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Educational implications of a novel system for classifying root and 
canal anatomy in the human dentition: a narrative review
Hany Mohamed Aly Ahmed1,* , Paul Michael Howell Dummer2 

1Department of Restorative Dentistry, Faculty of Dentistry, Universiti Malaya, Kuala Lumpur, Malaysia
2School of Dentistry, College of Biomedical and Life Sciences, Cardiff University, Cardiff, United Kingdom

ABSTRACT

A comprehensive understanding of both the external and internal anatomy of teeth is fundamental for the effective diag-
nosis and management of pulp and periapical pathoses. Recent progress in noninvasive, high-resolution imaging modal-
ities, including cone-beam computed tomography and micro-computed tomography, has significantly enhanced the 
ability to examine the complex morphology of dental structures. These technological advancements have facilitated a 
level of anatomical detail that was previously unattainable, particularly in the assessment of crown, root, and canal sys-
tems. In response to this wealth of new anatomical data, a novel classification framework has been developed, enabling 
the systematic coding of root and canal configurations across all tooth types. This system offers a more nuanced and 
comprehensive representation of root canal anatomy compared to earlier classification models. This narrative review ex-
plores the implementation of this contemporary classification scheme in education, with a particular focus on its utility 
in recognizing anatomical variations and accessory canals for the benefit of undergraduate and postgraduate dental stu-
dents as well as general dental practitioners.
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Review Article

INTRODUCTION

A comprehensive knowledge of root and canal mor-

phology in the human dentition is essential for the suc-

cess of endodontic therapies [1]. Over time, a variety of 

diagnostic modalities, including staining and clearing 

techniques, two-dimensional (2D) radiographic imag-

ing, scanning electron microscopy, cone-beam comput-

ed tomography (CBCT), and micro-computed tomogra-

phy (micro-CT), have been utilized in both research and 

clinical contexts to investigate dental anatomy [2–7]. It is 

widely recognized that considerable variation exists in 

root and canal configuration, depending on the type of 

tooth and the population studied [1,7].

The purpose of classification within scientific dis-

ciplines is to systematically organize knowledge and 

http://orcid.org/0000-0003-0776-9288
http://orcid.org/0000-0002-0726-7467
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FIGURE LEGENDS 

 

Figure 1. Common classifications of root canal configurations. (A) Weine et al.’s classification [11]: types I (1), II (2-1), 

III (2), and IV (1-2). (B) Vertucci et al.’s classification [12]: types I (1), II (2-1), III (1-2-1), IV (2), V (1-2), VI (2-1-2), VII 

(1-2-1-2), and VIII (3). (C) Supplemental configurations of the Vertucci classification [13–16]: types IX (1-3), X (1-2-3-

2), XI (1-2-3-4), XII (2-3-1), XIII (1-2-1-3), XIV (4-2), XV (3-2), XVI (2-3), XVII (1-3-1), XVIII (3-1), XIX (2-1-2-1),  

XX (4), XXI (4-1), XXII (5-4), and XXIII (3-4). 

  

to delineate the defining features of the entities being 

classified [8]. From the pioneering investigations by 

Hess and Zürcher [2] to contemporary research, there 

has been a growing recognition of the need for a com-

prehensive system to describe root and canal morphol-

ogy across all tooth types and anatomical variations. 

The Vertucci classification [3] has historically been the 

most commonly adopted framework for categorizing 

canal configurations. However, its limitations have 

been increasingly highlighted in recent studies, which 

demonstrate that the system does not adequately ac-

commodate the full spectrum of anatomical diversity 

encountered in clinical practice [9,10]. In light of this 

shortcoming, a new coding system has been intro-

duced to standardize the classification of root and canal 

anatomy [9]. This contemporary approach has demon-

strated accuracy in both laboratory-based and clinical 

observational studies [10]. The present article aims to 

summarize the structure and utility of this novel system, 

with particular emphasis on its implications for dental 

education.

WHY WAS A NEW SYSTEM FOR 
CLASSIFYING TOOTH ANATOMY NEEDED?

Using tooth sectioning and 2D radiographic techniques, 

Weine et al. [4,11] initially classified root canal config-

urations (RCCs) into four distinct types (Figure 1A). 

Vertucci et al. [12] subsequently described eight canal 

types (Figure 1B) with further reports [13–16] identifying 

15 other canal configurations to complement Vertucci’s 

original classification [3] (Figure 1C). Later, a range of 

canal configurations that could not be classified within 

the existing systems were introduced [17].

The classification system introduced by Vertucci et al. 

[12], along with its supplementary categories, has been 

the most widely adopted and has proven useful in cate-

gorizing numerous canal configurations. However, there 

are significant limitations within the system, including:

Lack of information on the root number and location 
in anterior and premolar teeth
The classification of Vertucci et al. [12] organizes RCCs 

into distinct types; however, it does not provide codes 

or descriptions for the number of roots or their specific 

location in anterior and premolar teeth. This limitation 

leads to several issues.

a) �It is impossible to distinguish between a Vertucci 

type IV canal (which has two separate root canals) 

in a single-rooted or a double-rooted tooth (Figure 

2 [18]), as the number of roots is not specified.

b) �Vertucci type V canals (which can have one or 

two canals) may occur in either single-rooted or 

double-rooted teeth, but this distinction is not ad-

dressed in the system.

c) �Maxillary (or mandibular) premolars (or anterior 

teeth) with three canals are classified as Vertucci 

type VIII, without accounting for the number of 

roots or the position of the canal bifurcations along 

the root.

This lack of detail reduces the accuracy and thus the 

utility of canal classifications in these specific tooth 

types.

The absence of this critical information on the num-

Figure 1. Common classifications of root canal configurations. (A) 
Weine et al.’s classification [11]: types I (1), II (2-1), III (2), and IV (1-2). 
(B) Vertucci et al.’s classification [12]: types I (1), II (2-1), III (1-2-1), IV (2), 
V (1-2), VI (2-1-2), VII (1-2-1-2), and VIII (3). (C) Supplemental configu-
rations of the Vertucci classification [13–16]: types IX (1-3), X (1-2-3-2), 
XI (1-2-3-4), XII (2-3-1), XIII (1-2-1-3), XIV (4-2), XV (3-2), XVI (2-3), XVII 
(1-3-1), XVIII (3-1), XIX (2-1-2-1),  XX (4), XXI (4-1), XXII (5-4), and XXIII 
(3-4).
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and endodontic surgery. One key area affected is access 

cavity preparation, where premolar teeth with varying 

root numbers typically have canal orifices located in 

different positions [19]. Additionally, root canal instru-

mentation and the preparation for intracanal posts 

differ in double-rooted maxillary premolars, partic-

ularly because of the reduced dentine thickness near 

the furcation groove on the palatal aspect of the buccal 

root [19] (Figure 3). In certain cases, the buccal root of 

double-rooted maxillary premolars may feature deep 

grooves on both the buccal and palatal surfaces (Figure 

3C), further complicating treatment planning.

In addition to the number of roots, the location of the 

roots is also a crucial factor that the Vertucci system 

does not define. This lack of information can lead to 

difficulties in accurately classifying certain tooth con-

figurations. Examples where root location is important 

include:

a) �Anterior teeth with two roots can occur in two 

forms: either as mesial and distal or buccal and pal-

atal/lingual roots [20].

b) �Double-rooted mandibular premolars can present 

with two variations: either with mesial and distal 

Figure 2. Periapical radiographs of a single-rooted (A) and dou-
ble-rooted (B) maxillary premolar which are classified the same 
using the Vertucci classification, that is, type IV (two separate canals). 
Reproduced and modified from Ahmed et al. [18], according to the 
Creative Commons License.

Figure 3. Micro-computed tomography images showing the morphological variations in the axial sections of maxillary premolars: (A) sin-
gle-rooted; (B) double-rooted with a furcation groove in the palatal aspect of the buccal root; and (C) double-rooted with developmental 
grooves in the buccal and palatal aspects of the root.
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Figure 3. Micro-computed tomography images showing the morphological variations in the axial sections of maxillary 

premolars: (A) single-rooted; (B) double-rooted with a furcation groove in the palatal aspect of the buccal root; and (C) 

double-rooted with developmental grooves in the buccal and palatal aspects of the root. 

ber of roots has significant implications for the clinical 

management of teeth undergoing root canal treatment 
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root locations or with buccal and lingual root loca-

tions [10] (Figure 4).

c) �Maxillary premolars with three roots can appear in 

a range of configurations, such as having two buccal 

roots and one palatal root or one buccal root and 

two palatal roots [19,21].

These variations in root location are important for 

treatment planning but are not adequately addressed by 

the Vertucci classification system.

Absence of clear definitions for root canal components
The Vertucci classification lacks precise definitions for 

key root canal components, such as the canal orifice. 

In a subsequent publication, Vertucci [1] described the 

canal orifice as “a root canal begins as a funnel-shaped 

canal orifice generally present at or slightly apical to the 

cervical line.” However, this definition lacks clarity re-

garding what is meant by “slightly apical” to the cervical 

line. One possible reason for this ambiguity is that the 

Vertucci classification was based on decalcified, stained 

teeth, where the preparation process and immersion in 

strong acids can significantly degrade a tooth’s normal 

anatomical features, including the cementoenamel 

junction (CEJ). As a result, accurately identifying the 

CEJ on such specimens is challenging [22].

It is also important to note that, in multi-rooted teeth, 

the location of the pulp chamber floor may not align 

with the CEJ [1,23], further complicating the Vertucci 

system’s applicability in such cases.

Intercanal communications—are they a fundamental 
component of root canal configurations or not?
An intercanal communication has been defined by the 

American Association of Endodontists [24] as “a thin 

communication between two or more canals in the 

same root or between vascular elements in tissues.” 

However, there is ongoing confusion and a lack of 

consensus regarding whether such a communication 

should be considered an integral part of the RCC, influ-

encing its classification, or whether it should be regard-

ed as a minor feature that does not affect the anatomical 

classification of the main canal system. This issue has 

been discussed in the literature, with differing views on 

its significance [25] (Figure 5).

Classifying root canals using the Vertucci classification 

becomes more complex when intercanal communica-

tions are considered as part of the main canal configu-

ration (Figure 5). Since Vertucci [3] did not specify cri-

teria for defining intercanal communications, this leads 

to further confusion, especially when micro-CT studies 

report many canal configurations as “Vertucci non-clas-

sifiable types” [26,27]. Several observational CBCT clin-

Figure 4. Micro-computed tomography reconstructed images of double-rooted mandibular premolars with (A) buccal and lingual roots and (B) 
mesial and distal roots. B, buccal; L, lingual; M, mesial; D, distal. Reproduced from Ahmed et al. [10], according to the Creative Commons License.

 
Figure 4. Micro-computed tomography reconstructed images of double-rooted mandibular premolars with (A) buccal and 

lingual roots and (B) mesial and distal roots. B, buccal; L, lingual; M, mesial; D, distal. Reproduced from Ahmed et al. 

[10]. 
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ical studies either have not included transverse canals 

as part of the RCC or have failed to clarify the criteria for 

defining transverse canals when they are not meant to 

be considered [6,28,29]. This variation in interpretation 

has led to conflicts when comparing studies, not only 

due to the use of different diagnostic tools and study 

models, but also because the same classification system 

is being applied inconsistently [10].

Classifying a transverse canal anastomosis separately 

from the main RCC raises concerns due to its clinical 

significance during various stages of conventional root 

canal treatment. These stages include canal preparation, 

filling, as well as root-end cavity preparation and filling 

during surgery [30–32]. Additionally, a transverse canal 

anastomosis may communicate with the external root 

surface, potentially allowing microorganisms and their 

associated toxins to come into contact with the lateral 

periodontal and periapical tissues [33]. This highlights 

the importance of considering such anatomical features 

in diagnosis and treatment planning.

Defining root canal configurations using Roman nu-
merals
Defining RCCs using a simple scheme of Roman numer-

als as done with the Vertucci system has proven to be 

inadequate, as numerous studies have highlighted the 

complexity of root canal anatomy in human teeth with 

many canal configurations being identified as “Vertucci 

non-classifiable types” [27,34–36]. This underscores the 

impracticality of using a limited set of Roman numerals 

to accurately describe the wide variety of canal config-

urations, making it clear that a more comprehensive 

system is needed.

INTRODUCTION TO THE NOVEL SYSTEM 
FOR ROOT AND CANAL MORPHOLOGY

A novel coding system for classifying root and canal 

morphology was introduced by Ahmed et al. [9], offering 

comprehensive details on tooth notation, the number of 

roots, and RCCs. The purpose of this novel system was 

to establish an accurate and practical framework for use 

by undergraduate and postgraduate students, clinicians, 

and researchers. It enables the classification of root and 

canal configurations when using various methods of 

tooth examination, ensuring greater consistency and 

clarity in the assessment of tooth anatomy.

The Ahmed et al.’s classification system [9] compris-

es codes for three distinct components: tooth number 

(TN), number of roots, and RCC (Figures 6, 7).

Tooth number
The TN can be expressed using any standard number-

ing system. In cases where a tooth cannot be identified 

using one of these systems (e.g., extracted teeth of 

unknown origin), an appropriate abbreviation may be 

used. For example, the upper (maxillary) central incisor 

may be abbreviated as UCI.

Number of roots
The number of roots (R) is indicated as a superscript be-

fore TN (RTN). For example, 1TN means that tooth ‘TN’ 

has one root; 2TN means that the tooth has two roots 

and so on.

Root canal configuration
The RCC for each root is indicated as a superscript 

number(s) following the TN. This defines the contin-

uous course of the root canal system, starting from the 

AA BB

Figure 5. A micro-computed tomography image of a mandibular 
right first premolar, classified using the Vertucci classification [3]: (A) 
when intercanal communication is included, Vertucci non-classifi-
able (1-2-1-2-1-2-1-2); (B) when intercanal communication is not 
included, Vertucci type V. 
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root canal orifice (O), passing through the canal (C), 

and ending at the foramen (F) (or foramina). The sys-

tem specifies that the root canal orifice begins at the CEJ 

in single-rooted teeth and at the level of bifurcation in 

multi-rooted teeth.

In certain cases, the root bifurcation in multi-rooted 

teeth occurs in the middle or apical third of the root. 

In these instances, a common canal may be present 

coronally, starting at the level of the CEJ, similar to sin-

gle-rooted teeth. This common canal is indicated as a 

superscript before describing the canal configuration 

for each of the roots (Figure 7). Recently, the coding sys-

tem has been further applied in the primary dentition 

[37].

INVOLVEMENT OF COMPLEMENTARY 
CODES FOR ACCESSORY CANALS

When necessary, the coding system can also be used to 

 

Figure 6. Micro-computed tomography reconstructed images showing the application of the Ahmed et al.’s coding system 

[9] in a range of teeth. (A) 1211 refers to a single rooted tooth 21 with a single root canal configuration, (B) 214 B1 P1 refers 

to a double-rooted tooth 14 in which each of the B and P roots has one root canal, (C) 327 MB1 DB1 P1 refers to a three-

rooted tooth 27 in which each of the MB, DB and P roots has a single root canal configuration. RCC, root canal 

configuration; P, palatal; B, buccal; MB, mesio-buccal; DB, disto-buccal. 

 

Figure 7. Three-dimensional reconstructed double-rooted mandibular canine with a common canal coronally identified by 

a superscript number (highlighted in blue) before the buccal (B) and lingual (L) roots. 
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AA
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Figure 7. Three-dimensional reconstructed double-rooted mandib-
ular canine with a common canal coronally identified by a super-
script number (highlighted in blue) before the buccal (B) and lingual 
(L) roots.
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Figure 8. Application of the Ahmed et al.’s system [9] to classify root canal configuration and accessory canals in a single 

code. (A) 1211(M1): Single-rooted tooth 21 with one canal and one patent accessory canal in the middle third. (B) 1211(M1-0): 

Single-rooted tooth 21 with one canal and one blind accessory canal in the middle third. (C) 1211(M2-1-0): Single-rooted tooth 

21 with one canal and one loop accessory canal in the middle third. (D) 1211(MD): Single-rooted tooth 21 with one canal and 

apical delta. 
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classify accessory canals in conjunction with main ca-

nal configurations within a single code. The root length 

is divided into three sections: coronal third (C), starting 

from an imaginary line at the most apical portion of the 

pulp chamber; middle third (M); and apical third (A). 

Each of these thirds is identified as a superscript within 

parentheses following the RCC. In some cases, an ac-

cessory canal may not terminate in a foramen. In such 

instances, the code (1‐0) indicates a blind accessory 

canal, and the code (2‐1‐0) denotes a looped accesso-

ry canal. Figure 8 illustrates the application of the new 

coding system for accessory canals.

COMPLEMENTARY CODES FOR DENTAL 
ANOMALIES

The coding system can be adapted to classify root 

anomalies and their subtypes. The abbreviation for each 

anomaly (A) can be added within brackets. For exam-

ple, (DE) refers to “dens evaginatus” affecting a specific 

tooth (Figure 9).

• �When a tooth has two or more different develop-

mental anomalies, a comma (,) should be placed 

between the initials of each anomaly (A1, A2). For 

example, (DI, RD) refers to a tooth with both dens 

invaginatus (DI) and root dilaceration (RD).

• �A slash (/) should be used to describe fused teeth, 

such as when one tooth is fused to a supernumer-

ary tooth, or when roots are fused in double-rooted 

teeth. Two slashes (//) should be used to indicate 

fused teeth or roots with intercommunications in 

the root canals.

• �The subtype of each anomaly (if applicable) should 

be written as a superscript following the anomaly 

abbreviation. For instance, (DII) refers to a tooth with 

dens invaginatus type II [38,39].

APPLICATIONS OF THE AHMED CODING 
SYSTEM IN DENTAL EDUCATION

Understanding the external and internal anatomical 

variations of tooth roots is essential for successful root 

canal treatment and a range of other endodontic thera-

pies [40,41]. Dental anatomy plays a pivotal role in the 

endodontic curriculum and serves as the foundation for 

students to grasp the complexities of root canal systems 

before progressing to clinical practice. Survey studies 

are valid research tools that provide information on 

feedback and behaviors of respondents [42], and they 

enable continued assessment and evaluation of new 

trends in endodontic education [43].

Survey studies examined the coding system in dental 
education
To date, four survey studies compared the Ahmed 

coding system to the Vertucci system [44–47]. Three of 
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Figure 9. Application of the Ahmed et al.’s system [9] to classify a maxillary left lateral incisor with dens evaginatus (DE). 
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Figure 8. Application of the Ahmed et al. system [9] to classify root 
canal configuration and accessory canals in a single code. (A) 1211(M1): 
Single-rooted tooth 21 with one canal and one patent accessory ca-
nal in the middle third. (B) 1211(M1-0): Single-rooted tooth 21 with one 
canal and one blind accessory canal in the middle third. (C) 1211(M2-

1-0): Single-rooted tooth 21 with one canal and one loop accessory 
canal in the middle third. (D) 1211(MD): Single-rooted tooth 21 with 
one canal and apical delta.

Figure 9. Application of the Ahmed et al. system [9] to classify a 
maxillary left lateral incisor with dens evaginatus (DE).
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these studies used a validated questionnaire [44–46], 

in which a Microsoft PowerPoint (PPT) presentation 

(35 slides; Microsoft Corp., Redmond, WA, USA) was 

prepared with three components: (i) introduction; (ii) 

Vertucci classification (and its supplemental configu-

ration types); and (iii) Ahmed coding system together 

with examples of teeth interpreted using both systems. 

For consistency, the description of the two classification 

systems had the same number of slides, font size, slide 

background, and transition animations; however, since 

the new system comprises codes with superscripts, the 

font size of the codes to define root and canal morphol-

ogy was made larger to allow better visibility. To ensure 

transparency, the presenters of the PPT presentations in 

the three studies were independent and did not contrib-

ute to the development of the Ahmed coding system.

The fourth study [47] examined the incorporation of 

small-group practical seminars into a traditional lecture 

format to improve the understanding of both systems in 

addition to the Weine classification. The three systems 

were supported by a brief PPT presentation showing 

schematic and radiographic images of different canal 

configurations. This was followed by a practical exercise 

that included a template showing the external anatomy 

of the different dental groups, in which the student was 

requested to draw several internal anatomies based on 

the different classifications. Table 1 shows the details of 

the four studies included in this review.

Preferences of students and general dental practi-
tioners
The first survey conducted among 382 undergraduate 

dental students from eight Malaysian dental schools 

revealed that over 90% of students reported that the 

Ahmed system was more accurate and practical com-

pared to the Vertucci system and its supplemental con-

figurations [44]. More than 95% of students reported that 

the new coding system improved their understanding of 

root canal morphology and that they would recommend 

its inclusion in both preclinical and clinical courses. 

The positive feedback observed among undergraduate 

students was similarly echoed by postgraduate dental 

students in the same study, emphasizing the system’s 

utility in advanced learning [44], similar to the second 

study done in Peru [45]. The large-scale study in India Ta
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involving 1,082 participants from 13 dental schools 

reported that 93% of participants found the Ahmed 

classification system to be more practical and accurate 

compared to the Vertucci system [46].

Figure 10 summarizes the survey results from various 

studies that used the same questionnaire, comparing 

 

Figure 10. Summary of the results obtained from the three surveys that compared the feedback from students and dentists 

on the Ahmed et al.’s coding system [9] compared to the Vertucci classification [3] in terms of accuracy, practicability, help 

in understanding of root canal anatomy, and recommendations in teaching and clinical practice.  

  

Figure 10. Summary of the results obtained from the three surveys that compared the feedback from students and dentists on the Ahmed et 
al. coding system [9] compared to the Vertucci classification [3] in terms of accuracy, practicability, help in understanding of root canal anatomy, 
and recommendations in teaching and clinical practice. 
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the responses from dental students, postgraduate stu-

dents, and practitioners about the practicality and ac-

curacy of the Ahmed coding system versus the Vertucci 

classification. The results indicate a clear preference 

for the Ahmed system, which supports its potential for 

widespread implementation in dental education world-

wide.

In the fourth survey study [47], 98.8% of students 

agreed that the Ahmed classification system was the 

most complete, and 84% of students found it to be the 

most intuitive. However, 67% of students reported that 

the Ahmed system was the most difficult to understand. 

Despite this difficulty, all students believed that the 

small-group practical seminars helped them better un-

derstand the Ahmed coding system. This study demon-

strates that, while the Ahmed system may initially seem 

complex, the use of interactive seminars significantly 

enhanced students’ comprehension and application of 

the system, reinforcing the concept that hands-on learn-

ing can be an effective tool for understanding complex 

dental anatomy.

Reasons behind the favorable reports on the Ahmed 
coding system
The positive feedback regarding the Ahmed coding sys-

tem can be attributed to several key factors.

1. Open system for comprehensive classification
The coding system is an “open system,” meaning it is 

flexible and adaptable. It is capable of accurately classi-

fying the number of roots and their canal configurations 

for all teeth, whether simple or complex. This flexibility 

allows for a more comprehensive approach to classify-

ing root canal systems, offering a greater level of detail 

than other systems that may be limited to specific types 

of canal configurations.

2. No memorization of Roman numerals
Unlike the Vertucci classification, which relies on Ro-

man numerals for categorizing RCCs, the Ahmed system 

does not require users to memorize a set of predefined 

categories. This user-friendly approach simplifies the 

learning process, as it allows for a more intuitive and 

flexible method to describe RCCs without being con-

strained by a rigid classification system. This flexibility 

makes it easier for both students and clinicians to apply 

the system in practice.

3. Student reflections and expanding possibilities
The survey conducted among Malaysian dental stu-

dents focused primarily on RCCs; however, students 

expressed interest in extending the system’s application 

to classify other anatomical features such as accessory 

canals and anomalies [44]. This feedback highlights 

the ability of students to think critically about how the 

system can be adapted to other areas of dental anato-

my. Such reflections indicate that students are not only 

grasping the principles of the system but also develop-

ing a deeper understanding of the subject. They are able 

to apply, analyze, and extend their knowledge in line 

with Bloom’s taxonomy, which emphasizes the impor-

tance of learners creating and expanding on existing 

knowledge [48].

In conclusion, the Ahmed coding system is favored 

for its flexibility, simplicity, and ability to accurately de-

scribe complex anatomical features. Its “open system” 

structure makes it an effective educational tool that is 

applicable to the entire range of RCCs, accessory canals, 

and anomalies. Student feedback and the potential of 

the system for further expansion underscore its value 

in enhancing both dental education and clinical prac-

tice. This adaptability and the possibility of future im-

provements suggest that the system can evolve as new 

anatomical knowledge is acquired, making it a dynamic 

tool for understanding and classifying dental anatomy. 

The widespread positive feedback supports its integra-

tion into dental curricula across the globe, with students 

and practitioners recognizing its value in accurately 

diagnosing and classifying complex root canal systems. 

These findings, however, should not undermine the 

value of previous classification systems. Dental prac-

titioners should remain aware of the advantages and 

limitations of each system. Despite its limitations, the 

Vertucci classification has been widely used for more 

than four decades. Its eight canal configuration types 

can describe many root canal configurations in the hu-

man dentition and facilitate comparison with previous 

studies.
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Limitations and technical challenges of the Ahmed 
coding system
While the Ahmed coding system has demonstrated 

significant advantages in classifying complex root canal 

anatomies and providing greater detail compared to 

other systems, it is important to recognize its limita-

tions, which need to be considered by dental profes-

sionals, educators, and researchers when applying this 

classification in practice.

1. Increased number of groupings
One of the limitations of the Ahmed system is that it 

often results in a larger number of groupings for teeth 

with more intricate canal anatomical features, especial-

ly in cases involving multi-rooted teeth (maxillary and 

mandibular premolars and molars), examined using 

highly accurate devices such as micro-CT which allows 

the visualization of fine canal branchings and even the 

smallest accessory canals that may not be visible with 

other methods [10,49–52].

This increased number of groups has also been doc-

umented in previous CBCT studies [53–55]. A recent 

study [56] compared root and canal anatomy in max-

illary first premolars in 22 countries using both the 

Ahmed and Vertucci systems and concluded that the 

Ahmed coding system was more accurate and com-

prehensive than the Vertucci system. However, a larger 

number of groups was observed when using the Ahmed 

system because it takes into account the number of 

roots (so each single, double, and three-rooted variant 

will have separate codes) in addition to the complex 

canal anatomy that was allocated with separate codes 

corresponding to the large number of non-classifiable 

Vertucci types.

This expanded number of tooth groups in micro-CT 

and CBCT anatomy studies might appear overwhelming 

to some users, particularly those unfamiliar with the fin-

er details of tooth anatomy. While this increased gran-

ularity may seem complex, it allows for a more precise 

categorization of complex canal configurations, provid-

ing clinicians with specific and accurate information to 

plan treatments accordingly [10]. This is also important 

for accurate comparisons between research studies.

Traditional 2D radiographs can be helpful for basic 

canal classification, but often lack the detail required 

for identifying complex anatomical features or subtle 

canal variations. As a result, the classification of canal 

anatomy using 2D images leads to fewer groups but is 

less accurate than those obtained using more advanced 

three-dimensional (3D) imaging techniques [57].

2. Learning curve
Given the detailed nature of the Ahmed coding system, 

it requires a learning curve for dental students and prac-

titioners who are new to this approach, especially when 

classifying multi-rooted teeth with common canals (Fig-

ure 7), and when the complementary codes are used to 

classify teeth with multiple roots, canal configurations, 

accessory canals, and anomalies [44]. As mentioned 

above, the use of interactive seminars enhances the 

comprehension and understanding of root canal anato-

my classifications [47].

DIRECTIONS FOR FUTURE RESEARCH

Integration of the system with case difficulty assess-
ment tools
The Ahmed coding system plays an essential role not 

only in classifying root canal anatomy but also in deter-

mining the difficulty level of a particular case scheduled 

for root canal treatment. This is particularly important 

in clinical practice, especially when the operator is an 

undergraduate dental student, a postgraduate student, 

or a general dental practitioner (GDP).

Taking into account the inherent limitations of diag-

nostic 2D periapical imaging, it is crucial that each case 

be appropriately assessed according to the operator’s 

level of knowledge and skill, so the level of complexity 

is tackled at the appropriate stage of their education or 

career. This would provide them with a structured ap-

proach to anticipate challenges and plan accordingly, 

and also ensure optimal patient care and minimize the 

risk of errors or complications during treatment. For ex-

ample, a tooth code of 214 B1 P1 refers to a double-root-

ed maxillary molar tooth (tooth 14), where each root (B 

and P) has a single canal. This is a relatively straightfor-

ward case and most likely suitable for an undergraduate 

dental student or a GDP. A tooth code of (RE) 346 M2 D1 

DL1 refers to a three-rooted mandibular molar tooth 

(tooth 46) (RE refers to radix entomolaris), where the 
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mesial root (M) has two separate canals and each of the 

distal root (D) and disto-lingual root (DL) has a single 

canal. Given the usual buccal curvature of the DL root, 

the case would be more challenging for a dental student 

or GDP and would be more suitable for an endodontic 

specialist. Indeed, the availability of CBCT data would 

provide more detailed codes and thus a more accurate 

case difficulty assessment process.

Evaluation of the effectiveness in improving students’ 
understanding of root canal morphology
Future studies should also assess the effectiveness of 

the system in improving students’ understanding of 

root and canal morphology and the consistency of 

students’ ability to apply the system, especially in iden-

tifying different canal configurations across various 

tooth types. The evaluation of the coding system by 

researchers in different countries with various educa-

tional backgrounds and teaching models is needed. The 

implementation of calibration sessions, particularly for 

undergraduate and postgraduate students, as well as 

for practitioners unfamiliar with the system, would be 

beneficial to ensure that the Ahmed coding system is 

applied consistently by different users. This would help 

ensure that the system is used in a uniform manner 

across different clinical and educational settings.

Integration of the system with virtual reality in teach-
ing root canal anatomy
Several studies have explored innovative teaching 

methods to improve the understanding of root canal 

anatomy by dental students. Reymus et al. [58] report-

ed favorable feedback from third-year undergraduate 

students who were taught root canal anatomy using 

virtual reality (VR). The VR application incorporated the 

Ahmed coding system for classifying the CBCT scanned 

teeth where the Digital Imaging and Communications 

in Medicine (DICOM) files were converted to Standard 

Tessellation Language (STL) files imported into a VR 

software and viewed in a head-mounted VR device. The 

VR environment helped students to interact with 3D 

models of teeth and visualize RCCs in a more engaging 

and dynamic way. The immersive experience of VR like-

ly helped students grasp complex anatomical concepts 

more effectively.

Another study [59] utilized STL files from DICOM 

files of micro-CT scanned teeth classified using the Ver-

tucci and Ahmed coding system; the researchers used 

a software application that was designed to be com-

patible with Android handheld devices for augmented 

reality and VR devices. By combining interactive digital 

technologies with traditional teaching methods, this 

approach allowed students to visualize and manipulate 

root canal systems in a highly interactive environment. 

The use of this technology further enhanced students’ 

understanding of root canal anatomy and the various 

classification systems. Future studies can use micro-CT 

scanned models for the development of a VR envi-

ronment presenting the complementary codes of the 

Ahmed et al. system, thus integrating the main and ac-

cessory canals in a single code, as shown in Figure 11. 

This can also be applied to dental anomalies and the 

anatomical variations in the primary dentition.

Integration of the system with deep learning models
A recent review discussed potential applications of 

artificial intelligence (AI) in root canal anatomy edu-

cation [60]. The use of real-time AI-assisted analysis of 

2D and CBCT imaging is a promising platform for root 

canal anatomy education of dental students and clas-

sifications of root and canal configurations using the 

novel coding system. Deep learning models that guide 

students to focus on certain landmarks on enhanced 

2D radiographic images may help improve their skills 

and their ability during case difficulty assessment. The 

AI platform can also provide guidelines to help students 

navigate through the steps involved in the management 

(including access cavity preparation, instrumentation 

plan, and root canal filling) of different canal types, 

ranging from simple to more complex codes. However, 

it has to be acknowledged that the development of ac-

curate AI models suitable for educational purposes re-

quires large, diverse datasets for training and validation. 

Clinical exploration of canals remains an important 

step for the identification and classification of roots and 

canals. At present, AI applications should be used in 

root and canal anatomy education with caution, since 

they may generate incorrect recommendations if there 

is an over-reliance on technology based on limited pa-

tient data [61]. AI applications for the use of the Ahmed 
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Figure 11. Potential application of micro-computed tomography (micro-CT) scanned teeth for virtual reality (VR) 

applications using complementary codes of the Ahmed et al.’s system [9]. (A) After micro-CT scanning (axial section) and 

the use of Mimics software (DICOM files). (B) After segmentation of the enamel, dentine, and pulp space. (C) After three-

dimensional (3D) reconstruction. (D) Conversion to STL (Standard Tessellation Language) files. (E) Using Blender 

(version 4.4.3; Blender Foundation, Amsterdam, Netherlands) for 3D reconstruction. (F) After the addition of 

complementary codes for main and accessory canals for a single-rooted tooth 42 with canal configuration 1-2-1 and an 

apical delta (D). This can be used with a VR device. 

Figure 11. Potential application of micro-computed tomography (micro-CT) scanned teeth for virtual reality (VR) applications using comple-
mentary codes of the Ahmed et al.’s system [9]. (A) After micro-CT scanning (axial section) and the use of Mimics software (DICOM files). (B) 
After segmentation of the enamel, dentine, and pulp space. (C) After three-dimensional (3D) reconstruction. (D) Conversion to STL (Standard 
Tessellation Language) files. (E) Using Blender (version 4.4.3; Blender Foundation, Amsterdam, Netherlands) for 3D reconstruction. (F) After the 
addition of complementary codes for main and accessory canals for a single-rooted tooth 42 with canal configuration 1-2-1 and an apical delta 
(D). This can be used with a VR device.
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coding system in different imaging and education tools 

require further research.

CONCLUSIONS

The Ahmed coding system has shown considerable 

promise for classifying root and canal anatomy, particu-

larly in teeth with multiple roots and/or complex canal 

anatomy. The integration of technology-enhanced edu-

cational approaches, such as 3D imaging and interactive 

learning platforms, significantly enhances comprehen-

sion of root and canal anatomy when interpreted using 

contemporary classification systems. However, dental 

students, educators, and clinicians must be aware of the 

strengths and limitations of these systems. Future re-

search is needed to explore AI applications in improving 

the interpretation and classification of root and canal 

anatomy.
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ABSTRACT

Objectives: Artificial intelligence (AI) chatbots such as ChatGPT-5 (OpenAI) are increasingly used for dental radiograph 
interpretation, especially among patients seeking self-assessment. However, their diagnostic accuracy in endodontics re-
mains unclear.
Methods: This cross-sectional STARD-AI-compliant study analyzed 271 anonymized periapical radiographs of endodon-
tically treated posterior teeth, classified as straightforward (n = 167) or complex (n = 104), using standardized ChatGPT-5 
prompts. Diagnostic criteria included obturation length (short, adequate, long), presence of voids, and periapical patho-
sis. Results were compared to those of a panel of general dentists and a reference standard from endodontic specialists. 
Sensitivity, specificity, and accuracy were calculated using the McNemar test (p < 0.05).
Results: ChatGPT-5 demonstrated high specificity (up to 99.3%) for normal or adequately treated findings but low sensi-
tivity for short (13.7%) or long (0.0%) obturations, voids (9.0%–22.7%), and periapical lesions (10.5%–28.6%). Overall ac-
curacy (54.0%–63.2%) was significantly lower than that of general dentists (76.0%–85.6%) (p < 0.001).
Conclusions: Although ChatGPT-5 achieved high specificity, its low sensitivity and overall accuracy limit diagnostic reli-
ability. Expert clinician oversight remains essential for accurate interpretation and treatment planning.
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INTRODUCTION

Artificial intelligence (AI) chatbots have transformed 

digital communication by enabling people to ask tar-

geted, individualized inquiries and receive precise, con-

text-specific answers [1]. This is accomplished by mim-

icking the neural networks found in the human brain. 

One of the most prominent examples is ChatGPT-5 

(OpenAI, San Francisco, CA, USA), a multimodal AI sys-

tem capable of processing both textual and visual inputs 

http://orcid.org/0000-0001-8169-3870
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[2]. In this context, ‘multimodal’ refers to the model’s 

ability to process and integrate both textual input and 

visual data, such as radiographic images, within a single 

analytical framework.

ChatGPT-5 has become deeply integrated into mod-

ern daily life, with applications extending from educa-

tion and business to healthcare clinical decision support 

[3]. This expanding scope of use has naturally extended 

into healthcare contexts, where patients increasingly 

upload medical and dental images to AI platforms in 

search of preliminary interpretations or reassurance [4]. 

This trend reflects the rising influence of AI as an auxil-

iary source of information that allows patients to engage 

more actively in health-related decision-making [5]. In 

dentistry, ChatGPT-5 can provide valuable insights and 

descriptive assessment of radiographic density patterns, 

quality of root canal treatment, and pathological chang-

es [6,7]. However, it is important to acknowledge that 

the diagnostic reliability of general-purpose AI models 

in radiographic interpretation has not been scientifical-

ly validated [8,9].

Despite the widespread use of ChatGPT-5 in health-

care-related contexts, its diagnostic accuracy in dental 

radiography, particularly in endodontics, remains large-

ly unexplored. Only a few preliminary studies have eval-

uated AI models’ performance in dental imaging [10], 

and most have focused on domain-specific algorithms 

rather than generalist large language models. The lack 

of validation raises concerns regarding potential misin-

terpretations when patients or clinicians rely on these 

systems for diagnostic insights.

Therefore, this study aimed to evaluate the diagnostic 

accuracy of ChatGPT-5 in interpreting periapical radio-

graphs of endodontically treated teeth and to compare 

its performance with that of practicing general dentists 

and an expert endodontic reference standard. To our 

knowledge, this is the first investigation to benchmark 

a general-purpose AI chatbot against human clinicians 

using real radiographic data in endodontics.

METHODS

This diagnostic accuracy study was conducted in accor-

dance with the Standards for Reporting Diagnostic Ac-

curacy Studies 2015 (STARD 2015) and the STARD-Ar-

tificial Intelligence (STARD-AI) extension for studies 

involving AI-based diagnostic systems [11]. The study 

protocol was retrospectively registered and made pub-

licly available on the Open Science Framework (https://

osf.io/kmsqx). All key methodological components of 

the study, including design, participant selection, index 

test, reference standard, and statistical analysis, were 

reported in compliance with these guidelines to ensure 

transparency and reproducibility. STARD-compliant 

flow diagrams are presented in Figures 1 to 3.

Ethical approval was granted by the Institutional Re-

view Board of the Ministry of Health, Qassim Province, 

Saudi Arabia (H-040Q-001), and the study complied 

with the principles of the Declaration of Helsinki. Be-

cause the study used anonymized retrospective data, 

Potentially eligible participants 
(n = 300)

Eligible participants 
(n = 271)

Index test (ChatGPT-5) 
(n = 271)

Reference standard 
(n = 271)

Final diagnosis (reference standard):
- Short (n = 69)
- Adequate (n = 166)
- Long (n = 36)
- Inconclusive (n = 0)

Index test 
Short (n = 37)

Index test 
Adequate 
(n = 226)

Index test 
Long (n = 4)

Excluded (n = 29)
- Poor image quality (n = 9)
- Apices not visible (n = 18)
- Artifacts (n = 2)

No index test (n = 0)

Figure 1. STARD (Standards for Reporting of Diagnostic Accuracy 
Studies) flow diagram for obturation length evaluation.

https://osf.io/kmsqx
https://osf.io/kmsqx
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informed consent was waived.

Radiographic data collection
Periapical radiographs were retrospectively obtained 

from a private dental clinic archive. Imaging was per-

formed using a standardized digital intraoral X-ray unit 

(Planmeca ProX; Planmeca Oy, Helsinki, Finland) with 

consistent exposure parameters (70 kVp, 8 mA, and an 

exposure time of 0.2 seconds). All images were export-

ed as high-resolution, uncompressed JPEG files. Two 

trained independent investigators, who were not in-

volved in the diagnostic assessment phase, anonymized 

and pre-classified the radiographs into two categories: 

straightforward or complex.

A radiograph was classified “complex” if it met any of 

the following criteria:

1. �Overlapping or superimposed anatomical struc-

tures (e.g., zygomatic arch or maxillary sinus shad-

ow obstructing apex visibility).

2. �Evidence of procedural complications (e.g., ledges, 

perforations, separated instruments), or

3. �Fuzzy or blurred radiographic apex.

This classification was designed to reflect real-world 

diagnostic conditions, as radiographic complexity may 

differentially affect both human interpretation and AI-

based assessment, thereby influencing diagnostic accu-

racy. Radiographs that did not meet any of these criteria 

and showed clearly interpretable root canal fillings and 

apices were classified as “straightforward.” Inter-rater 

agreement was reached through discussion. Radio-

Potentially eligible participants 
(n = 300)

Potentially eligible participants 
(n = 300)

Eligible participants 
(n = 271)

Eligible participants 
(n = 271)

Index test (ChatGPT 5) 
(n = 271)

Index test (ChatGPT 5) 
(n = 271)

Reference standard 
(n = 271)

Reference standard 
(n = 271)

Final diagnosis (reference standard):
- Present (n = 92)
- Absent (n = 179)
- Inconclusive (n = 0)

Final diagnosis (reference standard):
- Present (n = 122)
- Absent (n = 149)
- Inconclusive (n = 0)

Index test lesion 
present 
(n = 49)

Index test voids 
present 
(n = 34)

Index test lesion 
absent 

(n = 222)

Index test voids 
absent 

(n = 237)

Index test 
inconclusive 

(n = 0)

Index test 
inconclusive 

(n = 0)

Excluded (n = 29)
- Poor image quality (n = 9)
- Apices not visible (n = 18)
- Artifacts (n = 2)

Excluded (n = 29)
- Poor image quality (n = 9)
- Apices not visible (n = 18)
- Artifacts (n = 2)

No index test (n = 0)No index test (n = 0)

Figure 3. STARD (Standards for Reporting of Diagnostic Accuracy 
Studies) flow diagram for pathology detection in the apical area.

Figure 2. STARD (Standards for Reporting of Diagnostic Accuracy 
Studies) flow diagram for void detection in root canal fillings.
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graphs of posterior teeth were included; anterior teeth 

and non-endodontically treated cases were excluded. 

Inclusion criteria consisted of periapical radiographs of 

endodontically treated teeth that provided clear visual-

ization of the root apex and extended at least 2 mm be-

yond the radiographic apex. Images with artifacts, poor 

contrast, or incomplete apical capture were omitted.

Diagnostic evaluation
The diagnostic assessment involved three evalua-

tors grouped into two categories: the AI-based model 

(ChatGPT-5) and a consensus panel of two licensed 

general dentists, each with at least five years of clinical 

experience. The general dentists jointly reviewed the ra-

diographs and reached a consensus through discussion.

ChatGPT-5 independently evaluated the same radio-

graphs using the platform’s image input interface. To 

simulate realistic public-facing use, radiographs were 

submitted using the platform’s visual input function-

ality. Following multiple preliminary tests to optimize 

prompt clarity, the model was provided with the fol-

lowing prompt: “As a professional dentist, assess the 

uploaded radiographs using these criteria: (1) length 

of obturation—short, adequate, or long; (2) presence of 

voids—yes or no; and (3) presence of periapical patho-

sis—yes or no.” The same standardized prompt was ap-

plied uniformly to all 271 radiographs. While ChatGPT-5 

generally provided definitive categorical outputs, re-

sponses in complex cases frequently included uncer-

tainty modifiers such as ‘appears to be’ or ‘may suggest,’ 

indicating reduced confidence in visually ambiguous 

scenarios.

For human evaluators, standardized diagnostic defi-

nitions were applied:

• �Root canal filling length:

- �Short: obturation ending >2 mm short of the radio-

graphic apex.

- �Adequate: obturation terminating within 0–2 mm of 

the apex.

- �Long: obturation extending beyond the apex.

• �A void was defined as a radiolucent gap within the 

filling material, and a periapical lesion as a radio-

lucency exceeding twice the width of the normal 

periodontal ligament space at the apex; both were 

evaluated as a binary variable (yes or no).

Diagnostic criteria were intentionally withheld from 

ChatGPT-5 to simulate typical real-world public usage, 

where users commonly upload images without struc-

tured clinical definitions. This approach was adopted to 

enhance the external validity of the findings.

Reference standard
The reference standard was established by two board- 

certified endodontists, each with more than 5 years of 

clinical experience in endodontic diagnosis and treat-

ment. All radiographs were reviewed independently 

on a calibrated 24-inch LCD monitor (1,920 × 1,080 

resolution) under standardized lighting in a quiet envi-

ronment without knowledge of the ChatGPT or general 

dentists’ assessments. Disagreements between the en-

dodontists were resolved by discussion to establish the 

reference standard.

Sample size calculation
The required sample size was estimated using an ex-

pected agreement proportion of 0.80 (based on prior 

AI-dentist diagnostic concordance studies [12,13]), a 

95% confidence level (Z = 1.96), and a 5% margin of er-

ror (E = 0.05). The calculation indicated a minimum of 

246 radiographs. The following formula was used:

where, n = required sample size; Z = Z value corre-

sponding to 95% confidence level (1.96); P = expected 

proportion of agreement between AI model and den-

tists. Based on the initial estimates, P was set to 80% (0.8 

agreement); E = acceptable margin of error, which was 

set to 5% (0.05).

The calculation was performed under a two-tailed test 

assumption, aiming to detect any statistically significant 

difference—either higher or lower—in agreement be-

tween the AI model and human evaluators. A two-sided 

95% confidence interval was thus applied.

The values were substituted into the formula as fol-

lows:
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Statistical analysis
Sensitivity, specificity, and overall accuracy were calcu-

lated for ChatGPT-5 and general dentists relative to the 

reference standard. Sensitivity reflected the ability to 

detect inadequate obturations, voids, or apical lesions; 

specificity reflected the correct identification of nor-

mal findings of the apical area and adequate root canal 

filling. The McNemar test was used to compare diag-

nostic proportions (α = 0.05). Statistical analyses were 

performed using IBM SPSS Statistics version 29.0 (IBM 

Corp., Armonk, NY, USA).

RESULTS

A total of 271 anonymized periapical radiographs met 

the inclusion criteria and were analyzed. Of these, 

167 (61.6%) were classified as straightforward and 104 

(38.4%) as complex based on radiographic interpretabil-

ity.

Root canal filling length
Assessment of obturation length revealed notable vari-

ability among evaluators (Table 1). The reference stan-

dard identified 69 cases (25.5%) as short, 166 (61.3%) as 

adequate, and 36 (13.3%) as long. ChatGPT-5 identified 

fewer short (13.7%, n = 37) and long fillings (1.5%, n 

= 4) while overestimating adequate cases (83.4%, n = 

226). In contrast, general dentists’ classifications were 

more closely aligned with the reference standard (short, 

28.8%; adequate, 58.7%; and long, 12.5%).

In straightforward radiographs, ChatGPT-5 achieved 

high sensitivity for adequate fillings (92.7%) but mark-

edly low sensitivity for short (13.3%) and long (0.0%) fill-

ings. Specificity ranged from 10.4% (adequate) to 99.3% 

(long), yielding an overall accuracy of 58.9%. In complex 

radiographs, sensitivity for short fillings increased to 

39.1%, with accuracy reaching 61.5%.

General dentists demonstrated consistently superior 

diagnostic performance. For straightforward radio-

graphs, their overall accuracy was 85.6%, with high 

sensitivity for all filling categories (≥81.8%). In complex 

cases, accuracy remained high (81.7%). Statistical anal-

ysis confirmed significant differences in sensitivity and 

overall accuracy between ChatGPT-5 and general den-

tists for both radiograph types (p = 0.003 and p < 0.001, 

respectively), while specificity differences were not sig-

nificant (p = 0.239 and p = 0.427, respectively) (Table 1, 

Figure 1).

Detection of voids in root canal fillings
The reference standard detected voids in 122 radio-

graphs (45.0%), whereas ChatGPT-5 identified only 34 

(12.5%), indicating frequent under-detection. The gen-

eral dentists recognized voids in 80 cases (29.5%), close-

ly approximating the reference standard.

For straightforward radiographs, ChatGPT-5 demon-

strated a sensitivity of 9%, specificity of 91%, and overall 

accuracy of 54%. In complex radiographs, sensitivity im-

proved to 22.7% and accuracy to 58.7%, with specificity 

of 85%. In contrast, the general dentists achieved sensi-

tivity values of 57.7% (straightforward) and 56.8% (com-

plex), with overall accuracies of 76% and 78.8%, respec-

tively. Differences in sensitivity and accuracy between 

ChatGPT-5 and the dentists were statistically significant 

(p = 0.01 and p < 0.001), while specificity differences 

were not (p = 0.781 and p = 0.149) (Table 2, Figure 2).

Detection of periapical lesions
The reference standard classified 92 radiographs (33.9%) 

as having periapical lesions. ChatGPT-5 detected only 

Table 1. Performance of ChatGPT-5 and general dentists in detecting root canal filling length

Evaluator Length
Straightforward radiographs Complex radiographs

Sensitivity (%) Specificity (%) Accuracy (%) Sensitivity (%) Specificity (%) Accuracy (%)
ChatGPT-5 Short 13.3 94.1 71.8 39.1 81.5 72.1

Adequate 92.7 10.4 58.9 77.6 32.4 61.5
Long 0.0 99.3 85.9 7.1 97.8 85.6

General dentists Short 84.8 91.7 89.8 91.3 90.1 90.4
Adequate 86.9 83.8 85.6 82.1 81.1 81.7

Long 81.8 97.9 95.8 57.1 94.4 89.4
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49 (18.1%), showing limited sensitivity but high speci-

ficity. For straightforward radiographs, sensitivity was 

10.5%, specificity 88.2%, and overall accuracy 63.2%. For 

complex radiographs, sensitivity rose to 28.6%, specific-

ity declined to 71.0%, and accuracy was 56.7%.

General dentists demonstrated markedly higher diag-

nostic performance, with sensitivity of 93.0% and speci-

ficity of 79.1% in straightforward radiographs, and 80.0% 

and 87.0%, respectively, in complex radiographs. Their 

overall accuracy exceeded 83% across all conditions. 

Statistical comparisons confirmed significantly higher 

sensitivity and accuracy for general dentists (p < 0.001 

for straightforward, p = 0.002 for complex), with speci-

ficity differences significant only in complex cases (p = 

0.029) (Table 3, Figure 3).

In summary, across all diagnostic parameters, 

ChatGPT-5 demonstrated high specificity but consis-

tently low sensitivity, particularly in detecting voids and 

periapical lesions. General dentists maintained bal-

anced sensitivity and specificity, achieving accuracies 

above 80% in all assessments, whereas ChatGPT-5’s per-

formance ranged between 54% and 63%.

DISCUSSION

This study evaluated the diagnostic accuracy of 

ChatGPT-5 as a public source of medical information 

in interpreting periapical radiographs of endodontical-

ly treated teeth. As of February 2025, ChatGPT-5 had 

over 400 million weekly active users, reflecting its rapid 

growth and widespread adoption [12]. A recent Cleve-

land Clinic survey reported that a significant portion of 

the public turns to AI chatbots, such as ChatGPT-5, for 

medical information, with 72% of Americans believing 

the health advice they received from these chatbots is 

accurate [13]. Moreover, four out of five AI users con-

sidered information obtained from ChatGPT-5 to be at 

least as reliable as that provided by their physicians [14]. 

This growing trust in AI-driven health guidance raises 

concerns, particularly regarding the accuracy and reli-

ability of the medical advice provided by AI chatbots.

In this study, the model demonstrated high specificity 

but consistently low sensitivity across all diagnostic pa-

rameters, indicating that while it could correctly identify 

normal findings, it frequently failed to detect patholog-

ical or suboptimal conditions. These results align with 

the study’s initial hypothesis and emphasize that gener-

alist large-language-model systems, although capable 

of image recognition, remain unreliable for clinical di-

agnostic purposes.

The overall accuracy of ChatGPT-5 (54%–63%) was 

significantly lower than that of general dentists (76%–

86%), reaffirming that professional human judgment 

remains essential for radiographic interpretation. The 

pattern of high specificity but poor sensitivity is char-

acteristic of untrained or nonspecialized classifiers that 

default to “normal” findings when diagnostic confidence 

is low. This outcome is in agreement with previous AI 

radiology investigations, where general-purpose models 

underperformed compared with domain-trained algo-

rithms designed specifically for dental imaging [15].

The limited diagnostic performance of ChatGPT-5 can 

be attributed to its architecture and training paradigm. 

Although the model is multimodal, its foundational 

structure is language-oriented, optimized for text gener-

ation rather than pixel-based image analysis. It lacks su-

pervised exposure to annotated dental radiographs and 

thus cannot accurately recognize subtle endodontic fea-

tures such as obturation length deviations, apical radio-

lucencies, or voids. Dedicated deep-learning networks 

trained on labeled datasets—such as convolutional 

neural networks or transformer-based vision mod-

Table 2. Performance of ChatGPT-5 and general dentists in detect-
ing voids in root canal fillings

Straightforward 
radiographs

Complex 
radiographs

ChatGPT-5 
(%)

General 
dentists (%)

ChatGPT-5 
(%)

General 
dentists (%)

Sensitivity 9.0 57.7 22.7 56.8
Specificity 91.0 92.1 85.0 95.0
Accuracy 54.0 76.0 58.7 78.8

Table 3. Performance of ChatGPT-5 and general dentists in detect-
ing periapical lesions

Straightforward 
radiographs

Complex 
radiographs

ChatGPT-5 
(%)

General 
dentists (%)

ChatGPT-5 
(%)

General 
dentists (%)

Sensitivity 10.5 93.0 28.6 80.0
Specificity 88.2 79.1 71.0 87.0
Accuracy 63.2 83.8 56.7 84.6
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els—have achieved sensitivities above 85% in similar 

diagnostic tasks [16,17], underscoring the gap between 

purpose-built systems and generalist AI. Although 

domain-specific fine-tuning of large language models 

may improve performance, such adaptations may not 

fully overcome the inherent limitations of language-first 

architectures. Diagnostic tasks in endodontic radiology 

likely require purpose-built vision models trained on 

large, annotated dental imaging datasets, rather than 

general-purpose AI systems adapted post hoc.

Clinically, these findings have practical implications. 

With the increasing use of ChatGPT-based platforms 

by patients seeking self-assessment, there is a risk that 

misinterpretation of radiographs may lead to delayed 

professional consultation, unwarranted anxiety, or 

misplaced reassurance. Endodontists and general prac-

titioners should be aware of these limitations and pro-

actively educate patients on the boundaries of AI-gener-

ated health information. The ChatGPT-5 evaluation was 

intentionally conducted using natural language prompts 

that simulate realistic public-facing interactions, with-

out embedding detailed operational definitions. Future 

research may explore whether incorporating standard-

ized diagnostic definitions into AI prompts enhances 

interpretive reliability.

Several factors may explain the observed discrepan-

cies between ChatGPT-5 and human evaluators. The 

lack of diagnostic calibration, absence of case-specific 

context (such as patient symptoms or clinical notes), 

and the inherent ambiguity of radiographic features 

contribute to performance variability [18,19]. Despite 

standardized training, dental professionals may inter-

pret radiographic features differently due to variations 

in clinical experience, perceptual sensitivity, and diag-

nostic thresholds for pathology. Factors such as contrast 

perception, anatomical variations, and subjective as-

sessment of radiolucencies contribute to these discrep-

ancies, particularly in complex cases where the patho-

logical findings are subtle or ambiguous [20]. Although 

expert disagreement reinforces the inherent subjectivity 

of human evaluation, the collective accuracy of the 

included dentists remained superior to that of the AI 

model. The persistence of interobserver variability sug-

gests that AI should not replace expert interpretation 

but rather serve as an adjunct tool. Additionally, the 

model’s reliance on a single image per case contrasts 

with the multi-image or three-dimensional (3D) data-

sets often available to clinicians, further reducing diag-

nostic precision.

This study has limitations inherent to retrospective 

radiographic designs. The dataset comprised periapi-

cal radiographs from a single clinical setting, which 

may limit generalizability. The ChatGPT-5 prompt 

was standardized to simulate public usage; however, 

different phrasing or context could influence respons-

es. Moreover, the model’s outputs were not repeated 

across sessions to test reproducibility, as image-based 

stochastic variation may exist. Future research should 

explore incorporating multiple AI systems, larger mul-

ticenter datasets, and prospective designs that eval-

uate human-AI collaborative workflows. Developing 

specialized, dentistry-trained multimodal models may 

substantially enhance diagnostic accuracy and clini-

cal reliability. Additionally, this study relied on static 

two-dimensional periapical radiographs, whereas 3D 

imaging modalities such as cone-beam computed to-

mography are increasingly used in endodontic practice 

and may yield different diagnostic performance profiles.

Overall, ChatGPT-5’s performance in this study un-

derscores that general-purpose AI remains an adjunc-

tive tool rather than a diagnostic substitute. While it 

demonstrated a capacity for identifying normal cases, 

it failed to match the diagnostic precision of trained 

clinicians. Continuous refinement of domain-specific 

AI frameworks, combined with clinician oversight, is es-

sential to ensure safe and effective integration of AI into 

endodontic practice.

CONCLUSIONS

ChatGPT-5 demonstrated high specificity but low 

sensitivity in interpreting periapical radiographs of 

endodontically treated teeth, limiting its diagnostic 

reliability. While the model can recognize normal find-

ings, it frequently fails to identify inadequate root canal 

fillings, voids, and periapical pathoses. These findings 

underscore that general-purpose AI systems remain un-

suitable for autonomous diagnostic use in endodontics. 

Clinician expertise and critical interpretation remain in-

dispensable, and ongoing development of domain-spe-
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cific, dentistry-trained AI models is essential to enhance 

diagnostic accuracy, patient safety, and the responsible 

integration of AI into clinical practice.
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ABSTRACT

Objectives: The aim of this in vitro study was to evaluate the influence of various adhesive applicators on the microshear 
bond strength (µSBS) of flowable resin composite to dentin.
Methods: Forty-two extracted molars were prepared as disks and divided into two groups. In the first group, GLUMA 
Bond Universal (Heraeus Kulzer GmbH) was applied to the tooth surface for 20 seconds using a bristle brush, while in 
the second group, the same adhesive was applied by the same operator using a microbrush. Photopolymerization was 
performed for 10 seconds using a Valo light-curing unit (Ultradent Products Inc.). Microcylindrical silicone tubes (2 mm 
long, 0.8 mm inner diameter) were used as molds on the bonded dentin surfaces, and Charisma Bulk Flow ONE resin 
composite (Heraeus Kulzer GmbH) was injected and cured for 20 seconds. Both groups underwent a µSBS test, and the 
failure modes were examined microscopically. Student’s t-test compared the failure stress between the groups (p < 0.05).
Results: The bristle brush group had the highest mean stress at failure (49.09 ± 8.76 MPa) compared to the microbrush 
group (37.20 ± 6.77 MPa), which also had the highest percentage of adhesive failure (95.24%).
Conclusions: The choice of adhesive applicator plays a significant role in determining the µSBS of flowable resin com-
posite to dentin. It is advisable to use a bristle brush applicator when applying adhesive.
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Research Article

INTRODUCTION

In recent years, adhesive dentistry has made consider-

able progress, particularly in improving the mechanical 

properties and bond strength of resin-based adhesive 

systems [1,2]. Nevertheless, these procedures remain 
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highly technique-dependent due to the many steps in-

volved, making them susceptible to operator-induced 

variations. Consequently, the success of an adhesive 

system depends not only on its inherent material prop-

erties but also on the clinician’s technique and the tools 

used during application [3,4].

As dental adhesives are increasingly used in restor-

ative treatments, the application method has become 

a crucial factor influencing bond strength and clinical 

results. There are several techniques for applying adhe-

sives, each of which can impact the final result. These 

include: (a) direct application followed by immediate 

light-curing; (b) application with removal of excess 

adhesive with a gentle air stream; (c) removal of excess 

adhesive with a dry microapplicator; and (d) removal 

with both a dry microapplicator and a gentle air stream. 

A thin and uniform layer of adhesive is considered es-

sential for achieving optimal bond strength [5,6].

To minimize the technique’s sensitivity, newer adhe-

sive formulations have been developed that are easier 

to apply and require fewer steps, making them more 

suitable for routine clinical use [1]. Universal adhesives, 

for example, contain water as a key component that en-

ables ionization of the acidic monomers and promotes 

adequate bonding with both dentin and enamel surfac-

es [7,8].

Accordingly, solvent evaporation is a crucial step 

during application. It has been shown that extending 

the air-drying time to 10–15 seconds, as recommended 

by the manufacturer, significantly improves the bond 

strength to dentin after 24 hours [9,10]. Other approach-

es to improve adhesion include applying multiple layers 

of universal adhesive, which can enhance hybrid-layer 

formation and resin penetration [11–13]. During ap-

plication, clinicians also need to control critical pa-

rameters, such as active rubbing and air-drying, which 

together increase the adhesive’s contact time and the 

pressure exerted on the tooth surface, thereby promot-

ing a stronger micromechanical bond to both enamel 

and dentin [6,14,15].

Initially, dental adhesives were applied using simple 

tools, such as cotton pellets, tissue, sponge tips, or dis-

posable brushes with elongated bristles [16]. The intro-

duction of the microbrush in the early 2000s represent-

ed a significant advance in the application of adhesives 

[17]. This tool, a flexible, hand-held, disposable applica-

tor with a fine nylon tip, allows for more precise place-

ment and handling of adhesive materials. It is common-

ly used to apply, rub, or clean various substances, such 

as etchants, disclosant dyes, and resins [15], and is usu-

ally made from fibers such as nylon, cotton, or synthetic 

polymers [18]. Comparative studies have shown that the 

use of microbrushes can produce a more uniform, mi-

cromechanically stable bond than conventional brush-

es, especially when placing endodontic posts [19,20].

Scanning electron microscopy (SEM) is often used 

in such investigations to identify defects and assess the 

integrity of the adhesive layer. In one study, Alshawi et 

al. [15] used SEM to examine the residual contaminants 

on adhesive surfaces of different applicators. Their re-

sults showed that microbrushes consistently left fiber 

residues on the bonded surfaces, while bristle brush ap-

plicators left no visible residues. Although Alshawi et al. 

[15] did not explicitly investigate the mechanical effects 

of these residues, the presence of microfibers could 

weaken the bond between the restorative material and 

dentin, leading to microleakage, secondary caries, or 

restoration failure.

A review of the literature shows that previous studies 

have found differences in bond strength between dif-

ferent applicator types when used on root dentin [4]. In 

contrast, the effects of the different applicator types on 

bond strength to crown dentin during adhesive applica-

tion in the prepared cavity remain uninvestigated.

The aim of this in vitro study is to evaluate the influ-

ence of different applicator types (specifically, bristle 

brush vs microbrush) on the microshear bond strength 

(µSBS) of a universal adhesive applied to crown dentin 

when used with a flowable resin composite. Previous 

microscopic investigations have indicated that micro-

brush applicators consistently leave fiber residues on 

bonded surfaces, whereas bristle brush applicators do 

not leave visible contaminants [15]. Based on the prem-

ise that residual contaminants at the adhesive interface 

can compromise bonding integrity, the research hy-

pothesis is that the use of bristle brush applicators will 

result in significantly higher µSBS values to crown den-

tin compared to microbrush applicators.
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METHODS

Determination of the specimen size
The specimen size was determined based on a pilot 

study with both groups (n = 21), which resulted in a 

large effect size (f = 0.89) based on the calculated means 

and standard deviations. At least 30 specimens (15 per 

group) were required to achieve 95% significance at a 

significance level of 0.05. To improve reliability, the total 

specimen size was increased to 42 (n = 21 per group).

Preparation of the specimens
The study protocol was approved by the Clinical Re-

search Ethics Committee of the Faculty of Dentistry, 

Istanbul University (project number: 2024/10).

A total of 42 sound human molars that had been ex-

tracted for periodontal reasons and showed neither 

caries nor structural damage were used for this study. 

Informed consent was obtained from all patients prior 

to extraction, and they were informed that their teeth 

would be used for research purposes. After extraction, 

the teeth were stored in sterile saline solution (0.9% 

NaCl, w/v) at 4°C for up to 14 days. All visible calculus, 

discoloration, and biological debris were removed with 

manual curettes. Each tooth was then embedded in a 

16 × 16 × 28 mm self-curing acrylic resin block (Varidur; 

Buehler, Lake Bluff, IL, USA).

The occlusal enamel of each molar was removed with 

a slow-speed diamond saw (Isomet, Buehler) under con-

stant water cooling to a depth of 3 mm from the highest 

cusp, exposing a flat dentin surface to produce a disk-

shaped specimen. All specimens were prepared by a sin-

gle examiner (AA) and examined at ×3.5 magnification to 

ensure smooth margins and no sharp edges. To simulate 

an artificial smear layer, the exposed dentin was polished 

with 150- and 320-μm grit silicon carbide abrasive papers 

[20]. The surfaces were then rinsed with sterile deionized 

water for 10 seconds and carefully air-dried.

Adhesive procedure
Specimens were randomly assigned to two experimen-

tal groups using a computer-generated randomization 

table created by an independent researcher not involved 

in the laboratory procedures. All bonding procedures 

were performed by a single calibrated operator (AA) ac-

cording to the manufacturer’s instructions for GLUMA 

Bond Universal (Heraeus Kulzer GmbH, Hanau, Ger-

many).

To ensure standardization of the adhesive volume, the 

specific ‘drop control’ nozzle design of the adhesive bot-

tle GLUMA Bond Universal was used. According to the 

manufacturer, this system ensures a consistent, precise, 

and clean dosage for every application. Only one drop 

of the adhesive was dispensed and applied strictly in 

accordance with these manufacturer’s instructions for 

each applicator [21]. Following application, the adhe-

sive was air-dried carefully with a gentle stream of oil-

free air until the adhesive film was immobile. This step 

was performed strictly according to the manufacturer’s 

instructions to ensure solvent evaporation and prevent 

the formation of excessive puddles or variations in film 

thickness [21].

Group 1 (n = 21): bristle brush applicator
In this group, GLUMA Bond Universal was actively ap-

plied to the prepared dentin surfaces in self-etch mode 

using a bristle brush applicator (Ultrabrush; Young In-

novations, Algonquin, IL, USA) (Figure 1).

The adhesive was rubbed over the surface for 20 sec-

onds with a manual pressure of approximately 0.35 N 

(35 gf) [19,22,23]. This was followed by air drying with 

an oil-free air stream of increasing intensity, directed 

from the periphery to the center, until the adhesive layer 

stopped moving. A new disposable applicator was used 

for each specimen. The adhesive was light-cured for 10 

FIGURE LEGENDS 

 

Figure 1. Photograph of the disposable bristle brush applicator (Ultrabrush fine ± 100 fibers; Young Innovations, 

Algonquin, IL, USA) moistened with GLUMA Bond Universal (Heraeus Kulzer GmbH, Hanau, Germany) for 

application to dentin specimens. 

 

 

Figure 2. Photo of the disposable Microbrush applicator (Microbrush Plus, regular 2.0 mm, green; Young 

Innovations, Algonquin, IL, USA) moistened with Gluma Bond Universal (Heraeus Kulzer GmbH, Hanau, 

Germany) for application to dentin specimens. 
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seconds using a multi-LED light-curing unit (Valo LED 

Cordless; Ultradent Products Inc., South Jordan, UT, 

USA) at a standard mode of 1,000 mW/cm².

For the microshear strength test, silicone tubes with 

an inner diameter of 0.8 mm were cut into 2 mm long 

pieces that served as molds [24]. A tube was placed on 

the bonded dentin surface, and Charisma Bulk Flow 

ONE (Heraeus Kulzer GmbH) flowable resin composite 

was injected into the tube from bottom to top to prevent 

bubble entrapment. The filled tube was covered with a 

transparent Mylar strip and light-cured for 20 seconds. 

The silicone molds were then carefully removed by cut-

ting vertically with a sharp lancet to avoid failure before 

testing.

Group 2 (n = 21): microbrush applicator
In the second group, the same adhesive system was ap-

plied with a microbrush applicator (Microbrush, Young 

Innovations) (Figure 2).

The operator (AA) used the same technique, time, and 

pressure parameters as in group 1. Similarly, four resin 

composite microcylinders (0.8 mm diameter and 2 mm 

height) were fabricated on each dentin surface using the 

same materials and procedures as described in group 1.

After placement of the adhesive and resin composite, 

all specimens were stored in distilled water at 37°C in an 

incubator for 24 hours prior to mechanical testing.

Bond strength testing
The µSBS testing was performed using a universal test-

ing machine (Instron 3365; Instron Corp., Norwood, 

MA, USA) at a crosshead speed of 1 mm/min. A chis-

el-shaped loading device applied force until fracture 

occurred. The fracture stress was calculated from the 

measured specimen diameter.

Failure mode analysis
After the test, both the fractured resin composite cyl-

inders and the corresponding dentin substrates were 

collected for fractographic analysis. Each specimen was 

examined under an optical microscope at ×50 magni-

fication (Olympus BX51 SM Analysis System; Olympus 

Corporation, Tokyo, Japan).

Scanning electron microscopy surface analysis
Representative specimens (n = 11 per group) were ran-

domly selected for SEM analysis. Specimens were dehy-

drated in an ascending series of acetone concentrations 

(70%, 80%, 90%, and 100%) and then stored in 100% 

acetone. Specimens were dried using a critical point 

dryer (Leica EM CPD300; Leica Microsystems, Wetzlar, 

Germany). After drying, a gold-palladium coating was 

applied using a sputter coater (Leica EM SCD500) in 

diffuse mode for 10 seconds. The SEM images were tak-

en with a GeminiSEM 500 (Carl Zeiss, Jena, Germany) 

equipped with an Inlens electron detector and operated 

at 10 kV with different magnifications.

All the steps of specimen preparation, along with the 

materials, instruments, and devices employed in this 

study, are illustrated in Figure 3.

Statistical analysis
Data normality was assessed using the Shapiro-Wilk 

test. As the µSBS data followed a parametric distribu-

tion, comparisons between groups were performed 

using Student’s t-test. Statistical significance was set at p 

< 0.05. All analyses were performed using IBM SPSS Sta-

tistics for Windows, version 26.0 (IBM Corp., Armonk, 

NY, USA).

RESULTS

Microshear bond strength
The comparison of the µSBS between the two groups 

showed statistically significant differences (Table 1 and 
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± 6.77 MPa. The difference in mean bond strength be-

tween the two groups was statistically significant (p < 

0.001, Student’s t-test).

These results indicate that the bristle brush appli-

cator resulted in a stronger adhesive bond to dentin 

Figure 3. Schematic representation of the specimen preparation, materials, and equipment used in the individual phases of this study.

 

 

Figure 3. Schematic representation of the specimen preparation, materials, and equipment used in the individual 

phases of this study. 

  

Figure 4. Comparison of microshear bond strength between the two groups. Box plots are schematic representations based on mean and stan-
dard deviation, as raw data were not provided. Different lowercase letters indicate statistically significant differences (p < 0.05), with p < 0.001 
between groups.

Figure 4). The group in which the universal adhesive 

was applied with the bristle brush applicator (group 1) 

had a significantly higher mean shear stress at failure 

(49.09 ± 8.76 MPa) than the group with the microbrush 

applicator (group 2), which had a mean value of 37.20 
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Table 1. Comparison of micro-shear bond strength between the 
two groups

Variable
Bristle brush 

applicator group 
(n = 21)

Microbrush 
applicator group 

(n = 21)
p-value

Shear stress at 
failure (MPa)

49.09 ± 8.76a 37.20 ± 6.77b <0.001

Values are presented as mean ± standard deviation.
Means with different lowercase letters indicate statistically significant 
differences between groups (p < 0.05).

Table 2. Comparison of failure modes between the two groups

Variable Bristle brush applicator 
group (n = 21)

Microbrush applicator 
group (n = 21)

Adhesive failure (%) 71.40 95.24
Cohesive failure (%) 28.60 4.76

Figure 5. A graphic compares the adhesive failure modes observed in both groups.

under the same experimental conditions, supporting 

the hypothesis that the applicator type may influence 

adhesive performance. The lower standard deviation in 

the microbrush group (± 3.50) compared to the bristle 

brush group (± 5.39) also indicates a more consistent 

but weaker adhesive performance when using the mi-

crobrush.

Failure mode analysis
Analyzing the distribution of failure modes provides ad-

ditional support for the mechanical data. In the bristle 

brush group, 71.40% of the specimens showed adhesive 

failure, while 28.60% exhibited cohesive failure within 

the resin composite substrate. In contrast, the micro-

brush group showed a higher proportion of adhesive 

failures (95.24%) and a lower proportion of cohesive 

failures (4.76%) (Table 2 and Figure 5).

The higher rate of adhesive failures in the microbrush 

group indicates a weaker adhesive interface, which is 

consistent with the lower µSBS values in this group. 

Conversely, the higher frequency of cohesive failures in 

the bristle brush group suggests that the bond between 

the adhesive and the dentin was strong enough that 

failures occurred more frequently within the restorative 

material rather than at the adhesive interface.

Scanning electron microscopy observations (descrip-
tive)
Qualitative SEM analysis of representative specimens 

from both groups revealed remarkable differences in 

surface characteristics after application. The bristle 

brush group exhibited a more uniform and homoge-

neous adhesive layer with minimal surface contamina-

tion (Figure 6).

In contrast, there is a widespread distribution of fiber 

residues within the microbrush group. Fiber residues 

were identified embedded at the adhesive interface 

in 100% of the examined specimens, with fiber diam-

eters ranging between 14.7 and 19.7 μm (minimum–

maximum) (Figure 7). The consistent presence of these 

inclusions confirms that fiber shedding is a systematic 
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occurrence rather than a stochastic defect. These em-

bedded fibers created visible interfacial discontinuities 

that appeared to act as stress concentrators, initiating 

adhesive failure.

DISCUSSION

The present study showed that the type of applicator 

used to apply a universal adhesive significantly affected 

the µSBS to dentin. The bristle brush applicator resulted 

in a significantly higher mean bond strength than the 

microbrush, with the difference confirmed by both fail-

ure mode analysis and SEM observations. These results 

support the research hypothesis that the use of bristle 

brush applicators will yield significantly higher µSBS 

values to crown dentin than microbrush applicators. 

Our results are consistent with previous findings that 

application technique variables, such as the rubbing 

action and mechanical contact between the applicator 

and the substrate, directly influence the quality of the 

bonding surface [25]. In our study, the bristle brush 

group not only achieved higher µSBS values but also 

exhibited a greater proportion of cohesive failures, 

suggesting that the bond to dentin was strong enough 

to shift the failure site to the resin composite substrate 

rather than the adhesive interface. In contrast, the mi-

crobrush group showed mainly adhesive failures, indi-

cating a weaker interfacial bond.

An important factor influencing these results could 

be the presence of fiber residues from the microbrush 

applicator. SEM examination revealed visible nylon 

fiber residues embedded in the adhesive layer of all ex-

amined microbrush specimens, while no such residues 

were found in the bristle brush specimen. This obser-

vation of fiber residues in 100% of the examined micro-

brush specimens is consistent with findings from previ-

ous studies, which similarly reported contamination of 

the adhesive interface when fibrous microbrushes were 
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employed [15,16]. Embedded fibers may act as stress 

concentrators or barriers to resin infiltration, reducing 

the cohesive strength of the adhesive layer and resulting 

in lower µSBS values.

This is consistent with the findings of Alshawi et al. 

[15], who reported that microbrushes consistently left 

fiber residues on the bonding surfaces in Class I cavi-

ties, whereas this was not the case with bristle brushes. 

Similarly, Berton et al. [16] observed fiber residues in 

both Class I and Class II cavities when adhesives were 

applied with microbrushes.

A potential causal link between fiber embedding and 

reduced bond strength is supported by the fractograph-

ic data. The microbrush group demonstrated a distinct 

pattern of adhesive failures (95.24%) that corresponded 

directly to the interface, with SEM analysis confirming 

100% fiber contamination. This suggests that the em-

bedded fibers may have acted as stress concentrators 

or flaws at the interface, potentially preventing intimate 

contact and likely contributing to premature adhesive 

failure. The fiber residues appear to act as mechanical 

discontinuities, potentially interfering with polymer-

ization and reducing bond strength by creating weak 

zones within the adhesive layer. Microbrushes are 

widely used, accounting for approximately 76% of all 

applicators sold in Italy in August 2022 [16]. Despite 

their popularity, their design leads to fiber shedding. 

To avoid this, non-absorbent, lint-free nylon fibers have 

been developed that allow for practical adhesive appli-

cation [17]. However, these fibers are not always firmly 

attached to the plastic handle, leading to fiber shed-

ding during heavy scrubbing [15]. Since most adhesive 

manufacturers recommend active application with 

firm rubbing and multilayer application can improve 

adhesive performance [25], mechanical stress during 

application probably increases the likelihood of fiber 

loss from the microbrush tips. Interestingly, a group of 

Italian researchers from the College of Siena published 

numerous papers on post-cementation in endodontic 

canals between 2001 and 2002. They reported better 

resin tag formation and higher bond strength when the 

adhesives were applied with microbrushes rather than 

small plastic bristle brushes [26–30]. These differences 

are probably due to the particular anatomical challeng-

es of intracanal application, where microbrushes are 

better able to adapt to narrow, deep spaces compared 

to bristle brushes. However, for preparations in shallow 

cavities - as in the present study - the risk of fiber con-

tamination by microbrushes might outweigh the ergo-

nomic advantages. Another factor that could affect these 

results is the angle of the fiber tips of the bristle brushes, 

which may be at 90° to the dentin surface in the speci-

mens used in this study. However, it is unlikely that the 

bristle tips were oriented at exactly 90° to the root den-

tin. This study hypothesizes that the active application 

protocol (scrubbing) employed on a flat surface exerts 

direct compressive and shear forces on the microbrush 

fibers against the hard dentin substrate. Unlike the later-

al friction in a canal, this direct perpendicular scrubbing 

likely accelerates fiber detachment and embedment. 

Consequently, in the absence of anatomical constraints, 

the material stability of the applicator becomes the 

dominant factor, explaining why the fiber-free bristle 

brush performed significantly better.

From a clinical perspective, our results suggest that 

bristle brush applicators are a more reliable option 

for applying adhesives to accessible dentin surfaces, 

thereby reducing the likelihood of interface contam-

ination and improving bond strength. Nevertheless, 

microbrushes may be valuable in endodontics, as their 

flexibility and reach are advantageous, provided that 

potential problems with residue are avoided through 

improved manufacturing or adapted application proto-

cols [4,26,28,29].

This study employed GLUMA Bond Universal exclu-

sively, a singular adhesive system. Variations among 

universal adhesives in solvent composition—such as ac-

etone, ethanol, and water—and viscosity can influence 

their interaction with applicator fibers and shedding. 

Consequently, the findings may not be generalizable to 

all universal adhesives, particularly those with differing 

solvents or viscosities. Further research should quantify 

the clinical impact of microbrush fiber residues on the 

longevity of restorations and evaluate alternative appli-

cator designs or materials. It would also be helpful to 

investigate whether preconditioning of microbrushes 

(e.g., pre-rinsing or fiber inspection) could reduce the 

transfer of residues. Until such findings are available, 

clinicians should be aware of the potential for fiber con-

tamination and consider applicator choice as a variable 
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that may impact adhesive performance and ultimately 

the success of bonded restorations.

CONCLUSIONS

Overall, the results indicate that the bristle brush ap-

plicator can achieve a higher and more uniform dentin 

bond strength than the disposable microbrush when 

used with the tested universal adhesive under the 

experimental conditions. The persistent presence of 

microbrush fiber residue, confirmed by SEM examina-

tion, appears to contribute to lower mechanical per-

formance. These results emphasize the importance of 

applicator choice as a controllable variable in adhesive 

dentistry and highlight the need for greater awareness 

of potential applicator-induced contamination.

From a restorative perspective, the results suggest that 

bristle brush applicators may work better when bonding 

cavity walls, especially when the bonding surface is ful-

ly accessible. The absence of fiber residue reduces the 

risk of interface contamination, which could otherwise 

affect polymerization or cause microcracks. In contrast, 

the microbrush remains useful in narrow spaces, such 

as root canals, due to its geometry, which provides bet-

ter access and adaptation, though fiber detachment 

may occur. Therefore, the applicator used should be tai-

lored to the clinical situation, balancing ease of access 

with potential risks to the adhesive’s integrity.

This in vitro study was conducted on flat dentin sur-

faces under controlled conditions that may not fully 

reflect the clinical environment. Variables such as saliva 

contamination, cavity shape, and operator variability 

could influence residue deposition and bond strength. 

In addition, only one brand of each applicator type was 

tested, and differences in manufacturing could influ-

ence the tendency for residue detachment.

Furthermore, to definitively isolate the effect of fi-

ber shedding from other applicator mechanics, future 

studies should include a fiber-free silicone microbrush 

as a control group. This would help clarify the specific 

contribution of fiber inclusion to the reduction in bond 

strength. Further investigations should explore the 

following aspects: the effect of fiber residues on polym-

erization kinetics and nano-leakage; the influence of 

various adhesive formulations on residue adhesion; and 

strategies to modify the design of microbrushes or fiber 

anchoring to mitigate contamination risks.
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Microbial leakage and marginal adaptation of alkasite restorative 
material in Class II cavities: an in vitro study
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ABSTRACT

Objectives: This study aimed to determine the relationship between the interfacial properties of proximal cavities (mi-
crobial leakage and marginal adaptation) and restorative materials (alkasite, resin composite, and glass hybrid).
Methods: This study involved 66 human third molars that were left intact. Standardized Class II cavities were done on the 
mesial surface. The samples were then divided into five groups: (i) Cention N (CN, Ivoclar Vivadent), (ii) Filtek Z350XT 
(FZ, 3M ESPE), (iii) EQUIA Forte (GC Corporation), and (iv) two controls. For 40 days, a dual-chamber model containing 
Streptococcus mutans was used to study microbial leakage. Qualitative assessments of the sectioned samples were also 
carried out using a scanning electron microscope (SEM). Moreover, this study employed descriptive and Kaplan-Meier 
analyses, alongside a one-way analysis of variance for additional descriptive comparisons (p < 0.05).
Results: Across different restorative materials, notable variations in microbial leakage were recorded. From the supple-
mentary analysis between CN and FZ, a statistically significant difference was demonstrated (p = 0.037). In comparison 
to other restorative systems, CN also produced a prolonged mean time before microbial leakage occurred. For the inter-
facial properties of the restorative systems, illustrative information was offered via the SEM images.
Conclusions: Regarding microbial leakage, all restorative systems presented their occurrence (despite the constraints of 
this study). When assessing CN and FZ restorative systems, a slower rate of microbial leakage was also concluded for CN. 
For the tooth-restoration interface, qualitative data were verified through SEM observations.
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INTRODUCTION

Within the vicinity or adjacent to restorative materials 

and existing sealants, secondary caries (or recurrent 

caries) is typically observed [1]. At the restoration mar-

gin, this process has a higher likelihood of occurring, 

causing dental restorations to possess lower durability 

and effectiveness. For resin composite and amalgam 

restorations, failure and the need for replacement may 

then be necessary. Regarding the development of sec-
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ondary caries, a prevalent factor contributing to this 

outcome is polymerization shrinkage. In this process, 

Streptococcus mutans, which thrives in conditions fa-

vorable to plaque accumulation, can cause bacterial in-

filtration and the progression of caries via marginal dis-

crepancies [2]. Other factors have also been identified 

as worsening secondary caries. For example, within the 

resin matrices for resin composite restoration, contrac-

tion stress and hydrolytic degradation can take place [3]. 

Hence, optimal marginal adaptation in restorative ma-

terials must be attained to minimize microbial leakage, 

alongside improving clinical outcomes (lower incidence 

of secondary caries).

The movement or infiltration of fluids, bacteria, or 

molecules at the junction between restorative materials 

and tooth structure is denoted as microleakage. In re-

storative dentistry, this process is a considerable issue, 

in which several impacts (pulpal inflammation, tooth 

hypersensitivity, and restorative failure) from secondary 

caries may occur [4]. For resin composite-based restor-

ative systems, antibacterial characteristics are insuffi-

cient. If the marginal sealing is compromised, these sys-

tems can be more susceptible to microbial colonization 

[5]. As such, viable alternatives for restorative applica-

tions have been created in response to these concerns.

For the efficient placement of materials in dental 

restorations, alkasite restorative materials (such as Cen-

tion N [CN]; Ivoclar Vivadent, Schaan, Liechtenstein) 

integrating mechanical with bioactive advantages are 

an optimal choice. Due to its highly reactive fillers, CN 

is conducive to the ion exchange of fluoride, calcium, 

and hydroxyl ions. With these ions, demineralization 

and remineralization can then be hindered, along with 

demonstrating antibacterial properties, as a result of pH 

stabilization blocking the acid [6]. For deeper cavities, 

polymerization can also be promoted via their dual-cure 

features. Thus, for resin composites that primarily ne-

cessitate incremental layering approaches, this step can 

be removed [7].

In earlier studies, various methods for measuring 

microbial leakage were established that contained both 

benefits and limitations. A longstanding and economi-

cal technique for visualizing microbial leakage was pio-

neered by Alani and Toh [8]. Under a stereomicroscope, 

methylene blue for dye penetration was used to detect 

leakage. Nonetheless, several constraints have been 

indicated with this approach. As partial information for 

assessing microbial leakage is delivered, an underesti-

mation of leakage can occur. Compared to other bacte-

ria (S. mutans), an overestimation of microbial leakage 

can also happen owing to the smaller dye size [9,10]. In 

a separate investigation, Bagherian et al. [11] proposed 

the method of bacterial penetration. This strategy was 

based on S. mutans as a significant contributor to the 

development of dental caries. Given that it closely re-

sembles the conditions found in the human oral cavity, 

it is currently regarded as the most clinically relevant 

approach. Nevertheless, this method is extremely slow, 

as it may take between 40 and 60 days to generate re-

sults [12].

The most effective seals are usually the most difficult 

to achieve. On the other hand, these seals are critical in 

preventing the occurrence of secondary caries for Class 

II restorations. Hence, this in vitro study examined the 

correlation between the interfacial properties of prox-

imal cavities (microbial leakage and marginal adapta-

tion) and various restorative materials. Based on the 

microbial leakage assessment technique, a comparison 

was made among CN, Filtek Z350XT (FZ; 3M ESPE, St. 

Paul, MN, USA), EQUIA Forte (EF; GC Corporation, To-

kyo, Japan), and two control groups (positive and neg-

ative) concerning Class II restorations. Hence, the defi-

ciency in research regarding microbiological methods 

for bacterial penetration in CN restorations could be 

addressed when conducting a comparative analysis for 

these materials on actual clinical sealing performance. 

Through this comparison, information concerning clin-

ical performance and restoration longevity could then 

be obtained for CN, FZ, and EF. In this study, the null 

hypothesis (H₀) was posited as follows:

H₀: There would be no significant differences in the 

time to microbial leakage and marginal adaptation 

across Class II restorations restored with alkasite (CN), 

resin composite (FZ), and glass hybrid restorative sys-

tems (EF).

METHODS

Experimental materials
In Table 1, the materials, manufacturers, curing meth-
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ods, types of resin, and fillers utilized for each restor-

ative material are listed. To restore Class II cavities in the 

third molars, the restorative materials were employed. 

Examinations concerning microbial leakage and mar-

ginal adaptation were then carried out.

Teeth preparation
In this study, ethical approval from Jawatankuasa Etika 

Penyelidikan Manusia (JEPeM) Universiti Sains Ma-

laysia was received in accordance with the Helsinki 

Declaration (USM/JEPeM/KK/23070568). Using strict 

inclusion criteria, 66 human third molars with no caries, 

restorations, or cracks were selected. All third molars 

were also kept in a 0.02% thymol solution for 1 day to 

prevent bacterial contamination, alongside maintaining 

hydration. Regarding the mesial aspect, every tooth was 

subjected to Class II cavity preparation. For the gingival 

wall cavities, the buccolingual and mesiodistal widths 

were 4 mm and 2 mm, respectively.

To preserve the remaining enamel width of 0.5 mm to 

1.0 mm, the gingival wall was situated within the enam-

el, which was above the cementoenamel junction. The 

preparations also incorporated rounded internal line 

angles, and to maintain uniformity, retentive grooves 

were omitted. A high-speed straight fissure diamond 

point friction grip bur with water coolant was also uti-

lized for the cavity preparation. To maintain optimum 

cutting quality and uniformity, a bur was changed after 

five cavity preparations. Lastly, to ensure uniformity in 

the dimensions of the prepared cavities, one trained op-

erator, using a digital vernier calliper, conducted all the 

cavity preparations.

Grouping of teeth
Once the third molar teeth were prepared, they were di-

vided into five groups (three experimental [n = 20] and 

two control groups [n = 3]). In Groups 1 to 3, restoration 

involved employing an alkasite restorative material 

(CN), nanohybrid resin composite (FZ), and bulk-filled 

glass hybrid restorative material (EF), respectively. For 

bacterial penetration (positive control), Group 4 com-

prised unrestored teeth following cavity preparation. 

To prevent bacterial ingress (negative control), Group 5 

consisted of unrestored teeth with all surfaces entirely 

covered in nail varnish. The teeth restoration process Ta
bl
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also included the use of a matrix to simulate natural 

contact points. The prepared teeth were secured in 

place on green stone, along with adjacent non-carious 

teeth. A sectional matrix band (Halo Sectional Matrix 

System Kit; Ultradent Products, Inc., South Jordan, UT, 

USA) was also used to assure proper contouring and ad-

aptation during the restoration process.

Tooth restoration and sealing
Group 1 samples were subjected to 20 seconds of acid 

etching with 37% phosphoric acid gel (Scotchbond; 

3M ESPE), which was accompanied by a water rinse to 

remove residual etchant. A microbrush was also used 

to apply the bonding agent (Tetric N-Bond; Ivoclar Viva-

dent) and was light-cured for 20 seconds. In addition, to 

create a uniform CN mixture, 15 g of powder with 4 mL 

of liquid was combined. Subsequently, an incremental 

technique and a 20-second light-curing process were 

sequentially used. During the curing, a light-cured unit 

tip (3M Elipar DeepCure-S LED curing light; 3M ESPE) 

was brought close to the restorative material (wave-

length, 430–480 nm). In order to achieve consistent po-

lymerization, the curing light unit was recharged after 

every 10 samples.

The same procedure (37% phosphoric acid gel for 

20 seconds and followed by water rinse) was done for 

Group 2. In this group, a single-bond universal adhesive 

bonding agent (3M ESPE) was applied using a micro-

brush. For optimal adhesion to the tooth structure, a 

20-second light-curing process was performed on the 

material. Subsequently, the incremental layering tech-

nique was used to apply FZ (40-second light-curing 

for each layer). Polishing was done on the same day to 

achieve a smooth surface finish via a composite resin 

polishing kit (AZDENT RA 0309; AZDENT Dental Co., 

Ltd., Zhengzhou, China) and a slow-speed handpiece 

(PTL-CL-LED; NSK Ltd., Kanuma, Japan).

In Group 3, the GC Cavity Conditioner (GC Corpo-

ration) was applied for 10 seconds, after which it was 

rinsed off and gently dried without desiccation prior to 

the placement of EQUIA Forte Fil. The capsule was then 

initiated and triturated for 10 seconds, after which it was 

promptly positioned with a capsule applicator. Subse-

quently, the material was molded. Once prepared, im-

proved mechanical characteristics were accomplished 

by applying EQUIA Forte Coat and then light-cured for 

20 seconds. Likewise, bacterial penetration was permit-

ted for the positive control group, which contained un-

restored teeth following cavity preparation. Conversely, 

for completely preventing bacterial penetration, the 

negative control group had all tooth surfaces coated 

with nail varnish.

Thermocycling
Within a 37°C incubator (Memmert GmbH, Schwabach, 

Germany), all samples were kept in distilled water after 

restoration for 24 hours. In order to replicate oral condi-

tions, the samples were also subjected to 1,000 thermal 

cycles (5°C–55°C, 30 seconds dwell time per cycle) [13]. 

For enhancing the consistency of specimen preparation, 

each sample underwent derooting, after which the den-

tin between the pulp chamber floor and the furcation 

area was removed. Across all surfaces, nail varnishes 

were finally applied. In this study, to ensure the margins 

were properly isolated, a 2-mm perimeter around the 

restoration was created.

Disinfection and sterilization
Using epoxy resin (Araldite; Huntsman Advanced Ma-

terials, Basel, Switzerland), the samples were firmly 

affixed at the ends of plastic tubes to establish a stable 

interface. Each sample was assigned a code that corre-

sponded to its group number before being packed and 

sterilized by gamma irradiation (eliminating microbial 

contamination). In guaranteeing aseptic conditions, the 

glass tubes were also sterilized for 15 minutes through 

an autoclave (Systec GmbH, Wettenberg, Germany) at 

121°C.

Sample preparation
For assessing microbial penetration, Figure 1 depicts 

the employed modified two-chamber microbial leakage 

model [11]. A sterile glass tube filled with brain-heart 

infusion broth (BHI; Oxoid Ltd., Basingstoke, UK) was 

used. For each sample, an immersion in the medium 

covering 2–3 mm was also ensured. An initial suspen-

sion of S. mutans (ATCC 25175; concentration, 1.5 × 108 

colony-forming units [CFU]/mL) was then prepared 

to introduce the bacterial challenge. Subsequently, to 

ensure that the restorative margin was continuously 
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exposed to S. mutans, 8 mL of the bacterial suspension 

was utilized to fill the upper chamber of the experimen-

tal setup. To maintain a sterile environment and prevent 

unintended contamination, along with preserving the 

integrity of the experiment, all procedures were also 

conducted with great care within a biosafety cabinet 

field (Heraeus HS-12; Heraeus, Hanau, Germany).

Incubation and bacterial penetration monitoring
A 37°C incubator was utilized for placing all the samples 

for 40 days. For turbidity (bacterial penetration and 

microbial leakage), the lower chamber was monitored 

on a daily basis. When turbidity was detected, a broth 

sample was streaked onto blood agar plates in duplicate 

to incubate for 24 hours. The isolated bacteria were then 

examined using an Axioplan 2 imaging system (Carl 

Zeiss Pte. Ltd., Singapore, Singapore) with Gram stain-

ing and microscopic examination to identify S. mutans 

and to check for the presence of other microorganisms. 

To maintain a constant bacterial challenge, 8 mL of 

fresh S. mutans suspensions (concentration, 1.5 × 108 

CFU/mL) were also added to the upper chamber every 

day. The occurrence of turbidity (microbial leakage) was 

then recorded for each sample. Lastly, data collection 

was conducted in a systematic manner over a span of 40 

days. Statistical analysis was also performed using IBM 

SPSS Statistics ver. 29.0 (IBM Corp., Armonk, NY, USA) 

in evaluating the microbial leakage patterns, alongside 

comparing the efficacy of the restorative materials un-

der study.

Marginal adaptation analysis
Each experimental group sample was sectioned me-

siodistally using a hard tissue cutter (EXAKT Apparate-

bau GmbH & Co. KG, Norderstedt, Germany) through 

the middle of the restoration. This method ensured 

precision of cut while minimizing thermal damage. For 

the scanning electron microscopy (SEM) analysis, the 

proximal surface of the cut samples was examined us-

ing a SEM (JEOL JSM-IT100; JEOL Ltd., Tokyo, Japan). 

Both low and high magnifications of the SEM (500× and 

1,000×) were also used to assess the quality of the sam-

ple, along with the presence and continuity of the inter-

face between the enamel and restoration. Through this 

process, data regarding microgaps and interfacial dis-

continuities (microbial leakage and secondary caries) 

were obtained [14]. During the SEM assessment, a sin-

gle calibrated examiner who was unaware of the group 

assignments was also present. There were no repeated 

quantitative measurements or statistical analyses due to 

the SEM analysis being primarily descriptive.

Statistical analysis
Using IBM SPSS Statistics ver. 29.0, data analysis was 

performed. In assessing the occurrence of microbial 

leakage throughout the 40-day observation period, the 

Kaplan-Meier product-limit survival analysis was em-

ployed. The mean leakage times were also described 

descriptively. For providing a descriptive comparison of 

mean leakage times across the group, one-way analysis 

of variance (ANOVA) with the Games-Howell post hoc 

test was utilized. In this study, the threshold for statisti-

cal significance was then established at p < 0.05.

RESULTS

Microbial leakage
Regarding the microbial leakage assessments of the 

three experimental groups, descriptive and Kaplan-Mei-

er survival analyses were used, along with a supplemen-

tary descriptive comparison (ANOVA, p < 0.05). The 

Figure 1. Schematic diagram of the modified dual-chamber model 
used for microbial leakage assessment. BHI, brain-heart infusion.

Plastic tube

Glass tube

Bacteria suspension in 
upper chamber

Sample with Class II 
restoration

Sterile BHI broth in 
lower chamber
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minimum duration for microbial leakage in CN, FZ, and 

EF groups was then computed to be 3, 2, and 3 days, 

respectively. On the contrary, the maximum durations 

recorded were 36, 17, and 23 days, respectively. Con-

cerning the mean values (± standard deviation), Table 2 

reveals a decreasing value order as follows: CN (16.30 ± 

9.465) > EF (12.50 ± 6.692) > FZ (10.15 ± 4.522). In Figure 

2, the survival probabilities for microbial leakage over 

a 40-day period are also measured via the Kaplan-Mei-

er product-limit method. Another finding that should 

be interpreted with caution was that across the three 

groups, the one-way ANOVA revealed a statistically sig-

nificant difference in mean leakage times (p = 0.030). 

In comparing CN with FZ, the Games-Howell post hoc 

analysis computed a significant difference (p = 0.037). 

Conversely, when comparing CN with EF and EF with 

FZ, no significant differences were recorded (p = 0.320 

and p = 0.404) (Table 2).

Marginal adaptation
From the SEM assessment, qualitative differences in 

marginal adaptation and interfacial morphology were 

presented for all the restorative materials (Figure 3). 

Notably, a more consistent enamel-restoration interface 

was indicated for CN. Nonetheless, a higher occurrence 

of interfacial discontinuities was implied in FZ and EF.

DISCUSSION

In this study, based on a bacterial penetration method 

to assess microbial leakage, both microbial leakage 

and marginal adaptation of various restorative mate-

rials were successfully examined. What could then be 

observed was that CN, FZ, and EF produced notable 

disparity in microbial leakage. In this case, a partial 

rejection of the null hypothesis concerning microbial 

leakage was suggested. This study also only performed 

a qualitative evaluation of the marginal adaptation. As 

such, for the corresponding null hypothesis, statistical 

rejection was precluded.

In dentistry, microleakage in dental restorations has 

consistently raised concerns. Specifically, several pro-

cesses in the tooth have been demonstrated to cause is-

sues via dimensional alterations of restorative materials. 

Such examples of these processes entail polymerization 

shrinkage, thermal contraction, and mechanical stress, 

alongside tooth-related dimensional changes [15]. For 

polymerization shrinkage, contraction forces are gener-

ated within the resin composite. Microbial leakage can 

then occur when the bonds to the cavity walls are dis-

rupted [16]. Microbial leakage following the polymer-

ization of resin composites can also be observed when 

inner cracks develop in the enamel [17].

Regarding the coefficient of thermal expansion, it has 

been mainly deemed as a factor causing microbial leak-

age [18]. In an investigation documented by McCabe 

and Walls [19], the authors reported that differences in 

this coefficient between restorative materials and teeth 

Table 2. Microbial leakage in the three experimental groups over a 
40-day period

Group No. of 
samples

Leakage day
p-valuea) Post hoc GH

Range Mean ± SD
CN 20 3–36 16.30 ± 9.46 0.030* a
FZ 20 2–17 10.15 ± 4.52 a
EF 20 3–23 12.50 ± 6.69 b

SD, standard deviation; GH, Games-Howell test.
Groups with same letter are significantly different from each other. 
CN, Cention N (Ivoclar Vivadent, Schaan, Liechtenstein); FZ, Filtek 
Z350XT (3M ESPE, St. Paul, MN, USA); EF, EQUIA Forte (GC Corporation, 
Tokyo, Japan).
a)Analyzed by analysis of variance.
*p < 0.05, statistically significant difference.

Figure 2. Microbial leakage occurrence rates over 40 days among 
different restorative materials. CN, Cention N (Ivoclar Vivadent, 
Schaan, Liechtenstein); FZ, Filtek Z350XT (3M ESPE, St. Paul, MN, 
USA); EF, EQUIA Forte (GC Corporation, Tokyo, Japan).
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could produce this leakage type. This leakage has also 

been observed to occur under bond failure, as the res-

torations along cavity walls promote micromovements 

due to elastic modulus disparities [20]. For the samples 

undergoing thermocycling in this study, it was then ex-

pected that microbial leakage might be generated when 

repetitive contraction and expansion stress occurred on 

the tooth and restoration interfaces. Specifically, earlier 

onset of microbial leakage could occur under higher 

interfacial stress and gap formation owing to the rising 

thermal expansion of the resin composite.

In examining microbial leakage for Class II cavities, 

various restorative materials were employed in this 

study. Nevertheless, there are currently no restorative 

techniques or materials that can achieve an ideal mar-

ginal seal with cavity walls, along with completely pre-

Figure 3. Scanning electron microscope images of the enamel–restoration interface for three materials (A, Cention N [Ivoclar Vivadent, Schaan, 
Liechtenstein]; B, Filtek Z350XT [3M ESPE, St. Paul, MN, USA]; and C, EQUIA Forte [GC Corporation, Tokyo, Japan]) at 500× (left) and 1,000× (right) 
magnifications. Yellow arrows indicate the marginal gap between enamel (E) and restorative material (R).
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venting microbial leakage [21]. At the interface between 

tooth structure and restorative materials, microsurfaces 

are also invariably present. Thus, if the penetration of 

bacteria and fluids takes place, secondary caries can 

occur [22]. When examining the results of this study, an 

elevated C-factor in Class II restorations was assumed 

to demonstrate a larger microbial leakage than Class I 

restorations. In utilizing comparable restorative materi-

als, a significant correlation was then indicated between 

this factor and microbial leakage [23].

Looking through earlier studies, there were multiple 

techniques for assessing microbial leakage (SEM, du-

al-chamber modification, and dye penetration). Histor-

ically, the earliest strategy employed to assess microbial 

leakage was dye penetration. In most investigations, the 

ease and practicality of this approach have rendered it 

frequently utilized as a gold standard [8,11,24-26]. Some 

dye examples that are primarily used include methylene 

blue, eosin, hematoxylin, aniline red, fluorescent dye, 

and crystal violet red [8]. Nonetheless, a number of lim-

itations have been documented with this method.

To effectively demonstrate the adaptation of resto-

rations, another strategy for the assessment of microbial 

leakage involves the SEM tool [21]. As a detailed visual-

ization of the enamel-restoration interface (high magni-

fication) can be obtained through this tool, a qualitative 

evaluation of interfacial continuity can be presented, 

alongside the presence of observable gaps. Therefore, 

the microbial leakage and bacterial infiltration along the 

margins can be placed in detail [27]. In readily navigat-

ing through marginal gaps, the small size of S. mutans 

(0.5–1 μm) also makes this process easily achieved [28]. 

Secondary caries can then form when bacterial infiltra-

tion is allowed, along with the movement of enzymes 

and saliva. For deep cavities, this outcome is evident 

when enamel is compromised, alongside the edges con-

sisting of dentin and cementum (or both) [29].

For Class II restoration, this study employed a du-

al-chamber modification in evaluating microbial leak-

age. Typically, a documented count of the days during 

which turbidity is observed is necessary for assessing 

microbial leakage (quantitative data). Given that S. 

mutans more accurately reflects oral conditions (more 

reliable data), they are mainly applied via this approach 

[30]. Conversely, this process remains time-consum-

ing (40–60 days) concerning the microbial penetration 

method. Daily observations of samples are conducted, 

alongside the replacement of fresh bacteria if there is no 

turbidity.

In the event of turbidity, it is essential to confirm the 

presence of bacteria through culturing, morphology 

assessment of the bacterial colony, Gram staining, and 

microscopic observation. Through these steps, no con-

tamination from other bacterial species, aside from S. 

mutans, can then be confirmed. For assessing the move-

ment of bacteria across the tooth-restoration interface, 

the microbial penetration method is also highly capa-

ble. Nevertheless, in understanding microbial leakage, 

information concerning bacterial metabolites, fluids, 

toxins, or ions is lacking [30]. For this study, mimicking 

the chemical composition of saliva within the oral cavity 

is another challenge, as the employed BHI broth could 

not completely achieve this environment [11].

For all restorations assessed in this study, microbial 

leakage was detected within 40 days, aligning with the 

outcomes reported by Nematollahi et al. [30]. What 

could be inferred from this observation was that at the 

marginal gaps at the tooth-restoration interface, the 

daily replacement and exposure to large fresh bacteria 

levels caused them to infiltrate. Further examination of 

the results also revealed a correlation between restor-

ative materials and microbial leakage rates, in which a 

delayed onset or an earlier occurrence of this leakage 

was observed for CN and FZ, respectively. For the CN 

restorative system, the formation of an acid-resistant 

interface and resin-dentin interdiffusion zone might be 

the factors lowering the leakage when utilized alongside 

the suggested bonding protocol (strong sealing) [31].  

Yoo et al. [32] also published similar trends.

In reducing shrinkage stress, CN powder was suitable 

based on its isofiller. On the contrary, the liquid formu-

lation contained four dimethacrylates (DMAs), along 

with initiators and various additives. Improved mechan-

ical strength and durability over time were also demon-

strated when tricyclodecan-dimethanol dimethacrylate 

(DCP), urethane dimethacrylate (UDMA), aromatic 

aliphatic-UDMA, and polyethylene glycol 400 (PEG-

400) DMA were present to produce cross-links during 

polymerization. Likewise, straightforward handling was 

offered by DCP, alongside its low viscosity. For UDMA, 



Microbial leakage and adaptation of alkasite restorations

https://doi.org/10.5395/rde.2026.51.e31 9/12

it acted as the main component of the monomer matrix 

to improve mechanical characteristics while preserving 

moderate viscosity. A lower likelihood of discoloration 

could also be attained through the aliphatic features 

of aromatic aliphatic-UDMA. In enhancing stiffness, 

aromatic diisocyanates were pivotal. Better flowability 

and adaptation to the smear layer could then be accom-

plished using PEG-400 DMA [33,34]. For both polymer-

ization and low shrinkages, they could also be lowered 

via CN (containing patented filler partially functional-

ized with silane) and the organic/inorganic ratio with 

monomer composition, respectively [31].

Regarding marginal adaptation, varying interfacial 

morphology was observed from the SEM images for 

different materials. At the enamel-restoration interface, 

fewer noticeable discontinuities were denoted for CN, 

agreeing with the data published by Samanta et al. [35] 

and Firouzmandi et al. [36]. In another article by Me-

hesen et al. [14] concerning glass ionomer-based resto-

rations, greater marginal gaps were reported. Nonethe-

less, qualitative observations were only presented in this 

study for the SEM analysis. Interestingly, the microbial 

leakage characteristics of CN for both this study and 

Sujith et al. [37] were identical, who examined the hy-

brid composite restorative materials and glass ionomer 

cement, alongside their corresponding mechanical and 

microbial leakage performances.

In this study, the experiment was performed under 

in vitro conditions for the alkasite restorative material 

and glass hybrid restorative materials. Conversely, other 

clinical studies have reported positive in vivo outcomes 

in posterior restorations. For alkasite restorative mate-

rials concerning stress-bearing posterior teeth, several 

benefits have been documented (satisfactory marginal 

integrity, periodontal response, and short- to medi-

um-term survival). As such, regular clinical use can 

benefit from this design [7]. In terms of nanohybrid res-

in composites, favorable aesthetic results and mechani-

cal strength have also been noted within long-term clin-

ical studies. Nevertheless, issues with secondary caries 

and restoration replacement over time can still occur 

due to polymerization shrinkage and marginal degrada-

tion [22]. Regarding posterior restorations in atraumatic 

restorative treatment and high-caries-risk populations, 

glass hybrid restorative materials still remain popular 

owing to their fluoride release and chemical adhesion 

to tooth structure [38]. All these clinical observations 

have then suggested that under controlled laboratory 

conditions, microbial leakage and interfacial behavior 

examinations are vital, which this study successfully ad-

dressed.

From this study, the chemical composition and 

ion-releasing ability of CN were thoroughly explained. 

Still, to provide context for the current findings, a com-

parative analysis with FZ and EF properties must be 

carried out. When using FZ, enhanced polishability, 

aesthetics, and mechanical strength can generally be 

observed, as this nanohybrid resin composite contains 

high filler loading and nanoscale filler technology. 

Nevertheless, being a methacrylate-based composite, 

it is naturally prone to polymerization shrinkage stress, 

along with insufficient intrinsic ion release. Thus, the 

formation of marginal gaps, alongside a heightened vul-

nerability to microbial penetration as time progresses, 

can occur [15,16].

For EF, it represents a glass hybrid restorative system, 

which consists of high-viscosity glass ionomer cement 

and a resin-based surface coating. Based on its chemi-

cal adhesion to tooth structure and the release of fluo-

ride, EF can diminish the risk of caries. In contrast, the 

marginal integrity of Class II restorations when exposed 

to occlusal loading can be jeopardized due to the sensi-

tivity to moisture (initial setting phase), alongside lower 

fracture toughness [38]. Therefore, as the CN restorative 

system integrates resin-based mechanical properties 

and alkaline ion release, superior microbial sealing re-

storative systems can be attained (demonstrated in this 

study). It was also crucial to note that for each material, 

the bonding and conditioning protocols recommended 

by the manufacturer were followed. Thus, the results 

should be interpreted with respect to the system con-

taining the materials.

From a clinical standpoint, scenarios involving criti-

cal marginal sealing and caries prevention could high-

ly benefit from alkasite restorative systems (CN), as 

demonstrated in this study. In particular, in scenarios 

where optimal moisture control proved difficult, indi-

viduals with a high risk of caries, deep proximal cavities, 

or clinical circumstances could employ these Class II 

restorations. As this study also revealed good ion-releas-
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ing ability and qualitative interfacial properties, a more 

stable tooth-restoration interface, alongside minimized 

bacterial infiltration at the margins of the restoration, 

could be accomplished. Nonetheless, the differences 

observed were dependent on the material system used, 

which clinicians must take into account. Significant 

relationships were also exhibited between long-term 

clinical success, cavity design, occlusal loading, oral hy-

giene, and patient-related risk factors.

It was important to note that between restorative 

materials and the authentic oral environment, actual 

conditions or interactions that occurred in this study 

were not completely represented by the data. Some con-

straints observed in this methodology involved inade-

quate causatives (salivary enzymes, bacterial plaque, 

and pH fluctuations) within the oral environment. Ac-

cordingly, to confirm the clinical advantages of alkasite 

restorative systems in dynamic oral environments, a 

long-term randomized controlled clinical trial was nec-

essary. The inferential comparisons of microbial leakage 

times also denoted another limitation, as they were not 

solely reliant on survival-specific statistical tests. Thus, it 

is advisable for future research to utilize survival-based 

comparative methods.

CONCLUSIONS

Albeit with variations in both the extent and timing of 

the leakage observed, this in vitro study revealed that 

all restorative systems demonstrated microbial leakage. 

Compared to FZ, delayed microbial leakage was pre-

sented by the CN restorative system. For the qualitative 

illustrative information on the tooth-restoration inter-

face, it was demonstrated through the SEM observa-

tions.
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Classification proposal of obliterated canals based on the position of 
the target point and the caliber of the root canal
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ABSTRACT

Objectives: This study aimed to propose a classification system for calcified root canals based on the location of the tar-
get point or canal starting point and root canal lumen caliber to facilitate the evaluation of dynamically guided tech-
niques in endodontic treatment.
Methods: A retrospective analysis of eight cases with calcified root canals was conducted. Periapical radiographs and 
cone-beam computed tomography were used to classify cases based on root location and degree of obliteration. Clinical 
and radiographic outcomes were evaluated.
Results: Eight classification types are identified, ranging from non-obliteration and partial obliteration to total oblitera-
tion. The location of the root canal lumen varies from the pulp chamber to the apical third of the root. Guided endodon-
tics with dynamic navigation has been demonstrated to be an effective treatment modality in cases of advanced oblitera-
tion, thereby substantiating its efficacy in complex scenarios.
Conclusions: The proposed classification system provides a framework to understand the complexity of calcified root ca-
nals. Guided endodontics with dynamically guided techniques can be valuable in managing these challenging cases, 
particularly when the root canal lumen is in the apical third. Further studies are needed to validate the classification sys-
tem and evaluate the long-term outcomes of the different treatment approaches.
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INTRODUCTION

Conventional endodontic treatment involves shaping, 

cleaning, and disinfecting the root canal system due to 

inflammation or pulp necrosis [1] caused by extensive 

caries, dental trauma, and dental procedures such as 

extensive restorations and crowns. Low- or moder-

ate-intensity dental trauma can stimulate the cells of 
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the pulp tissue, causing calcification or obliteration of 

the root canal in response to this noxious stimulus [1,2]. 

These obliterations, caused by trauma, can occur in 40% 

of cases, and the need for endodontic treatment varies 

between 7% and 27% due to the presence of symptoms, 

crown discoloration, or radiographic findings with the 

presence of periapical pathology [3]. Other causes of 

pulp canal obliteration include orthodontic treatment, 

revascularization, and advanced age [4].

In 2000, Bastone et al. [5] reported that the frequency 

of dentoalveolar trauma was high among school and 

university students. Subluxation and low-intensity luxa-

tion such as extrusion and lateral luxation are the main 

causes of calcification in the root canal [2]. Andreasen 

et al. [1] reported a 15% rate of root canal obliteration 

after observing 637 injured teeth; similarly, Bastos and 

Côrtes [6] in 2018 reported a percentage of pulpal oblit-

eration ranging from 3.7% to 40% in these cases. The 

mechanism by which pulp canal obliteration or calcific 

metamorphosis occurs remains unknown, and in efforts 

to explain it, the approach of Siddiqui and Mohamed  

[7] is highlighted, who propose that it may be produced 

by an injury to the neurovascular supply of the pulp. 

The presence of obliteration of the canal system can 

be identified through changes in tooth color or during 

a routine dental examination. Oginni et al. [4] in 2009, 

evaluated teeth with pulpal canal obliteration and re-

ported that 79.71% of teeth presented a coronal discol-

oration (yellow or gray) and 33.3% with an apical lesion. 

However, endodontic treatment is not always indicated 

until a complete clinical evaluation of the patient’s signs 

and symptoms is performed [8]. According to Jain et al. 

[3], endodontic therapy is indicated in 7%–27% of cases 

if they present with symptoms or radiographic evidence 

of apical periodontitis.

Conventional canal treatments are commonly accom-

panied by periapical radiographs because of their low 

radiation doses and low costs. However, endodontic 

treatments in the presence of obliterations, which are 

considered to have a higher degree of difficulty, require 

the use of high-resolution tomography because of the 

greater amount of information they provide about root 

anatomy and morphology. Currently, the European So-

ciety of Endodontics supports the use of tomographic 

images for the assessment and resolution of complex 

cases, in addition to being necessary for any type of 

dynamic or static navigation [9]. Due to this reduction 

in the canal lumen, the execution of endodontic treat-

ments becomes more complex because of the difficulty 

of locating and negotiating the root canals correctly and 

conservatively. Connert et al. [10] report high percent-

ages of deviation (success in only 41.7% of cases) with 

the freehand technique, even with the aid of tomogra-

phy and magnification; currently, computer-assisted 

navigation techniques (static and/or dynamic naviga-

tion) are much more precise for performing these pro-

cedures [11,12]. Even with the use of these navigation 

systems, the location of the root canals is complex and 

varies depending on the degree of pulp obliteration and 

the location at the beginning of the root canal lumen 

(target point) [13]. These anatomical characteristics are 

normally observed with the help of periapical radiogra-

phy, especially using high-resolution cone-beam com-

puted tomography (CBCT), which is indicated in cases 

of greater complexity [14].

Radiographically, the obliteration of the pulp canals 

can be classified into two types: partial obliteration, in 

which the pulp chamber is not observed and the canal 

is considerably calcified; and total obliteration, in which 

the pulp chamber and root canal are practically imper-

ceptible radiographically [7,8].

MAIN SUBJECTS

Classification of calcified canals
High-quality periapical radiographs and a high-resolu-

tion CBCT (ranging from 75 to 100 μm) are recommend-

ed to assess the presence of the root canal lumen and its 

subsequent classification. This classification comprises 

eight categories as follows (Figure 1).

1. Type Ia: Partial obliteration with predominant verti-
cal constriction (coronal initiation)
Presence of discernible canal lumen above the ce-

ment-enamel junction (CEJ) with progressive coro-

no-apical calcification. The root canal maintains radio-

graphic visibility throughout its length despite marked 

coronal narrowing. Radiographically, the intracanal ra-

diolucency (representing the patent canal lumen) mea-

sures >50% of the estimated normal canal width at the 
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cervical third, with constriction predominantly affecting 

the vertical (corono-apical) dimension. The target point 

(canal orifice) remains clearly locatable on radiographic 

examination.

Distinguishing feature: minimal to absent horizontal 

(circumferential) constriction of the canal walls.

2. Type Ib: Advanced obliteration with vertical and hor-
izontal constriction (coronal initiation)
Advanced calcification beginning above the CEJ, 

demonstrating both significant vertical (corono-apical) 

and horizontal (circumferential) constriction of the root 

canal. The visible intracanal radiolucency is reduced 

to ≤50% of the normal canal width, with radiodensity 

approaching but not identical to surrounding dentin. 

The canal lumen remains discernible on radiographs, 

though requiring careful examination. Apical patency of 

the canal is maintained.

Distinguishing features: pronounced bilateral con-

striction patterns and substantially reduced lumen vis-

ibility compared to Type Ia, while lumen identification 

remains feasible.

3. Type IIa: Partial obliteration with minimal horizontal 
constriction (cervical-middle initiation)
Partial calcification beginning between the CEJ and the 

middle third of the root. The pulp chamber remains 

visible, though reduced in volume. The intracanal ra-

diolucency exceeds 50% of the estimated normal canal 

width at the level of obliteration onset, indicating pre-

dominant vertical constriction with minimal horizontal 

(circumferential) involvement. The radiodensity dif-

ferential between the calcified zone and surrounding 

dentin remains evident, allowing clear delineation of 

the obliterated region. Apical to the calcified zone, canal 

patency is evident.

Distinguishing feature: preserved circumferential ca-

nal wall outline and relatively open apical anatomy.

4. Type IIb: Advanced obliteration with concurrent 
vertical and horizontal constriction (cervical-middle 
initiation)
Advanced calcification originating between the CEJ and 

the middle third of the root, characterized by severe 

bilateral constriction (both corono-apical and circum-

ferential). The visible canal lumen is reduced to ≤50% of 

the normal estimated diameter. Radiographic visualiza-

tion reveals a marked reduction in radiodensity differ-

Figure Legends 

 

Figure 1. Classification proposal of calcified canals. 

 

 

Figure 2. Characteristics of the Type Ia root canal classification. (A) Tomographic image. (B) Type Ia 

classification scheme. (C) Initial root canal negotiation with a file to determine the temporary working length. 

(D) Filled canal. 

Figure 1. Classification proposal of calcified canals.
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ential (approaching dentin equivalence), making canal 

identification challenging. The transition zone between 

obliterated and patent canal is distinct but narrow.

Distinguishing feature: pronounced 360º circumfer-

ential constriction combined with significant vertical 

narrowing; increased difficulty in lumen identification 

without magnification or three-dimensional imaging.

5. Type IIIa: Partial obliteration with preserved apical 
patency (middle-third or apical initiation)
Partial calcification with onset in the middle third of the 

root or apical region, leaving the coronal two-thirds pat-

ent. The intracanal radiolucency in the non-obliterated 

zones exceeds 50% of normal canal width. Horizontal 

(circumferential) constriction is minimal to absent. The 

calcified zone is clearly distinguishable radiographically 

from surrounding dentin by virtue of maintained radi-

odensity differential. Considerable patent canal space 

remains accessible for negotiation both coronally and 

apically.

Distinguishing feature: obliteration limited to specific 

root thirds with well-preserved access anatomy and tar-

get point identification.

6. Type IIIb: Advanced obliteration with severe con-
striction (middle-third or apical initiation)
Advanced calcification beginning in the middle third 

or apical region, featuring pronounced vertical and 

horizontal constriction within the obliterated zone. The 

visible canal lumen is ≤50% of normal width within the 

calcified region. Radiodensity approaches dentin equiv-

alence, substantially reducing the radiographic differ-

ential. While obliteration is localized, the calcified zone 

presents severe bilateral constriction, necessitating 

advanced diagnostic imaging (CBCT) or magnification 

for precise lumen identification. Patent canal anatomy 

is preserved both coronally and apically, yet access 

through the constricted zone is substantially compro-

mised.

Distinguishing feature: high-grade constriction (>50% 

volume reduction) within a localized calcification zone, 

combined with radiodensity near equivalence to dentin.

7. Type IV: Total obliteration with complete radiodensi-
ty equivalence
Complete obliteration of the root canal throughout 

its entire length from the pulp chamber to the api-

cal foramen. Radiographically, the entire pulp space 

demonstrates radiodensity equivalent to or exceeding 

surrounding dentin, rendering the intracanal lumen 

non-discernible on conventional radiography. No 

visible radiolucency representing patent canal space 

remains at any level. The distinction between the canal 

space and surrounding dentin is absent or impercepti-

ble.

Distinguishing feature: absolute absence of radio-

graphic canal visibility and uniform radiodensity 

throughout the canal path.

Classification proposal and case examples

1. Classification Type Ia: Partial obliteration with pre-
dominant vertical constriction (coronal initiation)
• �Example 1: A 52-year-old female patient with no med-

ical history was referred for endodontic treatment 

of the upper right lateral incisor without presenting 

any symptoms. A clinical examination was conduct-

ed, which revealed a negative sensitivity test result. 

Radiographic analysis revealed the presence of a 

radiolucent area in the apical region, indicative of a 

periapical osteolytic lesion. The root canal lumen was 

found to be obliterated, resulting in a reduced lumen 

within the root canal system within the pulp chamber. 

The diagnosis was confirmed as asymptomatic apical 

periodontitis. Subsequent tomographic analysis guid-

ed the decision to perform root canal treatment with 

magnification and freehand techniques, owing to the 

presence of a small periapical radiolucent area. The 

infiltration of anesthesia was facilitated using a 2% 

lidocaine solution with 1:80,000 epinephrine, and the 

procedure was conducted under the guidance of a mi-

croscope and a #3 round diamond bur. The canal was 

then prepared using a #10 hand file and irrigated with 

5.25% sodium hypochlorite (NaOCl). A WaveOne Gold 

primary system (Dentsply Maillefer Instruments Hold-

ing Sàrl, Ballaigues, Switzerland) was then utilized. 

Subsequently, the canal was obturated using WaveOne 

Gold cone and AH Plus root canal sealer (Dentsply 
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Figure Legends 

 

Figure 1. Classification proposal of calcified canals. 

 

 

Figure 2. Characteristics of the Type Ia root canal classification. (A) Tomographic image. (B) Type Ia 

classification scheme. (C) Initial root canal negotiation with a file to determine the temporary working length. 

(D) Filled canal. 

DeTrey GmbH, Konstanz, Germany) (Figure 2).

2. Classification Type Ib: Advanced obliteration with 
vertical and horizontal constriction (coronal initiation)
• �Example 2: A 72-year-old female patient with a history 

of controlled hypertension was referred for intermit-

tent symptoms and canal obliteration in the lower 

right central incisor. The patient reported positive 

vertical and horizontal percussion and a negative 

sensitivity test during the clinical examination. Radio-

graphically, a radiolucent area was observed apically, 

compatible with a lesion of pulpal origin, and a de-

crease in the lumen throughout the root canal, with 

the beginning of the canal lumen in the pulp chamber. 

Apical periodontitis was defined as a diagnosis, and 

conventional endodontics was the ideal treatment. 

Due to the tomographic analysis, it was decided to 

perform the treatment with magnification and a 1 

mm Steco bur (Steco-system-technik GmbH & Co. 

KG, Lemgo, Germany) freehand. A palatal access was 

made near the incisal edge to have an access path per-

pendicular to the long axis of the tooth. Canal patency 

occurred in the coronal third with little wear of the 

remaining tooth within a few minutes. Subsequently, 

the canal was instrumented with a medium WaveOne 

Gold file, copiously irrigated, activated with 5.25% so-

dium hypochlorite, and filled with a gutta-percha cone 

of the same system and Bio-C Sealer cement. Finally, 

the patient was referred for lingual resin (Figure 3).

3. Classification Type IIa: Partial obliteration with mini-
mal horizontal constriction (cervical-middle initiation)
• �Example 3: A 46-year-old female patient was referred 

for locating the canal and performing conventional 

endodontic treatment on the lower right central in-

cisor, with a diagnosis of asymptomatic apical peri-

odontitis. A CBCT image was obtained to establish the 

diagnosis and treatment plan. The results established 

obliteration of the pulp chamber and partial calcifi-

cation of the canal, with the beginning of the canal 

lumen above the middle third of the root. A periapical 

radiolucent area compatible with a lesion was also 

observed. Subsequently, the DICOM files from the to-

mography were used to perform digital planning in the 

software Navident dynamic navigation system (Clar-

oNav Inc., Toronto, ON, Canada). A Steco bur end-

odontic guided bur (Steco-system-technik GmbH & 

Co. KG) was used to achieve patency. The target point 

of the tooth was located between the middle and cer-

vical thirds with a pre-curved #10 file. Subsequently, 

the canal was instrumented using the HyFlex CM ro-

tary NiTi files #30 (Coltene/Whaledent AG, Altstätten, 

Switzerland), irrigated with sodium hypochlorite, and 

obturated using the lateral condensation technique 

with AH Plus (Figure 4).

Figure 2. Characteristics of Type Ia root canal classification. (A) Tomographic image. The red arrow indicates the target point (start of the canal) 
without any change from its original position. It is clearly visible in the sagittal cone-beam computed tomography view. The root canal disap-
pears at the start of the cervical third of the root. (B) Type Ia classification scheme. (C) Initial root canal negotiation with a file to determine the 
temporary working length. (D) Filled canal.
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Figure 3. Characteristics of Type Ib root canal classification. (A) Tomographic image. The red arrow indicates the target point (start of the ca-
nal), which is located in its original position; however, narrowing of the canal lumen is observed along the entire root. (B) Type Ib classification 
scheme. (C) Access to pulp chamber/root canal. (D) Initial radiograph. The red arrow indicates narrowing of the root canal along the entire root. 
(E) Initial root canal negotiation with a file to determine the temporary working length. (F) Gutta-percha master point fitting before root canal 
filling. (G) Filled canal.

Figure 4. Characteristics of Type IIa root canal classification. (A) Tomographic image. The red arrow indicates the start of the canal lumen (target 
point). (B) Type IIa classification scheme. (C) Planning access to the pulp chamber/root canal in a sagittal slice. The red arrow indicates the target 
point for planning (start of the canal lumen). (D) Planning for pulp chamber/root canal access coronal slice. (E) Initial radiograph. The red arrow 
indicates the start of the root canal. (F) Initial root canal negotiation with a file to determine the temporary working length. (G) Gutta-percha 
master point fitting before root canal filling. (H) Filled canal.

 

Figure 3. Characteristics of Type Ib root canal classification. (A) Tomographic image. (B) Type Ib 

classification scheme. (C) Access to pulp chamber/root canal. (D) Initial radiograph. (E) Initial root canal 

negotiation with a file to determine the temporary working length. (F) Gutta-percha master point fitting before 

root canal filling. (G) Filled canal. 
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Figure 4. Characteristics of Type IIa root canal classification. (A) Tomographic image. (B) Type IIa 

classification scheme. (C) Planning for pulp chamber/root canal access sagittal oblique slice. (D) Planning for 

pulp chamber/root canal access coronal slice. (E) Initial radiograph. (F) Initial root canal negotiation with a file 

to determine the temporary working length. (G) Gutta-percha master point fitting before root canal filling. (H) 

Filled canal. 
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4. Classification Type IIb: Advanced obliteration with 
concurrent vertical and horizontal constriction (cervi-
cal-middle initiation)
• �Example 4: A 27-year-old man presented with pain in 

the upper right central incisor upon percussion. With 

no significant medical history, clinical examination 

revealed a negative response to cold testing and a 

positive reaction to vertical percussion. Radiographic 

findings showed a periapical radiolucency, indicative 

of a periapical lesion, along with partial obliteration of 

the root canal and no visible canal orifice in the pulp 

chamber. A diagnosis of symptomatic apical periodon-

titis was made, and conventional endodontic treat-

ment was planned.

Access preparation began with the removal of enamel 

using a #2 round diamond bur. The opening was extend-

ed towards the incisal edge to ensure a straight-line ac-

cess parallel to the long axis of the tooth. A pencil mark 

was placed on the vestibular surface for orientation. A 

1-mm Steco bur was used in a low-speed handpiece to 

locate the canal orifice. The canal was then cleaned and 

shaped with a #10 file and a WaveOne Gold primary file 

(size 25) and obturated with a corresponding gutta-per-

cha cone and Bio-C Sealer. The patient was referred for 

restorative treatment and scheduled for a 6-month fol-

low-up (Figure 5).

5. Classification Type IIIa: Partial obliteration with 
preserved apical patency (middle-third or apical initia-
tion)
• �Example 5: A 25-year-old female patient was referred 

by an endodontist to locate the canal and obturate the 

upper right central incisor. The patient had no systemic 

medical conditions. She had a history of orthodontic 

treatment 2 years ago. A clinical examination revealed a 

negative sensitivity test. Radiographically, a decrease in 

the canal lumen was observed up to the middle-third of 

the root. A diagnosis of pulpal necrosis was made, and 

guided endodontics was determined to be the ideal 

treatment. The initial tomography was performed after 

creating a small opening with a #2 round diamond bur. 

These DICOM files from the tomography were import-

Figure 5. Characteristics of Type IIb root canal classification. (A) Tomographic image. The red arrow indicates the start of the canal lumen (target 
point). (B) Type IIb classification scheme. (C) Access to pulp chamber/root canal. (D) Initial radiograph. The red arrow indicates the start of the 
root canal. (E) Initial root canal negotiation with a file to determine the temporary working length. (F) Gutta-percha master point fitting before 
root canal filling. (G) Filled canal.

 

Figure 5. Characteristics of Type IIb root canal classification. (A) Tomographic image. (B) Type IIb 

classification scheme. (C) Access to pulp chamber/root canal. (D) Initial radiograph. (E) Initial root canal 

negotiation with a file to determine the temporary working length. (F) Gutta-percha master point fitting before 

root canal filling. (G) Filled canal. 
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ed into Navident software to create the respective plan 

and alignment. Lidocaine 2% with epinephrine 1:80,000 

was administered, and canal patency was achieved 

with a 0.75-mm Tivoli bur (Gebr. Brasseler GmbH & Co. 

KG, Lemgo, Germany). The target point was located 16 

mm from the incisal edge. The estimated time to locate 

the target point was 5 minutes. Mechanical instrumen-

tation was performed using a WaveOne Gold medium 

file system, and obturation was performed with a cone 

of the same caliber from the same system and Bio-C 

Sealer (Figure 6).

6. Classification Type IIIb: Advanced obliteration with 
severe constriction (middle-third or apical initiation)
• �Example 6: A 63-year-old woman with no significant 

medical history was referred for mild to moderate pain 

in the upper left central incisor. The clinical examina-

tion revealed positive vestibular palpation and per-

cussion, normal periodontal probing, and an adapted 

crown. Radiographically, the lumen of the partially 

obliterated canal and apical hypodense area compati-

ble with a periapical lesion are observed. A diagnosis of 

symptomatic apical periodontitis was made, and apical 

microsurgery was proposed to the patient as treatment 

due to an adapted crown and advanced obliteration of 

the root canal with a high degree of difficulty.

Initially, the area of tooth 11 was anesthetized with 

two carpules of 2% lidocaine with epinephrine 1:80,000, 

and a triangular flap was made from tooth 12 to tooth 

21. Subsequently, the inflamed tissue was removed, an 

Figure 6. Characteristics of Type IIIa root canal classification. (A) Tomographic image. (B) Type IIIa classification scheme. (C) Access to pulp cham-
ber/root canal. (D) Planning for pulp chamber/root canal access coronal slice. (E) Navident (ClaroNav Inc., Toronto, ON, Canada) graphical inter-
face for root canal access planning. (F) Initial radiograph. (G) Gutta-percha master point fitting before root canal filling. (H) Filled canal.

 

Figure 6. Characteristics of Type IIIa root canal classification. (A) Tomographic image. (B) Type IIIa 

classification scheme. (C) Access to pulp chamber/root canal. (D) Planning for pulp chamber/root canal access 

coronal slice. (E) Navident (ClaroNav Inc., Toronto, ON, Canada) graphical interface for root canal access 

planning. (F) Initial radiograph. (G) Gutta-percha master point fitting before root canal filling. (H) Filled canal. 
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apicoectomy (3 mm) was performed, and apical retro-

preparation was made with a diamond ultrasound tip. 

Finally, the apex was filled with Bio-C® Repair bioceram-

ic reparative material (Angelus Indústria e Comércio 

Ltda, Londrina, Paraná, Brazil), and the flap was sutured 

with 5-zero DemeCAPRONE™ synthetic absorbable 

monofilament suture (DemeTECH Corporation, Mira-

mar, Florida, USA) (Figure 7).

• �Example 7: A 36-year-old male patient with intermit-

tent pain in the left lower central incisor with a history 

of trauma; no medical history. Clinical examination 

revealed positive vertical percussion and a negative 

sensitivity test. A CBCT image revealed advanced 

obliteration of the root canal with diffuse light between 

the middle and apical thirds. A diagnosis of symptom-

atic apical periodontitis was made. Due to the level 

of obliteration and the difficulty of treatment, guided 

endodontics were performed with dynamic naviga-

tion. The DICOM files from diagnostic tomography 

were imported into the navigation device software 

Figure 7. Characteristics of Type IIIb root canal classification. (A) Tomographic image, target point (red arrow), adapted crown (yellow arrows). (B) 
Type IIIb classification scheme. (C) Access to apex. (D) Root apex outline (methylene blue). (E) Filled root canal with the retrograde filling materi-
al. (F) Postoperative periapical radiograph showing root-end fillings.

Navident, where the orientation and depth of the ac-

cess path were planned at 15.4 mm from the cervical 

margin to the beginning of the root canal lumen. 

Canal patency was achieved using a 1-mm Steco bur. 

Instrumentation was performed with a large file from 

the WaveOne Gold, and subsequent obturation was 

performed with a size 45 cone from the same system 

and Bio-C Sealer (Figure 8).

7. Classification Type IV: Total obliteration with com-
plete radiodensity equivalence
• �Example 8: A 40-year-old female patient with no sys-

temic medical history was referred for evaluation and 

treatment planning for the upper left lateral incisor. 

The patient had a history of orthodontic treatment.

Clinical examination revealed a color change, a nega-

tive sensitivity test, and positive horizontal percussion.

Radiographically, a completely obliterated canal and 

a healthy periapical region were observed. Pulp ne-

crosis was diagnosed, and the patient was informed of 

 

Figure 7. Characteristics of Type IIIb root canal classification. (A) Tomographic image, target point (red 

arrow), adapted crown (yellow arrows). (B) Type IIIb classification scheme. (C) Access to apex. (D) Root apex 

outline (methylene blue). (E) Filled root canal with the retrograde filling material. (F) Postoperative periapical 

radiograph showing root-end fillings. 
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the treatment options (apical microsurgery and guid-

ed endodontics). The patient preferred conventional 

endodontics; therefore, it was decided to perform 

computer-assisted endodontic treatment. Initially, the 

DICOM files from the tomography were entered into the 

Navident for subsequent planning. An access pathway 

was established along the tooth’s long axis to negotiate 

the root canal lumen at any level, in the absence of a 

predefined orifice target point. A 0.75 mm Tivoli end-

odontic bur (Gebr. Brasseler GmbH & Co. KG) on a low-

speed handpiece was used to initiate the opening. The 

canal lumen was in the cervical third, and the absence 

of pulpal vitality was confirmed. The canal was instru-

mented with a primary file from the WaveOne Gold and 

obturated with a cone of the same system and AH Plus. 

The patient was then referred for restorative treatment 

(Figure 9).

DISCUSSION

The cases presented above propose an exhaustive and 

exclusive classification of the state of obliterated or 

calcified root canals based on the location of the tar-

get-point and the visible caliber on radiographs and/

or tomography with a clinical focus and negotiation of 

ducts by guided endodontics. In this context,  it is im-

portant to highlight that Lima et al. [15], in 2024 in a bib-

liometric review, mention that from the first publication 

on this topic in 2016 by Krastl et al. [16], the prevalent 

focus of research has been the static navigation tech-

nique and that it was the negotiation of calcified ducts 

that has given rise and development of the technique.

The documentary collection on the effectiveness and 

efficiency of guided techniques is constituted, for the 

most part, by numerous case reports whose evidence 

indicates that guided endodontics is a technique with 

high precision and with the capacity to predict the out-

Figure 8. Characteristics of Type IIIb root canal classification. (A) Tomographic image. The red arrow indicates the target point located in the api-
cal third. (B) Type IIIb classification scheme. (C) Planning for pulp chamber/root canal access sagittal oblique slice. (D) Planning for pulp cham-
ber/root canal access coronal slice. (E) Initial root canal negotiation with a file to determine the temporary working length. (F) Filled canal. (G) 
Filled canal sagittal oblique slice. (H) Filled canal coronal slice.

 

Figure 8. Characteristics of Type IIIb root canal classification. (A) Tomographic image. (B) Type IIIb 

classification scheme. (C) Planning for pulp chamber/root canal access sagittal oblique slice. (D) Planning for 

pulp chamber/root canal access coronal slice. (E) Initial root canal negotiation with a file to determine the 

temporary working length. (F) Filled canal. (G) Filled canal sagittal oblique slice. (H) Control filled canal. 
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come of the intervention [17]. However, there is a gap 

in the evaluation of efficacy given the limited number 

of high-quality clinical trials with long-term follow-up 

[15,17]; the available studies are affected by the hetero-

geneity of the outcomes [17,18], absence of standard-

ized protocols, the difficulty in the proper selection of 

cases with particular indications for each technique 

[15] and lack of consensus in essential aspects of end-

odontic therapy [18]. It is in this sense that the scientific 

community has directed efforts in the determination 

of taxonomies that allow us to define in a precise and 

practical way characteristic aspects of the conditions 

and outcomes in health [19,20].

In 2024, Terán-Miranda [21] makes a very detailed 

classification proposal of the level and degree of calcifi-

cation where ten levels are recognized according to the 

identification zone of the calcification (pulpar, cervical, 

middle, apical, pulpar + cervical, cervical + middle, 

middle apical, pulpar + cervical + middle, cervical + 

middle + apical and total) and four degrees (permeable, 

obliterated, intermittent, closed), which in the context 

of studies with an analytical approach can favor type 

II error due to the number of subgroups resulting from 

the combination of its two components. In contrast, the 

current proposal defines a total of eight categories on an 

ordinal scale because of the challenge of reaching the 

target point and the negotiation of the root canals ac-

cording to the caliber.

Figure 9. Characteristics of Type IV root canal classification. (A) Tomographic image. (B) Type IV classification scheme. (C) Access to pulp cham-
ber/root canal. (D) Navident (ClaroNav Inc., Toronto, ON, Canada) graphical interface for root canal access planning. (E) Initial radiograph. (F) 
Initial root canal negotiation with a file to determine the temporary working length. (G) Filled canal.

 

Figure 9. Characteristics of Type IV root canal classification. (A) Tomographic image. (B) Type IV 

classification scheme. (C) Access to pulp chamber/root canal. (D) Navident (ClaroNav Inc., Toronto, ON, 

Canada) graphical interface for root canal access planning. (E) Initial radiograph. (F) Initial root canal 

negotiation with a file to determine the temporary working length. (G) Filled canal. 
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Another important aspect is the easy adaptation to 

the nomenclature of classification of morphological 

anomalies proposed by Ahmed and Dummer [22] by 

prefixing pulp canal obliteration (PCo) and classifica-

tion in superscript to the number of the dental piece, in 

those uniradicular and/or multiradicular teeth in which 

the classification of the root canal coincides. In case of 

disagreement, PCo is prefixed to the tooth number and 

the classification in superscript is added for calcified 

root canals present [20,22–25] (Figure 10).

While the limitations of images obtained via CBCT 

should be considered (difficulty in detecting accessory 

canals and minor anatomical variations), their use is 

recommended for applying the classification, as their 

influence on the decision regarding the complexity 

or difficulty of endodontic therapy is recognized [26], 

especially in cases where the morphological charac-

teristics of the root canal system pose a challenge for 

diagnosis, prognosis, and therapeutic approach; their 

use is even recommended for the evaluation of clinical 

results [27,28]; however, it is important to emphasize the 

possibility of using high-quality radiographic images, 

which favors the implementation of the classification in 

regions where the availability of obtaining CBCT images 

is limited; furthermore, the simplicity and conciseness 

in the definition, as well as the adaptation to the Ahmed 

scheme, can be taught and adopted from undergradu-

ate and postgraduate professional training [24,29].

The conventional technique for locating canals allows 

the location of the root canals, but requires excellent 

spatial location, magnification, and ultrasonic tips [8]. 

Recent reports have shown that new navigation tech-

niques in endodontics are usually more accurate and 

require less clinical working time [11,30–34]. Connert 

et al. [10] in 2019 report the results of an in vitro study 

that indicates that static navigation was significantly 

superior to the conventional technique, even consider-

ing that it was used by operators with different levels of 

 

Figure 10. Adaptation to the nomenclature of classification of morphological anomalies. 3D, three-dimensional; 

CEJ, cementoenamel junction; FDI, Fédération Dentaire Internationale; PCo, pulp canal obliteration. 

 

Figure 10. Adaptation to the nomenclature of classification of morphological anomalies. 3D, three-dimensional; CEJ, cementoenamel junction; 
FDI, Fédération Dentaire Internationale; PCo, pulp canal obliteration.

Left maxillary central incisor, uniradicular with pulp canal 
obliteration classification IIa (Partial obliteration of the root 
canal that begins between the CEJ and the middle third of the 
root)

(PCo)IIa 1211

Adaptation3D Diagram Description

Right maxillary first premolar, biradicular with obliteration of 
the buccal pulp canal, classification Ia (Presence of canal lumen 
above the CEJ with obliteration in the cervical, middle and 
apical root thirds) in buccal root Ib. (Advanced obliteration of 
the root canal that begins in the crown above the CEJ)

(PCo)2 14 B1(Ib) P1(Ia)

Lower right second molar, biradicular with distal root 
dilaceration and obliteration in mesial pulp canal with 
classification IV. (Total obliteration of the root canal)

*International tooth numbering system (FDI)

(PCo)2 47 M(RD) D(IV)



Classification proposal of obliterated root canals

https://doi.org/10.5395/rde.2026.51.e32 13/15

experience; similarly, clinical cases have been reported 
to have been performed with static navigation with high 
accuracy for locating calcified canals [35,36].

Villa et al. [34] reported two clinical cases approached 
with dynamic navigation in anterior teeth, achieving a 
high degree of precision and conservative accesses with 
the use of the Navident; in 2020, Jain et al. [37] performed 
an in vitro study with 40 upper and lower anterior teeth 
printed in three-dimensional, where the dynamic navi-
gation technique proved to be more efficient and faster 
for locating obliterated canals. Gambarini et al. [38] also 
reported a case of apical surgery in an upper anterior 
tooth with the help of the Navident system, achieving op-
timal precision. Zubizarreta-Macho et al. [11] conducted 
a study comparing the conventional technique with 
the two types of navigation (static and dynamic) and 
observed that the latter had better performance when 
comparing the previous planning versus the execution, 
locating the lumen of the root canals. They concluded 
that although dynamic navigation is more precise than 
static navigation, there was no statistically significant dif-
ference in loss of dental tissue after opening.

Geo et al. [12] reported that the main advantages of 
dynamic navigation are greater accuracy, no need for 
patient scanning, simpler planning process, better in-
strument access due to the absence of guides, visualiza-
tion of the access path in real-time, and the possibility 
of changing or correcting the plan at any time.

It can therefore be concluded that, according to the 
results presented, the two techniques present very sim-
ilar results in terms of accuracy and predictability for 
locating obliterated canals [11,12]; however, the com-
plexity of these treatments with any type of navigation 
can vary depending on the location of the target point 
or the beginning of the root canal lumen and their cali-
ber. Clinically, a narrow canal located in the apical third 
of the root could be much more complex to locate than 
a canal that starts above the middle third of the root. 
Studies that analyze and compare the complexity of the 
procedures according to these clinical characteristics 
have not been conducted.

CONCLUSIONS

A classification system comprising eight types of calci-

fied root canals was proposed, categorized by the degree 

of obliteration and the anatomical location of the canal’s 

“target point” along the root axis. This taxonomy offers 

significant clinical utility for the planning and execution 

of endodontic treatment protocols, particularly concern-

ing access and exploration of the root canal system.

Furthermore, the analysis of the presented clinical 

cases elucidates the distinct characteristics of each cate-

gory while simultaneously highlighting the effectiveness 

of guided techniques (static and dynamic) as preferred 

strategies for managing obliterated canals.

This framework is positioned to serve as a valuable 

didactic resource in both undergraduate and postgrad-

uate training, enabling students to grasp the inherent 

complexities of these cases and facilitating informed 

decision-making regarding referral and counter-referral 

pathways. Moreover, this system contributes substan-

tially to the taxonomic resources available for future 

research concerning the prevalence, prognosis, and 

treatment strategies associated with this variant of the 

root canal system.
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Impact of bacteriological testing using an anaerobic culture system 
on the success of nonsurgical endodontic treatment: a retrospective 
study
Jun Nakanishi,* , Noriko Saito-Nakayama , Shizu Hirata-Tsuchiya , Daisuke Furutama , Ayaka Miyata-Arita ,  
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ABSTRACT

Objectives: Residual bacteria at the time of root canal obturation significantly influence endodontic treatment outcomes 
in teeth with apical periodontitis, and confirmation of bacterial elimination from the root canal prior to obturation may 
improve long-term prognosis. However, the contribution of root canal bacterial culture to treatment outcomes in teeth 
with infected root canals is debated. This study aimed to retrospectively evaluate treatment outcomes in cases in which 
root canal obturation was performed after confirming negative bacteriological test results.
Methods: The medical records of patients with apical periodontitis or pulp necrosis in whom root canal obturation was 
performed after confirming a negative bacteriological test result using an anaerobic culture system at the Department of 
Endodontics and Operative Dentistry at Hiroshima University Hospital between April 1, 2015, and September 30, 2023, 
were retrospectively reviewed. Treatment outcomes were assessed by comparing dental radiographs obtained before 
treatment with those obtained during the follow-up, ranging from 3 to 24 months after root canal obturation.
Results: This retrospective study included 284 teeth from 218 patients, and the success rate was 89.1%. Tooth type, num-
ber of root canals, type of treatment, preoperative radiolucency around the root apex, preoperative root canal obturation 
material, dentist experience, and postoperative extent of root canal obturation material did not significantly affect treat-
ment outcomes.
Conclusions: The findings of this retrospective study suggest that infection control incorporating bacteriological exam-
ination of root canals using an anaerobic culture system may contribute to a high success rate of nonsurgical endodontic 
treatment, regardless of other prognostic factors.
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INTRODUCTION

Residual bacteria at the time of root canal obturation 

significantly influence the outcomes of endodontic 

treatment in teeth with apical periodontitis [1,2]; thus, 

confirmation of bacterial elimination from the root 

canal prior to obturation may improve the long-term 

prognosis of the tooth. The presence of bacterial in-

fection in the root canal can be evaluated using bac-

teriological culture. Although various bacteria can be 

detected in the root canal, because the root canal is an 

anaerobic environment, anaerobes dominate the bac-

terial flora [3]. Furthermore, approximately 80% of the 

bacteria in infected dentin, which is caused by bacterial 

invasion of the root canal walls, are obligate anaerobes 

[4]. Therefore, anaerobic cultures are considered more 

appropriate than aerobic cultures for bacteriological ex-

amination of the root canal.

Few studies have reported that a negative anaerobic 

culture result prior to root canal obturation is associated 

with a favorable prognosis [5,6]. Conversely, other stud-

ies have found no significant difference in long-term 

outcomes between cases with negative and positive 

anaerobic culture results prior to obturation [7]. Thus, 

the contribution of bacteriological culture to treatment 

outcomes in infected root canals remains controversial 

[8].

Several factors influence the outcome of root canal 

treatment, including tooth type, number of root canals, 

type of treatment, presence of preoperative radiolucen-

cy around the root apex, type of preoperative obturation 

material, dentist experience, and the extent of postoper-

ative obturation. However, the effect of these factors on 

the prognosis of cases in which obturation is performed 

after confirming a negative anaerobic culture result re-

mains unclear.

This retrospective study analyzed clinical data col-

lected from the medical records of participants who had 

undergone treatment for infected root canals, including 

bacteriological examination of root canals using an 

anaerobic culture system. The aim was to determine 

whether such examinations are necessary for achieving 

successful outcomes in nonsurgical endodontic treat-

ment of infected root canals, while accounting for vari-

ous factors that may influence treatment prognosis.

METHODS

Ethics approval
This retrospective study, which used data extracted from 

previously recorded medical charts, was approved by 

the Ethical Committee for Epidemiology of Hiroshima 

University (No. E2023-0206) and conducted in accor-

dance with the principles of the Declaration of Helsinki. 

As the study used existing clinical data and involved 

no direct patient intervention, informed consent was 

obtained using an opt-out approach. Information relat-

ed to the study and handling of personal data was dis-

closed on the website of the institution, where patients 

were given the opportunity to decline participation.

Study participants and eligibility criteria
Root canal obturation at the Department of Endodon-

tics and Operative Dentistry, Hiroshima University 

Hospital, is routinely performed only after negative bac-

teriological results are confirmed using an anaerobic 

culture system operated by the Center for Oral Clinical 

Examination of the hospital. In this retrospective study, 

we reviewed clinical data from patients who underwent 

infected root canal treatment, including bacteriological 

assessment with the anaerobic culture system, at the 

Department of Endodontics and Operative Dentistry 

between April 1, 2015 and September 30, 2023. Dentists 

were divided into two groups according to their expe-

rience: <5 years and ≥5 years. Patients diagnosed with 

apical periodontitis or pulp necrosis who had under-

gone root canal obturation after bacteriological exam-

ination of the root canal using the anaerobic culture sys-

tem and had not refused to participate in this study were 

included. The exclusion criteria were (i) no follow-up 

between 3 and 24 months after root canal obturation, (ii) 

root canal treatment without rubber dam isolation, and 

(iii) root canal treatment prior to surgical endodontic 

treatment. Figure 1 shows the study flowchart according 

to the inclusion and exclusion criteria and the number 

of cases treated by dentists with <5 years and ≥5 years of 

experience, respectively.

Evaluation of treatment outcome
The parameters analyzed were age, sex, tooth type, 

number of root canals, type of treatment (initial treat-
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ment or retreatment), preoperative radiolucency 

around the root apex, preoperative root canal obtura-

tion material, dentist experience (<5 years, or ≥5 years), 

and pre- and postoperative extension of the root canal 

obturation material (under, adequate, or over). In this 

retrospective study, the retreatment group included 

cases in which patients were referred to the hospital 

due to poor progress or other reasons, even though re-

treatment had already been initiated at other hospitals 

and dental clinics. Treatment outcomes were evaluat-

ed by comparing dental radiographs obtained before 

treatment initiation with those obtained 3–24 months 

after root canal obturation, using the reduction in lesion 

size of the apical radiolucency as a parameter. Based 

on previous studies, good outcomes were defined as 

disappearance or decrease in bone resorption around 

the root apex, and when the bone resorption around 

the root apex remained unchanged or increased, the 

outcome was defined as poor [9,10]. Clinical symptoms 

and cone-beam computed tomography images were 

not used for evaluation. In addition, the outcome was 

classified as good when the absence of bone resorption 

at the root apex observed before treatment initiation 

remained unchanged during the follow-up. In contrast, 

the outcomes of teeth for which surgical endodontic 

treatment or extraction was indicated because of poor 

progress during the follow-up period were classified as 

poor. All radiographic evaluations were performed by at 

least two independent evaluators. Figure 2 shows rep-

resentative pre and postoperative dental radiographs 

illustrating good and poor outcomes. The kappa coef-

ficient calculated to assess inter-evaluator agreement 

was 0.789, indicating substantial agreement. The cutoff 

for number of years of dental experience (5 years) was 

based on the Japanese Endodontic Association’s appli-

cation requirements for endodontic specialists and the 

post-licensure training curriculum in Japan.

Sample collection and anaerobic bacterial culture test
Prior to obturation, all dentists confirmed that the 

bacteriological tests of the root canal, conducted at 

the Center for Oral Clinical Examination, Hiroshima 

University Hospital, using an anaerobic culture system, 

showed negative results, with no clinical symptoms. 

The bacterial examination is outlined as follows [11]: 

the anaerobic culture system comprised an Anaero-

Pack (Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan), 

AnaeroPack pouches and sealing clips (Mitsubishi Gas 

Figure 1. Study flow chart.

Figure 2. Representative pre‑ and postoperative dental radiographs 
showing good and poor outcomes. Preoperative (A) and postoper-
ative (B) radiographs of a maxillary right lateral incisor (arrows). The 
1‑year and 4‑month follow‑up radiograph demonstrates a good 
outcome. Preoperative (C) and postoperative (D) radiographs of a 
maxillary left lateral incisor (arrowheads). The 7‑month follow‑up 
radiograph shows a poor outcome.

AA

CC

BB

DD

Potential participants in the study 
(n = 787 teeth)

Analyzed 
(n = 284 teeth / n = 218 patients)

Dentist experience
<5 years (n = 67 teeth / 52 patients)
≥5 years (n = 217 teeth / 170 patients)

Excluded (n = 503 teeth)
Did not meet the inclusion criteria (n = 4)
Met the exclusion criteria (n = 499)
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Chemical Co., Inc., Tokyo, Japan), an anaerobic indica-

tor (Mitsubishi Gas Chemical Co., Inc., Tokyo, Japan), 

sterile cotton swabs, sterile paper points, and culture 

media that includes Brucella blood agar (Kyokuto 

Pharmaceutical Industrial Co., Ltd., Tokyo, Japan) and 

thioglycolate liquid medium (Nihon Pharmaceutical 

Co., Ltd., Osaka, Japan). Specimens (root canal bacteria) 

were collected under rubber dam isolation by inserting 

a sterile paper point moistened with sterile saline into 

the root canal. The paper point containing the speci-

men was immediately placed into the liquid medium 

and suspended. Subsequently, a portion of the liquid 

medium was inoculated onto blood agar plates using 

a sterile cotton swab. An anaerobic environment (N₂, 

80% and CO₂, 20%) was established by sealing the blood 

agar plate containing the specimen, the liquid medium, 

the AnaeroPack, and the anaerobic indicator within an 

AnaeroPack pouch, which was incubated at 37°C. Cul-

ture evaluation was performed 4–7 days post-initiation. 

Colony formation on the culture medium surface was 

considered a positive result, whereas its absence was 

considered a negative result.

Nonsurgical endodontic treatment methods
All patients underwent nonsurgical endodontic treat-

ment according to standard protocols [10]. Following 

completion of root canal preparation, enlargement, and 

irrigation, bacteriological testing was performed when 

the operator, based on clinical symptoms, judged it ap-

propriate to proceed with root canal obturation. Root 

canal obturation was performed using the lateral or ver-

tical condensation technique with gutta-percha points 

(GC Corporation, Tokyo, Japan) and an eugenol-based 

root canal sealer (Nishika Canal Sealer; Nihon Shika 

Yakuhin Co., Ltd., Yamaguchi, Japan) or a non-euge-

nol-based root canal sealer (Canals-N; GC Showay-

akuhin Corporation, Tokyo, Japan).

Statistical analysis
Statistical analysis was performed using JMP Pro soft-

ware (ver. 17.0; SAS Institute Inc, Cary, NC, USA). The 

chi-square test and multiple logistic regression analysis 

were used to compare success rates between the two 

groups, and statistical significance was set at p < 0.05. In 

the multiple logistic regression analysis, the postopera-

tive extent of root canal obturation material was exclud-

ed due to unstable parameter estimates. The chi-square 

test results showed that for tooth type and postoperative 

extent of root canal obturation material, cells with ex-

pected values below 5 accounted for >20% of the total; 

therefore, the Fisher exact test was performed for these 

two groups.

RESULTS

A total of 787 infected teeth underwent root canal treat-

ment and bacteriological examination of the root canal 

using an anaerobic culture system during the study pe-

riod (Figure 1). Of these, 284 teeth with confirmed clini-

cal outcomes between 3 and 24 months after root canal 

obturation were included (Figure 1). Among these, 67 

teeth from 52 patients and 217 teeth from 170 patients 

were treated by dentists with <5 years and ≥5 years, re-

spectively. The demographic distribution of the patients 

is shown in Table 1. The treatment success rate in this 

retrospective study was 89.1% (Table 2). The chi-square 

test and Fisher exact test show that tooth type, number 

of root canals, type of treatment, preoperative radiolu-

cency around the root apex, preoperative root canal ob-

turation material, dentist experience, and postoperative 

extension of the root canal obturation material did not 

significantly affect treatment outcomes (Table 3). The 

multiple logistic regression analysis showed no group 

significantly affects treatment outcomes, consistent with 

the chi-square and Fisher exact test results (data not 

shown).

DISCUSSION

Anaerobic bacteria predominantly form biofilms in the 

anaerobic environment of the root canal [3,4]. Because 

elimination of bacteria from the root canal significantly 

influences the outcome of root canal treatment [1,2], 

confirming the aseptic condition of the root canal after 

cleaning and shaping prior to obturation may increase 

the success rate of root canal treatment. In addition, 

the elimination of Enterococcus faecalis, a problematic 

facultative anaerobic bacterium, from the root canal is 

important for improving the success rate of root canal 

treatment [12–14]. An in vivo study in monkeys reported 
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that treatment outcomes were influenced more by the 

presence of bacteria in the root canal than by the quality 

of root canal obturation [15]. Therefore, bacteriological 

examination of the root canal using an anaerobic cul-

ture system is recommended to confirm the absence of 

bacteria causing apical periodontitis or pulp necrosis. 

As the Center for Oral Clinical Examination, Hiroshima 

University Hospital has this culture system, dentists in 

the Department of Endodontics and Operative Dentist-

ry routinely use it as a standard practice.

The treatment success rate in this retrospective study 

was 89.1%, which is higher than that previously reported 

[16–20]. Several factors influence endodontic treatment 

outcomes [16–25]. Particularly, rubber dam isolation 

during endodontic treatment significantly influences 

tooth survival [21] and was performed in all cases in this 

study. In this study, we evaluated factors that influenced 

the outcomes of root canal treatment in previous studies 

(type of treatment, preoperative radiolucency around 

the root apex, preoperative root canal obturation mate-

Table 1. Demographic distribution of the cases
Variable Value
Total tooth number 284
Age (yr) 62 (48–72)
Sex
  Male 73 (25.7)
  Female 211 (74.3)
Tooth type
  Maxillary anterior 70 (24.7)
  Maxillary premolars 44 (15.5)
  Maxillary molars 51 (18.0)
  Mandibular anterior 27 (9.5)
  Mandibular premolars 29 (10.2)
  Mandibular molars 63 (22.2)
Number of root canals
  Single 150 (52.8)
  Multiple 134 (47.2)
Type of treatment
  Initial treatment 101 (35.6)
  Retreatment 183 (64.4)
Preoperative radiolucency around the root apex
  Absent 82 (28.9)
  Present 202 (71.1)
Preoperative root canal obturation material
  Absent 130 (45.8)
  Present 154 (54.2)
Preoperative extent of root canal obturation material
  Under 87 (30.6)
  Adequate 55 (19.4)
  Over 3 (1.1)
Postoperative location of root canal obturation material
  Under 25 (8.8)
  Adequate 249 (76.8)
  Over 10 (3.5)
Dentist experience
  <5 yr 67 (23.6)
  ≥5 yr 217 (76.4)

Values are presented as number, median (interquartile range), or 
number (%).

Table 2. Treatment outcomes 
Variable Value
Total tooth number 284
Treatment outcome
  Good 253 (89.1)
  Poor 31 (10.9)

Values are presented as number or number (%).

Table 3. Treatment outcomes according to each characteristic
Variable Good Poor p-value
Tooth type
  Maxillary anterior 64 (22.5) 6 (2.1) 0.2906
  Maxillary premolars 42 (14.8) 2 (0.7)
  Maxillary molars 44 (15.5) 7 (2.5)
  Mandibular anterior 23 (8.1) 4 (1.4)
  Mandibular premolars 23 (8.1) 6 (2.1)
  Mandibular molars 57 (20.1) 6 (2.1)
Number of root canals
  Single 134 (47.2) 16 (5.6) 0.8869
  Multiple 119 (41.9) 15 (5.6)
Type of treatment
  Initial treatment 93 (32.8) 8 (2.8) 0.2292
  Retreatment 160 (56.3) 23 (8.1)
Preoperative radiolucency around the root apex
  Absent 77 (27.1) 5 (1.8) 0.0971
  Present 176 (62.0) 26 (9.2)
Preoperative root canal obturation material
  Absent 120 (42.3) 10 (3.5) 0.1095
  Present 133 (46.8) 21 (7.4)
Dentist experience
  <5 yr 62 (21.8) 5 (1.8) 0.2998
  ≥5 yr 191 (67.3) 26 (9.2)
Postoperative extent of root canal obturation material
  Under 25 (8.8) 0 (0) 0.1113
  Adequate 218 (76.8) 31 (10.9)
  Over 10 (3.5) 0 (0)

Values are presented as number (%).
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rial, years of dental experience, and postoperative exten-

sion of the root canal obturation material). Surprisingly, 

none of these significantly affected treatment outcomes 

(Table 3). Particularly, this study highlighted that the 

dentist’s experience did not significantly influence the 

success rate. Previous studies have reported that treat-

ment planning and technical skills for performing root 

canal treatment depend on the dentist’s experience, and 

that the success rate of endodontic treatment is signifi-

cantly higher when performed by specialists than when 

performed by general dentists [22,26].

The distribution of treatment difficulty remains un-

clear; however, the success rate in this retrospective 

study did not vary with the dentist’s experience, and 

a high success rate was achieved. This suggests that 

bacteriological examination of the root canal using an 

anaerobic culture system may result in less clinically 

experienced dentists achieving successful nonsurgical 

endodontic treatment.

This retrospective study had some limitations, includ-

ing a small sample size, a wide range of observation pe-

riods (3–24 months), a lack of consideration of the type 

of restoration after root canal obturation, and crown 

leakage. Additionally, because samples are collected 

using sterilized paper points inserted into saline-soaked 

root canals with rubber dam isolation, anaerobic bacte-

rial culture primarily detects bacteria in the main root 

canal(s) rather than in lateral root canals. Furthermore, 

the study did not include a comparison of success rates 

with cases in which root canal obturation was per-

formed after confirming a positive anaerobic bacterial 

culture test, since the establishment of a positive control 

group that could potentially lead to poor clinical out-

comes for patients was expected to be disapproved by 

the Ethical Committee for Epidemiology of Hiroshima 

University. Another limitation is that anaerobic culture 

results require 4–7 days to become available. Therefore, 

because an interval is necessary between sampling and 

obturation, intracanal medicament using calcium hy-

droxide paste and a tight temporary seal using a double 

layer of temporary stopping material and glass ionomer 

cement were routinely applied to minimize the risk of 

reinfection during nonsurgical endodontic treatment. 

Previous studies supporting the utility of bacterial cul-

ture have shown that, when root canal treatment and 

obturation were performed on infected canals, progno-

sis was better when bacterial culture tests were negative 

prior to obturation than when they were positive [1,6]. 

Although this study has certain limitations, anaerobic 

bacterial culture remains an important procedure for 

achieving favorable outcomes in nonsurgical endodon-

tic treatment.

CONCLUSIONS

The success rate of root canal treatment in teeth in 

which obturation was performed after confirming neg-

ative anaerobic bacterial culture test results was not 

influenced by factors conventionally believed to affect 

treatment outcomes. Notably, the dentist’s experience 

had no impact on treatment outcomes. Based on the 

findings in this retrospective study, in addition to rub-

ber dam isolation, implementing standardized infection 

control through bacteriological examination of the root 

canal using an anaerobic culture system may be con-

sidered to achieve high success rates in root canal treat-

ment.
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ABSTRACT

Objectives: This study aimed to evaluate the shear bond strength (SBS) of different resin cements to three-dimensional 
(3D)-printed restorative resins and to investigate the effects of silane treatment and substrate type on bonding perfor-
mance.
Methods: Four resin cements—three self-adhesive and one adhesive—were applied to two types of 3D-printed resins: 
ODS Permanent Resin (OPR) and Graphy Permanent Resin (GPR). Each substrate was tested with and without silane 
treatment. SBS was measured, and the failure modes were classified. Scanning electron microscopy (SEM) was used to 
analyze surface morphology of the 3D-printed substrates. Statistical analyses were performed to determine the effects of 
cement type, silane application, and substrate type on SBS.
Results: Resin cement type significantly influenced SBS, with Clearfil SA (Kuraray) exhibiting the lowest values, while the 
other cements demonstrated comparable performance. Silane treatment and substrate type did not show statistically sig-
nificant effects on SBS. SEM analysis revealed smoother surfaces in OPR compared to GPR. Failure mode analysis 
showed predominantly cohesive failures for OPR, whereas GPR exhibited more adhesive and mixed failures.
Conclusions: Resin cement selection plays a crucial role in achieving optimal bond strength to 3D-printed restorative 
resins. Silane application provided limited benefits for filler-deficient substrates, indicating that alternative surface treat-
ments may be necessary.
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INTRODUCTION

Three-dimensional (3D) printing—also known as ad-

ditive manufacturing—has emerged as an indispens-

able tool across diverse fields, notably revolutionizing 

workflows in dentistry [1]. It enables high precision and 

personalization in the fabrication of prostheses, surgical 

guides, orthodontic devices, and customized oral appli-

ances such as mouthguards and splints by construct-

ing each item layer-by-layer from digital models [2–4]. 

Furthermore, 3D printing facilitates the fabrication of 

dental restorations, streamlines treatment procedures, 

and reduces total treatment time. Recent advancements 

have made this fabrication suitable for producing long-

term restorations.

3D-printed restorations rely on dental luting cements 

for secure bonding to tooth structures, making the bond 

strength of the cement essential for the durability of 

the restoration. The use of self-adhesive resin cements 

in indirect restorations has gained popularity, as they 

simplify clinical procedures while offering strong and 

durable bonds to both tooth structures and restorative 

materials [5]. To further enhance the adhesion of indi-

rect restorations, conventional surface treatments such 

as etching, sandblasting, and the application of silane 

and resin bonding agents have been studied [6–8]. 

For glass-ceramics and resin-based substrates, silane 

treatment is commonly recommended to enhance the 

bond strength with resin cement [8,9]. Silane mole-

cules contain two reactive groups that enable chemical 

bonding with both ceramic and resin materials: hydro-

lyzable groups bind to silicon hydroxyl groups (Si-OH) 

on ceramic surfaces, while organic groups interact with 

adhesive or composite resin monomers. This dual func-

tion makes silane a critical agent for strengthening the 

interface between inorganic and organic components in 

dental restorations [10].

3D-printing resins have distinct chemical composi-

tions, and their physical and mechanical properties are 

largely determined by the types and ratios of monomers 

and fillers used. Unlike conventional dental restorative 

resins, 3D-printed resins typically contain no or lower 

filler content to minimize interference with light curing 

and to avoid excessive viscosity [11,12]. This altered 

composition may influence the efficacy of silane treat-

ments and affect the bond strength with resin cements. 

Although previous studies have investigated the bond 

strength of provisional 3D-printed resins to repair ma-

terials or composite resins [7,13–15], no research to date 

has specifically examined the bond strength between 

3D-printed resins and resin cements, or the effect of si-

lane application prior to cementation.

While chemical compatibility plays a key role in 

bonding, another important factor is the surface wet-

tability of the materials involved. This property is often 

assessed using contact angle measurements, which 

provide insight into how well a resin cement can spread 

across a given surface. In general, lower contact angles 

are associated with improved wettability, which can 

lead to improved adaptation and stronger adhesion 

at the interface [16,17]. Given the differences in filler 

content and surface chemistry between resin cements 

and 3D-printed materials, measuring the contact angles 

can help explain variations in bond strength observed 

across different material combinations.

Therefore, this study aimed to evaluate the bond 

strength of four different resin cements on two types of 

3D-printed resins designed for permanent restorations 

both with and without silane treatment. Additionally, 

contact angle measurements were conducted to assess 

the wettability of each resin cement and 3D-printed 

substrate. The null hypothesis was that silane appli-

cation and the type of 3D-printed resin would not 

significantly affect the bond strength among the resin 

cements.

METHODS

Institutional Review Board approval was not required 

because this was an in vitro study that did not involve 

human participants, human-derived materials, or iden-

tifiable personal information.

Sample preparation
The workflow of this study is illustrated in Figure 1. A 

total of 192 3D-printed resin cylinders (15 mm diame-

ter, 15 mm height) were produced using a digital light 

processing printer (IMC 3D printer; Carmina, Seoul, 

Korea). All specimens were printed at a 0° orientation to 

the build platform with a layer thickness of 100 µm. After 
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printing, the specimens were cleaned in isopropyl alco-

hol for 10 minutes (Form Wash; Formlabs, Somerville, 

MA, USA) to remove residual uncured resin, followed by 

post-curing for 30 minutes (Form Cure; Formlabs).

The resins used for printing consisted of ODS Perma-

nent resin (OPR; C&B Permanent Resin; ODS, Incheon, 

Korea) and Graphy Permanent Resin C&B TC-80DP 

(GPR) (Graphy, Seoul, Korea), with 96 cylinders fabri-

cated from each resin type. For bonding preparation, 

one side of each cylinder was sandblasted using 50 µm 

aluminum oxide particles at 0.2 MPa pressure for 10 

seconds, followed by a 5-minute cleaning cycle in an ul-

trasonic unit and thorough air drying. After air abrasion, 

the surface morphologies of the 3D-printed resin sub-

strates were observed using scanning electron micros-

copy (SEM; Apreo 2; Thermo Fisher Scientific, Waltham, 

MA, USA) at an accelerating voltage of 10 kV and 500× 

magnification. Additional specimens that received si-

lane treatment after air abrasion were also examined.

The GPR and OPR cylinders (n = 96 each) were divid-

ed into eight subgroups (n = 12 per subgroup) according 

to the type of resin cement used—G-CEM LinkAce (GL; 

GC Corp., Tokyo, Japan), RelyX U200 (RU; 3M ESPE, 

St. Paul, MN, USA), Clearfil SA (CS; Kuraray, Okayama, 

Japan), and RelyX Ultimate Clicker (UC; 3M ESPE)—

and the presence or absence of silane treatment. In the 

silane-treated groups, RelyX Ceramic Primer (3M ESPE) 

was applied to the air-abraded 3D-printed resin surfaces 

using a microbrush and allowed to react for 60 seconds, 

and then air-dried for 15 seconds prior to cementation, 

in accordance with the manufacturer’s instructions. For 

the GL and UC groups, G-Multi PRIMER (GC) and Sin-

gle Bond Universal Adhesive (3M ESPE) were applied, 

respectively, before placement of the corresponding res-

in cement, following the manufacturers’ recommended 

protocols.

Both the silane and resin cements were prepared ac-

cording to the manufacturer’s instructions. The materi-

als used in this study and their respective compositions 

are listed in Table 1. For cement application, specimens 
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Figure 1. Workflow of the study. The full names and manufacturers of the materials are provided in Table 1. 

The +S notation indicates silane application. 
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plication.
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were prepared using a Bonding Clamp and a Bonding 

Mold Insert (Ultradent Products, Inc., South Jordan, UT, 

USA). The mold insert was designed to create a space 

with a 2.38 mm internal diameter and 2.67 mm height 

for resin cement, which was clamped against the cylin-

der. Resin cement was incrementally filled into the mold 

to a height of 2.0 mm. A light-emitting diode (LED) cur-

ing light unit (B&Lite S; B&L Biotech, Ansan, Korea) was 

fixed to the top surface of the mold insert and the resin 

cement was light-cured for 20 seconds. After removing 

the molds, the resin cement on the cylinders was light-

cured for an additional 40 seconds—20 seconds on each 

of the two axial surfaces. All specimens were then stored 

in distilled water at 37°C in an incubator for 24 hours.

Shear bond strength measurement
All specimens were subjected to shear bond strength 

(SBS) analysis using a universal testing machine (Shi-

madzu AG-X Series; Shimadzu Corp., Kyoto, Japan). A 

vertical loading force was applied to the resin cement 

immediately adjacent to the bonded area using a knife-

edge blade at a crosshead speed of 1 mm/min. The 

maximum load at failure was recorded, and SBS (MPa) 

was calculated by dividing the peak load by the bonded 

surface area of the specimen.

To evaluate the failure modes, each fractured spec-

imen was examined using a stereomicroscope (SZ61; 

Olympus, Tokyo, Japan) at 20× magnification and clas-

sified as adhesive failure when >75% of the failure area 

Table 1. Test materials, manufacturers, and compositions used in the study 
Abbreviation Type Materials Composition Lot number
OPR Substrate C&B Permanent Resin A2 (ODS, 

Incheon, Korea)
Diurethane dimethacrylate, 2-propenoic acid, 2-methyl-, 

(1-methylethylidene)bis(4,1-phenyleneoxy(1-meth-
yl-2,1-ethanediyl)) ester, 2-hydroxyethyl methacrylate 
(HEMA), diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide, 
and additives

OP201221212-143

GPR Substrate Permanent C&B - TC-80DP (Graphy, 
Seoul, Korea)

Urethane acrylate oligomer, bisphenol A ethoxylate di-
methacrylate, 2-HEMA, diphenyl (2,4,6-trimethylbenzoyl) 
phosphine oxide, and additives

1-B0607K12-003

GL Cement G-CEM LinkAce (GC Corp., Tokyo, 
Japan)

Paste A: Fluoro-alumino-silicate glass, Urethane dimethac-
rylate (UDMA), dimethacrylate, silicon dioxide, initiator, 
inhibitor, pigment

2402091

G-Multi PRIMER (GC Corp., Tokyo, 
Japan)

Paste B: UDMA, dimethacrylate, phosphoric acid ester mono-
mer, initiator, stabilizer

Ethyl alcohol, silane, phosphoric acid ester monomer, di-
methacrylate component

2302221

RU Cement RelyX U200 (3M ESPE, St. Paul, MN, 
USA)

Base: Methacrylate monomers containing phosphoric acid 
groups, methacrylate monomers, initiators, stabilizers, 
rheological additives

8567202

Catalyst: Methacrylate monomers, alkaline fillers, silanated 
fillers, initiator components, stabilizers, pigments, rheologi-
cal additives, zirconia/silica fillers.

CS Cement Clearfil SA Luting (Kuraray, Okayama, 
Japan)

Paste A: Bis-GMA, TEGDMA, MDP, hydrophobic aromatic 
dimethacrylate, silanated barium glass filler, silanated 
colloidal silica, dl-Camphorquinone, benzoyl peroxide, initi-
ator

B20200

Paste B: Bis-GMA, hydrophobic aromatic dimethacrylate, 
silanated barium glass filler, silanated colloidal silica, sur-
face-treated sodium fluoride, accelerators, pigments

UC Cement RelyX Ultimate Clicker (3M ESPE, St. 
Paul, MN, USA)

Base: Methacrylate monomers, radiopaque, silanated fillers, 
initiator components, stabilizers, rheological additives

8689538

Catalyst: Methacrylate monomers, radiopaque alkaline 
(basic) fillers, initiator components, stabilizers, pigments, 
rheological additives, fluorescence dye, dual-cure activator 
for Single Bond Universal Adhesive

Single Bond Universal Adhesive (3M 
ESPE, St. Paul, MN, USA)

MDP monomer, dimethacrylate resins, HEMA, Vitrebond 
copolymer, filler, ethanol, water, initiators, silane

40109D

S Silane RelyX Ceramic Primer Silane Coupling 
Agent (3M ESPE, St. Paul, MN, USA)

3-(Trimethoxysilyl)propyl methacrylate, ethanol, water 9972485
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was located at the interface between the resin cement 

and the 3D-printed resin substrate, cohesive failure 

when >75% of the failure occurred within the 3D-print-

ed resin substrate, or mixed failure when neither mode 

exceeded 75%, indicating a combination of both adhe-

sive and cohesive failures.

Contact angle measurement
To evaluate the surface wettability of both the resin 

cements and the 3D-printed resin substrates, static 

contact angle measurements were performed using a 

contact angle goniometer (Phoenix 300; Surface Elec-

tro Optics, Suwon, Korea) via the sessile drop method. 

For the resin cements (GL, RU, CS, and UC), flat disk-

shaped specimens (10 mm in diameter and 1 mm in 

thickness) were fabricated by dispensing each material 

into a cylindrical mold placed on a glass slide covered 

with a polyester strip. After resin cement placement, 

another polyester strip was placed on the top surface 

to ensure a flat surface and prevent the formation of an 

oxygen-inhibited layer. The specimens were then light-

cured for 20 seconds using the LED curing unit (B&Lite 

S). Five specimens of each of the four cement types 

were prepared. Surface pretreatment protocols identical 

to those used in the SBS tests—namely, GC for GL and 

Single Bond Universal Adhesive for UC, as recommend-

ed by the manufacturers—were applied prior to contact 

angle measurement.

For the 3D-printed resin substrates, disc specimens of 

GPR and OPR (10 mm in diameter and 1 mm in thick-

ness) were fabricated, with five specimens prepared for 

each material using the same sample preparation pro-

tocol described above. All 3D-printed substrates were 

sandblasted with 50 µm aluminum oxide at 0.2 MPa for 

10 seconds. In the silane-treated groups, the same silane 

coupling agent and application protocol used in the SBS 

test were applied, resulting in four substrate conditions: 

GPR, GPR + Silane, OPR, and OPR + Silane.

For all groups, a droplet of distilled water was depos-

ited on the surface of each specimen, and the contact 

angle was measured within 10 seconds of droplet place-

ment. Five measurements were performed for each 

group.

Statistical analysis
SBS data were analyzed using IBM SPSS Statistics ver. 

25 (IBM, Armonk, NY, USA). A three-way analysis of 

variance (ANOVA) was performed to evaluate the main 

effects of resin substrate type, resin cement type, and 

silane treatment, as well as their interactions. For simple 

group comparisons, a one-way ANOVA was conducted 

based on cement type and silane application, followed 

by Tukey honestly significant difference (HSD) post hoc 

test. For contact angle analysis, one-way ANOVA was 

applied to compare the surface wettability among the 

resin cements and 3D-printed substrates, with Tukey 

HSD post hoc test to identify significant differences be-

tween the groups.

RESULTS

Shear bond strength
The SBS test results are presented in Table 2 and Fig-

ure 2. In the OPR group without silane application, the 

highest SBS was observed for GL, followed by UC, RU, 

and CS. Although no statistically significant differences 

were observed among the GL, UC, and RU groups (p > 

0.05), the CS group exhibited a significantly lower SBS 

(p < 0.05). With the application of silane, RU showed the 

highest SBS, followed by GL, UC, and CS; however, no 

statistically significant differences were found between 

RU, GL, and UC, aside from CS, which showed a signifi-

Table 2. Shear bond strength (MPa) of the resin cements  

Substrate
GL RU CS UC

F-value p-value
No silane Silane No silane Silane No silane Silane No silane Silane

OPR 25.75 ± 2.98A 25.72 ± 2.72A 25.14 ± 4.38A 26.20 ± 4.80A 16.94 ± 3.13B 17.99 ± 2.62B 25.20 ± 4.14A 25.08 ± 2.23A 13.917 <0.001
GPR 23.91 ± 3.96A 22.99 ± 2.54AB 25.36 ± 4.62A 24.87 ± 4.41A 19.07 ± 2.95B 18.80 ± 4.13B 23.82 ± 3.11A 23.20 ± 2.93AB 5.538 <0.001

Values are presented as mean ± standard deviation. 
The full names and manufacturers of the materials are provided in Table 1.
Different uppercase letters indicate statistically significant differences between resin cements and silane treatment (one-way analysis of variance 
followed by Tukey honestly significant difference post hoc test, p < 0.05). 
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cantly lower bond strength (p < 0.05). In the GPR group 

without silane treatment, the highest SBS was observed 

for RU, followed by GL, UC, and CS. In the GPR group 

treated with silane application, RU exhibited the highest 

SBS value, followed by UC, GL, and CS. Similar to the 

OPR group, no statistically significant differences were 

noted between the RU, GL, and UC groups, whereas the 

CS group showed the lowest SBS (p < 0.05). When com-

paring SBS values between the OPR and GPR substrates 

under identical conditions (with or without silane), 

no statistically significant differences were observed 

for most cement types. According to the results of the 

three-way ANOVA (Table 3), resin cement type had a 

significant effect on SBS (p < 0.001). In contrast, resin 

substrate type and silane treatment did not show signif-

icant main effects (p > 0.05). Furthermore, no significant 

two-way or three-way interaction effects among resin 

cement type, resin substrate type, and silane treatment 

were observed (p > 0.05).

In the OPR group, cohesive failure predominated 

across all subgroups. The GL, GL + S, RU, RU + S, UC, 

and UC + S exhibited 100% cohesive failures. In con-

trast, the CS subgroup showed a more varied distribu-

tion: 66.7% (8/12) were cohesive, 25.0% (3/12) were 

adhesive, and 8.3% (1/12) were mixed failures. The CS + 

S subgroup showed 83.3% (10/12) cohesive failures and 

8.3% (1/12) mixed and adhesive failures. By contrast, 

the GPR group showed a broader distribution overall: 

39.6% (38/96) cohesive, 30.2% (29/96) mixed, and 30.2% 

(29/96) adhesive failures. Notably, the CS subgroup 

showed no cohesive failures, with an equal distribution 

of adhesive and mixed failures (50.0% each). Cohesive 

failure was most frequently observed in the RU and UC 

subgroups (66.7%, 8/12, respectively) (Figure 3).

Contact angle and surface evaluation
Figure 4 shows the contact angle values for the different 

resin cements and 3D-printed resin substrates. Among 

the resin cements, CS exhibited the highest contact an-

gle (67.6°), followed by GL (59.2°), RU (51.8°), and UC 

(43.5°). All resin cement groups differed significantly 

from one another. For the substrates, GPR with silane 

treatment (GPR + S) exhibited a significantly higher con-

tact angle (94.4°) than all other conditions. In contrast, 

GPR (68.8°), OPR (65.7°), and OPR with silane (62.0°) 

showed no significant differences.

Figure 5 presents representative SEM images (×500) 

of the 3D-printed resin substrates after air abrasion and 

silane application. Microcracks were observed on both 

OPR and GPR surfaces after air abrasion. The OPR sur-

face appeared relatively smooth and uniform, whereas 

 

Figure 2. Shear bond strength of the resin cements. The full names and manufacturers of the materials are 
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Table 3. Three-way analysis of variance results

Effect Sum of 
squares df Mean 

square F-value p-value

Cement type 1582.684 3 527.561 41.330 <0.001
Resin type 26.948 1 26.948 2.110 0.148
Silane treatment 0.085 1 0.085 0.007 0.935
Cement × Resin 97.054 3 32.351 2.530 0.058
Cement × Silane 7.150 3 2.383 0.190 0.905
Resin × Silane 13.573 1 13.573 1.060 0.304
Cement × Resin × Silane 1.979 3 0.660 0.050 0.984

df, degree of freedom.
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Figure 3. Failure mode distribution. The full names and manufacturers of the materials are provided in Table 1. 

The +S notation indicates silane application. 

 

the GPR surface exhibited a rougher and more irreg-

ular texture with deeper grooves and distinct surface 

features. Silane application produced minimal visible 

morphological changes compared to the air-abraded 

surfaces in both groups at this magnification.

DISCUSSION

As a form of indirect restoration, 3D-printed dental res-

torations require durable adhesion to luting cements to 

ensure clinical success. In this study, the SBS of three 

self-adhesive resin cements—GL, RU, and CS—and one 

adhesive resin cement, UC, was compared to two types 

of 3D-printed restorative resins. The effect of applying a 

silane coupling agent on bonding performance was also 

assessed. The null hypothesis proposed that the type of 

resin cement, use of silane, and type of 3D-printed resin 

did not significantly influence SBS. Thus, this hypothe-

sis is only partially supported. The results demonstrated 

that the type of resin cement had a statistically signifi-

cant effect on the bond strength, whereas the applica-

tion of silane and choice of 3D-printed resin substrate 

did not have a significant impact.

In both the OPR and GPR resin groups, CS consistent-

ly showed a significantly lower bond strength than the 

other cements. According to manufacturer data, CS has 

a film thickness of 19 μm, which is notably greater than 

that of GL (3 μm), RU (13 μm), and UC (12 μm). A thick-

Figure 3. Failure mode distribution. The full names and manufacturers of the materials are provided in Table 1. The +S notation indicates silane 
application.

Figure 4. Contact angles among resin cements and three-dimensional printed substrates. The +S notation indicates silane application. Among 
the resin cements, G-Multi PRIMER and Single Bond Universal Adhesive were applied to GL and UC, respectively. The full names and manufac-
turers of the materials are provided in Table 1.
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er cement layer can compromise mechanical interlock-

ing by introducing interfacial gaps and cause uneven 

stress distribution during loading [18]. The CS exhibited 

the highest contact angle among the cements, indicat-

ing that its wettability was relatively poor. The combina-

tion of greater film thickness and limited wetting ability 

may have contributed to reduced bonding performance, 

resulting in a higher incidence of adhesive failure.

RU and UC are produced by the same manufacturer 

and are intended for different adhesive strategies. UC is 

an adhesive resin cement requiring the application of 

a separate bonding agent to achieve optimal adhesion, 

whereas RU is a self-adhesive resin cement that simpli-

fies the clinical procedure by eliminating the need for 

additional bonding. Despite the added bonding step, 

 

Figure 5. Representative scanning electron microscopy images (×500 magnification) of air-abraded and silane-

treated OPR and GPR surfaces. (A) OPR after air abrasion without silane application, (B) OPR after air abrasion 

followed by silane application, (C) GPR after air abrasion without silane application, and (D) GPR after air 

abrasion followed by silane application. The full names and manufacturers of the materials are provided in Table 

1. 

Figure 5. Representative scanning electron microscopy images (×500 magnification) of air-abraded and silane-treated OPR and GPR surfaces. 
(A) OPR after air abrasion without silane application, (B) OPR after air abrasion followed by silane application, (C) GPR after air abrasion without 
silane application, and (D) GPR after air abrasion followed by silane application. The full names and manufacturers of the materials are provided 
in Table 1.

UC did not exhibit superior bond strength compared 

with RU. The contact angle data further revealed that 

UC, when used in conjunction with a bonding agent, 

exhibited the lowest contact angle, indicating excel-

lent wettability. RU also demonstrated relatively good 

wettability, which may have contributed to its ability to 

achieve a bond strength comparable to that of UC, de-

spite not requiring an additional adhesive step. In addi-

tion to wettability, another possible explanation for the 

lack of significant difference in bond strength between 

UC and RU may lie in their inherent chemical composi-

tion, which enables effective bonding to the tested sub-

strates, regardless of the bonding protocol used.

Regarding the silane coupling agents, no significant 

improvement in the SBS between the 3D-printed resins 
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and resin cements was observed. This finding is consis-

tent with previous studies that reported mixed results 

regarding the effectiveness of silane, often attributed to 

differences in the chemical composition of the materials 

being tested [19–22]. The absence of a noticeable bond-

ing enhancement may be due to the unique chemical 

structure of the 3D-printed resins. Specifically, the types 

of monomers and fillers used in these materials can sig-

nificantly influence their mechanical properties and ad-

hesive compatibility with resin cements [23]. Compared 

to conventional composite resins, 3D printing resins 

contain different types and ratios of monomers [24], 

and only a limited number of studies have investigated 

the chemical composition of commercial 3D-printed 

resins used for dental prostheses [12,25]. Common 

monomers found in light-cured dental composites, 

such as bisphenol A-glycidyl methacrylate (bis-GMA) 

and urethane dimethacrylate (UDMA), are used in 3D 

printing resins [26]. Additionally, monomers such as 

ethoxylated bisphenol A-dimethacrylate (bis-EMA) and 

triethylene glycol dimethacrylate (TEGDMA) are often 

incorporated to reduce the viscosity of the liquid resin 

[24,27]. While monomer composition plays a key role in 

determining the mechanical properties, ceramic fillers 

are added to 3D-printed resins to enhance their strength 

[8,28]. These fillers vary in shape, size, and composi-

tion; however, increasing their size or percentage can 

not only reduce light transmission but also significantly 

increase viscosity, both of which may lead to undesir-

able outcomes [11,12]. The 3D printing resins used in 

this study, OPR and GPR, were urethane acrylate-based 

materials with no reported filler content. This compo-

sition limits the effectiveness of silane, which typically 

enhances adhesion through chemical interactions with 

silanol groups present on silica-containing surfaces 

[10,29]. Silane application on the GPR surface increased 

the contact angle, indicating reduced wettability and 

thus showed no clear beneficial effect on the bond 

strength. Similarly, previous studies reported that silane 

treatment has minimal or no effect on non-silica-based 

substrates, highlighting the substrate-dependent bond-

ing mechanism [9,30]. In the present study, a common-

ly used air-drying protocol was employed to facilitate 

solvent evaporation from the applied silane; however, 

variations in drying duration or the use of heat-assisted 

evaporation may further influence the extent of silane 

condensation and surface energy. The absence of a sig-

nificant improvement in bond strength following silane 

application may therefore be partially attributable to 

the selected drying protocol, in addition to the filler-de-

ficient, urethane acrylate-based nature of the tested 

3D-printed resins.

To further investigate the substrate-related differences 

in bonding performance, both the SBS results and SEM 

analysis were examined. Although SBS values between 

OPR and GPR were not significantly different, noticeable 

differences were observed in their failure patterns. The 

OPR groups predominantly exhibited cohesive failures, 

suggesting that failure occurred within the substrate 

material rather than at the interface, possibly because of 

the weaker interlayer cohesion in the OPR. In contrast, 

the GPR groups exhibited more frequent adhesive and 

mixed failures, indicating weaker adhesion at the res-

in-cement-substrate interface. The SEM analysis sup-

ports these observations. The OPR surfaces appeared 

relatively smooth and uniform after air abrasion and 

silane application, which may have allowed for a more 

consistent resin adaptation and stress distribution. Con-

versely, the GPR surfaces exhibited a rougher and more 

irregular morphology with microcracks, which may 

have compromised uniform resin infiltration despite 

the potential for mechanical interlocking. Additionally, 

the prevalence of cohesive failure in OPR suggests that 

the interlayer bonding within the printed substrate may 

be weaker than that in GPR. Although the resin cement 

achieved good adhesion to the OPR surface, internal 

structural weaknesses between the printed layers could 

have served as the primary failure site. In contrast, GPR 

may have stronger interlayer cohesion but a lower sur-

face affinity for resin cements, as evidenced by the high-

er rate of adhesive failure. These morphological and 

structural differences likely contributed to the less favor-

able interfacial bonding behavior observed in the GPR 

substrate. These morphological differences also provide 

a framework for interpreting the contact angle results. 

The smoother and more uniform surface observed for 

OPR after air abrasion and silane application may have 

promoted more homogeneous wetting behavior, result-

ing in minimal changes in contact angle. In contrast, 

the rougher and more irregular surface morphology 
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with microcracks observed in GPR may have facilitated 

non-uniform silane film distribution and possibly lo-

calized retention of organosilane components, leading 

to increased surface hydrophobicity and a higher water 

contact angle after silane treatment. Furthermore, both 

OPR and GPR are urethane acrylate-based materials 

with limited or no reported silica filler content, which 

restricts effective siloxane coupling. Under such con-

ditions, silane is more likely to function as a superficial 

surface modifier rather than a true chemical coupling 

agent, explaining why material-dependent changes in 

wettability did not translate into significant improve-

ments in bond strength. Therefore, while SBS values 

alone may suggest similar bonding performance, a more 

comprehensive evaluation that considers both quan-

titative bond strength and qualitative failure modes is 

essential for assessing the true integrity of adhesive in-

terfaces in 3D-printed materials.

The findings of this study demonstrate that the type 

of resin cement has a significant impact on the SBS of 

3D-printed resins, whereas silane treatment does not 

enhance the bonding performance under the condi-

tions tested. These results suggest that careful selection 

of resin cement is critical for optimizing bonding to 

3D-printed restorative materials with minimal or no fill-

er content. However, this study has several limitations. 

First, only one silane coupling agent (RelyX Ceramic 

Primer) was evaluated using a single application and 

drying protocol. Variations in silane composition, sol-

vent systems, or application methods among different 

products may influence interfacial chemistry and bond-

ing performance. Therefore, the present findings should 

not be generalized to all silane agents. Second, thermo-

cycling was not incorporated and should be included in 

future studies to better simulate clinical conditions and 

assess the long-term durability of the bond. In addition, 

only two 3D-printed restorative resins were investigat-

ed, both of which are urethane acrylate-based materials 

that were locally available at the time of the study. This 

limits the generalizability of the findings to other resin 

chemistries or commercially available materials in dif-

ferent regions. Furthermore, exploring a wider range of 

surface modifications, such as varying the air-abrasion 

pressure and application time, would provide further 

insights. Addressing these limitations in future research 

will help establish a more comprehensive understand-

ing of the bonding behavior of 3D-printed resin materi-

als.

CONCLUSIONS

Within the limitations of this study, it can be concluded 

that the type of resin cement significantly impacts the 

SBS to 3D-printed resins. Furthermore, silane treatment 

does not significantly enhance the SBS for either the 

OPR or GPR substrates, both of which lack filler content. 

Additionally, although no significant differences in SBS 

were found between the OPR and GPR substrates, the 

two substrates exhibited distinct failure patterns.
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Effect of light-curing modes on degree of conversion and color 
stability of flowable bulk-fill composites: an in vitro experimental 
study
Eda Karaaslan1 , Sultan Aktuğ Karademir2,* 
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ABSTRACT

Objectives: This study aims to evaluate the impact of light-curing modes on the degree of conversion (DC) and color 
change (CIEDE2000 color difference, ΔE00) of different flowable composite resins.
Methods: A total of 120 specimens (n = 10 per group) were prepared from four materials: G-aenial Universal Injectable 
(GUI; GC), Estelite Bulk Fill Flow (EBF; Tokuyama Dental), Tetric N-Flow Bulk Fill (TNF; Ivoclar Vivadent), and Filtek 
Bulk Fill Flowable (FBF; 3M ESPE). The specimens were polymerized using an LED light-curing unit under three 
light-curing modes: standard (1,000 mW/cm², 20 seconds), high-power (1,400 mW/cm², 3 × 4 seconds), and extra-power 
(3,200 mW/cm², 2 × 3 seconds). The DC was quantified using Fourier transform infrared spectroscopy. Color measure-
ments were performed at baseline, and on the 7th and 14th days after immersion in coffee, using a spectrophotometer. 

The ΔE₀₀ was calculated using the CIEDE2000 formula. The data were analyzed using IBM SPSS software (α = 0.05).
Results: Material type and light-curing mode significantly affected both the DC and ΔE00 (p < 0.05). All composites exhib-
ited lower DC in the extra-power mode compared to the high-power mode. On day 14, the extra-power mode resulted in 
significantly greater discoloration in TNF, FBF, and EBF compared to the high-power mode (p < 0.05).
Conclusions: Although curing with the extra-power mode saves time, it may result in a lower DC and an increase in ΔE00 
in flowable composite resin.

Keywords: Color change; Degree of conversion; Flowable bulk-fill; Fourier transform infrared spectroscopy; Light-curing 
mode; Spectrophotometer
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INTRODUCTION

In recent years, advancements in polymer chemistry 

and technology have led to significant developments 

in restorative materials. Initially, the term “bulk-fill” 

referred to a resin composite application technique 
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that allowed layering in 4–5 mm thicknesses; however, 

over time, it has been adopted as a new class of material 

[1]. The use of bulk-fill composites, which allow for the 

placement of thicker layers resulting in a homogeneous 

restoration, is advantageous because of their ease and 

speed of application. The use of additional or more 

efficient photoinitiators, combined with a reduction in 

filler content, enhances light transmission and deepens 

polymerization in bulk-fill composites [2,3].

The degree of conversion (DC) is a fundamental pa-

rameter of composite resins, significantly influencing 

their mechanical performance, polymerization shrink-

age, and biocompatibility [4,5]. The DC is affected by 

various parameters, including the chemical composi-

tion of the dimethacrylate monomer, intrinsic elements 

like the type and quantity of photoinitiators, as well as 

extrinsic conditions such as the temperature during po-

lymerization. Additionally, the increased viscosity of the 

polymerizing network and the restricted mobility of re-

actants due to the presence of filler particles impact the 

DC [4]. More translucent bulk-fill composite resins facil-

itate the conversion of monomers to polymers, thereby 

increasing the DC. Flowable bulk-fill composites, char-

acterized by a low inorganic filler content and a high 

resin matrix ratio, exhibit higher monomer-to-polymer 

conversion rates [6]. Nanoparticle fillers have been 

integrated into new-generation flowable bulk-fill res-

in-based composites to improve their mechanical prop-

erties while preserving low viscosity [7]. However, the 

polymerization efficiency of these materials must be 

tested using direct or indirect methods to ensure clinical 

applicability [8].

Adequate polymerization requires the light source to 

operate within an appropriate wavelength range, pro-

vide sufficient light output, and be used for an effective 

light-curing time [9]. Recent experimental studies [9–12] 

have shown that curing kinetics and depth of cure are 

strongly dependent on light-curing unit (LCU) type, 

spectral match, and exposure protocol. Although Ajaj 

et al. [8] and Parra Gatica et al. [11] reported valuable 

insights into bulk-fill polymerization efficiency and 

flowable bulk-fill characteristics, they emphasized sub-

stantial heterogeneity in light-curing protocols, material 

compositions, and evaluation methods. In many stud-

ies, higher irradiance has not generally been associated 

with higher DC because different irradiance intensities 

combined with varying light-curing times can lead to 

similar irradiance exposures [11,12]. Although in vitro 

studies argue that sensitivity to changes in irradiance 

depends on the material and that calculations based 

solely on total energy are invalid, LCUs continue to in-

crease irradiance intensity. Moreover, manufacturers 

persistently claim that sufficient polymerization can be 

achieved with short exposure times (5 seconds or less) 

at high irradiance levels [6].

The release of residual monomers into the oral cavity 

and pulp chamber, caused by incomplete polymeriza-

tion, may compromise the physical integrity and long-

term stability of dental materials [12]. Czasch and Ilie 

[13] reported that this condition leads to problems such 

as marginal leakage, discoloration, water absorption, 

and reduced mechanical strength in restorations. Color 

stability in resin composites is influenced by multiple 

compositional aspects, encompassing the resin matrix’s 

chemical characteristics, the filler type and load, as well 

as photoinitiator content. Although restorations are in-

fluenced by external factors according to their inorganic 

filler and surface characteristics, intrinsic discoloration 

may occur due to oxidation-induced changes in the 

resin matrix and at the interface between the matrix and 

fillers [14]. The presence of unreacted carbon double 

bonds increases material susceptibility to degradation, 

thereby reducing color stability [15]. Significant dis-

coloration in restorative materials is a primary reason 

for the replacement of anterior composite resin resto-

rations. The long-term color stability of bulk-fill resin 

composites remains a critical concern among clinicians 

[16]. Furthermore, despite the introduction of new 

photoinitiators and increased irradiance outputs, there 

is limited evidence regarding (1) the compatibility be-

tween recently developed flowable bulk-fill composites 

and third-generation polywave LCUs, (2) the influence 

of high-irradiance and short-exposure modes on both 

DC and color stability, and (3) the relationship between 

initial polymerization efficiency and post-staining color 

changes.

The compatibility of the third-generation polywave 

light-emitting diode (LED) LCU introduced to the 

market with the addition of new photoinitiators to the 

materials has not yet been verified with flowable bulk-
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fills, and the effectiveness of the modes has not been 

determined [17]. Therefore, this study aims to contrib-

ute novel data by evaluating how different polywave 

light-curing modes affect the DC and color stability of 

contemporary flowable bulk-fill resin composites, di-

rectly addressing the unresolved issues noted in recent 

reviews.

The null hypotheses of the study were: (1) the DC 

would not be affected by different light-curing modes 

and material types and (2) color stability would not be 

influenced by different light-curing modes, material 

types, and time.

METHODS

In this in vitro study, three flowable bulk-fill composite 

resins (Estelite Bulk Fill Flow [EBF; Tokuyama Dental, 

Tokyo, Japan], Tetric N-Flow Bulk Fill [TNF; Ivoclar Viva-

dent, Schaan, Liechtenstein], and Filtek Bulk Fill Flow-

able Restorative [FBF; 3M ESPE, St. Paul, MN, USA]) 

were evaluated, along with one injectable flowable 

composite resin (G-aenial Universal Injectable [GUI; 

GC Corp., Tokyo, Japan]), which served as the control 

group. The characteristics and specifications of the ma-

terials evaluated in this study are summarized in Table 1. 

The experimental workflow of this study is summarized 

in Figure 1.

The sample size was determined using G*Power 

3.1.9.7 software (Heinrich Heine University, Düsseldorf, 

Germany), based on data from a previous study [18]. Us-

ing one-way analysis of variance (ANOVA) with an effect 

size of 0.40, corresponding to an expected difference 

of 2.69 units with a standard deviation of 0.33, a signif-

icance level of α = 0.05, and a statistical power of 1 − β = 

0.80, the required sample size was calculated. A total of 

120 specimens—10 for each of the three subgroups of 

the four composite resins—were deemed sufficient.

Specimen preparation
Specimens (5 × 4 mm) were prepared using transparent 

silicone molds placed on glass plates with Mylar strips 

on both sides. The composites were injected, covered 

with another Mylar strip and glass plate, and light-cured 

using a third-generation LED LCU (VALO Cordless; 

Ultradent, South Jordan, UT, USA) positioned perpen- Ta
bl
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A total of 120 specimens (n = 10 per subgroup) were 

fabricated and stored dry in a 37°C incubator for 24 

hours to complete polymerization. Finishing and pol-

ishing procedures were conducted by a single operator 

to minimize operator-related variability. Surface stan-

dardization was achieved using sequential aluminum 

oxide discs of coarse, medium, fine, and superfine grits 

(Sof-Lex Discs; 3M ESPE) applied for 5 seconds each, 

followed by medium-fine diamond-grit wheels (Clear-

fil Twist Dia; Kuraray Europe GmbH, Hattersheim am 

Main, Germany) for 30 seconds each [14,19]. All pro-

cedures were performed dry at 10,000 revolutions per 

minute with overlapping unidirectional strokes to pre-

vent heat and grooves. To ensure consistency, approx-

imately constant manual pressure was applied using 

only the inherent weight of the handpiece, without extra 

force; the applied pressure was standardized on a force 

Figure 1. Schematic representation of the experimental workflow. ATR, attenuated total reflectance; DC, degree of conversion; FTIR, Fouri-
er-transform infrared; IR, infrared. Material abbreviations and manufacturer information are provided in Table 1.

dicularly with the tip in contact with the glass surface. 

Polymerization was performed in three modes: stan-

dard (1,000 mW/cm², 20 seconds), high-power (1,400 

mW/cm², 3 × 4 seconds), and extra-power (3,200 mW/

cm², 2 × 3 seconds). Measurements taken at the tip of 

the device indicated corresponding radiant exposures 

of approximately 20.0, 16.8, and 19.2 J/cm², respective-

ly. To determine the irradiance reaching the specimen, 

measurements were performed at the specimen plane 

through the interposed glass plate and Mylar strips us-

ing a calibrated radiometer (SDI RADII Plus; SDI Lim-

ited, Bayswater, VIC, Australia). The corresponding ra-

diant exposures at the specimen plane were calculated 

as approximately 19.0, 15.8, and 18.1 J/cm². The output 

intensity of the LCU was verified before each curing ses-

sion using a calibrated radiometer to ensure consisten-

cy across all specimens.

Specimen preparation

Light-curing unit (VALO Cordless)

After polymerization (37°C, 24 hours)

DC analysis Color change (ΔE₀₀) evaluation

GUI (5 × 4 mm)
(n = 30)

Standard mode
(1,000 mW/cm2)

1 × 20 sec (n = 10)

High-power mode 
(1,400 mW/cm2)
3 × 4 sec (n = 10)

Extra-power mode
(3,200 mW/cm2)
2 × 3 sec (n = 10)

EBF (5 × 4 mm)
(n = 30)

TNF (5 × 4 mm)
(n = 30)

FBF (5 × 4 mm)
(n = 30)

FTIR-ATR
Diamond crystal
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sensor (Axis, Gdańsk, Poland) at around 1–2 N, consis-

tent with previous reports [20]. Discs were replaced after 

every three uses, and specimens were rinsed with wa-

ter for 20 seconds and air-dried for 5 seconds between 

steps.

Specimen thickness was measured and verified at 4 ± 

0.1 mm using a digital caliper (Mitutoyo Corp., Kawasa-

ki, Japan).

Degree of conversion analysis
The DC was assessed via Fourier-transform infrared 

(FTIR) spectroscopy (Spectrum One; PerkinElmer, 

Waltham, MA, USA) equipped with a universal attenu-

ated total reflectance (uATR) accessory featuring a sin-

gle-reflection diamond crystal (refractive index n = 2.40) 

at a 45° incidence angle. A constant pressure of approx-

imately 70 N was applied using the integrated clamp to 

ensure consistent specimen–crystal contact. The effective 

ATR penetration depth was calculated at 1,637 cm–1—the 

wavenumber used for DC analysis—using the standard 

equation for a 45° diamond ATR crystal. Assuming refrac-

tive indices of 1.52 for the composite resin and 2.40 for 

the diamond crystal, the penetration depth at 1,637 cm–1 

was estimated to be approximately 1.2–1.4 µm.

Specimens were stored dry for 24 hours prior to eval-

uation to avoid potential interference of residual surface 

or absorbed water with ATR-FTIR spectra, and in light-

proof containers to prevent polymerization changes. 

All FTIR spectra were recorded on the same day for 

consistency. Prior to measurements, the ATR crystal 

was cleaned with alcohol and background scans were 

performed for calibration, including void check and 

linearity confirmation. Spectra were collected in ab-

sorbance mode (4,000–650 cm–1, 4 cm–1 resolution, 32 

scans) and processed using Spectrum ver. 5.0.1 software 

(PerkinElmer) with baseline correction and automatic 

peak detection. Uncured composites were placed di-

rectly on the ATR crystal, while cured specimens (5 × 4 

mm) were positioned with the bottom (non-irradiated) 

surface against the crystal and slightly compressed to 

ensure proper contact. For reproducibility, three mea-

surements were taken for each specimen, and the aver-

aged data were used to calculate a single DC value. In 

addition, one representative specimen from each group 

was analyzed for both top and bottom surfaces to verify 

polymerization uniformity.

Spectra of each resin were analyzed. Baseline correc-

tion in the 1,450–1,700 cm–1 region was performed using 

a straight-line baseline defined between these limits, 

and peak integration was based on peak height relative 

to the corrected baseline [21]. The peak height around 

1,637 cm–1, indicating the absorbance intensities of al-

iphatic C=C, was calibrated according to Rueggeberg 

et al. [21]. Absorbance at 1,637 and 1,510 cm–1, corre-

sponding to the aliphatic and aromatic C=C vibrations, 

respectively, was recorded (Figure 2). The aromatic 

band at 1,510 cm–1 served as the internal reference [22]. 

The DC was calculated from the absorbance values of 

uncured and cured specimens using the equation 1 [4].

(1)

Evaluation of color change
Baseline color measurements (T0) of the post-polym-

erized specimens were obtained using a VITA Easys-

hade V digital spectrophotometer (VITA Zahnfabrik, 

Bad Säckingen, Germany). In accordance with the Com-

mission Internationale de l'Éclairage (CIE) system, the 

primary color parameters (L*, a*, b*) of each specimen 

were measured three times against a white background 

within a light box illuminated by D65 lighting, and the 

mean values were subsequently calculated. The L* val-

ue represents the black/white color range (lightness), 

a* represents the red (+)/green (−) color range, and b* 

represents the yellow (+)/blue (−) color range [14].

Specimens that underwent baseline (T0) color mea-

surements were marked on their bottom surfaces and 

individually immersed in light-proof amber bottles 

containing coffee solution for 14 days. To prepare the 

coffee solution, 2 g of coffee (Nescafé Classic; Nestlé, 

Barcelona, Spain) was dissolved in 200 mL of boiling 

water, which was subsequently cooled to ambient tem-

perature prior to application. The solution was renewed 

daily. Prior to each solution change, samples under-

went a 60-second rinse using distilled water to eliminate 

surface residues. Ertaş et al. [23] reported that a 7-day 

coffee immersion simulated approximately 7 months 

of coffee consumption. Furthermore, given that the 
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actual contact time of coffee with oral tissues is shorter 

during drinking, the 14-day coffee immersion used in 

this study represents a longer period than 14 months of 

actual coffee consumption. Color measurements were 

repeated on day 7 (T1) and day 14 (T2). Color variation 

(CIEDE2000, ΔE₀₀) was determined using the equation 

2 [24].

(2)

In this formula, ΔL represents the change in lightness, 

ΔC the change in chroma, and ΔH the change in hue. SL, 

SC, and SH are weighting functions used to calibrate for 

visual non-uniformity. The parametric factors for envi-

ronmental correction, KL, KC, and KH, were all set to 1. RT 

is a rotational function incorporated to compensate for 

the interaction between chroma and hue differences, 

particularly in the blue region of the color space.

Color change evaluation was based on a 50:50 percep-

tibility threshold (ΔEPT) set at 0.8 and a 50:50 acceptabil-

ity threshold (ΔEAT) defined as 1.8 [24].

Statistical analysis
Statistical analyses were performed using IBM SPSS ver. 

21.0 (IBM Corp., Armonk, NY, USA) at a 95% confidence 

level (p < 0.05). The assumption of normality was tested 

using the Shapiro-Wilk test, and homogeneity of vari-

ances was assessed with the Levene test. The effects of 

material type and light-curing mode on DC were evalu-

ated using two-way ANOVA. A three-way repeated-mea-

Figure 2. Representative FTIR (Fourier-transform infrared) spectra of materials under different curing modes, showing the average absorbance 
curves. Two reference peaks are indicated: 1,510 cm–1 (internal standard aromatic carbon double bond, C=C) and 1,637 cm–1 (methacrylate 
C=C). Material abbreviations and manufacturer information are provided in Table 1.
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sures ANOVA was conducted to evaluate the effects of 

material and light-curing mode as between-subjects 

factors, and time (two levels: day 7 and day 14) as the 

within-subjects factor on color change (ΔE₀₀). Because 

the within-subjects factor consisted of only two levels, 

the sphericity assumption was inherently satisfied. One-

way ANOVA was performed to compare differences 

among materials within each light-curing mode, as well 

as differences among light-curing modes within each 

material. For pairwise comparisons, Bonferroni or Dun-

nett’s T3 post hoc tests were applied depending on the 

homogeneity of variances. The relationship between DC 

and ΔE₀₀ was examined through the Pearson correlation 

and linear regression analyses.

RESULTS

Degree of conversion results
The DC results of the tested materials across different 

light-curing modes are presented in Table 2. A statis-

tically significant difference in DC was found between 

light-curing modes for all materials except TNF (p < 

0.001). The highest DC values were observed in the 

high-power curing mode for all tested materials. FBF ex-

hibited the highest DC in the high-power mode (82.04 ± 

9.04), while EBF showed the lowest DC in the standard 

power mode (43.34 ± 15.10). Polymerization of EBF in 

the standard mode resulted in significantly lower DC 

compared to other light-curing modes (p < 0.05). For 

GUI and FBF, the high-power mode produced signifi-

cantly higher DC values than other curing modes (p < 

0.05).

The differences in DC among the materials were 

statistically significant in the standard and high-power 

curing modes (p < 0.001), but not in the extra-power 

mode (p = 0.224). In the standard mode, FBF exhibited 

significantly higher DC values than GUI and EBF, and in 

the high-power mode, a statistically significant increase 

in DC values was observed in this material relative to 

the others (p < 0.05).

According to the two-way ANOVA results, material 

type, light-curing mode, and the interaction between 

material type and light-curing mode had a significant 

effect on the DC (p < 0.001) (Table 3).

Color change results
The color change results of the tested materials across 

different light-curing modes on days 7 and 14 are pre-

sented in Table 4. On day 7, differences in ΔE₀₀ between 

light-curing modes were not statistically significant for 

Table 2. Degree of conversion (%) of tested materials in different light-curing modes

Material
Light-curing mode

η² p-valuea)

Standard High-power Extra-power
GUI 58.79 ± 3.35Aa 65.09 ± 3.75Ba 55.81 ± 5.60Aa 0.46 <0.001
EBF 43.34 ± 15.10Aa 65.41 ± 9.92Ba 61.50 ± 6.43Ba 0.45 <0.001
TNF 50.57 ± 18.05Aab 62.76 ± 3.58Aa 59.08 ± 10.18Aa 0.16 0.089
FBF 67.01 ± 5.11Ab 82.04 ± 9.04Bb 61.39 ± 3.11Aa 0.68 <0.001
η² 0.37 0.55 0.11
p-valuea) 0.001 <0.001 0.224

Material abbreviations and manufacturer information are provided in Table 1. Different superscript capital letters in rows and different superscript 
lowercase letters in columns indicate statistical significance. 
a)Analyzed by one-way analysis of variance. p < 0.05, statistically significant.

Table 3. Two-way analysis of variance results for degree of conversion (%)
Parameter Sum of squares df Mean square F-value p-value Partial η² 95% CI for partial η²
Material type 3,461.098 3 1,153.699 14.054 <0.001 0.281 0.13–0.42
Light-curing mode 3,364.717 2 1,682.358 20.493 <0.001 0.312 0.19–0.43
Material type × light-curing mode 2,921.571 6 486.928 5.931 <0.001 0.203 0.03–0.41
Error 8,865.988 108 82.092

CI, confidence interval; df, degree of freedom.
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GUI (p = 0.215) and TNF (p = 0.081), whereas statistically 

significant differences were identified for EBF and FBF 

(p < 0.001). All materials showed lower ΔE₀₀ values when 

cured with the high-power mode compared to other 

modes. The lowest ΔE₀₀ was recorded for GUI in the 

high-power mode (1.76 ± 0.54), whereas the highest was 

observed for FBF in the extra-power mode (8.35 ± 1.06).

On day 14, differences in ΔE₀₀ between light-curing 

modes were statistically significant for all materials 

except GUI (p < 0.05). Although ΔE₀₀ increased over 

time (p < 0.05), the lowest value on day 14 was again 

observed for GUI in the high-power mode (2.83 ± 0.84). 

On both days 7 and 14, EBF exhibited significantly high-

er ΔE₀₀ values in the extra-power mode in comparison 

with the other modes (p < 0.05), whereas FBF showed 

significantly lower ΔE₀₀ values in the high-power mode 

in comparison with the others (p < 0.05).

At both time points, statistically significant differenc-

es in ΔE₀₀ were found among the materials across all 

light-curing modes (p < 0.001).

The three-way repeated-measures ANOVA revealed 

significant effects of material type, light-curing mode, 

time, and their interactions on the ΔE₀₀ of the tested 

materials (p < 0.001), except for the three-way interac-

tion (time × material × light-curing mode), which was 

not significant (p = 0.136) (Table 5).

A significant negative association was observed be-

tween DC and ΔE00 values on day 7 (β = –0.208, p = 

0.023) and day 14 (β = –0.238, p = 0.009). Furthermore, a 

strong positive correlation was found between the color 

Table 4. Color change (ΔE00) of tested materials in different light-curing modes
Light-curing mode Standard High-power Extra-power η² p-valuea)

Day 7
  GUI 1.99 ± 0.42Ab 1.76 ± 0.54Ab 2.11 ± 0.32Ab 0.10 0.215
  EBF 3.88 ± 0.48Aa 3.52 ± 0.58Aa 5.58 ± 0.74Ba 0.70 <0.001
  TNF 6.32 ± 0.55Ac 6.08 ± 0.53Ac 6.77 ± 0.85Ac 0.16 0.081
  FBF 7.74 ± 0.74Ad 5.42 ± 0.33Bd 8.35 ± 1.06Ad 0.74 <0.001
  η² 0.94 0.92 0.90
  p-valuea) <0.001 <0.001 <0.001
Day 14
  GUI 3.10 ± 0.53Ab 2.83 ± 0.84Ab 3.61 ± 0.88Ab 0.16 0.091
  EBF 5.57 ± 0.73Aa 5.02 ± 0.71Aa 7.80 ± 0.66Ba 0.76 <0.001
  TNF 8.02 ± 0.50ABc 7.57 ± 0.44Ac 8.71 ± 0.99Ba 0.33 0.004
  FBF 10.15 ± 0.59Ad 7.31 ± 0.50Bc 10.95 ± 1.18Ac 0.80 <0.001
  η² 0.95 0.90 0.89
  p-valuea) <0.001 <0.001 <0.001

Material abbreviations and manufacturer information are provided in Table 1. Different superscript capital letters in rows and different superscript 
lowercase letters in columns indicate statistical significance.
a)Analyzed by one-way analysis of variance. p < 0.05, statistically significant.

Table 5. Three-way repeated-measures analysis of variance results for color change (ΔE00)
Parameter Sum of squares df Mean square F-value p-value Partial η² 95% CI for partial η²
Material type (M) 1,153.197 3 384.399 464.944 <0.001 0.928 0.90–0.95
Light-curing mode (L) 101.908 2 50.954 61.631 <0.001 0.533 0.36–0.65
M × L 93.906 6 15.651 18.930 <0.001 0.513 0.33–0.64
Error 89.291 108 0.827 - - - -
Time (T) 186.208 1 186.208 1329.425 <0.001a) 0.925 0.89–0.95
T × M 8.770 3 2.923 20.871 <0.001a) 0.367 0.22–0.49
T × L 4.170 2 2.085 14.886 <0.001a) 0.216 0.10–0.33
T × M × L 1.401 6 0.233 1.667 0.136a) 0.085 0.00–0.18
Error (time) 15.127 108 0.140 - - - -

CI, confidence interval; df, degree of freedom. 
a)Sphericity assumed results are reported because the within-subjects factor includes only two time points (day 7, day 14).
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changes measured on days 7 and 14 (r = 0.974, p < 0.001) 

(Tables 6 and 7).

DISCUSSION

The extent of polymerization, expressed as the DC, 

critically affects the performance and biocompatibili-

ty of resin composites. It is influenced by total energy 

input, which depends on irradiance and curing time 

[4]. However, no consensus exists on the optimal ra-

diant exposure, as DC varies by material, making total 

energy-based protocols unreliable [11]. Manufacturers 

suggest that short, high-intensity exposures may be as 

effective as standard protocols. In this study, the DC and 

color changes of flowable bulk-fill composites polymer-

ized using different light-curing modes—each involving 

varying energy densities and irradiation times—were 

investigated and compared with an injectable flowable 

composite resin. Results showed that both light-curing 

mode and material type significantly affected DC; there-

fore, the first null hypothesis of the study was refuted.

FTIR, a quantitative method used to measure DC, is 

considered the gold standard; however, the choice of 

reference peak may influence calculated conversion 

values. As an internal standard, the band at 1,608–1,610 

cm−1 representing the aromatic C=C absorption is com-

monly used [25]. The availability of this vibrational band 

depends on the presence of methacrylate monomers 

containing an aromatic core, such as bisphenol A glyc-

idyl methacrylate (Bis-GMA) and bisphenol A dimeth-

acrylate (Bis-EMA). In composites based on aliphatic 

monomers, e.g., urethane dimethacrylate (UDMA), the 

vibrational band at 1,608–1,610 cm−1 is absent, and oth-

er alternative reference bands are used [25]. According 

to the manufacturer’s Safety Data Sheet information, the 

tested material GUI contains only aliphatic monomers 

such as UDMA and triethylene glycol dimethacrylate 

(TEGDMA), and no aromatic monomer is specified. 

However, the literature reports that GUI may also con-

tain aromatic dimethacrylates such as Bis-EMA [26]. 

In the uncured FTIR spectra obtained in this study, it 

was determined that no distinct peak was present in the 

1,608–1,610 cm–1 region for the tested materials, and 

that only very weak signals were observed in some sam-

ples. In contrast, the 1,510 cm–1 band exhibited a more 

stable and stronger peak in all four materials (Figure 2). 

Therefore, the 1,510 cm–1 region was preferred as the in-

ternal reference for the DC calculations.

Studies investigating the DC in bulk-fill composite 

resins show considerable methodological variability 

in terms of both measurement timing and the surface 

from which DC is assessed. In a network meta-analysis 

synthesizing the findings of in vitro studies, Hatipoğlu 

et al. [5] reported significant differences between top 

and bottom surface DC values when measured imme-

diately after curing, whereas no significant difference 

was observed between the two surfaces when measure-

ments were performed 24 hours post-curing. Since bot-

tom-surface DC provides more meaningful and com-

parable information regarding curing efficiency among 

materials, DC measurements in the present study were 

performed on the bottom surfaces of the specimens and 

at 24 hours after curing. Additionally, to verify polymer-

ization homogeneity, one representative specimen from 

each group was analyzed on both the top and bottom 

surfaces, and the top surface was found to exhibit ap-

proximately 1.5%–2% higher DC values.

Table 6. Pearson correlation analysis between DC and color 
change
Variable r p-value
DC – ΔE₀₀ (day 7) –0.208* 0.023
DC – ΔE₀₀ (day 14) –0.238** 0.009
ΔE₀₀ (day 7) – ΔE₀₀ (day 14) 0.974** <0.001

DC, degree of conversion; ΔE₀₀, color change; r, Pearson correlation 
coefficient. *p < 0.05 (2-tailed); **p < 0.01 (2-tailed).

Table 7. Linear regression analysis evaluating the association between DC and color change
Dependent variable Independent variable β SE Standardized β p-value 95% CI
ΔE₀₀ (day 7) DC –0.038 0.016 –0.208 0.023 –0.070 to –0.005
ΔE₀₀ (day 14) DC –0.051 0.019 –0.238 0.009 –0.089 to –0.013
ΔE₀₀ (day 14) ΔE₀₀ (day 7) 1.155 0.025 0.974 <0.001 1.106 to 1.204

β, regression coefficient; CI, confidence interval; DC, degree of conversion; ΔE₀₀, color change; SE, standard error.
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The present research found that while radiant ex-

posures did not significantly differ between the three 

curing modes, the high-power mode produced greater 

DC in every material assessed. Similarly, in a study 

by Yenidünya et al. [27], which examined the effect of 

different light-curing modes on the DC in various ma-

terials, significantly higher DC values were reported 

under the high-power mode. The higher DC observed 

in the high-power mode may be attributed to the great-

er initial irradiance (1,400 mW/cm²) compared to the 

standard mode. This high irradiance could lead to a 

greater increase in exothermic heat within the polymer-

ic matrix, enhancing the mobility of polymer chains and 

consequently increasing the DC [28]. However, relative-

ly lower DC values were recorded in the extra-power 

mode. Very high irradiance combined with very short 

curing times accelerates radical generation at the be-

ginning; however, the rapid weight gain leads to early 

vitrification, which restricts chain mobility. This con-

dition alters the rate of bimolecular termination and, 

consequently, the final hardness/conversion depending 

on the material’s depth profile [12]. The relatively low 

DC observed in the extra-power mode in this study may 

be attributed to the accelerated polymerization rate. On 

the other hand, in cases where the reaction proceeds 

at a normal rate, an increase in post-irradiation DC has 

been reported for most resin matrices [29]. After irradi-

ation, polymerization continues depending on factors 

such as residual monomer content, cross-linking den-

sity, radical concentration, and radical lifetimes [30]. 

The high-power mode may have generated more free 

radicals by providing increased photon availability, en-

hancing post-irradiation polymerization [31].

The viscosity of materials is an important factor af-

fecting the DC. Compared to high-viscosity materials, 

flowable resin-based bulk-fill composites contain a 

greater proportion of organic matrix, which may lead 

to a reduction in the refractive index [6]. The matrices 

of flowable resin-based composites consist of low mo-

lecular weight monomers characterized by increased 

flexibility and reactivity, which have been reported to 

augment the number of bonding sites during light cur-

ing, consequently improving the DC [6]. In the current 

study, FBF exhibited a higher DC compared to the other 

materials across all curing modes, with statistically sig-

nificant differences noted specifically in the standard 

and high-power curing modes. FBF contains Bis-GMA, 

TEGDMA, Bis-EMA, and a procrylate monomer. The 

procrylate monomer is a high molecular weight mono-

mer similar to Bis-GMA; however, it does not contain 

pendant hydroxyl groups that contribute to increased 

viscosity [32]. Dental polymers incorporating Bis-EMA 

and urethane-based monomers with lower viscosity 

have been demonstrated to achieve higher DC values 

relative to conventional Bis-GMA/TEGDMA resins [32]. 

This may account for the elevated DC observed in FBF 

relative to the other flowable materials.

Highly translucent resin-based composites offer bet-

ter curing efficiency due to greater light transmission 

through the material, allowing light to reach deeper 

layers [3]. The relatively low DC observed in TNF com-

pared to the other materials may be attributed to its low-

er translucency. Although TNF contains a photoinitiator 

system (Ivocerin; Ivoclar Vivadent) that exhibits higher 

curing activity by absorbing visible light at a wider 

wavelength range than germanium-based camphorqui-

none (CQ), it does not fully compensate for the reduced 

translucency in deeper layers. This finding is consistent 

with the study by Ilie et al. [33].

Although GUI, an injectable composite, is not a bulk-

fill composite, it is frequently used in clinical practice 

at thicknesses exceeding 2 mm. In the present study, 

considering these clinical conditions, GUI specimens 

were prepared at a thickness of 4 mm to evaluate criti-

cal thresholds for DC. Although there is no consensus 

on a minimum DC value, values between 55%–65% 

are generally considered critical for mechanical per-

formance [11]. Notably, this range reflects unreacted 

C=C bonds, not unpolymerized monomers [15]. GUI 

showed acceptable DC (55%–65%) despite exceeding 

the recommended thickness. In contrast, EBF and TNF 

under standard mode exhibited DC below this range, 

suggesting suboptimal polymerization. Given that cur-

ing efficiency varies with monomer type [34], high-pow-

er mode may be more appropriate for EBF and TNF. It 

should also be noted that due to vitrification or gelation, 

DC rarely reaches 100% [35].

The present study demonstrated that color change 

was significantly affected by light-curing mode, material 

type, and time (Table 5), leading to the rejection of the 
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study’s second null hypothesis. The best performance 

in terms of color stability was observed in specimens 

polymerized with the high-power mode, while groups 

cured for shorter durations using the extra-power mode 

exhibited greater color change. During prolonged po-

lymerization, increased light penetration into deeper 

layers—similar to that at the beginning of irradiation—

explains the limitations of the short exposures in the 

extra-power mode [12]. The unstable resin matrix and 

reduced DC caused by the short exposure may contrib-

ute to increased discoloration of the materials.

In dental composites, CQ and tertiary amines—used 

as co-initiators to enhance free radical generation—

constitute the most common photoinitiator system 

[36]. To reduce the disadvantages of this photoinitiator, 

such as weak bleaching properties, yellowish staining, 

and toxicity, Rap Technology (radical amplified photo-

polymerization; Tokuyama Dental), which recycles CQ 

during initiator production, has been developed [36]. 

The lower color change observed in EBF compared to 

FBF can be explained by its reduced CQ content due to 

Rap Technology. Across all curing modes, GUI exhibited 

less color change than the other materials, which may 

be attributed to the full-coverage silane coating technol-

ogy claimed by the manufacturer to enhance filler-ma-

trix bonding [37].

Staining of composite resins is influenced by the pol-

ishing protocol and the resulting surface roughness [38]. 

Because the presence of water during polishing makes 

it difficult to accurately assess surface texture and gloss, 

several authors have recommended dry polishing [39]. 

In addition, immediate finishing and polishing may 

lead to plastic deformation, as the material has not yet 

reached its final hardness due to ongoing polymeriza-

tion. For this reason, postponing finishing and polishing 

for 24 hours after light curing has been suggested [38], 

and the same approach was followed in the present 

study. However, the heat generated during dry finishing 

and polishing may cause degradation at the filler-matrix 

interface or microcrack formation, potentially contrib-

uting to increased discoloration. These factors should 

be considered when interpreting acceptability thresh-

olds, as in vitro protocols may not fully replicate clinical 

conditions. Clinically, perceptibility (ΔE₀₀ = 0.8) and 

acceptability (ΔE₀₀ = 1.8) thresholds are critical bench-

marks for esthetic performance [24]. In this study, all 

groups exceeded the perceptibility threshold after 7 and 

14 days of coffee immersion. On day 7, only GUI polym-

erized in high-power mode remained within the accept-

ability limit, whereas all groups surpassed it by day 14. 

Although continuous coffee exposure without saliva or 

brushing likely intensified staining, these results high-

light that both material formulation and curing parame-

ters directly affect long-term esthetic stability.

Staining of composites is affected by surface rough-

ness, filler characteristics, and the hydrophilicity of the 

resin matrix [40]. Nanofill composites, with smaller 

particles, offer smoother surfaces, reduced water ab-

sorption, and better filler-matrix integration [41,42]. In 

this study, GUI, which showed the least color change, 

is a nanofill composite, while FBF, which exhibited the 

highest discoloration, is a microhybrid composite. The 

findings of the present study are in agreement with 

those reported by Gürdal et al. [43].

Materials exhibiting a high DC demonstrate reduced 

deformation due to increased polymer chain entan-

glement and elevated cross-linking density, which 

collectively constrain molecular mobility within the 

polymeric network [5]. Composites with lower DC re-

lease greater amounts of unreacted monomers, such as 

Bis-GMA and TEGDMA, which may diffuse toward the 

pulp and induce cytotoxic or inflammatory responses. 

Moreover, residual monomers can undergo oxidative 

and hydrolytic degradation, accelerating color instabil-

ity and surface deterioration [15]. As reported by Sham 

et al. [44], chemical discoloration is primarily attributed 

to the oxidation of the polymer matrix, the oxidation of 

residual monomer double bonds that remain unreact-

ed, and the formation of degradation products induced 

by water diffusion. In the present study, the observed 

negative correlation between DC and ΔE₀₀ supports that 

insufficient polymerization may contribute to greater 

color change in resin composites.

A key limitation of this study is that the 1,510 cm–1 

band used as the internal reference does not repre-

sent a single, chemically isolated vibrational mode. In 

composites containing Bis-GMA/Bis-EMA, this region 

primarily reflects the aromatic ring C=C stretching vi-

bration, but it also receives measurable contributions 

from aromatic C–H in-plane bending. In UDMA-based 
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systems, additional overlap from the amide II mode (a 

combination of N–H bending and C–N stretching) may 

further broaden this band [45]. Therefore, the 1,510 cm–1 

signal should not be interpreted as a structurally invari-

ant and “chemically clean” reference band in the same 

sense as the conventional 1,608–1,610 cm–1 aromatic 

stretching peak.

Al-Zain et al. [46] evaluated both dry and wet storage 

conditions in terms of DC and reported that, under 

wet storage, the intermolecular bonds within the poly-

mer system were softened due to the hydrolytic effect 

of water, resulting in a tendency toward reduced DC. 

The dry storage condition adopted in the present study 

to avoid potential FTIR spectral alterations related to 

water absorption may not fully simulate the clinical 

scenario in which dental materials are placed and may 

yield comparatively higher DC values. The use of a sin-

gle light-curing unit represents another limitation, as 

potential radiometric inaccuracies and directional vari-

ations in light output at a 4-mm depth could have in-

fluenced the results. Additionally, the lack of a distilled 

water control group and a non-polished comparison 

group limited the ability to distinguish water absorption 

and surface effects from those caused by staining solu-

tions. Future studies including a distilled water control 

group, various staining solutions, a non-polished com-

parison group, thermal aging, simulated brushing, and 

DC variations after coffee staining in relation to optical 

properties would enhance clinical relevance and clarify 

the mechanisms underlying color changes.

CONCLUSIONS

Within the limitations of this study, the different 

light-curing modes significantly affected both the DC 

and the discoloration behavior of the flowable compos-

ites. Although the extra-power mode shortens curing 

time, it may lead to a reduction in DC and an increase 

in discoloration. The discoloration of the tested com-

posites progressed over time, and color stability was 

influenced not only by DC but also by the material type 

and its chemical composition. Clinically, these findings 

suggest that using excessively high curing intensities 

for short durations may compromise the long-term 

color stability and polymerization quality of flowable 

composites. Therefore, clinicians should balance curing 

efficiency with adequate polymerization to optimize the 

esthetic longevity of restorations.
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Influence of occlusal reduction on postoperative pain following 
single-visit root canal treatment in mandibular molars: a randomized 
controlled trial
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ABSTRACT

Objectives: Postoperative pain is a frequent complication following root canal treatment, and occlusal reduction (OR) 
has been suggested as a means to minimize such discomfort. However, existing evidence regarding its effectiveness re-
mains inconclusive. This study aimed to evaluate the influence of OR on postoperative pain following single-visit root ca-
nal treatment in mandibular molars. It also examined whether preoperative pain intensity affects the postoperative re-
sponse to OR.
Methods: A total of 280 eligible patients with irreversible pulpitis in their first or second mandibular molars were enrolled 
and stratified into four groups based on their preoperative pain intensity using the visual analogue scale (VAS): 0, no pain; 
1–3, mild; 4–7, moderate; and 8–10, severe. Each group was further allocated into OR or no occlusal reduction (NOR) sub-
groups using block randomization. Standardized endodontic procedures were performed under rubber dam isolation. 
Postoperative pain was recorded at 24 hours, 48 hours, and 1 week using the same VAS scale. Data were analyzed using 
the chi-square tests (p ≤ 0.05).
Results: Overall, a statistically significant difference between OR and NOR was found at the 48-hour interval, favoring OR. 
Stratified analysis showed significant pain reduction at 24 hours in the moderate pain category and near-significant dif-
ferences in the severe pain group at both 24 hours and 48 hours.
Conclusions: OR reduced early postoperative pain most noticeably in patients presenting with moderate to severe preop-
erative pain, whereas its effect was minimal in asymptomatic or mildly symptomatic cases.

Keywords: Occlusal reduction; Postoperative pain; Randomized controlled trial; Root canal therapy; Visual analogue 
scale
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INTRODUCTION

Postoperative pain following root canal treatment (RCT) 

remains a frequent and significant concern in endodon-

tic practice, with incidence rates reported from 25% 

to 40% [1,2]. Although the primary goal of endodontic 

therapy is to eliminate infection and preserve the tooth 

in a symptom-free state, postoperative discomfort can 

substantially affect patient satisfaction and the per-

ceived success of treatment [3]. So it is no overstatement 

when Gupta et al. [4] postulated that ‘patients might re-

gard postoperative pain and flare-ups as a yardstick by 

which the operator’s abilities are assessed.’ Consequent-

ly, understanding and minimizing postoperative pain 

has become an imperative aspect of evidence-based 

endodontic care.

Single-visit root canal treatment has gained wide 

clinical acceptance because of its advantages, including 

reduced chair time, fewer interappointment flare-ups, 

and greater patient convenience [5–7]. However, since 

instrumentation, irrigation, obturation, and occlusal 

loading all occur within a single appointment, the risk 

of postoperative pain may be influenced by multiple 

procedural and biological factors occurring in close suc-

cession.

Postoperative endodontic pain is multifactorial. It re-

sults primarily from acute periapical inflammation trig-

gered by mechanical, chemical, or microbial irritation 

beyond the apical foramen [8], leading to the release of 

inflammatory mediators such as prostaglandins, brady-

kinin, and leukotrienes [9]. Procedural factors including 

extrusion of debris, over instrumentation, irrigation 

dynamics, and obturation protocols have all been asso-

ciated with varying degrees of postoperative discomfort 

[10].

Among procedural variables, occlusal load has long 

been proposed to influence postoperative pain. Occlu-

sal reduction (OR) involves the deliberate removal of 

occlusal contacts—both in centric occlusion and ex-

cursive movements—to decrease mechanical loading 

on a treated tooth. The principle is that after root canal 

therapy, periapical tissues can become inflamed and 

sensitized. Therefore, excessive occlusal force may ex-

acerbate this inflammation by mechanically stimulating 

nociceptors present in the periodontal ligament. OR 

may also decrease the pressure caused by the inflamed 

periapical tissues, alleviating the effect of mechanical 

allodynia [11]. In this context, OR may also be viewed as 

a form of mechanical or occlusal “unloading,” where-

by functional occlusal forces transmitted to inflamed 

periapical tissues are temporarily minimized to reduce 

postoperative discomfort.

Despite its clinical rationale, the literature remains 

inconclusive regarding the true benefit of OR. Some au-

thors have reported a significant reduction in postoper-

ative pain [12–14], while others have found no meaning-

ful difference between reduced and unreduced groups 

[15–17]. This literary equipoise highlights the need for 

further well-designed clinical trials to clarify whether 

OR genuinely influences postoperative pain or if it is a 

myth perpetuated by tradition.

Accordingly, the present study primarily aims to eval-

uate the influence of OR on postoperative pain follow-

ing single-visit RCT in mandibular first and second mo-

lars with asymptomatic and symptomatic irreversible 

pulpitis. Its secondary objective is to determine whether 

preoperative pain intensity affects postoperative pain 

outcomes and if occlusal relief influences it. The null 

hypothesis reads as: ‘OR has no statistically significant 

influence on postoperative pain following single-visit 

RCT, irrespective of preoperative pain intensity.’

METHODS

This was a single-blinded, prospective, randomized, 

parallel-group, single-center clinical trial conducted 

in the Postgraduate Clinic of the Department of Con-

servative Dentistry and Endodontics at CSI College 

of Dental Sciences & Research, between February 

2025 and October 2025. The study followed the ethi-

cal principles of the latest version of the Declaration 

of Helsinki (2024) and was designed and reported in 

compliance with the updated CONSORT 2025 guide-

lines for randomized clinical trials [18]. This study 

received approval from the Institutional Ethics Com-

mittee (CSICDSR/IEC/0301/2024) and was prospec-

tively registered with the Clinical Trials Registry of India 

(CTRI/2025/01/079047).
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Sample size calculation
The sample size was calculated using G*Power software 

for Windows (ver. 3.1.9.7) with a medium standardized 

effect size (Cohen’s d = 0.50), an α-error probability of 

0.05, a power of 0.95, and an allocation ratio = 1 [19], 

giving us a recommended size of 210 with 105 partici-

pants in each group. After accounting for the possibility 

of dropouts, a final sample size of 280 with 140 partici-

pants for each type of intervention was determined.

Participants and eligibility criteria
Patients who met the following inclusion and exclusion 

criteria were recruited after obtaining written informed 

consent. All the participants were required to be able 

to comprehend and utilize a 10-point visual analogue 

scale (VAS) for pain assessment and be willing to ver-

bally communicate their symptoms and how they were 

feeling.

1. Inclusion criteria
• �Systemically healthy adult patients aged 18–70 years 

(American Society of Anesthesiologists physical sta-

tus classification [ASA] I and II)

• �Mandibular first and second molars diagnosed with 

asymptomatic or symptomatic irreversible pulpitis

• Periapical index (PAI) score ≤ 2

• �Patients providing informed consent and willing to 

comply with follow-up

• �Patients requiring and willing to receive full cover-

age crowns following RCT

2. Exclusion criteria
• �Immunocompromised or systemically compromised 

patients (ASA > II)

• Re-RCTs or intentional RCTs

• �Teeth lacking opposing dentition and with signifi-

cant malocclusions like crossbite, scissor bite, deep 

bite, etc.

• �Teeth with insufficient occlusal height, where OR 

would be detrimental to the tooth’s dimensions

• Severely curved (>30°) or aberrant root morphology

• Pregnant or lactating women

• �Patients with allergies to any of the materials used in 

the study

• Bruxism or parafunctional habits contributing to ex-

cessive occlusal load and lost vertical dimension

If patients were initially recruited for the study but 

clinically required two visits for precise/sufficient man-

agement, they were excluded from the study. New pa-

tients were then recruited to replace them.

Preoperative assessment and stratification
Demographic details and idiosyncrasies were recorded 

for each eligible patient. Baseline pain intensity was 

scored using a modified 10-point VAS before local an-

esthesia was administered on the day of the procedure. 

Based on their preoperative VAS scores, 280 patients 

were stratified into four groups: no pain (VAS 0, n = 70), 

mild pain (VAS 1–3, n = 70), moderate pain (VAS 4–7, n 

= 70), and severe pain (VAS 8–10, n = 70).

These groups were further divided into two subgroups 

each: OR (n = 35) and no OR (NOR) (n = 35), such that 

both interventions were given to every type of preoper-

ative pain category. Across all four groups, there was a 

total of 140 participants who received the intervention 

and 140 who did not receive the intervention.

Randomization and blinding
Patients were recruited into each group based on their 

preoperative VAS. Further allocation into their interven-

tion group (OR or NOR) was done via block random-

ization. The randomization sequence was generated 

using a computer-based random number generation 

software (Random Allocation Software ver. 2.0) by an 

independent researcher who was not involved in the 

clinical procedure or data analysis. The operator who 

performed all the procedures was aware of the assigned 

intervention, whereas both the participants and the 

researcher interviewing them after the procedure re-

mained blinded, rendering the study single-blinded in 

design.

Root canal procedure
All the procedures were completed by a single, expe-

rienced operator. Single-visit RCT was initiated after 

administering 1.8 mL of 2% lignocaine with 1:80,000 

adrenaline (Lignox; Warren Pharmaceuticals Pvt Ltd., 

Mumbai, India). Following rubber dam isolation, ac-

cess opening was done using sterile burs from the Mani 

Endo Access Diamond Bur kit (MANI Inc., Tochigi, Ja-
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pan). If patients reported any pain or discomfort during 

the procedure, they were administered either supple-

mental injections (intrapulpal or intraligamentary) or 

an additional inferior alveolar nerve block.

The working length was established using E-Pex Apex 

Locator (Eighteeth, Changzhou, China) with size #10 K 

files (MANI Inc.) and was cross-verified radiographical-

ly. Initial glide path preparation was performed man-

ually until sizes #20 K or #25 K files. Canal lubrication 

and smear layer removal were obtained using ethylene-

diaminetetraacetic acid 10% and carbamide peroxide 

15% (Endoprep RC; Anabond Stedman Pharmaceuti-

cals, Chennai, India). Biomechanical preparation was 

performed using Woodpecker EndoPace Brushless 

Endomotor (IDS Denmed, New Delhi, India) and the 

NeoEndo S rotary file system (Orikam Healthcare India 

Pvt. Ltd., Gurgaon, India) until a size of 25/0.06, 0.5 mm 

short of the apex.

Intermittent irrigation was performed using copious 

amounts of saline mixed with 2% w/v povidone-iodine 

(Puradine; Leeford Healthcare Ltd., Mumbai, India) 

through a 25-gauge beveled needle (Dispo Van; Hindu-

stan Syringes and Medical Devices, New Delhi, India), 

positioned 1–2 mm short of the working length, with a 

controlled flow rate of approximately 1 mL/min to re-

duce the likelihood of apical debris extrusion. After final 

irrigation, the canals were dried with paper points and 

obturated with 25/0.06 single cone Neoendo Gutta Per-

cha Points (Orikam Healthcare India Pvt. Ltd.) and zinc 

oxide eugenol sealer. The gutta-percha was sheared, 

and the chamber was dried and disinfected to receive 

the final post-endodontic restoration.

Occlusal reduction protocol
Post-endodontic restoration of the cavity was done 

using the Te-Econom Plus composite system (Ivoclar 

Vivadent AG, Schaan, Liechtenstein). Participants in the 

OR group of every preoperative pain category received 

a standardized reduction of approximately 1.5–2 mm 

using a high-speed handpiece and an SF-13 bur (Frank 

Dental GmbH, Hainburg, Germany) under continuous 

water coolant. The range was to ensure that all the cusps 

(both functional and nonfunctional cusps, as well as the 

marginal ridges) were not in contact during both centric 

and excursive movements. The amount of reduction 

was cross-verified using the sizes 1.5 mm (blue) and 

2.0 mm (green) from the autoclavable MiK PrepGauge 

Silicone Strips kit (MiK Dental, Mumbai, India). The 

reduction almost mimicked a crown preparation clear-

ance. All the participants who received OR were recalled 

according to their convenience after a minimum of 2 

weeks, for crown preparation and the placement of full 

coverage crowns.

No occlusal reduction protocol
Post-endodontic restoration of the cavity was done until 

cuspal contacts and anatomy were completely re-es-

tablished using the same composite system. The resto-

ration was checked for iatrogenic high points and then 

polished. To ensure that all the patients in every preop-

erative pain category who received NOR were unaware 

whether their teeth had been reduced or not, a high-

speed handpiece with copious amounts of water was 

activated inside the patient’s mouth without contacting 

the occlusal surface to simulate the procedure used in 

the OR group. If iatrogenic high points were present, 

their elimination was sufficient to recreate the same. If 

the patients in this category also required full coverage 

crowns owing to mutilated preoperative clinical condi-

tions, they were recalled after 2 weeks for crown prepa-

ration.

Outcome measures
Pain levels were recorded at 24 hours, 48 hours, and 1 

week posttreatment using the same 10-point VAS via 

structured telephonic interviews. Each patient was re-

minded of the scale before rating their pain. The nature 

of pain and a trigger factor (if any) was also recorded 

and categorized as spontaneous continuous, sponta-

neous occasional, and stimulus-based (during mastica-

tion or thermal stimuli).

All patients were prescribed ketorolac 10 mg (Ketorol 

DT; Dr. Reddy’s Laboratories Ltd., Hyderabad, India) as 

rescue medication and instructed to take it only in case 

of considerable pain. Analgesic consumption was to be 

reported and documented. Alternate phone numbers 

were also noted so that the participants could be effi-

ciently contacted.
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Statistical analysis
Data analysis was performed using IBM SPSS Statis-

tics software ver. 24.0 (IBM Corp., Armonk, NY, USA). 

The distribution of pre- and postoperative pain scores 

was assessed using the Shapiro-Wilk test. As the data 

were non-normally distributed and ordinal in nature 

(VAS scores), nonparametric tests were employed for 

all inferential analyses. Between-group comparisons 

of postoperative pain scores between the OR and NOR 

groups were performed using the Mann-Whitney U test. 

Within-group changes in postoperative pain scores over 

time were analyzed using the Wilcoxon signed-rank test. 

Baseline demographic variables and the prevalence 

and distribution of postoperative pain triggers were 

analyzed using the chi-square test. A p-value ≤0.05 was 

considered statistically significant.

RESULTS

The overall process of participant enrollment, stratifica-

tion, allocation, follow-up, and analysis has been illus-

trated in Figure 1. Baseline demographic distribution 

and clinical characteristics of patients in the OR and 

NOR groups are presented in Table 1. The two groups 

Figure 1. CONSORT 2025 flow diagram showing participant enrollment, stratified randomization, allocation, follow-up, and analysis. VAS, visual 
analogue scale; OR, occlusal reduction; NOR, no occlusal reduction.

Assessed for eligibility
(n = 341)

Participants enrolled
(n = 280)

Excluded (n = 61)

Not meeting inclusion criteria (n = 20)
Declined to participate (n = 19)
Their respective pre-VAS group was no 

longer recruiting (n = 22)

Stratification based on
pre-VAS

Group I: No pain (VAS 0) 
(n = 70)

Randomization

Enrollment

Allocation

Randomization Randomization Randomization

Lost to follow-up (n = 0) Lost to follow-up (n = 0) Lost to follow-up (n = 0) Lost to follow-up (n = 0)

Analyzed (n = 70) Analyzed (n = 70) Analyzed (n = 70) Analyzed (n = 70)

Received allocated 
intervention (n = 70)

Did not receive 
intervention (n = 0)

Received allocated 
intervention (n = 70)

Did not receive 
intervention (n = 0)

Received allocated 
intervention (n = 70)

Did not receive 
intervention (n = 0)

Received allocated 
intervention (n = 70)

Did not receive 
intervention (n = 0)

OR
(n = 35)

OR
(n = 35)

OR
(n = 35)

OR
(n = 35)

NOR
(n = 35)

NOR
(n = 35)

NOR
(n = 35)

NOR
(n = 35)

Group II: Mild pain 
(VAS 1–3) (n = 70)

Group III: Moderate pain 
(VAS 4–7) (n = 70)

Group IV: Severe pain 
(VAS 8–10) (n = 70)

Follow-up

Analysis
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were comparable with respect to age, sex distribu-

tion, and type of mandibular molar treated, indicating 

successful randomization and homogeneity between 

groups.

The comparison of postoperative pain scores between 

the OR and NOR groups at different time intervals is 

shown in Table 2. At baseline, no statistically significant 

difference in preoperative VAS scores was observed 

between the two groups (p = 0.959). At 24 hours postop-

eratively, mean pain scores were lower in the OR group 

compared with the NOR group; however, this difference 

did not reach statistical significance (p = 0.155). At 48 

hours, patients in the OR group reported significantly 

lower postoperative pain scores than those in the NOR 

group (p = 0.031). At the 1-week follow-up, all patients 

in both groups reported complete resolution of pain 

(VAS 0), with no difference between groups (p > 0.999). 

Within-group comparisons of postoperative pain scores 

over time are presented in Table 3. Both OR and NOR 

groups demonstrated a statistically significant reduction 

in postoperative pain between 24 hours and 48 hours, 

and between 48 hours and 1 week (all p < 0.001). These 

findings indicate a consistent and significant decline in 

pain intensity over time.

Between-group comparisons of postoperative pain 

at 24 hours stratified by preoperative pain intensity are 

shown in Table 4. In patients with moderate preopera-

tive pain (VAS 4–7), the OR group demonstrated signifi-

cantly lower postoperative pain scores compared with 

the NOR group at 24 hours (p = 0.024). No statistically 

significant differences were observed in patients with 

no pain (VAS 0) or mild pain (VAS 1–3). In patients with 

severe preoperative pain (VAS 8–10), lower mean post-

operative pain scores were observed in the OR group; 

however, this difference did not reach statistical signifi-

cance (p = 0.055). This suggests that the effect of OR may 

be more pronounced among patients presenting with 

higher preoperative pain intensities, particularly during 

the early postoperative period. Patients with no preop-

erative pain (VAS 0) or mild pain (VAS 1–3) showed neg-

ligible postoperative discomfort regardless of occlusal 

intervention. Between-group comparisons at 48 hours 

Table 1. Baseline demographic distribution and clinical character-
istics of patients in the OR and NOR groups
Demographic parameter OR group NOR group
No. of patients 140 140
Sex
  Female 86 84
  Male 54 56
Age (yr) 33.24 ± 12.78 28.78 ± 13.29
Type of molar
  First molar 91 99
  Second molar 49 41

Values are presented as counts or mean ± standard deviation.
OR, occlusal reduction; NOR, no occlusal reduction.

Table 2. Comparison of pain scores between the OR and NOR 
groups

Group
VAS score

Preoperative 24 hours 48 hours 1 week
OR 4.22 ± 3.41 1.42 ± 1.28 0.28 ± 0.60 0.00 ± 0.00
NOR 4.19 ± 3.46 1.68 ± 1.44 0.48 ± 0.81 0.00 ± 0.00
p-value 0.959 0.155 0.031a) >0.999

Values are presented as mean ± standard deviation. 
OR, occlusal reduction; NOR, no occlusal reduction; VAS, visual ana-
logue scale.
a)Statistically significant difference between the OR and NOR groups at 
48 hours (Mann-Whitney U test).

Table 3. Within-group comparison of postoperative pain scores 
over time

Time interval
OR group NOR group

VAS score p-value VAS score p-value
24 hours vs  

48 hours
1.42 ± 1.28 vs 

0.28 ± 0.60
<0.001 1.68 ± 1.44 vs 

0.48 ± 0.81
<0.001

48 hours vs  
1 week

0.28 ± 0.60 vs 
0.00 ± 0.00

<0.001 0.48 ± 0.81 vs 
0.00 ± 0.00

<0.001

Values are presented as mean ± standard deviation. 
OR, occlusal reduction; NOR, no occlusal reduction; VAS, visual ana-
logue scale.
p-values were calculated using the Wilcoxon signed-rank test. All with-
in-group comparisons demonstrated a statistically significant reduction 
in postoperative pain over time (p < 0.001).

Table 4. Between-group comparison of pain scores at 24 hours 

Preoperative 
pain category

24-hour VAS score
p-value

OR group NOR group
VAS 0 0.63 ± 1.06 0.54 ± 0.85 >0.999
VAS 1–3 0.97 ± 0.79 1.00 ± 0.84 0.950
VAS 4–7 1.69 ± 1.45 2.29 ± 1.10 0.024a)

VAS 8–10 2.40 ± 0.98 2.89 ± 1.45 0.055

Values are presented as mean ± standard deviation. 
OR, occlusal reduction; NOR, no occlusal reduction; VAS, visual ana-
logue scale.
p-values were calculated using the Mann-Whitney U test. 
a)Statistically significant difference between the OR and NOR groups in 
patients with moderate preoperative pain (VAS 4–7).
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stratified by preoperative pain intensity are presented 

in Table 5. Although the OR group consistently demon-

strated lower mean pain scores across moderate and 

severe preoperative pain categories, these differences 

were not statistically significant (p = 0.099 and p = 0.051, 

respectively). Between-group comparison at the 1-week 

follow-up was not included, as all participants in both 

groups reported complete resolution of pain (VAS 0), 

precluding meaningful statistical analysis.

Figure 2 illustrates the distribution of postoperative 

pain across the four preoperative pain categories at 

24 hours and 48 hours. The graphical pattern reflects 

a progressive decline in reported pain across time for 

both groups, with visibly lower pain frequencies among 

OR cases, especially in the moderate and severe pain 

categories at 48 hours. The 1-week interval was exclud-

ed from the graphical representation since all patients 

reported a VAS score of 0 by that time.

To further explore the clinical relevance of postoper-

ative pain, VAS scores were dichotomized into “pain” 

(VAS 1–10) and “no pain” (VAS 0) categories, as shown 

in Figure 3. This approach enabled a clearer distinction 

between symptom presence and absence by minimizing 

subjective variability in intermediate scores. At 24 hours 

postoperatively, pain was reported by 96 patients in the 

OR group and 100 patients in the NOR group, while 44 

patients and 40 patients, respectively, remained pain-

free. By 48 hours, the number of patients reporting pain 

decreased more markedly in the OR group (n = 29) 

compared with the NOR group (n = 44), whereas the 

majority—111 patients in OR and 96 patients in NOR—

reported no pain. An alternative dichotomization (VAS 

0–1, no pain; VAS 2–10, pain) was also tested to account 

for borderline responses where a VAS score of 1 may be 

of significant consideration to some, while others may 

perceive it as ‘no pain/discomfort’ (depending on the 

patient’s pain threshold and perception of recovery). 

The distribution pattern remained consistent under this 

adjusted model, confirming the robustness of the ob-

served trend.

The prevalence and distribution of postoperative 

pain triggers were analyzed using the chi-square test 

to evaluate whether any particular trigger mechanism 

Table 5. Between-group comparison of pain scores at 48 hours 

Preoperative 
pain category

48-hour VAS score
p-value

OR group NOR group
VAS 0 0.06 ± 0.34 0.06 ± 0.24 0.581
VAS 1–3 0.09 ± 0.28 0.11 ± 0.32 0.692
VAS 4–7 0.43 ± 0.78 0.71 ± 0.86 0.099
VAS 8–10 0.54 ± 0.70 1.03 ± 1.04 0.051

Values are presented as mean ± standard deviation. 
OR, occlusal reduction; NOR, no occlusal reduction; VAS, visual ana-
logue scale.
p-values were calculated using the Mann-Whitney U test.

Figure 2. Graph depicting the postoperative pain trend across the four categories of pain at 24-hour and 48-hour time intervals. VAS, visual ana-
logue scale; OR, occlusal reduction; NOR, no occlusal reduction.

Figure 3. Graph depicting the dichotomized postoperative pain 
trend for both occlusal reduction (OR) and no occlusal reduction 
(NOR) groups at 24 hours and 48 hours, where a visual analogue 
scale (VAS) score of 0 was considered as ‘no pain’ and VAS scores of 
1–10 were taken as ‘pain.’ 
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was significantly associated with postoperative pain 

(Table 6). Among the 196 patients who reported post-

operative discomfort (VAS 1–10), the majority of cases 

were stimulus-based (78.6%), followed by spontaneous 

occasional pain (18.9%) and spontaneous continuous 

pain (2.6%). Although this distribution did not reach 

statistical significance (p = 0.078), the findings indicate 

that postoperative pain was provoked predominantly by 

a functional stimulus such as mastication (occlusal con-

tact) rather than occurring spontaneously.

DISCUSSION

This study evaluated the influence of OR on early post-

operative pain after single-visit RCTs in mandibular first 

and second molars. To the best of the authors’ knowl-

edge, no previous randomized trial of occlusal adjust-

ment after single-visit RCT has deliberately reserved a 

distinct arm of pain-free teeth (preoperative VAS = 0) 

to test whether occlusal manipulation affects the onset 

of postoperative discomfort in previously asymptom-

atic cases. This design, therefore, allowed assessment 

of both prophylactic and therapeutic roles of OR in the 

same trial population.

Mandibular molars were selected as they represent 

some of the most clinically demanding teeth. Epidemi-

ologic data identify the mandibular first molar as the 

most frequently treated tooth endodontically, primarily 

because it is the first permanent tooth to erupt and thus 

highly susceptible to decay [20]. They are also subject 

to the highest occlusal loads during mastication [21], 

making them suitable for evaluating the influence of OR 

on postoperative pain. Furthermore, their complex root 

canal anatomy and multifactorial treatment challenges 

[22] make the findings more clinically relevant and gen-

eralizable than studies limited to single-rooted teeth.

The findings demonstrate that OR produced a tran-

sient decrease in early postoperative pain, with statis-

tical significance at 48 hours (p = 0.031). The effect was 

most pronounced among patients with moderate pre-

operative pain, whereas those with mild or no preopera-

tive symptoms exhibited negligible differences between 

interventions. In patients presenting with severe pre-

operative pain, OR was associated with lower postop-

erative pain scores at both 24 and 48 hours but failed to 

achieve statistical significance (p = 0.055 and p = 0.051, 

respectively). Although these differences did not reach  

statistical significance, it is noteworthy that the consis-

tently lower pain scores observed suggest a potential 

biological effect that may warrant further investigation 

in larger cohorts. This trend aligns with the broader 

evidence that preoperative pain intensity is one of the 

strongest predictors of postoperative symptoms [17,23]. 

Patients presenting with elevated baseline nociceptive 

drive are more likely to benefit from the mechanical un-

loading achieved through OR.

The biological plausibility of these findings can be ex-

plained through mechanisms of peripheral and central 

sensitization. Inflammatory mediators and bacterial 

lipopolysaccharides within the pulp and periapical tis-

sues sensitize nociceptors by up-regulating transient 

receptor potential vanilloid-1 channels, amplifying 

peripheral excitability [4,24]. Repeated afferent stimula-

tion of sensitized fibers can subsequently induce central 

sensitization—a persistent state of hyperexcitability 

within spinal and trigeminal nociceptive pathways that 

sustains pain perception even after local inflammation 

subsides [25]. OR may alleviate peripheral mechani-

cal loading on the inflamed periodontal ligament and 

periapical tissues, thereby reducing stimulus-driven 

nociceptive input to the central nervous system. This 

neurophysiological unloading likely explains why the 

therapeutic benefit of OR is most evident during the 

early, stimulus-evoked phase of healing.

The current evidence on OR remains heterogeneous. 

Rosenberg et al. [12] reported that total OR reduced 

postoperative pain in vital teeth with preoperative 

tenderness, whereas Parirokh et al. [17] observed no 

significant difference in such cases. A recent systematic 

review by Nguyen-Nhon et al. [11] concluded that OR 

may reduce postoperative pain in symptomatic teeth 

Table 6. Overall prevalence of the type of trigger mechanism 
among the patients who reported postoperative pain (n = 196)
Postoperative pain trigger mechanism Data
Spontaneous continuous 5 (2.6)
Spontaneous occasional 37 (18.9)
Stimulus-based 154 (78.6)
Overall p-value 0.078

p-values were calculated using the chi-square test.
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but highlighted a substantial heterogeneity among tri-

als. Variations in case selection, irrigation protocols, 

intracanal medicaments, and timing of definitive resto-

ration likely explain the inconsistent outcomes reported 

in earlier literature.

Irrigation was performed with sterile saline [26,27] 

because solutions such as sodium hypochlorite (NaOCl) 

and chlorhexidine (CHX) can independently influence 

postoperative outcomes owing to their tissue-damaging 

capacity and potential cytotoxicity when extruded api-

cally. High concentrations of NaOCl have been linked 

to an increased incidence of postoperative discomfort 

[28]. CHX has been shown to reduce the survival rates 

of fibroblasts, myoblasts, and osteoblasts, thus affect-

ing periapical healing [29]. Although NaOCl and CHX 

are valued for their abilities of tissue dissolvability and 

antimicrobial substantivity, using a biologically inert 

solution like saline ensured that any differences in post-

operative pain reflected the mechanical and not the 

chemical effects of the treatment.

While this approach of removing confounding vari-

ables strengthened the study’s internal validity, it rep-

resents a limitation in terms of external generalizability, 

particularly in clinical settings where NaOCl and CHX 

are considered standard irrigants. Similarly, a zinc oxide 

eugenol-based sealer was used to maintain procedural 

uniformity and avoid the variable biological responses 

associated with newer bioceramic sealers. Thus, the 

findings should be interpreted within the context of the 

materials used in this study.

Multiple-visit RCTs introduce confounding factors 

such as interappointment leakage, medicament effects, 

and downtime. Conducting treatments in a single visit 

eliminates these factors, ensuring that postoperative 

pain can be accurately attributed to the variable un-

der investigation. Moreover, it simplifies logistics and 

follow-up, which likely contributed to the absence of 

dropouts in the present trial. Our findings support a pa-

tient-centered approach to OR rather than a universal 

rule. For teeth with no or mild preoperative pain, rou-

tine OR appears unnecessary. When treating patients 

with higher pain intensities or those who express elevat-

ed anxiety or low pain tolerance, selective occlusal un-

loading may offer tangible early relief. Allowing patients 

to participate in the decision aligns with the principles 

of shared decision-making increasingly advocated in 

endodontic care.

The term ‘occlusal reduction’ is conventionally used 

to describe the removal of occlusal contacts, most of-

ten in a restorative or prosthodontic context. When the 

same procedure is undertaken with the aim of mini-

mizing postoperative discomfort rather than facilitating 

tooth preparation, the authors suggest that the term 

‘mechanical-’ or ‘occlusal unloading’ may better reflect 

its therapeutic intent. From a linguistic and clinical per-

spective, ‘reduction’ carries an operative and somewhat 

aggressive implication, whereas ‘unloading’ emphasiz-

es the purposeful removal of occlusal stress transmit-

ted to inflamed and sensitized periapical tissues more 

conservatively. Adopting this terminology could help 

distinguish between preparative and pain-modulating 

purposes of occlusal adjustment and align future end-

odontic literature with the underlying biomechanical 

rationale rather than the procedural technique.

Pain perception is subjective and shaped by psycho-

social and cognitive factors. Dental anxiety, catastroph-

izing, and prior negative experiences can elevate pain 

reporting even when objective inflammation is compa-

rable. Consequently, two patients experiencing similar 

tissue conditions may record markedly different VAS 

scores [30]. To address potential subjectivity, this study 

performed dichotomized analyses using two different 

models: pain (1–10) vs no pain (0), and pain (2–10) vs 

no pain (0, 1). Both models yielded consistent trends, 

reinforcing the reproducibility of the findings.

Strengths of this trial include stratified randomiza-

tion based on preoperative pain intensity, standardized 

OR of 1.5–2 mm verified using calibrated gauges, and 

complete follow-up. However, the single-center design, 

inability to blind the operator, and reliance on self-re-

ported pain scores rather than objective biomarkers 

represent inherent limitations. Although stratification 

improved clinical interpretability, subgroup analyses 

inevitably reduced statistical power, which may explain 

the absence of statistical significance in the severe pain 

category despite consistent directional trends. In ad-

dition, the study was limited to teeth diagnosed with 

irreversible pulpitis, excluding cases with necrotic pulp 

or established periapical pathosis, and other clinical 

characteristics, such as the nature of the pain, presence 
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of tenderness, and thermal sensitivity, were not inde-

pendently stratified, potentially contributing to variabil-

ity in pain perception. Consequently, the findings can-

not be extrapolated to all endodontic conditions. Future 

research should include multicenter designs, other 

endodontic pathologies, retreatment cases, analgesic 

consumption patterns, extended follow-up beyond the 

acute postoperative phase, and exploration of neuro-

physiological or molecular correlates underlying pain 

modulation following occlusal unloading.

CONCLUSIONS

OR following a single-visit RCT in teeth with irreversible 

pulpitis resulted in a modest but considerable reduction 

in early postoperative pain, especially in patients with 

elevated preoperative pain. For asymptomatic or mini-

mally symptomatic teeth, the procedure is unnecessary. 

When indicated, however, it can be a simple adjunct to 

improve patient comfort—particularly in individuals 

who report higher dental anxiety or lower pain thresh-

olds.
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ABSTRACT

This case report describes post-orthodontic direct composite restorations for anterior tooth wear using bilayered, 
three-dimensional (3D)-printed clear indices with a fully digital workflow. A patient with moderate incisal wear affecting 
the six maxillary anterior teeth underwent intraoral and facial scanning, followed by the creation of two digital wax-ups. 
Two sets of bilayered indices were fabricated, consisting of a rigid transparent outer shell for structural stability and a flex-
ible inner liner for precise adaptation. Restoration was performed in two phases: alternate teeth were restored with the 
skipping-teeth first index, followed by restoration of the remaining teeth using the full-contour second index. The index 
design facilitated stable seating and controlled composite injection (Clearfil Majesty ES Flow Universal; Kuraray Norita-
ke), which minimized material excess and simplified the finishing process while maintaining the planned morphology. 
The patient reported high satisfaction with comfort and treatment efficiency. At 15-month follow-up, all restorations re-
mained intact with excellent marginal adaptation, surface quality, and esthetics. Within the limitations of this report, the 
use of bilayered 3D-printed clear indices suggests a feasible and conservative approach for managing anterior tooth wear.

Keywords: Three-dimensional printing; Composite resins; Digital technology; Esthetics, dental; Tooth wear
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Case Report

INTRODUCTION

Direct composite restoration of worn dentition is sup-

ported by a variety of clinical techniques. Several stud-

ies have shown that the choice of restorative approach 

does not significantly influence survival outcomes and 
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that direct restorative approaches demonstrate favor-

able outcomes in the mid- to long-term [1,2]. A recent 

systematic review further confirmed that direct compos-

ite restorations are reliable treatment options, although 

their clinical execution may be technically demanding 

[3]. Consequently, new techniques and modifications 

to established protocols continue to emerge to improve 

predictability and efficiency.

Among these approaches, direct composite injection 

techniques have gained increasing attention for their 

minimally invasive nature [4–7]. This technique enables 

accurate reproduction of planned tooth morphology, 

reduces the need for extensive freehand sculpting, 

and facilitates the simultaneous treatment of multiple 

teeth. The growing adoption of this technique has been 

supported by advances in resin composite materials, 

particularly the development of injectable composites 

that combine improved flowability with adequate me-

chanical strength for clinical use. These material de-

velopments have expanded the clinical applicability of 

injection-based restorative procedures [8]. However, in 

multiunit anterior cases, precise placement and stabili-

zation of the index can still be challenging.

Conventionally, clear silicone indices fabricated from 

wax-ups on stone models have been used to guide 

composite placement [9,10]. Although clinically use-

ful, achieving the high level of precision required in 

contemporary restorative dentistry under high magni-

fication remains a clinical challenge with these indices 

[11–14]. Digital technologies have therefore been intro-

duced to enhance accuracy, reproducibility, and clin-

ical efficiency. Computer-aided design (CAD) enables 

virtual wax-ups and the fabrication of silicone matrices 

[11,12], or fully three-dimensional (3D)-printed indices 

[15–19], thereby reducing manual steps and improving 

clinical control.

Despite these innovations, monolithic 3D-printed 

indices created from a single resin material may pres-

ent several limitations, including limited translucency, 

insufficient adaptability, and potential deformation 

caused by polymerization shrinkage. Similarly, conven-

tional silicone indices may deform when used for multi-

tooth restorations and often require additional stabiliza-

tion [20]. Although newer approaches, including flexible 

3D-printed indices and hybrid stabilization systems 

[16,17], have provided incremental improvements, an 

efficient workflow for multiunit anterior restorations is 

still sought.

As a potential approach to these challenges, the 

present case report describes a fully digital workflow 

utilizing a bilayered 3D-printed clear index system. This 

index design incorporates a rigid transparent outer shell 

that provides structural stability and a flexible inner 

liner that passively adapts to the tooth surface. This bi-

layered configuration is intended to facilitate injection 

control, reduce excess composite resin, and minimize 

the risk of unintended interproximal bonding. In ad-

dition, the reduced internal volume may help limit 3D 

deformation associated with polymerization shrinkage. 

By eliminating the need for stone models and conven-

tional silicone impressions, this workflow aims to sim-

plify the clinical procedure. Therefore, the purpose of 

this case report was to present a fully digital workflow 

for direct composite injection molding using bilayered 

3D-printed clear indices and to describe their clinical 

application in the minimally invasive management of 

post-orthodontic anterior tooth wear.

CASE REPORT

This case report complies with established ethical stan-

dards. Written informed consent was obtained from the 

patient for the publication of her clinical information 

and images. This report was prepared in accordance 

with the CARE (CAse REport) guidelines.

A 31-year-old female patient presented with com-

plaints of masticatory disturbance and esthetic con-

cerns. Clinical examination revealed significant wear of 

the maxillary and mandibular anterior teeth, which was 

attributed primarily to long-standing parafunctional ac-

tivity. Posterior cusp wear was also observed, suggesting 

occlusal loading concentrated on the molars due to the 

anterior open bite. The anterior teeth exhibited mod-

erate incisal enamel loss without obvious dentin expo-

sure, corresponding approximately to a Basic Erosive 

Wear Examination score of 2 [21]. As posterior support 

and the vertical dimension of occlusion (VDO) were 

preserved, the overall wear risk was considered low to 

moderate.

At the initial examination, the patient also presented 
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with anterior crowding (Figure 1). Orthodontic treat-

ment was therefore planned in conjunction with restor-

ative considerations. Because the maxillary anterior 

teeth were relatively small and space was available for 

morphological correction, it was anticipated that dis-

crepancies in clinical crown lengths would become ap-

parent once proper alignment was achieved. This pos-

sibility was discussed with the patient, and restorative 

procedures were planned to harmonize crown lengths 

following orthodontic treatment.

Accordingly, orthodontic tooth movement was di-

rected toward aligning the gingival margins rather than 

the incisal edges, anticipating subsequent restorative 

correction of crown height discrepancies (Figure 2A). 

The patient was diagnosed with a severe anterior open 

bite, primarily associated with parafunctional habits. 

To address the skeletal discrepancy, corticotomy was 

performed on both buccal and palatal aspects of the 

maxillary molar regions (Figure 2B and C). Orthodontic 

anchorage was achieved using bilateral anchor plates 

placed on the zygomatic buttress and a mini screw in-

serted at the center of the hard palate. Following corti-

cotomy, the bilateral molar segments were intruded by 

approximately 4.0 mm to correct the open bite.

The total active orthodontic treatment duration was 

43 months, resulting in a functionally stable occlusion 

and improved facial profile. This outcome provided 

favorable conditions for anterior direct composite resto-

Figure 1.  Initial extraoral and intraoral photographs at the age of 31 years. (A) Frontal facial view at rest. (B) Frontal facial view during smiling. (C) 
Lateral facial view. (D–F) Right lateral, frontal, and left lateral intraoral views, respectively. (G) Lateral intraoral view showing the anterior open 
bite. (H) Maxillary occlusal view. (I) Mandibular occlusal view.
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rations. Near the completion of orthodontic treatment, 

the patient requested restorative enhancement. There-

fore, fully digital preoperative records were obtained 

immediately prior to debonding, and minimally inva-

sive definitive procedures were planned on the day of 

multibracket appliance removal.

Post-orthodontically, the patient presented with mod-

erate incisal wear affecting the six maxillary anterior 

teeth. Although dentin exposure was not evident, she 

expressed esthetic dissatisfaction due to slight contour 

irregularities and incisal shortening. The occlusion 

remained stable, with maintained posterior occlusal 

stops and no clinical signs of VDO collapse. Despite the 

presence of posterior cusp wear, posterior support was 

preserved, and no reduction in lower facial height was 

observed. No signs or symptoms of occlusal instability 

or temporomandibular dysfunction were reported. Giv-

en this stable occlusal condition, the patient requested 

minimally invasive esthetic enhancement limited to the 

anterior region (Figure 3).

During restorative planning, a slight asymmetry in 

gingival levels between teeth #12–11 and #21–22 was 

evaluated. Because the periodontal tissues were healthy 

and the discrepancy was clinically subtle, periodon-

tal recontouring was not indicated. In keeping with 

the minimally invasive treatment concept, surgical 

intervention solely to improve gingival symmetry was 

avoided. The restorative plan, therefore, aimed to refine 

anterior guidance and restore natural contours, with an 

incisal length increase of no more than 1 mm.

Figure 2.  Orthodontic treatment and corticotomy. (A) Frontal intraoral view after leveling and anterior teeth intrusion. (B) Corticotomy on the 
buccal aspect of the maxillary molar region. (C) After corticotomy and anchor plate placement.

Figure 3.  Post-orthodontic condition before restorative treatment. (A) Lateral facial view. (B) Frontal facial view during smiling. (C) Close-up 
smile view. (D) Frontal intraoral view showing incisal wear and discrepancies in clinical crown length.

AA

AA BB CC

DD

BB CC



Bilayered 3D-printed clear index technique

https://doi.org/10.5395/rde.2026.51.e36 5/11

A fully digital workflow was employed. Intraoral scans 

were obtained using an intraoral scanner (Medit i700; 

Medit Corp., Seoul, Korea) (Figure 4A), and facial scans 

were captured using the RAYFace system (Ray Co., Ltd., 

Seoul, Korea) (Figure 4B). The datasets were imported 

into dental CAD software (3Shape A/S, Copenhagen, 

Denmark), and a complete digital wax-up was created 

for all six maxillary anterior teeth (#13–23) (Figure 4C).

To minimize interproximal bonding and improve fin-

ishing control, a skip-tooth version of the wax-up was 

subsequently generated according to the technique re-

ported by Coachman et al. [22]. This approach allowed 

alternate-tooth restoration in two phases: first, teeth 

#13, #11, and #22, followed by #12, #21, and #23, using 

separate bilayered indices (Figure 4D–F).

Although no intraoral mock-up was performed prior 

Figure 4.  Fully digital planning and fabrication of the bilayered clear indices. (A) Intraoral scan. (B) Facial scan. (C) Complete digital wax-up of 
teeth #13–23. (D) Skip-tooth digital wax-up for the first restorative phase. (E, F) Digital designs of the first and second bilayered indices, respec-
tively. (G, H) Simulated smile views before and after application of the digital wax-up, respectively. (I) Rigid transparent outer shell and flexible 
semitransparent inner liner of the bilayered index. (J, K) Fabricated first and second sets of bilayered indices, respectively. (L) Conical access and 
vent-hole design.
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to index fabrication, the digital design was evaluated 

with integrated facial scan data, and the patient ap-

proved the proposed outcome based on simulated smile 

previews (Figure 4G and H). Given the additive nature 

of the restorations and the minimal incisal adjustment 

required, direct application was considered clinically 

appropriate.

The bilayered clear index system consisted of a rigid 

transparent outer shell designed for structural accuracy 

and a flexible semitransparent inner liner for passive 

adaptation (Figure 4I–K). Each layer was independently 

fabricated using 3D printing: the outer shell using Dima 

Print Splint Clear (Kulzer GmbH, Hanau, Germany) and 

the inner liner using IBT-Flex resin (Formlabs, Somer-

ville, MA, USA), both printed at a 50-μm layer thickness 

with a minimum material thickness of 1.5 mm. The 

indices were digitally designed with conical access and 

vent holes to enable controlled composite injection and 

material escape (Figure 4L).

Isolation was achieved using a cheek-lip-tongue re-

tractor (Umbrella; Ultradent Products Inc., South Jor-

dan, UT, USA) in combination with a split rubber dam 

(Optradam; Ivoclar, Schaan, Liechtenstein), allowing 

stable and passive seating of the flexible inner liner. 

The enamel surfaces of teeth #13, #11, and #22 were 

selectively etched with 37% phosphoric acid (K-etchant 

syringe; Kuraray Noritake Dental Inc., Tokyo, Japan) for 

15 seconds, rinsed thoroughly with water, and air-dried 

(Figure 5A and B). A universal adhesive (Clearfil Uni-

versal Bond Quick 2; Kuraray Noritake Dental Inc.) was 

then applied following the manufacturer’s instructions 

and light-cured for 10 seconds using an LED curing unit 

(Pencure 2000; MORITA, Tokyo, Japan) with an output 

of ≥1,200 mW/cm².

Figure 5.  Clinical restorative procedure. (A) Preoperative frontal intraoral view. (B) Selective enamel etching of teeth #13, #11, and #22. (C) 
Injection of composite resin through an access hole of the first index. (D) Light curing through the seated index. (E) Removal of the index after 
polymerization. (F) Refinement of interproximal excess with an abrasive strip. (G) Cleaning of the restoration surface with Katana Cleaner (Kuraray 
Noritake Dental Inc., Tokyo, Japan). (H) Finishing and polishing with a silicone point. (I) Immediate postoperative result.
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Using the first index, a highly filled universal-shade 

injectable composite resin (Clearfil Majesty ES Flow 

Universal; Kuraray Noritake Dental Inc.) was injected 

through the access holes (Figure 5C). The index was ful-

ly seated with gentle pressure, allowing excess material 

to escape through the vent holes. Each restoration was 

light-cured for 20 seconds (Figure 5D). After polymer-

ization, the index was removed (Figure 5E), and inter-

proximal excess was refined with abrasive strips (New 

Metal Strips; GC Corp., Tokyo, Japan) (Figure 5F). Fol-

lowing index removal, an additional 20 seconds of light 

curing was performed for each restoration. The surfaces 

were then cleaned using a 10-methacryloyloxydecyl di-

hydrogen phosphate salt-based surface cleaner (Katana 

Cleaner, Kuraray Noritake Dental Inc.) (Figure 5G).

The second index was subsequently used to restore 

the remaining teeth (#12, #21, and #23) using the same 

protocol. Occlusion was verified with 40 μm articulating 

paper, and minor occlusal adjustments were intention-

ally performed to refine functional contacts and harmo-

nize lateral movements. This clinical decision prioritized 

dynamic functional occlusion over the static digital 

design, resulting in a slight modification of the planned 

canine morphology for tooth #23. All restorations were 

finished and polished using silicone points (Jiffy Natural; 

Ultradent Products Inc.) (Figures 5H and I).

At the 6-month follow-up, all restorations remained 

intact with excellent marginal adaptation. Anterior 

guidance was maintained during protrusive movement, 

while lateral excursions were characterized by stable 

canine guidance. Functional disocclusion was clinically 

verified, confirming canine-dominant contact without 

premolar-only guidance. No fractures or material fail-

ures were observed. The slight difference in the incisal 

morphology of tooth #23 compared with the initial dig-

ital plan reflected minor occlusal adjustments aimed 

at optimizing functional guidance, as well as small dis-

crepancies inherent to the clinical injection procedure 

(Figure 6A–C).

The patient reported high satisfaction with both es-

thetic and functional outcomes. Because the tooth wear 

was associated with parafunctional activity, a maxillary 

night guard was delivered. Regular recall visits were 

scheduled at 3-month intervals for occlusal and restor-

ative reevaluation. Clinical findings remained stable 

during subsequent follow-up visits. The observation pe-

riod currently extends to 15 months (Figure 6D and E); 

however, continued long-term monitoring is necessary 

to evaluate the durability and functional stability of this 

minimally invasive restorative approach.

Figure 6.  Clinical outcomes at follow-up. (A) Smile view at the 6-month follow-up. (B) Frontal intraoral view at the 6-month follow-up. (C) Fron-
tal facial view at the 6-month follow-up. (D, E) Frontal intraoral views at the 15-month follow-up, demonstrating intact restorations and main-
tained esthetics.
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DISCUSSION

The minimally invasive restoration of anterior tooth 

wear, particularly in young adults, requires treatment 

strategies that preserve enamel while providing predict-

able esthetic and functional outcomes. In the present 

case, the discrepancy in clinical crown lengths was 

not primarily caused by orthodontic treatment but 

was already present at the initial examination. It was 

anticipated that once proper alignment was achieved, 

the disharmony of crown lengths would become more 

evident. Although minor additional incisal wear may 

have occurred during orthodontic treatment, the main 

discrepancy reflected the pre-existing condition. This 

factor was incorporated into the interdisciplinary treat-

ment plan. Orthodontic tooth movement was intention-

ally directed toward aligning the gingival margins rather 

than the incisal edges, allowing the correction of crown 

height discrepancies to be achieved by subsequent re-

storative procedures.

In the present case, the residual gingival asymmetry 

was clinically minor and considered acceptable. Com-

plete correction would have required additional ortho-

dontic or periodontal intervention, which would have 

increased treatment invasiveness without providing 

meaningful esthetic or functional benefit. Therefore, 

further correction was not pursued in view of overall 

facial harmony and the patient’s satisfaction with the 

outcome. This treatment strategy highlights the impor-

tance of early interdisciplinary collaboration between 

orthodontics and restorative treatment planning, ensur-

ing that tooth movement is guided by the anticipated 

restorative outcome and leading to a more predictable 

and esthetic result.

Direct composite injection molding using an in-

dex-guided approach has emerged as a conservative 

alternative to indirect restorations [7]. However, conven-

tional workflows often involve multiple manual steps 

and may provide limited precision when applied to 

multi-tooth restorations. The bilayered index configura-

tion used in this report was designed to address several 

of these limitations.

The system incorporates a rigid transparent outer 

shell that provides structural stability during flowable 

composite injection and a flexible inner liner that pas-

sively adapts to the tooth surface. This dual-layered 

design may facilitate accurate seating of the index, 

controlled composite injection, and simplified removal 

after polymerization. In addition, the reduced internal 

injection volume may help limit excess composite flow 

and potentially reduce the risk of unintended interprox-

imal bonding.

Previous designs involving flexible indices typically 

required auxiliary stabilization devices to maintain po-

sitioning [16,17], and earlier bilayered concepts have 

mainly been reported in limited clinical situations, such 

as pediatric cases [20]. In contrast, the present configu-

ration was applied to adult anterior restorations within 

a fully digital workflow. The use of a skip-tooth wax-up 

design, based on the concept described by Coachman et 

al. [22], further improved control of interproximal con-

tours and facilitated finishing procedures. By restoring 

alternate teeth in the first phase, sufficient interproxi-

mal space was maintained during composite injection, 

which helped limit unintended interproximal bonding 

and improved access for finishing and polishing.

From a structural perspective, the current design dif-

fers from previously reported indices in several aspects. 

Technically, structural stabilization and surface adapta-

tion are separated into two independent components. 

Geometrically, the internal injection volume is inten-

tionally reduced, providing a more controlled pathway 

for composite flow and potentially limiting deformation 

associated with polymerization shrinkage. From a mate-

rial standpoint, the combination of resins with different 

elastic moduli allows controlled seating while maintain-

ing passive adaptation. Together, these characteristics 

may distinguish the present configuration from previ-

ously reported flexible matrices or monolithic printed 

indices.

The structural rationale of this concept is supported 

by a recent in vitro study evaluating different index de-

signs using root-mean-square analysis, which demon-

strated improved trueness and precision of the bilayered 

configuration compared with conventional monolayer 

indices [23]. However, these laboratory findings should 

be interpreted with caution when extrapolated to clini-

cal situations, and further clinical studies are necessary 

to confirm these observations. In addition, pre-clinical 

verification can be performed through a trial composite 
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injection on a 3D-printed model, allowing the injected 

composite to be compared with the original CAD de-

sign. In the present workflow, such verification suggest-

ed that dimensional discrepancies appeared to remain 

within a clinically acceptable range.

Despite these advantages, several limitations should 

be considered. First, the 3D-printed flexible inner layer 

may exhibit limited elastic recovery after repeated use, 

which could potentially affect adaptation. Second, fabri-

cation of the index requires access to CAD software and 

high-resolution 3D-printing equipment, which may not 

be available in all clinical or laboratory settings. Third, 

proper post-processing of the printed index is critical. 

Incomplete washing or insufficient post-curing of the 

printed index may leave residual uncured monomer 

on the internal surface, potentially causing adhesion 

between the index and the composite resin. Thorough 

cleaning, typically using isopropyl alcohol, followed by 

appropriate post-curing under standardized conditions, 

is therefore essential. Fourth, cost considerations should 

be acknowledged. The technique requires fabrication 

of two separate indices, which may increase material 

consumption and production time compared with sin-

gle-index approaches. Nevertheless, when compared 

with indirect ceramic restorations, the technique may 

represent a conservative and cost-effective alternative, 

particularly in multiunit anterior cases where preserva-

tion of tooth structure is a primary objective.

Although full-arch rubber dam isolation is general-

ly recommended for adhesive procedures, it was not 

employed in this case because the tension generated 

during placement could potentially distort the flexible 

inner liner of the bilayered index. Instead, effective 

isolation was achieved using a cheek-lip-tongue retrac-

tor in combination with a split-dam technique, which 

provided sufficient control of moisture and visibility. In 

addition, the use of Katana Cleaner has been reported 

to efficiently remove contamination from saliva, blood, 

and temporary materials [24], thereby supporting reli-

able bonding performance.

While the relatively rigid outer layer of the index may 

help counteract dam tension and allow seating under 

compression, future CAD developments may further 

improve dam adaptation through margin-scalloped de-

signs. Nevertheless, isolation strategies should remain 

flexible and goal-oriented, prioritizing optimal clinical 

control rather than strict adherence to a single stan-

dardized approach.

As this report describes a single clinical case without 

quantitative validation, the findings should be inter-

preted with caution as clinical observations rather 

than outcomes. Minor deviations from the digital plan 

may occur due to the inherent variability of the injec-

tion procedure or intentional occlusal adjustments to 

harmonize the restoration with functional guidance. 

While the short-term outcome was favorable, future 

prospective studies with larger cohorts and quantitative 

measurements are required to objectively evaluate the 

durability, seating accuracy, dimensional stability, and 

clinical reproducibility of this digital workflow. Never-

theless, this case illustrates the clinical feasibility of the 

proposed technique and provides a foundation for fur-

ther systematic investigation.

CONCLUSIONS

The bilayered 3D-printed clear index system used with-

in a fully digital workflow facilitated precise, minimally 

invasive restoration of post-orthodontic anterior tooth 

wear in a single clinical session. This approach enabled 

controlled composite injection and efficient finishing 

while maintaining the planned tooth morphology. 

Within the inherent limitations of this single case study, 

this technique suggests a potential conservative alter-

native for the management of anterior tooth wear. Fur-

ther clinical studies with larger sample sizes and longer 

follow-up periods are required to confirm its long-term 

performance and broader applicability.
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This article has been retracted by the editorial board of Restorative Dentistry and Endodontics (RDE).

Following publication, concerns were raised regarding the reliability of the data reported in this article, including 

the duplication of Tables 4 and 5. The authors attributed the duplication to a reporting error and submitted a cor-

rected version of Table 5. However, the journal determined that further assessment was necessary and requested the 

underlying raw data. A post-publication investigation was initiated, and the materials submitted by the authors were 

reviewed by the Ethics Committee of RDE.
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(1) �Several values reported as standard deviations appeared to represent standard errors of the mean. This apparent 

systematic reporting error would understate the variability in the data and could affect the interpretation of the 

findings.

(2) �Several values presented in the published tables could not be reproduced from, or reconciled with, the raw data-

set. The discrepancies exceeded those reasonably explainable by rounding.

(3) �The raw dataset contained duplicate observations and patterns that raised additional concerns regarding data reli-

ability. Although these findings did not constitute conclusive evidence of research misconduct, they further limit-

ed confidence in the reported results.

After consideration of the authors’ explanations, the raw data, and the independent statistical review, the editorial 

board concluded that the reliability of the published findings could not be assured. The article is therefore retracted to 

correct the scientific record, in accordance with the guidance of the Committee on Publication Ethics (COPE).

The corresponding author was informed of this decision and did not agree to the retraction.

The Editorial Board of RDE regrets any inconvenience this may have caused readers.
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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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