maxillary sinus, particularly 

under the influence of gravity, thus facilitating the heal-

ing of the MSF.

Despite reestablishing the MSF after 6 months, the pa-

tient experienced a recurrence of symptoms associated 

with maxillary sinusitis, and there was no reduction 

in lesion size. Siqueira noted that there are instances 

where nonsurgical endodontic treatment adheres to the 

highest technical standards but still results in failure [6]. 

Research suggests that certain factors, both microbial 

and nonmicrobial, may contribute to the unsatisfactory 

outcomes of cases that have been adequately treated 

[7,8]. In this case, the periapical lesion was histological-

ly diagnosed as a periapical cyst, associated with failed 

endodontic treatment. As a result, the cystic cavity is 

exposed to the infected root canal, increasing the risk 

of microorganisms egressing into the cavity. Persistent 

microorganisms and their by-products within the cystic 

lumen can sustain inflammation, potentially leading 

to treatment failure due to extraradicular infection. 

Additionally, the tissue removed during this case was 

histologically examined, revealing cholesterol crystals 

and chronic inflammatory cell infiltration (Figure 3). 

Cholesterol, being water-insoluble, forms thin, flat 

rhomboid plates, as observed in the cystic lesion [9]. 

Cholesterol crystals have been implicated as a caus-

ative factor in persistent chronic inflammation and are 

also suggested to hinder the healing of apical periodon-

titis lesions because macrophages are unable to phago-

cytize and degrade them [7,10]. Given that cholesterol 

forms similar crystals in apical periodontitis lesions, 

it is hypothesized that both extraradicular microbial 

factors (microorganisms within the cystic lumen) and 

nonmicrobial factors (cholesterol crystals) may have 

influenced the failure of the nonsurgical endodontic 

treatment in this case.

Two years after surgery, the patient exhibited no 

symptoms, and no radiographic pathosis was evident 

on periapical radiography. However, coronal views from 

CBCT scans revealed that a well-demarcated radio-

lucent area persisted around the buccal aspect of the 

palatal root (Figure 4C). This suggests that the lesion 

may be healing, or that an irritant might remain in or 

around the palatal root, which was not addressed sur-

gically. The fact that we did not perform root-end sur-

gery on the palatal roots, which could have precluded 

any issues, warrants discussion. Surgical management 

of the palatal root of the maxillary first molar presents 

technical challenges. Two approaches are suggested: 

the buccal or trans-antral approach [11], and the palatal 

approach, which involves raising a palatal flap to access 

the root [12]. In this case, we opted against root-end 

surgery on the palatal root for several reasons. Initially, 

the trans-antral approach was dismissed as it would 

render the regenerated MSF inconsequential. More-

over, combining the palatal approach with the buccal 

approach for managing the buccal roots could lead 

to a “through-and-through” or “transosseous” lesion, 

potentially necessitating additional procedures such 

as guided tissue regeneration with graft material and a 

barrier membrane. Beyond the surgical management 

of the palatal root, it is important to determine whether 

the lesion represents a chronic periapical lesion that has 

not resolved or is merely scar tissue, especially given 

the patient’s asymptomatic status for two years. Such 

determination requires histological examination, and 

it is important to note that radiological and histolog-

ical findings do not always correlate. The criteria for 

evaluating the success or failure of root canal treatment 

include clinical and radiological assessments, as well as 
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the passage of time [13]. Therefore, ongoing follow-up is 

necessary.

CONCLUSIONS

Preservation of the MSF is another important factor for 

successful endodontic surgery, and the integrity of the 

MSF must be assessed to determine appropriate treat-

ment options, especially when MSEO occurs.

CONFLICT OF INTEREST
Kyung-San Min is the Editor-in-Chief of Restorative Dentistry 
and Endodontics and was not involved in the review process of 
this article. The authors declare no other conflicts of interest.

FUNDING/SUPPORT
None.

AUTHOR CONTRIBUTIONS
Conceptualization, Resources, Supervision: Yu MK, Min KS. 
Formal analysis, Visualization: Kang ES. Investigation: Kang 
ES, Kim MK. Methodology: Kang ES, Min KS. Validation: Yu 
MK, Kim MK. Writing - original draft: Kang ES. Writing - re-
view & editing: Kim MK, Yu MK, Min KS.

DATA SHARING STATEMENT
The datasets are not publicly available but are available from 
the corresponding author upon reasonable request.

REFERENCES

1.	George R. Nonsurgical retreatment vs. endodontic microsur-

gery: assessing success. Evid Based Dent 2015;16:82-83.

2.	Cheung LK, Lam J. Apicectomy of posterior teeth: a clinical 

study. Aust Dent J 1993;38:17-21.

3.	Tataryn RW, Lewis MJ, Horalek AL, Thompson CG, Cha BY, 

Pokorny AT. Maxillary sinusitis of endodontic origin: AAE 

position statement [Internet]. Chicago, IL: American As-

sociation of Endodontists (AAE); 2018 [cited 2025 May 16]. 

Available from: https://www.aae.org/specialty/wp-content/

uploads/sites/2/2018/04/AAE_PositionStatement_Maxil-

larySinusitis.pdf 

4.	Selden HS. The endo-antral syndrome. J Endod 1977;3:462-

464.

5.	Simon JH. Incidence of periapical cysts in relation to the root 

canal. J Endod 1980;6:845-848.

6.	Siqueira JF Jr. Aetiology of root canal treatment failure: why 

well-treated teeth can fail. Int Endod J 2001;34:1-10.

7.	Nair PN, Sjögren U, Schumacher E, Sundqvist G. Radic-

ular cyst affecting a root-filled human tooth: a long-term 

post-treatment follow-up. Int Endod J 1993;26:225-233.

8.	Sundqvist G, Figdor D, Persson S, Sjögren U. Microbiologic 

analysis of teeth with failed endodontic treatment and the 

outcome of conservative re-treatment. Oral Surg Oral Med 

Oral Pathol Oral Radiol Endod 1998;85:86-93.

9.	Trott JR, Chebib F, Galindo Y. Factors related to cholesterol 

formation in cysts and granulomas. J Can Dent Assoc (Tor) 

1973;39:550-555.

10.	 Nair PN, Sjögren U, Sundqvist G. Cholesterol crystals as an 

etiological factor in non-resolving chronic inflammation: an 

experimental study in guinea pigs. Eur J Oral Sci 1998;106(2 

Pt 1):644-650.

11.	 Altonen M. Transantral, subperiosteal resection of the pala-

tal root of maxillary molars. Int J Oral Surg 1975;4:277-283.

12.	 Taschieri S, Corbella S, Francetti L, Alberti A, Morandi B. 

Endodontic surgery of the palatal root of a maxillary molar 

associated with simultaneous management of a maxillary 

sinus lesion. Case Rep Dent 2023;2023:9180800.

13.	 Friedman S, Mor C. The success of endodontic therapy: 

healing and functionality. J Calif Dent Assoc 2004;32:493-

503.

https://doi.org/10.1038/sj.ebd.6401116
https://doi.org/10.1038/sj.ebd.6401116
https://doi.org/10.1111/j.1834-7819.1993.tb05446.x
https://doi.org/10.1111/j.1834-7819.1993.tb05446.x
https://www.aae.org/specialty/wp-content/uploads/sites/2/2018/04/AAE_PositionStatement_MaxillarySinusitis.pdf
https://www.aae.org/specialty/wp-content/uploads/sites/2/2018/04/AAE_PositionStatement_MaxillarySinusitis.pdf
https://www.aae.org/specialty/wp-content/uploads/sites/2/2018/04/AAE_PositionStatement_MaxillarySinusitis.pdf
https://doi.org/10.1016/s0099-2399(77)80159-3
https://doi.org/10.1016/s0099-2399(77)80159-3
https://doi.org/10.1016/s0099-2399(80)80039-2
https://doi.org/10.1016/s0099-2399(80)80039-2
https://doi.org/10.1046/j.1365-2591.2001.00396.x
https://doi.org/10.1046/j.1365-2591.2001.00396.x
https://doi.org/10.1111/j.1365-2591.1993.tb00563.x
https://doi.org/10.1111/j.1365-2591.1993.tb00563.x
https://doi.org/10.1111/j.1365-2591.1993.tb00563.x
https://doi.org/10.1016/s1079-2104(98)90404-8
https://doi.org/10.1016/s1079-2104(98)90404-8
https://doi.org/10.1016/s1079-2104(98)90404-8
https://doi.org/10.1016/s1079-2104(98)90404-8
https://www.ncbi.nlm.nih.gov/pubmed/4516653
https://www.ncbi.nlm.nih.gov/pubmed/4516653
https://www.ncbi.nlm.nih.gov/pubmed/4516653
https://doi.org/10.1046/j.0909-8836.1998.eos106206.x
https://doi.org/10.1046/j.0909-8836.1998.eos106206.x
https://doi.org/10.1046/j.0909-8836.1998.eos106206.x
https://doi.org/10.1046/j.0909-8836.1998.eos106206.x
https://doi.org/10.1016/s0300-9785(75)80045-7
https://doi.org/10.1016/s0300-9785(75)80045-7
https://doi.org/10.1155/2023/9180800
https://doi.org/10.1155/2023/9180800
https://doi.org/10.1155/2023/9180800
https://doi.org/10.1155/2023/9180800
https://doi.org/10.1080/19424396.2004.12223997
https://doi.org/10.1080/19424396.2004.12223997
https://doi.org/10.1080/19424396.2004.12223997


ihttps://rde.org

Instructions for authors

Restorative Dentistry and Endodontics (Restor Dent 

Endod, RDE) is a peer-reviewed and open-access elec-

tronic journal providing up-to-date information regard-

ing the research and developments on new knowledge 

and innovations pertinent to the field of contemporary 

clinical operative dentistry, restorative dentistry, and 

endodontics. In the field of operative and restorative 

dentistry, the journal deals with diagnosis, treatment 

planning, treatment concepts and techniques, adhesive 

dentistry, esthetic dentistry, tooth whitening, dental 

materials, and implant restoration. In the field of end-

odontics, the journal deals with a variety of topics such 

as etiology of periapical lesions, outcome of endodontic 

treatment, surgical endodontics including replanta-

tion, transplantation and implantation, dental trauma, 

intracanal microbiology, endodontic materials (MTA, 

nickel-titanium instruments, etc), molecular biology 

techniques, and stem cell biology. RDE publishes re-

search articles, review articles and case reports dealing 

with aforementioned topics from all over the world.

Manuscripts submitted to RDE should be prepared 

according to the instructions below. For issues not ad-

dressed in these instructions, the author should refer to 

the Recommendations for the Conduct, Reporting, Edit-

ing, and Publication of Scholarly Work in Medical Jour-

nals (http://www.icmje.org/recommendations/) from 

the International Committee of Medical Journal Editors 

(ICMJE).

Research and Publication Ethics

All of the manuscripts should be prepared based on 

strict observation of research and publication ethics 

guidelines recommended by the Council of Science 

Editors (https://www.councilscienceeditors.org), Inter-

national Committee of Medical Journal Editors (ICMJE, 

https://www.icmje.org), World Association of Medical 

Editors (WAME, https://www.wame.org), and the Ko-

rean Association of Medical Journal Editors (KAMJE, 

https://www.kamje.or.kr/en/main_en).

All studies involving human subjects or human data 

must be reviewed and approved by a responsible Insti-

tutional Review Board (IRB). Please refer to the princi-

ples embodied in the Declaration of Helsinki (https://

www.wma.net/policies-post/wma-declaration-of-hel-

sinki-ethical-principles-for-medical-research-involv-

ing-human-subjects) for all investigations involving 

human materials. Animal experiments also should be 

reviewed by an appropriate committee (IACUC) for 

the care and use of animals. Also, studies with patho-

gens requiring a high degree of biosafety should pass 

review of a relevant committee (Institutional Biosafety 

Committee). The approval should be described in the 

Methods section. For studies of humans including case 

reports, state whether informed consents were obtained 

from the study participants (or from a parent or legal 

guardian if the participant is unable to provide consent). 

The editor of RDE may request submission of copies of 

the documents regarding ethical issues.

The RDE will follow the guidelines of the Committee 

on Publication Ethics (COPE, https://publicationethics.

org) for the settlement of any misconduct.

Authorship

Authorship credit should be based on (1) substantial 

contributions to conception and design, acquisition 

of data, and analysis and interpretation of data; (2) 

drafting the article or revising it critically for important 

intellectual content; (3) final approval of the version to 

be published; and (4) agreement to be accountable for 

all aspects of the work in ensuring that questions related 

to the accuracy or integrity of any part of the work are 

appropriately investigated and resolved. Authors should 

meet these four conditions.

Role of Corresponding Author: The corresponding 

author takes primary responsibility for communication 

with the journal during the manuscript submission, 

peer review, and publication process. The correspond-

ing author typically ensures that all of the journal’s 

administrative requirements, such as providing the 

details of authorship, ethics committee approval, clin-

ical trial registration documentation, and conflict of 

interest forms and statements, are properly completed, 

although these duties may be delegated to one or more 

http://www.icmje.org/recommendations/
https://www.councilscienceeditors.org
https://www.icmje.org
https://www.wame.org
https://www.kamje.or.kr/en/main_en
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects
https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-human-subjects


ii

co-authors. The corresponding author should be avail-

able throughout the submission and peer review pro-

cess to respond to editorial queries in a timely manner, 

and after publication, should be available to respond to 

critiques of the work and cooperate with any requests 

from the journal for data or additional information or 

questions about the article.

Contributors: Any researcher who does not meet all 

four ICMJE criteria for authorship discussed above but 

contribute substantively to the study in terms of idea 

development, manuscript writing, conducting research, 

data analysis, and financial support should have their 

contributions listed in the Acknowledgments section of 

the article.

Changes to Authorship: Any changes to authorship (the 

addition, deletion or rearrangement of author names 

in the authorship of accepted manuscript) needs to be 

approved by the Editor-in-Chief after a written confir-

mation by a corresponding author including the reason 

the name should be rearranged and all the signature of 

co-authors.

For more information, please refer to the Research 

and Publication Ethics page on the journal website.   

Copyrights, Open Access, Data Sharing, 
and Archiving

Copyright: Copyright in all published material is owned 

by the Korean Academy of Conservative Dentistry. Au-

thors must agree to transfer copyright (https://rde.ac/

src/author_form.pdf ) during the submission process. 

The corresponding author is responsible for submitting 

the copyright transfer agreement to the publisher.

Open Access Policy: RDE is an open-access journal. 

Articles are distributed under the terms of the Creative 

Commons Attribution License (https://creativecom-

mons.org/licenses/by-nc/4.0/), which permits unre-

stricted non-commercial use, distribution, and repro-

duction in any medium, provided the original work is 

properly cited. Author(s) do not need permission to use 

tables or figures published in RDE in other journals, 

books, or media for scholarly and educational purposes.

Data Sharing: RDE encourages data sharing wherever 

possible unless this is prevented by ethical, privacy, or 

confidentiality matters. Authors may deposit their data 

in a publicly accessible repository and include a link to 

the DOI within the text of the manuscript.

Clinical Trials: RDE accepts the ICMJE Recommen-

dations for data sharing statement policy. Authors 

may refer to the editorial, “Data Sharing Statements 

for Clinical Trials: A Requirement of the International 

Committee of Medical Journal Editors,” in the Journal 

of Korean Medical Science (https://doi.org/10.3346/

jkms.2017.32.7.1051).

Archiving Policy: It is accessible without barrier from 

PubMed Central (https://www.ncbi.nlm.nih.gov/pmc/

journals/2010/), Korea Citation Index (https://kci.

go.kr), or National Library of Korea (https://nl.go.kr) in 

the event a journal is no longer published.

For more information, please refer to the Editorial 

Policy page on the journal website. 

Article Processing Charge

There are no author submission fees or other publica-

tion-related charges. All cost for the publication process 

is supported by the Publisher.

Submission of Manuscripts

Copyright Assignment: Authors submitting a paper do 

so on the understanding that the work and its essen-

tial substance have not been published before and are 

not being considered for publication elsewhere. The 

submission of the manuscript by the authors means 

that the authors automatically agree to assign exclusive 

copyright to RDE if and when the manuscript is accept-

ed for publication.

Submission: RDE requires electronic submission of all 

manuscripts. All manuscripts must be submitted to RDE 

through the website (https://www.editorialmanager.

https://rde.ac/policy/ethics.php 
https://rde.ac/policy/ethics.php 
https://rde.ac/src/author_form.pdf
https://rde.ac/src/author_form.pdf
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.3346/jkms.2017.32.7.1051
https://doi.org/10.3346/jkms.2017.32.7.1051
https://www.ncbi.nlm.nih.gov/pmc/journals/2010/
https://www.ncbi.nlm.nih.gov/pmc/journals/2010/
https://kci.go.kr
https://kci.go.kr
https://nl.go.kr
https://rde.ac/policy/editorial_policy.php
https://rde.ac/policy/editorial_policy.php
https://www.editorialmanager.com/rde/


iii

com/rde/) with a cover letter to the editor. Manuscripts 

may be submitted at any time. Authors may send que-

ries concerning the submission process, manuscript 

status, or journal procedures to the Editor. Please con-

tact the Editor by E-mail at editor@rde.ac.

Blinded Peer Review Process: Manuscripts that do not 

conform to the general aims and scope of the journal will 

be returned immediately without review. All other man-

uscripts will be reviewed by experts in the correspond-

ing field (at least two referees). The Editorial Board may 

request authors to revise the manuscripts according to 

the reviewer’s opinion. The revised manuscript may go 

through a second review by referees. A final decision on 

approval of publication of the submitted manuscripts is 

made by the Editorial Board.

Manuscript Preparation

General Requirements
• �Publication types: Articles falling into the following 

categories are invited for submission: Research Arti-

cles, Case Reports, Review Articles, Editorials, Open 

Lectures, and Comments for the Reader's Forum.
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appearing 3 or more times in the manuscript are to be 
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• �Ethical approval: All studies using human and animal 
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to acquire proper permission before submission.
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to access or unsuitable to post, authors must indicate 
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• �Abstract: The abstract should consist of a single para-

graph with no more than 250 words for research articles 

and 200 words for case reports or review articles and 

should give details of what was done. The structured 

abstracts of research articles are to contain the following 

major headings: Objective, Methods, Results, Conclu-
sion; and Keywords of no more than six words in alpha-

betical order. The abstracts of review articles or case 

reports don’t need a structured format, but keywords 

should be listed. The keywords should be from Medi-

cal Subject Headings (MeSH) when possible (https://

meshb.nlm.nih.gov/search) but non-MeSH subject 

headings may be used if deemed appropriate by the 

authors. Keywords should be written in small alpha-

betic letters with the first letter in capital. Separate 

each word by a semicolon.

• Main text
- �Introduction: The introduction should briefly review 

the pertinent literature in order to identify the gap in 

knowledge that the study is intended to address. The 

purpose of the study, the tested hypothesis, and its 

scope should be described.

- �Methods: The explanation of the experimental meth-

ods should be concise and sufficient for repetition by 

other qualified investigators. Procedures that have 

been published previously should not be described 

in detail. However, new or significant modifications 

of previously published procedures need full descrip-

tions. Clinical studies or experiments using labora-

tory animals or pathogens should mention approval 

of the studies by relevant committees in this section. 

The sources of special chemicals or preparations 

should be given along with their location (name of 

company, city and state, and country). If the study 

utilized a commercial product, the generic term 

should be used and the product name, manufacturer, 

city, and country should be stated in parentheses. 

The methods of statistical analysis and the criteria for 

determining significance levels should be described.

An ethics statement should be placed here when the 

studies are performed using clinical samples or data, 

and animals. An exemplary is shown below.

Human The study protocol was approved by the Institutional 
Review Board of OOO (IRB No: OO-OO-OO). Informed 
consent was obtained by all participants (or the partici-
pant’s legal guardian) / Informed consent was waived by 
the IRB.

Animal The procedures used and the care of animals were ap-
proved by the Institutional Animal Care and Use Commit-
tee at OOO University (approval No. ******).

Clinical trial This is a randomized clinical trial on the second phase, 
registered at the Clinical Research Information Service 
(CRIS, https://cris.nih.go.kr), No. *******.
* Other international registration is also acceptable. 

Description of participants: Ensure correct use of 

the terms sex (when reporting biological factors) and 

gender (identity, psychosocial or cultural factors), and, 

unless inappropriate, report the sex or gender of study 

participants, the sex of animals or cells, and describe the 

methods used to determine sex or gender. If the study 

was done involving an exclusive population, for exam-

ple in only one sex, authors should justify why, except 

in obvious cases (eg, prostate cancer). Authors should 

define how they determined race or ethnicity and justify 

their relevance.

- �Results: This section should present only the obser-

vations with minimal reference to earlier literature 

or possible interpretations by the authors. Data must 

not be duplicated in Tables and Figures. In tables 

and figures, magnification rates and units should be 

stated. SI (Le système International d’Unités) units 

should be used. Tables, figures, and legends of tables 

and figures may be included in the text or attached 

as separate pages at the end of the manuscript. Files 

containing figures and tables must also be submitted 

as separate files.

- �Discussion: The discussion section should describe 

the major findings of the study. Both the strengths 

and the weaknesses of the observations should be 

discussed. In addition, suggestions for further re-

search topics may be included if needed.

- �Conclusions: A brief conclusion based on the find-

ings of the study and a comment on the potential 

clinical relevance of the findings should be summa-

rized. The conclusion section should be described in 

a narrative manner, without numbering.

• �References: References should be obviously related 
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to the document. In the text, references should be 

cited with Arabic numerals in brackets, numbered 

in the order cited. The reference list should be typed 

double-spaced on a separate page and numbered in 

the order the reference citations appear in the text. 

For journal citations, include surnames and initials 

of authors, complete title of article, name of journal 

(abbreviated according to the NLM Catalog; https://

www.ncbi.nlm.nih.gov/nlmcatalog/journals/), vol-

ume, inclusive page numbers, and year of publication. 

When books are cited, either inclusive page numbers 

or chapter numbers should be included. Please note 

that theses or doctoral dissertations, which have not 

been published in peer-reviewed journals, should not 

be cited as references.

If needed, single or double authors should be ac-

knowledged in the text, eg, Ford and Roberts. If there 

are more than two authors, the first author followed by 

et al. is sufficient, eg, Tobias et al.

We recommend the use of EndNote for reference 

management and formatting. For reference style and 

format, please refer to the following examples.

Journal  
article

1. �Oh HK, Shin DH. Effect of adhesive application meth-
od on repair bond strength of composite. Restor 
Dent Endod 2021;46:e32.
List all authors when six or fewer (ex. reference 1); 
when seven or more, list six and add et al. (ex. refer-
ence 2 and 4).

2. �Bergamo ET, Yamaguchi S, Lopes AC, Coelho PG, de 
Araújo-Júnior EN, Benalcázar Jalkh EB, et al. Perfor-
mance of crowns cemented on a fiber-reinforced 
composite framework 5-unit implant-supported 
prostheses: in silico and fatigue analyses. Dent Mater 
2021;37:1783-1793.

3. �Shah RA, Hsu JI, Patel RR, Mui UN, Tyring SK. Anti-
biotic resistance in dermatology: the scope of the 
problem and strategies to address it. J Am Acad Der-
matol 2021 Sep 20 [Epub]. https://doi.org/10.1016/
j.jaad.2021.09.024.

4. �Van Meerbeek B, Vargas M, Inoue S, Yoshida Y, 
Peumans M, Lambrechts P, et al. Adhesives and ce-
ments to promote preservation dentistry. Oper Dent 
2001;(Supplement 6):119-144.

5. �Yoshida Y, Van Meerbeek B, Okazaki M, Shintani H, Su-
zuki K. Comparative study on adhesive performance 
of functional monomers. J Dent Res 2003;82(Special 
Issue B):Abstract 0051, pB-19.

Book & Book 
chapter

6. �Seltzer S, Bender IB. The dental pulp: biologic con-
siderations in dental procedures. 3rd ed. Lippincott; 
1984. p400.

7. �Fouad AF, Levin L. Pulpal reactions to caries and den-
tal procedures. In: Hargreaves KM, Cohen S, Berman 
LH, eds. Cohen’s pathways of the pulp. 10th ed. Mos-
by Elsevier; 2010. p504-528.

Website 8. �International Association of Dental Traumatology 
(IADT). The dental trauma guide [Internet]. IADT; 
2014 [cited 2021 Jun 10]. Available from: https://den-
taltraumaguide.org

Corporate 
publication

9. �ISO-Standards ISO 4287 Geometrical Product Specifi-
cations Surface texture. Profile method: terms, defini-
tions and surface texture parameters. 1st ed. Geneve: 
International Organization for Standardization; 1997. 
p1-25.

• �Tables: Tables should be included in the text so that 

they may be edited if necessary. The title of each table 

should be placed on the top. The first letter of the first 

word should be capitalized. All abbreviations should 

be explained in each table. Footnotes should be indi-

cated in superscript as a), b), c), and so on.

• �Figures: Illustrations must be submitted in electron-

ic format with file sizes appropriate for publication. 

Figures should be submitted as .tif or .jpg files. Pow-

erPoint files are not accepted. All images should be 

at least 300 dpi and 5 × 5 cm in size, with 500 dpi rec-

ommended. If the figures represent a series of related 

content, it is recommended to present them as panels 

(A, B, C...) within a single figure. Figure legends should 

be included as text so that they be edited if necessary. 

All abbreviations should be explained in each figure. 

Microscopic images should include the staining meth-

od and magnification (eg, hematoxylin and eosin stain, 

×400). Figures may use arrows, arrowheads, asterisks, 

circles, or other indicators as needed for clarity, with 

each indicated element described in the figure leg-

ends.

• Other types of articles
- �Review articles: Review articles should be divided 

into Introduction, Review, and Conclusions. The In-

troduction section should focus on placing the sub-

ject matter in context and justifying the need for the 

review. The Review section should be divided into 

logical sub-sections in order to improve readability 

and enhance understanding. Search strategies must 

be described and the use of state-of-the-art evi-
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dence-based systematic approaches is expected. The 

use of tabulated and illustrative material is encour-

aged. The Conclusion section should reach clear 

conclusions and/or recommendations on the basis 

of the evidence presented. If a review includes a me-

ta-analysis as part of a systematic review, it should 

be submitted as a research article.

- �Case reports: Case reports should be divided into 

Introduction, Case Report(s), Discussion, and Con-

clusions. They should be well illustrated with clinical 

images, radiographs, diagrams, and where appropri-

ate, supporting tables and graphs. However, all illus-

trations must be of the highest quality.

- �Comments for the Reader’s forum: Reader’s forum 

will present various questions, suggestions, and cri-

tiques on the subjects of operative dentistry, restor-

ative dentistry, and endodontics from the readers.

Manuscript Files Accepted

• �Final version: After a paper has been accepted for 

publication, the author(s) should submit the final 

version of the manuscript. The names and affiliations 

of authors should be double-checked, and if the orig-

inally submitted image files were of poor resolution, 

higher-resolution image files should be submitted at 

this time. Illustrations must be submitted in electron-

ic format with file sizes appropriate for publication. 

All images should be at least 300 dpi and 5 × 5 cm in 

size, with 500 dpi recommended. Symbols (eg, circles, 

triangles, squares), letters (eg, words, abbreviations), 

and numbers should be large enough to be legible on 

reduction to the journal’s column widths. All symbols 

must be defined in the figure caption. When submitted 

as separate files, name of the author, and illustration 

number should be stated in the file name. If refer-

ences, tables, or figures are moved, added, or deleted 

during the revision process, renumber them to reflect 

such changes so that all tables, references, and figures 

are cited in numeric order.

• �Errata and Corrigenda: To correct errors in published 

articles, the corresponding author should contact the 

journal’s Editorial Office with a detailed description of 

the proposed correction. Corrections that profoundly 

affect the interpretation or conclusions of the article 

will be reviewed by the editors. Corrections will be 

published as corrigenda (corrections of author’s er-

rors) or errata (corrections of publisher’s errors) in a 

later issue of the journal.
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