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Resumo 

 

 

Introdução: Este estudo teve como objetivo investigar e comparar sistemas de limas 

endodônticas relativamente à preservação da anatomia radicular interna, a avaliação da 

superfície dos instrumentos, a limpeza do sistema radicular e remoção da smear layer no terço 

apical assim como o grau de preservação de dentina peri-cervical recorrendo a um modelo 

experimental em dentes humanos. Os sistemas avaliados foram a TruNatomy (TN), a 

Protaper Ultimate (PU) e WaveOne Gold (WOG).  

 

Métodos: Os sistemas de limas endodônticas avaliados foram utilizados de acordo com as 

recomendações de utilização do fabricante, utilizando-se um protocolo de irrigação que 

incluiu NaOCl a 1.1% e EDTA a 17%, com uma agulha de irrigação de diâmetro 27G.   

Para o estudo da preservação da dentina peri-cervical e transporte canalar foram 

selecionados dentes monoradiculares maxilares e mandibulares e raízes mesio vestibulares de 

primeiros e segundos molares de ambas as arcadas. Para ambas investigações foi utilizada a 

microtomografia computorizada. Adicionalmente foram selecionados dentes pré-molares de 

ambas as arcadas para avaliar o grau de limpeza e quantificação da smear layer no terço apical 

com recurso a microscopia electrónica de varrimento. 

As amostras foram digitalizadas com recurso a microtomografia computorizada antes 

e após a preparação químico-mecânica,de forma a avaliar o transporte canalar a 3,5 e 7 mm 

do ápex. Para a avaliação da preservação da dentina peri-cervical foram selecionados três 

pontos de interesse – a junção cemento-esmalte, uma localização 1 mm acima e abaixo deste 

ponto de referência. 

Para a análise da smear layer, as porções radiculares dos dentes pré-molares foram secionadas 

longitudinalmente em duas partes. Nas imagens obtidas por microscopia eletrónica de 

varrimento, foi aplicado um sistema numérico para quantificar o grau de limpeza e remoção 

da smear layer. 

A morfologia dos instrumentos foi avaliada antes e após uma utilização, recorrendo a 

microscopia eletrónica de varrimento. 

 

Resultados: TN e PU apresentaram menos  redução de volume canalar após instrumentação, 

em comparação com a variação de volume verificada com WOG (p <0.05). Verificou-se uma 

redução de dentina peri-cervical em todos os grupos após a instrumentação, tendo os 
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sistemas TN e PU preservado de forma similar a dentina peri-cervical, e de forma superior à 

verificada com o sistema WOG (p <0.05). 

Em termos do transporte canalar e habilidade da lima permanecer no centro do canal 

radicular, verificou-se que todos os sistemas obtiveram resultados similares. Todos se 

mantiveram centrados e respeitaram a anatomia original, com desvios mínimos.  

As imagens obtidas com a microscopia electrónica de varrimento revelaram uma 

remoção incompleta da smear layer, com os túbulos dentinários parcialmente abertos. Não se 

verificou uma diferença estatisticamente significativa entre os sistemas as avaliados. 

A avaliação da superfície das limas revelou estrias nas limas antes da sua utilização, 

provavelmente como consequência do processo de fabrico, assim como, outras alterações - 

crateras, cavitações e irregularidades. Estas últimas três alterações aumentaram em 

quantidade nas limas observadas após uma utilização. 

 

Conclusão: Os sistemas TN e a PU promoveram uma maior preservação da dentina peri-

cervical e radicular. Nenhum, dos sistemas foi capaz de remover por completo a smear layer 

na região apical. Todos os sistemas permaneceram centrados no canal e demonstraram um 

desvio mínimo da sua anatomia original do canal. 

 

Palavras-chave: Microtomografia computorizada, Dentina peri-cervical, Microscopia 

eletrónica de varredura, Smear layer, Transporte canalar, Distorção de limas, TruNatomy, 

WaveOne Gold, Protaper Ultimate 
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Abstract 

 

 

Background: This study aimed to investigate and compare the shaping ability and file 

morphology, the degree of smear layer removal, and the degree of peri-cervical preservation 

of different endodontic file systems, namely TruNatomy (TN), Protaper Ultimate (PU), 

WaveOne Gold (WOG), within an experimental study with human teeth. 

 

Methods: The endodontic file systems were used in accordance with manufacturer’s 

instructions, and the irrigation protocol included using 1.1% NaOCl and 17% EDTA with a 

27-gauge needle.  

Maxillary and mandibular human single-rooted teeth and mesiobuccal canals of maxillary and 

mandibular first and second molars were selected for the peri-cervical dentin analysis and 

canal transportation assessment using microtomography. 

Upon preparation with the distinct systems, maxillary and mandibular premolars were 

selected to assess smear layer removal in the apical third, using scanning electron microscopy. 

The samples were scanned before and after preparation with microtomography to evaluate 

root canal transportation at 3-, 5- and 7-mm levels from the root apex and peri-cervical dentin 

preservation at three selected locations – the cementoenamel junction and 1 mm above and 

1 mm below this landmark. File morphology was compared before and after single-use upon 

scanning electron microscopy examination. 

 To study smear layer removal, premolar teeth roots were split into two portions. The 

canal surface was evaluated with scanning electron microscopy and micrographs were taken 

and assessed at x2000 magnification for cleanliness using a numerical scoring system.  

 

Results: TN and PU presented the lowest canal volume reduction after instrumentation, with 

values significantly lower than WOG (p<0.05). Pericervical dentin was reduced in all groups 

upon instrumentation, with TN and PU evidencing similar levels of dentin preservation, 

significantly higher than those attained with WOG (p<0.05).  

Similar findings were attained for the shaping ability comparison between all systems. All 

systems performed equally in terms of canal transportation and centering ability.  

SEM-acquired imaging revealed incomplete smear layer removal and partially opened 

dentinal tubules in the apical third. No differences were observed between the systems.  
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Files imaging demonstrates machining grooves present before instrumentation and surface 

alterations such as grooves, cavitations and irregularities. These surface alterations increased 

after single-use instrumentation.  

 

Conclusions: TN and PU showed the highest preservation of peri-cervical and root dentin. 

None of the assessed systems completely removed the smear layer in the apical region. All 

systems shape the root system maintaining files centered with minimal deviation of original 

canal anatomy.  

 

Keywords: Micro-computed tomography, Peri-cervical dentin, Scanning Electron 

Microscopy, Smear layer, Canal transportation, File distortion, TruNatomy, WaveOne Gold, 

Protaper Ultimate  
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1.1. | Introduction 

 

 

Endodontics is a field of Dentistry which focuses on the assessment and management 

of the dental pulp and periradicular tissues. In other words, it encompasses the prevention, 

diagnosis and treatment of pathologies related to the dental pulp and surrounding tissues. (1) 

For both the General Dental Practitioner (GDP) and the Endodontic Specialist (ES), 

selecting the appropriate options when considering root canal therapy can be a strenuous and 

impractical process, given the wide range of available approaches. In addition, the current 

literature has yet to provide a clear decision-making pathway for the clinician. This is observed 

due to the conflicting results from different studies, with the release of new research, systems 

and materials further accentuating this complexity. (2,3) Of additional relevance, it is regarded 

that despite all the technological advances, the success rate has not changed significantly for 

orthograde root canal treatments, with a rise from 82% to approximately 90% in recent 

publications. (5,6,7) 

Most recently, there has been a paradigm shift in the assessment of root canal 

treatments. The concept now used for the outcome assessment focuses on survival rather 

than success, thus allowing inter-group comparisons with other treatment modalities such as 

dental implants. (7,8) Success and survival are two distinct endodontic outcomes. Success is 

defined as an outcome of an asymptomatic root-treated tooth with signs of apical 

periodontitis resolution and healing; while on the other hand, survival is defined as the 

outcome of a root-treated tooth with persistent signs of apical periodontitis lesions that have 

either reduced or remained unchanged in size. (9,10) Root canal successful treatment seems to 

mainly depend on reducing and eliminating microorganisms and preventing contamination of 

the root canal system by bacteria. (11) 

With the advent of Ni-Ti endodontic file systems, root canal preparation has 

improved, allowing for a more efficient process and more time dedicated to the subsequent 

disinfection. However, a crucial question that new modern century endodontics faces is 

whether the emphasis should be placed on the chemical aspect of the chemical-mechanical 

preparation, considering that a significant technical improvement has been achieved through 

rotary Ni-Ti file systems. (12,13,14) 

The issues with disinfection do not rely solely on the choice of the irrigant used but 

also on complementary methods of supporting/improving it, such as using systems like Passive 
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Ultrasonic Irrigation (PUI) or negative pressure irrigation (NPI), that are aimed to improve 

the disinfection outcomes. (15,16,17)  

Another aspect to consider is the final taper of the root canal after instrumentation. 

Not all clinical scenarios allow standard tapers, such as 6%, to be used, otherwise increasing 

the risk of strip perforation. Current data suggest that smaller tapers may be preferred to 

minimize microleakage and improve long-term prognosis. (18,19,20) 

In the same way, some literature favours larger apical diameters and larger tapered 

preparations, as stated previously. The ideal size and shape for the root system after 

preparation, which would enable optimal debridement, still needs to be determined. Some 

authors advocate large preparation sizes as this would allow for enhanced fluid movement 

and contact in the apical third. (21,22,23) Nonetheless, the satisfactory preparation of the root 

canal system does not rely on taper alone, but results from a combination of factors - some 

of which are shown in Figure 1.1. – the significance/impact of each has yet to be fully 

understood. 

 

 

 

 

 

 

 

  

 

 

Some of the systems available in the market include endodontic files with tapers above 

6%. (25,26) Others promote a sizeable apical preparation whilst having a decreasing taper in the 

middle or coronal portions of the root canal. (27) The question arises if a reduced taper file 

system adequately shapes the root canal without inducing iatrogenic errors such as canal 

transportation whilst preserving peri-cervical dentin (PCD), thus increasing the long-term 

Root 
Canal

Apical Size 
+/- Taper

Patient 
factors: 
immune 
system 

response

Irrigant 
solutions 

+/-
activation

Manual vs 
Rotary 

preparation

Previously 
existing 

periapical 
lesion

Figure 1.1 – Graphic representation of elements contributing to the outcome of an endodontic root canal preparation.(24) 
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prognosis for treated teeth. Furthermore, curiosity and debate arise about whether the 

reduced taper impacts the apical third's irrigation and smear layer removal. (27,28) 

The reduced taper and peri-cervical preservation fall within the concept of minimally 

invasive dentistry. When applied to endodontic therapy in dentistry, this has been envisioned 

as a system that still operates in the root canal, removing enough tooth tissue to allow 

penetration of irrigants and obturation to the working length whilst ensuring minimal dentin 

removal and maximum preservation of the root canal anatomy. In ideal circumstances, this 

would also entail the complete smear layer removal. Notwithstanding, the validation of these 

attributes, as well as the long-term impact on the root canal success, is also a topic of recent 

debate. (29) 

 

1.2. | Background 

 

 

1.2.1. | Areas of focus 

 

1.2.1.1. | Canal transportation and centering 

 

Centering ability (CA) is defined as the minimal or non-existent deviation of a root 

canal from its original curvature, ensuring that the endodontic instrument remains centred. 

(30) Canal transportation (CT) is one of the iatrogenic errors that can cause deviation from 

the original canal anatomy. (31) 

Research demonstrates that rotary and reciprocating instruments have been shown 

to provide better centering ability than hand instrumentation. (32,33) However, research results 

are conflicting regarding differences between rotary and reciprocating systems. While some 

studies demonstrate a statistically significant difference concerning CA and CT, others do not. 

(34,35) (36,37)  

CT can be classified as either internal or external. Internal transportation occurs when 

there is an elliptic preparation whilst the file is within the confines of the root canal; external 

transportation takes place if transportation occurs when the instrument is outside the 

confines of the root canal. (38) 
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This change in root canal anatomy can usually be seen where the canal’s curvature 

rendered the file tip uncontrollable or where rigid instrumentation (with stainless steel files 

or large-size files) is performed in curved canals. (39,40) 

 The aetiology of CT is less dependent on the type of alloy used but more related to 

the inherent tendency of any root canal instrument to straighten itself inside the root canal. 

(31,40)   

This iatrogenic error can impact the outcome and long-term prognosis of a root-

treated tooth. (31) This reduces the ability of the clinician to properly remove the biofilm and 

smear layer, thus reducing the chances for success. (41) As such, it is essential to understand 

the mechanic-chemical principles of root canal treatment, acknowledge the properties of the 

endodontic file systems, and be mindful of the potential adverse effects these can cause during 

the procedures. Likewise, the clinician must have a thorough knowledge of which systems are 

more suitable for specific clinical scenarios, thus minimising the risk of such iatrogenic errors. 

 

1.2.1.2. | Smear layer in the apical third 

 

 The smear layer, or microcrystalline debris, is formed whenever dentin surfaces are 

cut with hand or rotary instruments. It is composed of microscopic mineral crystals and an 

organic matrix. (40) The smear layer exhibits characteristics such as microbial penetration, 

occlusion of the dentin tubules within the root surface, and slowly dissolves over months to 

years.  

There is debate as to if it should be left in situ or removed, as some argue that it could 

affect the quality of the seal between the dentin tubules and the endodontic cement, whilst 

others support the view that removing the smear layer increases the permeability of the 

dentin tubules potentially leading to bacterial infiltration. (40,42)  Another consideration is that 

the smear layer may allow bacteria to persist or proliferate after shaping and cleaning 

procedures. (38) 

The current view in Endodontics is that the smear layer should be removed as it enhances 

the efficiency of irrigant penetration. (43) This is typically achieved by using chelating agents in 

the irrigation protocol. (44,45) Some of these agents used in the irrigation of the root canal 

systems are citric acid, EDTA (ethylenediaminetetraacetic acid) and maleic acid, used at 

different concentrations, respectively, 6%, 17% and 7%. (46) These chelating agents show great 

capacity for removing the smear layer produced during instrumentation. (44,45) However, their 
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effectiveness is seen in the coronal and middle thirds of the root canal. To date, no technique 

or irrigation solution has been able to completely remove the smear layer in the apical region. 

(47,46) Additional methods such as ultrasonic and manual pumping complement the traditional 

irrigation technique and improve smear layer removal. (48) 

 

1.2.1.3. | Peri-cervical dentin preservation in root canal therapy 

 

 Endodontic treatment is performed to preserve a functional dentition in the long term. 

(49) Conversely, endodontically-treated teeth are considered to have lower survival rates when 

compared to non-root canal-treated counterparts. (50)  However, this discrepancy has been a 

reason for debate, because the reasons for failure are often attributed to prosthodontic 

factors rather than issues stemming from the endodontic procedures. (51) 

Many views and hypotheses have been proposed and investigated, such as changes in 

dentin properties, extensive loss of tooth structure, including marginal ridges before 

instrumentation, and/or excessive removal of coronal and cervical dentin during access and 

preparation of the canals. (49,52,53) Based on the current evidence available, tooth structure loss 

plays a significant role in the tooth's long-term survival. (51)
 

One of the critical areas of the tooth structure is the PCD. It is located approximately 

4 mm above and 4 mm below the crestal bone level and is an area of force concentration, 

thus playing an essential role in a tooth’s resistance to fracture. (49,51) 

When endodontic treatment is carried out, coronal flaring is advocated to allow 

straight-line access to deeper portions of the root canal system. In addition, some instruments 

of endodontic engine-driven systems have larger tapers – 6% or above compared, in contrast 

to the standard 2% taper of hand files. (51) As a result, large areas of peri-cervical dentin are 

removed in the mechanical-chemical preparation phase, ultimately compromising the long-

term survival of these teeth. 

A treatment idealised to preserve the dentin and the tooth's function originates a wide 

range of challenges and factors affecting the initially planned outcome. One must be aware 

that it is not solely the PCD that is being removed, as the coronal tooth structure such as the 

pulp chamber roof and, in cases of previous pathology, the marginal ridges and large portions 

of the occlusal surface of a tooth. It could present an even more significant challenge in 

smaller-diameter teeth, such as anterior teeth and premolars. 
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With the advent of new rotary systems and the combination of concepts such as 

minimally invasive endodontics, manufacturers have created endodontic file systems designed 

to provide adequate canal space preparation and conservation of the peri-cervical dentin, thus 

ensuring a better long-term prognosis for the teeth. Such is the case for TruNatomy (TN) 

and Protaper Ultimate (PU), with a smaller flute diameter compared to most systems on the 

market.  

 

1.2.1.4. | Endodontic file alterations following instrumentation 

 

The root canal treatment sequence has largely remained consistent. One must shape 

and disinfect, and then obturate the canal space.  How this is achieved can vary from clinician 

to clinician. The current trend is the increased use of rotary systems, as these allow for 

shaping to be performed in less time than manual instrumentation. 

Accordingly, rotary file development is an area of dentistry with significant innovations. 

Historically shaping was performed using stainless steel manual files, and later with nickel-

titanium (Ni-Ti) alloy instruments.  However, these files and techniques presented 

shortcomings, such as rigidity and extended procedure times. Iatrogenic errors were also 

more frequent with hand instrumentation. (54)   

With the advent of rotary instrumentation in the 1990’s, Ni-Ti endodontic file systems 

became the norm in endodontic practice. (55,56) Current Ni-Ti alloys used in dentistry typically 

comprise 55% Ni and 45% Ti as the standard composition. (57) These files offer advantages like 

the ability of surface treatment, optimized alloy composition, and increased elasticity. The 

defenders of the rotary Ni-Ti systems used this argument to shift perspectives. They claimed 

rotary Ni-Ti systems were safer, and those iatrogenic mishaps could be easily prevented due 

to file flexibility. (58) 

Despite these modifications intended to reduce fracture risk and deformation, the use 

of Ni-Ti alloys lead to the development of potential iatrogenic changes during canal 

preparation. The risks, if used incorrectly, are well-documented and described in the 

literature. (59) As the files are used and endure stress, it is possible to observe upon closer 

inspection, distortion and curving, and even unwinding of the flutes. (60,56) 

The two primary reasons for the failure of an endodontic rotary instrument are 

excessive torsional and/or flexural load that generates stresses that exceed the elastic 

deformation capacity of the instrument, causing it to first deform plastically, and eventually 
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fracture. There could also be a combination of the two.  These would be considered 

permanent changes; however, before becoming permanent, the files can undergo temporary 

alterations that revert to normal once the stress is reduced or removed. (61,62,63,64) 

Regarding movement kinematics, reciprocating motion (as exemplified in systems like 

Wave One), appears to generate less stress and/or expose the instrument to less prolonged 

stress during clinical use. (65)  

 

1.2.2. Engine-driven systems assessed 

 

 Engine-driven endodontic systems have grown exponentially due to their cost-

effectiveness and ease of use. They have become indispensable and are a routine element in 

root canal therapy. (55, 66)   

 The first Ni-Ti file became commercially available in the 1990s and have constantly 

been subject to improvements with a focus on different aspects such as taper, manufacturing 

treatment, Ni-Ti wire material, and motion mode. (55,67) These rotary files have evolved 

through several generations. The first generation focused on the geometric design of the files. 

The second generation, which included files like Protaper Universal, introduced modifications 

such as surface modifications. The third generation saw the introduction of materials in the 

martensite phase, such as the M-wire (martensite wire), emphasizing material improvement. 

The fourth file generation focused on improving the motion modes and reducing the risk of 

torsional fracture. At this time, other file motions, such as reciprocation, were developed, 

alongside the introduction of single file systems (such as WaveOne). These files provided 

efficient cutting, reduced operating time, and cost control. (68,69) The fifth generation of 

endodontic files includes files released from 2010 and onwards. (55) These more recently 

developed systems have been created in line with current treatment philosophies, such as 

minimally invasive endodontics, thus having reduced tapers, smaller flute sizes, and extremely 

flexible alloys, allowing them to preserve the original root system anatomy. (57) 

Notable examples of such engine-driven systems of relevance are TN, WOG and PU.  
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1.2.2.1. | TruNatomy 

 

The TN system encompasses various components, including an orifice modifier file 

(20.08), a glide path instrument (17.02v) and four shaping files – Prime (26.04v), Small (20.04v), 

Medium (36.03v) and Large (46.02v). It comes with a recommended irrigation needle which 

is flexible, thin, and long, allowing the irrigant to be delivered in the more apical portions of 

the root system. The package also includes file-specific obturation gutta-percha points and 

paper points.  

 This rotary system comprises standard Ni-Ti wires but incorporates special 

modifications such as micro-milling and post-machining heat treatment. It also features a 

patented geometric form: combining a parallelogram and a reduced flute diameter of 0.8mm. 

The glider file has centred parallelogram cross-sections, whilst the shaping files have an off-

centred parallelogram section. All files have a variable taper.  

It is essential to know that both the glider file and the shaping files have a reduced 

taper – 2% and 4% and the same diameter at the coronal third, thus effectively preserving 

peri-cervical dentin.  However, the orifice modifier has an 8% taper, which could pose a 

contradiction to its acclaimed feature of dentin preservation. Its potential is clear to what 

concerns root dentin, but it might have similar results to the other endodontic file systems in 

the market, given that the orifice taper is 8%. (70) Thus, the tooth's long-term prognosis may 

be similar, if there is evidence that the PCD was not preserved. TN has shown excellent 

results in terms of cyclic fatigue resistance in both single and double-curvature canals, showing 

less canal transportation compared to WOG and Protaper Gold. (71) 

 

1.2.2.2. | WaveOne Gold 

 

The WOG system is presented as a single-file reciprocating system, aiming to simply 

the endodontic treatment. According to manufacturers, in cases where a glide path cannot be 

established, or the canals are tight, the system provides instruments to create a glide path. 

The WOG system encompasses a glider file (015), and four shaping file sizes – Small (020), 

Primary (025), Medium (035) and Large (045). It includes the same irrigation needle offered 

for the TN system in its packaging, as well as file-specific obturation gutta-percha points, 

GutaCore for WOG and paper points.  
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All files possess variable taper. For the small and primary files, the first 3 mm have a 

continuous taper of 7%; for the medium file, the first 3 mm have a continuous taper of 6%; 

and for the large file, the first 3 mm have a continuous taper of 5%. Beyond the 3 mm mark, 

the taper progressively decreases, imparting greater flexibility to the file and preserving more 

dentin in the body of the prepared canal. (72,73)   

This rotary system is made of Ni-Ti metal, which features improved attributes such as 

reduced memory. In addition, it undergoes modifications such as post-manufacturing heat 

treatment, also known as gold heat treatment, further enhancing its mechanical properties 

and durability. The geometric cross-section is off-centred, following a parallelogram shape. 

This system represents an improvement from its predecessor, WaveOne, offering a 

balance of simplicity and safety. As a result, it is a widely used system in general and endodontic 

practice. (74) 

 

1.2.2.3. | Protaper Ultimate  

 

The PU system offers an array of innovative features for endodontic procedures. It 

encompasses an orifice opener SX (020.003v) and a slider file (016.002v), which corresponds 

to the roles of the WOG glider and the TN glide path instruments. Preceding the use of the 

three main finish files, F1 (020.007v), F2 (025.008v), and F3 (030.009v), it offers a shaping file 

called shaper (020.004v). All files possess multiple tapers and are wider at the apical region 

for enhanced apical cleaning while remaining conservative in the coronal portions.  This 

system also includes a flexible irrigating needle, as mentioned for the previous rotary systems. 

The system also includes file-specific obturation gutta-percha points (Conform Fit) and paper 

points. 

 This rotary system is made of Ni-Ti and introduces the concept of Deep Shape. It 

intends to address the challenge of cleaning the apical portion effectively. As such, it was 

designed to have an increased apical taper, leading to optimised hydraulics of the disinfection 

fluid and better evacuation of the debris.  

The PU files have parallelogram cross-sections. The Slider file receives a pre-thermal 

treatment (M- wire technology) while the Shaper and Finisher files receive a post-grinding 

heat treatment – Gold heat treatment. Conferring the files with reduced memory and 

increased flexibility. (75)
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All systems are designed to increase efficiency during shaping and for chemical 

disinfection to be carried out successfully. Moreover, focus has been established on designing 

some files to increase the effectiveness of smear layer removal in the apical third, contributing 

to the overall success of root canal procedures. 

 

Currently, there is a lack of similar independent studies where TN, PU and WOG 

have been assessed regarding PCD preservation, shaping ability and smear layer removal, 

among other important features and properties which are per the norm assessed when a new 

endodontic system is added onto the market and is ready to be used in clinical practice. 

 

From a literature search, it is possible to identify articles of interest comparing two systems 

here referenced and assessed such as a comparison between TN and WOG or the 

comparison of TN, WOG and other versions of Protaper. (76,77,78) 

 

The focus of the current research is of importance seeing the practical and clinical implications 

that the data acquired provided. 

 

 

1.2.3. | Study objectives 
 

 

The main objective of this work was to compare TN, PU and WOG endodontic file 

systems and assess them regarding canal transportation, cleaning effectiveness in the apical 

third, and how these instruments fare regarding peri-cervical dentin preservation in an ex vivo 

research study with human teeth. As the alloys have been processed using modern techniques, 

another objective was to assess each file for visual changes following instrumentation.  

To summarise, the null hypothesis is that there were no statistically significant differences 

between the file systems in all parameters assessed. 
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CHAPTER II| 
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2.1. | Materials and Methods 
 

 

The approach to our analysis within each subgroup was characterised by a commitment 

to reproducibility and skilful execution. The objective was to provide new knowledge and 

high-quality evidence for the field of endodontics so that can translate into better patient 

care.  

Micro-CT, a cutting -edge imaging technique, was used to identify root canal variations 

in the apical and peri-cervical regions, as it offers enhanced resolution and detailed information 

about minor anatomical structures. It also offers a non-destructive, three-dimensional 

replication of the root canal system that can be repeated multiple times. (79)  

Scanning electron microscopy (SEM) is the most commonly used methodology for 

assessing cleanliness effectiveness and file deformation visualisation and was adopted for the 

method of this study. (80,81)  

Extracted human teeth were used to emulate the clinical setting as closely as possible, 

enhancing the reliability and relevance of the attained data and results. (82) 

In this context, is important to highlight that crestal bone levels are challenging to 

determine once the teeth have been extracted. For standardisation, the cementoenamel 

junction (CEJ) was selected as the reference point for this analysis. This is reproducible and 

has been previously advocated. (83) 

The endodontic files for the different groups - WOG, PU and TN were used to 

instrument root canal systems in extracted human teeth. 

The different rotary instrument systems were new and used per the manufacturer’s 

recommendations. 

It is essential to highlight that all manufacturers advocate for single-use. There is no 

mention about the number of canals the files can be used before it is recommended they are 

discarded.  

The only system that provides more precise and relevant information is the TN files. 

These are intended for Single Use only (on one patient during a single procedure). The 

TN file's mechanical characteristics support at least four canals, 35° curved (i.e. Schneider 

technique). (83) The clinical applications are that the molar tooth, which contains in average 4 

canals, can have a single-use file perform the shaping and debridement. (85) 
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 2.1.1. | Research design        

  

The research final design includes a comparative analysis of three endodontic 

mechanically driven systems (TN, PU and WOG) mentioned in human extracted teeth. 

The use of natural human teeth aims at modifying the experiment conditions so that 

they more closely resemble the naturally occurring conditions such as those seen in vivo.  

As such, this study is labelled as an ex vivo comparison which refers to an investigation carried 

outside of a living organism. (86)  

Due to the lack of clinical data this first stage of basic research is required before 

clinical case reports can be offered with a comprehensive understanding of all file features and 

overall performance in these and other parameters of relevance. (87) 

Preclinical or laboratory-based research can offer important data before clinical studies and 

investigations can be safely planned and executed. (87) There is however the need to ensure 

the findings are reliable and can be replicated. This study followed previously published 

research methodologies and techniques thus offering comparable results that can be 

reproduced. (88) 

The current analysis offers a technical and experimental testing which compared files qualities 

and effects under controlled conditions by using random allocation of interventions to 

comparison groups - human extracted teeth. (89) 

As the research design included the use of organic human sample materials, it required 

the need for ethical approval. 

 

2.1.2. | Samples selection and initial preparation 

 

The study received the ethical approval from the FMDUP ethics committee (Reference 

number 18/2021), and consent forms to be used for specimen collection were appropriately 

obtained. Written consent was obtained for all the samples collected.  

For the Micro-CT analysis, the research sample included forty-five maxillary and 

mandibular single-root teeth (incisors and canines) and twenty-seven curved mesiobuccal 

canals of extracted human mandibular and maxillary first and second molars.  The latter 

sample had at least one curved and operable mesiobuccal canal. Additionally, eighteen 

extracted human maxillary and mandible premolars were selected for the SEM investigation. 
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Permanent teeth with completely formed apices and with a patent canal with 

curvatures between 10° and 40°, as measured according to the criteria described by 

Schneider, were included in the canal transportation analysis. (90) The teeth with calcified, non-

patent canals, teeth with resorptive defects, broken apices, vertical root fracture and teeth 

with curvatures less than 10° and more than 40° were excluded from this analysis.  

The exclusion criteria for the SEM and smear layer analysis were: teeth with 

incomplete apices, teeth with previous root canal treatments, teeth with vertical root 

fracture, broken apices, resorption – internal and/or external, deep caries or restorations 

affecting the CEJ (internally). 

The teeth were disinfected initially using buffered formalin 10% (APC Pure, Cheshire, 

United Kingdom) for a minimum period of 1 week. After this initial step, the samples were 

submerged in saline when not handled or prepared. 

Each specimen was subjected to an access opening, which was skilfully performed using 

a medium grit medium-sized round diamond bur (126210, Dentaleader, Lisbon) and a fast 

handpiece with water cooling. The Endo Z bur was used to refine the access cavity. The initial 

file used in all selected teeth was a K10 (Dentsply Tulsa Dental, Charlotte, USA), which was 

gently passed through the foramen to minimise canal lumen changes. The working length was 

established after the K10 file reached the foramen, with a subsequent subtraction of 1 mm 

from the measurement. This adjustment was made since the file tip was positioned at the 

apex foramen, thus providing the working length for each specimen. A single operator with 

postgraduate training in endodontics executed all preparations, including access, irrigation, 

shaping and temporary restoration.  

 

2.1.3. | Shaping protocol 

 

The canals were prepared with WOG, TN or PU files according to the manufacturer's 

protocols, including orifice openers if included in the manufacturer's recommendations. The 

samples were all instrumented with rotatory and reciprocating instruments with a 0.25-0.26 

tip to maintain standardisation. The shaping sequence is summarised in Table 2.1 and Figure 

2.1. 
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PU WOG TN 

Glide path was established by 

using a K10 2% file and the slider 

file. Sequential enlargement was 

carried out until the WL was 

reached in a wet canal, with F2 

being the last file used. Small 

pecking movements of 2-3 mm 

were applied. 

Frequent recapitulation and 

irrigation were accomplished.  

 

Glide path established with a 

K10 ISO 2% file and WOG 

Proglider 0.16 2% ISO. 

The WOG primary file was 

used in short increments 2-

3 mm with irrigation and 

recapitulation between each 

shaping attempt. 

Once the WL was reached, 

shaping was concluded and 

the irrigation protocol was 

carried out. 

Glide path was established 

after the use of the orifice 

modifier with a K10 2% and 

TN glider files. The files 

were advanced in the 

presence of an irrigant 

solution, in a pecking motion 

of 2-3 mm. Irrigation and 

recapitulation were 

repeated as necessary. The 

last file used was TN Prime.  

Table 2.1 – Shaping sequence summary for all three file systems. 

Irrigation protocol: 

A 27-gauge needle, placed 3 mm short of the working length and employing a 1.1% 

sodium hypochlorite solution. The subsequent sections will provide a more comprehensive 

description of the irrigation protocol where needed. 

 



Is minimally invasive endodontics the next step? – Comparative study of two single file rotary systems  

| Gilberto Miguel Serôdio Ribeiro 

 

18 

 

 

 

 

 

 

 

 

 

 

  

 

 

 



Is minimally invasive endodontics the next step? – Comparative study of two single file rotary systems  

| Gilberto Miguel Serôdio Ribeiro 

 

19 

 

 

 

 

 

  

 

 

 

 

     

  

  

  

  

   

Figure 2.1 – Representative image sequence showing the steps of tooth preparation and shaping  
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2.2. | Analyses 

 

 

       2.2.1. | Endodontic files morphology and structure – scanning electron microscopy 

(SEM) 

 

All the files (control and used files study group) were observed under SEM (FEI Quanta 

400FEG scanning electron microscope, Hillsboro, USA) and photomicrographs were taken at 

100x, 500x,1000x and 2500x magnification with the following settings: 

- High Voltage (HV): 15.00kV 

- Working distance (WD):15.2 mm 

- Secondary electrons (SE) mode 

 

An evaluation of the morphological changes was carried out, including the number and the 

type of defect for a magnification of 2000x.  

The surface defects recorded were: 

a. Irregularities - broad areas of rough, non-smooth surfaces and not including grooves 

and cavitations; 

b. Grooves – extended, narrow cut or depression into the metallic surface of the file – 

cavitations may or may not be present; 

c. Cavitations - localised round or spherical spaces which may or may not be associated 

with grooves.   

The literature search presented several articles with morphological assessment methods; 

however, their description needed more information on how each defect was classified. Such 

analysis presents limitations such as difficulty in characterising findings, the subjective nature 

of the observation and operator bias. (91)  Thus, the qualitative analysis here determines the 

form and the type of defects it would incorporate and is specific about the characteristics of 

each defect. (92,93,94) 
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2.2.2. | Peri-cervical dentin and volume wear assessment - microcomputed tomography 

(micro-CT) 

The peri-cervical dentin was analysed through micro-CT scans. The PCD thickness 

was calculated as the shortest distance from the canal outline to the closest adjacent root 

surface, which was measured on four surfaces, i.e., facial, lingual, mesial, and distal, for all the 

groups in the two obtained scans (pre- and post-preparation) using axial cuts. (95) Accordingly, 

a micro-CT scan was performed before and after preparation using a BRUKER- Skyscan1276 

(Bruker Corporation, Kontich, Belgium) equipment, with the following settings:  

- Source voltage (kV) = 100 

- Source Current (uA) = 200 

- Image pixel size (um) = 20.014000 

- Exposure(ms) = 432 

- Scan performed with 360 rotation 

 

The scanned datasets were reconstructed using the software NRecon version 1.7.4.2 with 

the following settings: 

 

- Pixel size (um) = 20.01400 

- Smoothing = 0 

- Ring Artifact Correction = 8 

- Beam Hardening Correction (%) = 6 

- Minimum for CS to Image Conversion = 0.000000 

- Maximum for CS to Image Conversion =0 .040000 

 

A volumetric representation of the datasets was prepared with DataViewer software 

version 1.5.6.3. To assess volume changes and the remaining dentin thickness, measurements 

were taken at 1 mm above, 1 mm below, and at the CEJ – a reference point chosen for 

standardisation – and the volume changes following root canal preparation were recorded by 

measuring the distance from the edge of the canal lumen to the tooth’s margin, (Figure 2.2.). 

The volume variation was calculated using volume extraction modules and with the assistance 

of a computer-assisted software program – CT Analyser software (Bruker, version 1.17.7.2) 

following the guidelines from Bruker (MN110), wherein root canal volumes were calculated 
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both before and after preparation, and the differences were subtracted for volume change 

quantification.  Representative three-dimensional images were captured using CTVox 

software (Bruker, version 3.3.0). 

An assessment of the volume (mm³) of the entire canal length was carried out. The 

same software and parameters were used by deducting the scores of the prepped canal spaces 

from the data obtained from the unprepped, original canals.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

 

 

Figure 2.2 – Representative microtomographic image highlighting the CEJ, and regions for analysis, from a 

sagittal and an axial view 

 



Is minimally invasive endodontics the next step? – Comparative study of two single file rotary systems  

| Gilberto Miguel Serôdio Ribeiro 

 

23 

     2.2.3. | Smear layer evaluation - scanning electron microscopy (SEM) 

 

For this evaluation, eighteen extracted human maxillary and mandible premolars were 

selected.   

The sub-analysis followed the sample preparation previously mentioned, differing on 

the following described procedures. Root ends were sealed with flowable composite A3.5 

Synergy D6 flow (Coltene, USA) to prevent irrigants from escaping through the apex, 

simulating in vivo closed apex conditions. Irrigation was performed with a 27-gauge needle 

using 1.1 % sodium hypochlorite. The needle was inserted 3 mm short of the working length. 

The final irrigation protocol for this sample group was 5ml EDTA for 1 min, followed by 5ml 

1.1% hypochlorite for 1 min. The prepared canals were dried using paper points specific to 

each endodontic file system. The canal orifices were sealed using a cotton pellet and glass 

ionomer (Ionoseal, Voco,Germany) to prevent the entry of debris into the canal system during 

tooth sectioning. The samples were sectioned with a 4.2 mm straight osteotome (Hufriedy, 

Germany) splinting samples into two halves. Specimens were dehydrated in a graded series of 

ethanol solutions (50%-100%) and then left to dry in the open air for 24 hours. The split halves 

were secured with SEM specimen stubs and coated with a 30 nanometers-thin gold-palladium 

(Au-Pd) coating for SEM analysis (FEI Quanta 400FEG ESEM/EDAX Genesis X4M scanning 

electron microscope, Hillsboro, USA). SEM photomicrographs were taken at different 

magnifications. 

The most representative micrographs at 1 mm from the apex were taken and assessed 

for smear layer content and dentin tubules patency using a numeric scoring system extracted 

from a previously published report Table 2.2. (96): 
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Scores Criteria 

Score 1 No smear layer and dentin tubules open. 

Score 2 Small amounts of scattered smear layer and dentinal 

tubules open. 

Score 3 Thin smear layer and dentinal tubules partially open. 

Score 4 Partial covering with a thick smear layer. 

Score 5 Total covering with a thick smear layer. 

 

 

The images were assessed by 2 researchers and in the case of divergent score, the 

lowest mark given was selected.  

 

          2.2.4. | Canal transportation and centering ability – micro-CT 

 

After establishing the initial access and patency, the teeth were radiographed with a 

K10 file in situ to measure root canal curvatures according to Schneider’s method. (97)  

The method consists on drawing two distinct lines on the radiograph:  the first line is drawn 

parallel to the long axis of the canal, providing a reference for its orientation; and the second 

line, starting from the apical foramen, intersects the first line at a point where the canal begins 

to deviate from the long axis of the tooth. This intersection point marks the precise location 

where the curvature of the root canal begins. Angulation was herein calculated. 

For evaluation, a micro-CT scan was performed before and after preparation using a 

micro-CT BRUKER – Skyscan1276 (Bruker Corporation, Kontich, Belgium) with the 

following parameters: 

 

- Source voltage (kV) = 100 

- Source Current (uA) = 200 

- Image pixel size (um) = 20.014 

- Exposure(ms) = 432 

- Scan performed with 3600 rotation 

- An aluminium-copper filter was attached 

Table 2.2 – Smear layer scoring system 
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The images were reconstructed with the NRecon software version 1.7.4.2. (Bruker 

Corporation, Kontich, Blegium).  

After image reconstruction, the root canal systems were binarized, and their volumes 

were calculated allowing a comparative analysis. Three-dimensional images were captured 

using CTVox software (Bruker, version 3.3.0). 

Three zones were investigated:  

1. Coronal (7 mm from the apical foramen) 

2. Middle (5 mm from the apical foramen)  

3. Apical (3 mm from the apical foramen), according to a previously established 

methodology (98) 

 

For a detailed analysis, 1mm thick cross-sectional slices, perpendicular to the root 

canal’s long axis, were collected from the acquired dataset. (99) In assessing the extent and 

direction of the canal transportation, these were determined by measuring the shortest 

distance from the edge of the un-instrumented canal to the edge of the outermost boundary 

of the tooth in both the mesial and distal directions, and then compared with those taken 

from the instrumented images. (99) A visual representation is seen in figure 2.3. 

 

This was calculated using the following formula: (Y1–Y2)−(X1–X2), wherein Y1 

represents the shortest distance between the canal’s distal wall and the peripheral edge of 

the root before instrumentation; Y2 denotes the shortest distance between the canal’s distal 

wall and the peripheral edge of the root after instrumentation; X1 stands for the shortest 

distance between the canal’s mesial wall and the mesial periphery of the root before 

instrumentation; and X2 signifies  the shortest distance between the canal’s mesial walls and 

the mesial periphery of the root, after instrumentation. (100) 
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A result of 0 from the canal 

transportation formula indicates that no 

canal transportation occurred during 

the instrumentation process. 

. 

 

 

 

 

 

The mean centering ratio measures the 

ability off the instrument to maintain its 

central alignment in the canal. This ratio 

can be calculated for each section using 

the following equation (Equation1):  

(X1 −  X2)

(Y1 −  Y2)
 

The numerator for the centering ratio formula is determined as the smallest of the 

two numbers, between (XI - X2) or (Y1 - Y2). (98) Using this formula, a result of 1 for the 

centering ratio would indicate perfect centering. (98)  

 

 

 

2.3. | Statistical analysis 

 

 

Analysis of variance (ANOVA) was used to find the significance of study parameters 

between three or more groups, followed by post hoc Tukey HSD analysis of the ANOVA 

values that were statistically significant. The level of significance was fixed at p = 0.05 and any 

values ≤0.05 were considered statistically significant. 

The software SPSS (Statistical Package for the Social Sciences, 28.0, IBM, USA) was used for 

calculations. 

 

Figure 2.3 – Schematic representation 

highlighting the formula used for the 

canal transportation scoring. 
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CHAPTER III| 
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3.1. | Results 
 

 

3.1. | Endodontic files morphological analysis  

 

The SEM images acquired for the three endodontic instruments studied show different 

surface characteristics, prior and upon canal preparation. Apart from the machining grooves 

which are expected as part of the manufacturing process other surface alterations could be 

seen.  Data represent the number and type of defects before and after a single use.  

 

 

 

 

 

 

 

 

 

The visual assessment shows a build-up of organic and non-organic matter before and 

after use. In some systems, like PU, there is evidence of composition changes in the file's 

surface. Spectrum analysis was carried out and is available below. 

 

Groups Irregular  Grooves  Microcavities  

WOG 2-2 13-18 10-7 

TN 5-3 15 -19 6-3 

PU 3-3 14-14 9-7 

Table 3.1.  – Scores of the qualitative analysis of the SEM images acquired of the endodontic files and their irregularities 

and deformations after instrumentation    

 
 

o 
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 Figure 3.1. – SEM micrographs before (0) and after one use (1) for all three file systems and spectral analysis 

(bottom right) on particles identified on PU files prior to its use.  
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3.1.2. | Peri-cervical dentin analysis 

 

 The remaining dentin thickness following endodontic preparation at different levels 

(CEJ, as well as 1 mm below and above this reference) demonstrates a constant tendency, 

showing increased dentin thickness with TN, compared to PU and WOG, with the latter 

evidencing the lowest score. The table below (Table 3.2.) shows the relevant data for the 

three regions assessed. 

 

 

 

Average/ Standard 

Deviation  

CEJ 1 mm above CEJ 1mm below CEJ 

TruNatomy 1.8876/0.4223 1.814/0.5420 1.831/0.0622 

Protaper Ultimate 1.4765/0.3741 1.369/0.4345 1.462/0.2047 

WaveOne Gold 1.2128/0.5724 1.163/0.6279 1.136/0.4265 

 

 

 

Representative microtomographic bidimensional images and measurements are 

presented before and upon instrumentation (Figure 3.2.A). Comparatively, the dentinal 

thickness reduction at the CEJ was 0.1243 ± 0.04 mm, 0.2531 ± 0.15 mm and 0.5784 ± 0.17 

mm for TN, PU, and WOG, respectively. At a coronal position from the CEJ (+ 1 mm), dentin 

reduction levels were 0.1805 ± 0.07 mm, 0.3762 ± 0.11 mm and 0.6507 ± 0.14 mm, and at an 

apical position from the CEJ (- 1 mm), the variations were of 0.0725 ± 0.03 mm, 0.2177 ± 

0.10 mm and 0.5584 ± 0.12 mm for TN, PU and WOG, respectively. For the three assessed 

locations, TN values were found to be significantly lower than those of WOG (Figure 3.2.B). 

In addition, when the full ROI was considered, TN levels were found to be significantly inferior 

to those of WOG and PU (Figure 3.2.C).  

Table 3.2 – Quantitative data regarding remaining dentin thickness upon WOG, TN and PU preparation, at the CEJ 

and 1 mm above and below the region of interest. 
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 In addition, dentin thickness tends to show the highest scores at the level of the CEJ, 

followed by the values at 1 mm below the CEJ and lastly, at 1 mm above the CEJ. 

 

3.1.3. | Volume wear analysis 

 

Upon instrumentation, the volume variation of the canal was found to be dissimilar 

among the assayed systems (Figure 3.3). Representative microtomographic three-dimensional 

reconstructions (Figure 3.3 A) show the original canal trajectory (in green) and shown the 

removed volumes upon instrumentation (in red). These results are suggestive of an increased 

volume variation attained with WOG when compared to the other systems. Quantitative 

assessment (Figure 3.3 B) validated these findings by showing that TN presented the lowest 

volume variation value (0.66 ± 0.26 mm3), followed by PU presenting an intermediate volume 

variation (1.91 ± 0.91 mm3), and WOG demonstrating the highest levels (3.59 ± 1.58 mm3). 

Figure 3.2. - (A) Representative bidimensional microtomographic sections of the dentin thickness 

analysis, before (top) and upon (bottom) instrumentation with the different systems, scale bar 

corresponds to 1 mm. (B) Assessment of the linear variation of the dentin thickness at the selected 

references bordering the CEJ. (C) Assessment of the dentin thickness variation at the selected region of 

interest, delimited at 1 mm coronal and 1 mm apical of the CEJ. *Significantly different from WOG 

(p<0.05); #Significantly different from PU (p<0.05). CEJ, cementoenamel junction; DTV, dentin thickness 

value; PU, Protaper Ultimate; TN, TruNatomy; WOG, WaveOne Gold. 
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In addition, WOG levels were further found to be significantly higher than those of TN and 

PU. The figure below (Figure 3.4) presents the volume wear for both analysis subtypes: Total 

and root volume wear. 

 

 

 

 

 

  

 

 

 

 

Figure 3.3.- (A) Representative microtomographic images of the canals, prior (in green) and upon (in red) instrumentation, 

with the different systems, scale bar corresponds to 1 mm. (B) Quantitative assessment of the canal volume variation upon 

instrumentation with the different systems. *Significantly different from WOG (p<0.05). PU, Protaper Ultimate; TN, 

TruNatomy; WOG, WaveOne Gold. 

Figure 3.4.– Reduction in volume due to instrumentation. The first graph englobes the entire tooth (including the coronal 

aperture), while the analysis of the second graph englobes the CEJ until the apical region (does not include the coronal 

aperture). * Different from WaveOne Gold; # Different from Protaper Ultimate.  (p<0.05)   
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3.1.4. | Smear layer 

 

 The SEM imaging of the canal wall at the apical location (Figure 3.5) revealed the 

presence of scattered remnants of the smear layer, and the dentinal tubules were opened or 

partially opened in all the assayed samples (Figure 3.5 A). Semi-quantitative scores revealed 

similar values, within the 2-3 range, evidencing no significant differences among experimental 

groups (Figure 3.5 B). 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

               

 

 

 

 

 

 

 

 

Figure 3.5 –(A)- Representative SEM images of the instrumented canal at 1 mm from the apex. (B) – Scores 

and descriptive statistics of the analysis of the SEM images. 
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3.1.5. | Canal Transportation and centering ability 

 

 Regarding the assessed parameters, results show no statistically significant difference 

between the three file systems assessed.  

At 3 mm from the apex, the results were 0.0012 (0.074), 0.032 (0.096) and -0.0038 (0.083) 

for TN, PU and WOG respectively. 

 

For centering ability at 3 mm from the apex, the results were 1.799 (2.460), 1.820 (1.927) and 

1.180 (0.79), in the same order described in the previous paragraph. 

 

Similar results were seen at all other areas assessed – at 5mm and 7mm from the apex, for 

canal transportation and centering ability. Included below are the reported quantitative data 

and images obtained before and after preparation of the root canal system. 

 

 

 

 

 

 

 

Table 3.3 - Quantitative data regarding canal transportation and centering ability at three selected reference 

points away from the apex, for the assayed endodontic systems. 
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Figure 3.6 – (A,B,C)  Representative microtomographic images of the canal transportation methodology used to 

assess TN, PU and WOG at 3,5 and 7 mm from the apex. 
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CHAPTER IV| 
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4 | Discussion 
 

 

This research project undertook a comprehensive comparison between reciprocating 

and rotary systems with different tapers, evaluating key properties such as morphological 

changes of the endodontic files, peri-cervical dentin preservation, smear layer removal in the 

apical third, canal transportation and file centring ability.  

These elements play a crucial role in the success of endodontic treatment, impacting 

the long-term prognosis and tooth survival of treated teeth. (101)  However, such notions and 

dogmas long established in the endodontic field may be slowly changing. A recent publication 

proposes a dynamic nature and interpretation of these key factors to what concerns the 

success and tooth retention over the years.  Both variables, tooth retention and case success, 

are known to reducing probabilities over time. Furthermore, the percentage of cases deemed 

successful is similar to previous findings. (102)  

This poses an excellent point for reflection and consideration as to why despite 

technological developments there has been no noticeable change in the percentages of survival 

and/or success. As the masticatory system and each individual tooth presents multiple factors 

that are inter-related, the same way oral health affects systemic health and vice-versa, the 

same extrapolation can be considered in endodontic medicine, in particular the importance 

of the elements studied in this research and overall impact in the endodontic success of the 

case and tooth survival. 

The same study however mentions that a small proportion of the variables were 

significantly associated with root canal treatment failure and tooth extraction, most of which 

were pathological conditions – the presence of apical radiolucency and the inference 

contamination of the root canal and patient characteristics such as the tooth in which the 

intervention was carried out - rather than technical variables. (102) 

According to the authors, there seems to be no differences regarding tooth survival 

according to type and location. This is a contradictory view to other similar publications. (103) 

It has been shown that incisors have a lower success rate despite being seen as easy 

and cases of low complexity. Molars are more complex per norm but possess higher success 

rates when it comes to endodontic success. If tooth survival is considered, then molar teeth 

come higher in terms of reduced function and early extraction need.  

When it comes to the oral cavity, molars receive higher masticatory loads and are 

more susceptible to cracks. Thus, low root wear and reduction of peri-cervical dentin 
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thickness can affect the prognosis, and can be seen as secondary factors that compound and 

could greatly influence the outcomes considered of relevance in Endodontics. 

The authors also state that complications can precipitate tooth extraction such as with 

perforations. Thus, the use of files that are conservative and follow the original canal anatomy 

can lead to improved outcomes. (102)  

The primary goal in root canal therapy remains the prevention or treatment of apical 

pathology due to intra-radicular biofilm and its propagation in the periapical tissues, as 

previously mentioned. (101) Despite advances in metallurgy and root canal treatment 

supplemental materials and equipment, complete removal of colonies and bioproducts, such 

as toxins, cannot be achieved. (104,105) This is not to say and dismiss that the success of root 

canal therapy has improved over the years.  With the continuous advancements in this field, 

root canal outcomes have taken steps towards the gold standard of achieving 100% success 

rate. This progress is expected to continue even more so as more research and technology 

are integrated in the field of endodontics. 

As endodontic systems follow modern treatment philosophies, it has been proposed 

that a reduced taper root canal preparation may impede the total root system debridement, 

as the smear layer is not easily removed, particularly in the apical third. (106) This creates a 

dissociation between balancing the organic elements of health vs disease in endodontics and 

its bio-structural and technical aspects, such as preserving the original canal anatomy and the 

dentin at the cervical level. 

Some recently published literature assessing WOG and TN concerning access cavity 

preparation and peri-cervical data provide valuable support for continuing in this direction.  

(82) 

The results from this research show that TN presented the lowest volume variation, 

followed by PU, and last, WOG, which presented a significantly higher volume variation than 

the former. A similar trend was attained for the dentin preservation assessment at the three 

distinct levels bordering the CEJ. TN presented with a significantly reduced value when 

compared with PU and WOG when the full region of interest was disclosed.  

Although no comparative data was available for the three systems, previous studies 

comparing TN and WOG showed TN’s superior shaping ability, and increased capacity to 

preserve the original canal shape whilst having limited canal transportation and maintaining a 

high centering ability. (76, 98)  
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 TN presents excellent potential, particularly in cases of complex coronal fractures 

affecting CEJ, deep caries or previous restorations with associated periapical pathology as it 

would allow deep debridement in the apical segment (with the use of complementary 

techniques) whilst applying the concept of Minimally Invasive Endodontic Dentistry by keeping 

as much dentin cervically as clinically possible due to the regressive taper it possesses. 

Notably, no differences were found between the three systems regarding smear layer 

cleanliness. This indicates that conventional irrigation systems such as needle and tip in 

reduced tapers appear to compare to other systems of greater preparation taper. The data 

shows that the irrigant can reach the apical third and remove the smear layer even in a 4% 

taper such as the one for TN. However, similarly to previous studies, the smear layer was 

not completely removed. (107,57) 

The concept of deep shape did not show significant advantages in this comparison.  

This may be due to the reduced irrigant force and flow, as the apical third presents a wider 

preparation taper. Further investigation, including the use of additional means of smear layer 

removal such as ultrasonics, is essential to assess these new file's performance in terms of 

smear layer removal.   

All systems provided a centered canal preparation with preservation of the initial 

anatomy without changes considered statistically significant. 

All systems use modified Ni-Ti files known for their flexibility and adaptation to the 

root system with a tendency to remain centered. (108,109) 

The glide path, established initially with a K10 file, may have positively affected the 

results because it facilitates instrumentation with engine-driven files and reduces procedural 

errors. The fact that the root system for all samples was also patent as part of the selection 

criteria, significantly homogenizes the outcome seeing as these are standard cases of low-level 

complexity. Results will invariably change with more challenging conditions such as root 

calcifications. (110)  

The results contradict recent studies regarding the centering ability and canal 

transportation of rotary and reciprocation endodontic file systems, which state there are 

differences between rotary and reciprocation shaping movements. (111) 

However, other studies support the findings from our analysis which showed no 

difference between rotary and reciprocating systems. (36, 112) 

Previous studies show TN performs better than other compared groups such as 

Protaper Gold having removed less structure in simulated S-shaped canals. (76)  
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The results of this research are derived from natural human teeth which was selected 

to mimic the in vivo conditions. Results may vary if the sample size increases, resulting in a 

more robust analysis. 

The research also produced data regarding the surface changes of these endodontic 

file systems. Previous studies demonstrate that surface changes are expected when 

endodontic files are used in root canal preparations. (94,113) Data suggests a tendency for groove 

defects to increase whilst irregularities and cavitations appear to reduce.  

After single use, the elementary composition of PU changed. Energy-dispersive X-ray 

spectroscopy (EDS) was carried out, and new elements not seen initially were reported, such 

as Sulphur (S) and Barium (Ba).  

It is known that file composition can vary following instrumentation due to exposure 

to the irrigating agents; however, these elements are present before use. Carbon 

contamination can be caused by manufacturing processing by using vacuum induction. (114,115) 

It may be possible that the manufacturing process of PU may allow for S and Ba 

contamination. The fact that this is detected following single-use instrumentation may give an 

idea of the processing stage at which the contamination happens. What impact this 

composition change has on the Protaper system is yet unknown. A more comprehensive 

analysis incorporating clinical simulation may offer additional data. 

Further studies are warranted with a larger sample for analysis. 
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CHAPTER V| 
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5 | Conclusions 
 

 

Within the limitations of this study, it was observed that TN and PU exhibit superior 

performance compared to WOG in of preserving peri-cervical dentin and reducing total canal 

volume.  

TN, PU and WOG, demonstrated comparable shaping abilities, TN showed better 

conservation of the canal anatomy. All the file systems were able to clean and shape 

moderately curved canals with minimal apical transportation.  

All systems exhibited a similar cleaning capacity, smear layer removal and capability to keep 

the dentin tubules open. Notably, all files displayed machining grooves and other surface 

defects even before use, and the number of grooves increased after a single use.  
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CHAPTER VI| 
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Appendix I – Template of Informed Consent for specimen collection 
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Appendix II – File systems visual aid  

 

 

(n.d.)  

https://assets.dentsplysirona.com/master/product-procedure-brand-

categories/endodontics/product-categories/full-solutions/protaper-ultimate-

solution/scientific-support-clinical-education/END-scientific-information-ProTaper-Ultimate-

FactFile.pdf 

 

 

 

 

(n.d.)  
https://www.dentsplysirona.com/content/dam/master/product-procedure-brand-

categories/endodontics/product-categories/full-solutions/trunatomy-solution/scientific-

support-clinical-education/END-Scientific-Information-TruNatomy-Scientific-Manual-US.pdf 
 

 



Is minimally invasive endodontics the next step? – Comparative study of two single file rotary systems  

| Gilberto Miguel Serôdio Ribeiro 

 

63 

 

 

 

 

 

 

 

 

 

 

(n.d.) 

https://www.dentsplysirona.com/content/dam/master/regions-countries/north-

america/product-procedure-brand/endodontics/brands/waveone-gold/end-leaflet-waveone-

gold-reciprocating-files-en.pdf 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(n.d.)  
https://www.dentsplysirona.com/content/dam/master/regions-countries/north-

america/product-procedure-brand/endodontics/product-categories/files-motors-

lubricants/rotary-and-reciprocating-files/waveone-gold/documents/END-Brochure-Endo-

W1G-EN.pdf 
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Appendix III – Statistical data table for Volume and Root wear following shaping using 3 

endodontic systems  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Total Wear Volume (mm3)

TruNatomy vs. WaveOneGold 15 -8.806 -10,15 to -7,464 <0,0001

TruNatomy vs. ProtaperUltimate 15 -3.47 -4,812 to -2,128 <0,0001

WaveOneGold vs. ProtaperUltimate 15 5.336 3,994 to 6,678 <0,0001

System

AVG / SD 6.19 1.601853 14.99567 5.217102 9.66 4.831439

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Root Wear Volume (mm3)

TruNatomy vs. WaveOneGold 15 -2.936 -4,278 to -1,594 <0,0001

TruNatomy vs. ProtaperUltimate 15 -1.257 -2,599 to 0,08539 0.0719

WaveOneGold vs. ProtaperUltimate 15 1.679 0,3373 to 3,021 0.0096

System

AVG / SD 0.6608 0.262399 3.596667 1.589627 1.917417 0.914552

TruNatomy WaveOneGold ProtaperUltimate

TruNatomy WaveOneGold ProtaperUltimate



Is minimally invasive endodontics the next step? – Comparative study of two single file rotary systems  

| Gilberto Miguel Serôdio Ribeiro 

 

65 

Appendix IV – Statistical data regarding smear layer content and grading in the apical third  

 

 

 

 

 

  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Pictures analyzed (A - J)

System A B C D E F G H I J Mean Median SD SE

WaveOne Gold 1 2 2 2 3 1 2 2 2 2 1,9 2 0,567646 0,179505

Protaper 4 3 4 4 3 2 2 2 2 2 2,8 2,5 0,918937 0,290593

TruNatomy 4 4 2 3 2 2 1 2 2 1 2,3 2 1,05935 0,334996

Tukey's multiple comparisons test Mean Diff, 95,00% CI of diff, Significant? Summary Adjusted P Value

TruNatomy vs. WaveOneGold 0,4 -0,5679 to 1,368 No ns 0,5680 A-B

TruNatomy vs. ProtaperUltimate -0,5 -1,468 to 0,4679 No ns 0,4179 A-C

WaveOneGold vs. ProtaperUltimate -0,9 -1,868 to 0,06786 No ns 0,0721 B-C
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Appendix V - Statistical data regarding Dentin thickness reduction and remaining dentin 

thickness at the three selected reference points selected  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Dentin Thickness Reduction (mm) - 1 mm above CEJ

TruNatomy vs. WaveOneGold 15 -0.4702 -0,8456 to -0,09469 0.0095

TruNatomy vs. ProtaperUltimate 15 -0.1957 -1,007 to 0,6155 0.8377

WaveOneGold vs. ProtaperUltimate 15 0.2745 -0,5366 to 1,086 0.706

System

AVG / SD 0.1806 0.075156 0.65075 0.140327 0.37625 0.112745

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Dentin Thickness Reduction (mm) - CEJ

TruNatomy vs. WaveOneGold 15 -0.4541 -0,778 to -0,1302 0.003

TruNatomy vs. ProtaperUltimate 15 -0.1288 -0,8285 to 0,5708 0.9021

WaveOneGold vs. ProtaperUltimate 15 0.3253 -0,3744 to 1,025 0.5194

System

AVG / SD 0.1243 0.041122 0.578417 0.174308 0.253167 0.15115

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Dentin Thickness Reduction (mm) - 1 mm bellow CEJ

TruNatomy vs. WaveOneGold 15 -0.4859 -0,8439 to -0,1279 0.0043

TruNatomy vs. ProtaperUltimate 15 -0.1453 -0,807 to 0,5165 0.8639

WaveOneGold vs. ProtaperUltimate 15 0.3407 -0,3211 to 1,002 0.4483

System

AVG / SD 0.0725 0.032247 0.558417 0.126518 0.21775 0.104722

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Remaining Dentin Thickness (mm) - 1 mm above CEJ

TruNatomy vs. WaveOneGold 15 0.6507 -0,2141 to 1,515 0.1815

TruNatomy vs. ProtaperUltimate 15 0.4441 -0,4206 to 1,309 0.45

WaveOneGold vs. ProtaperUltimate 15 -0.2066 -1,071 to 0,6581 0.8409

System

AVG / SD 1.8137 0.542082 1.163 0.62796 1.369583 0.434541

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Remaining Dentin Thickness (mm) - CEJ

TruNatomy vs. WaveOneGold 15 0.6748 -0,1899 to 1,54 0.1597

TruNatomy vs. ProtaperUltimate 15 0.4111 -0,4537 to 1,276 0.5043

WaveOneGold vs. ProtaperUltimate 15 -0.2638 -1,128 to 0,601 0.754

System

AVG / SD 1.8876 0.422371 1.212833 0.572445 1.476583 0.374117

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Remaining Dentin Thickness (mm) - 1 mm bellow CEJ

TruNatomy vs. WaveOneGold 15 0.694 -0,1707 to 1,559 0.1438

TruNatomy vs. ProtaperUltimate 15 0.3689 -0,4958 to 1,234 0.5759

WaveOneGold vs. ProtaperUltimate 15 -0.3251 -1,19 to 0,5396 0.6514

System

AVG / SD 1.8309 0.062247 1.136917 0.426518 1.462 0.204722

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Average Reduction of Dentin Thickness (2 mm around CEJ, mm)

TruNatomy vs. WaveOneGold 15 -0.1338 -0,2133 to -0,05434 0.0002

TruNatomy vs. ProtaperUltimate 15 -0.09184 -0,1713 to -0,01234 0.0186

WaveOneGold vs. ProtaperUltimate 15 0.042 -0,0375 to 0,1215 0.4303

System

AVG / SD 0.018 0.00646585 0.151833333 0.031526215 0.10983333 0.00754034

Tukey's multiple comparisons test n Mean Diff, 95,00% CI of diff, Adjusted P Value

Average of Remaining Dentin Thickness (2 mm around CEJ, mm)

TruNatomy vs. WaveOneGold 15 0.1554 -0,3578 to 0,6686 0.7575

TruNatomy vs. ProtaperUltimate 15 0.1114 -0,4018 to 0,6246 0.8669

WaveOneGold vs. ProtaperUltimate 15 -0.044 -0,5572 to 0,4692 0.978

System

AVG / SD 1.8777 0.0858914 1.72225 0.180089435 1.76625 0.10205981

TruNatomy WaveOneGold ProtaperUltimate

TruNatomy WaveOneGold ProtaperUltimate

TruNatomy WaveOneGold ProtaperUltimate

TruNatomy WaveOneGold ProtaperUltimate

TruNatomy WaveOneGold ProtaperUltimate

TruNatomy WaveOneGold ProtaperUltimate

TruNatomy WaveOneGold ProtaperUltimate

TruNatomy WaveOneGold ProtaperUltimate
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Appendix VI - Published manuscript - Comparative evaluation of the canal shaping ability, 

pericervical dentin preservation and smear layer removal of TruNatomy, WaveOne Gold and 

Protaper Ultimate – an ex vivo study in human teeth 
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ABSTRACT  

Introduction: Innovative file systems have been recently introduced, claiming improved 

effectiveness and superior ability to preserve the tooth structure, still allowing an efficient preparation 

and disinfection up to the apical region. Regardless, few data are available on the comparative 

effectiveness of the most recently developed systems. Thus, this ex vivo study aimed to comparatively 

evaluate, for the first time, the functionality of WaveOne Gold (WOG), TruNatomy (TN), and 

Protaper Ultimate (PU) file systems regarding canal shaping, dentin preservation, and smear layer 

removal ability.  

Methods: Human maxillary incisors were randomly divided for instrumentation with one of 

the assayed systems. Canal shaping ability and pericervical dentin preservation were characterized 

through microtomographic evaluation and morphometric assessment (n=15). Smear layer removal 

ability was evaluated by scanning electron microscopy (n=6).  

Results: TN and PU presented the lowest canal volume variation upon instrumentation, found 

to be significantly lower than that attained with WOG (p<0.05). Pericervical dentin was reduced in all 

groups upon instrumentation, with TN evidencing the highest preservation, quantitatively similar to 

PU, and significantly higher than that attained with WOG (p<0.05). SEM imaging revealed the presence 

of scattered remnants of the smear layer and partially opened dentinal tubules at the apical portion, 

with no significant differences between systems. 

Conclusions: TN and PU allowed for the highest tissue preservation, reporting the lowest 

volume variation and the highest preservation of the pericervical dentin. None of the assessed systems 

provided a complete removal of the smear layer in the apical region.  

 

Keywords: TruNatomy; WaveOne Gold; Protaper Ultimate; Micro-computed tomography; 

Pericervical dentin preservation; Smear layer removal. 

 

 

 

INTRODUCTION 

Endodontic treatment poses many challenges when all the steps required to ensure a 

successful clinical outcome are considered. Current therapeutic concepts for root canal treatment 

(RCT) rely on the preservation of the maximum tooth structure, by maintaining the original canal 

shape during instrumentation, and the total obturation of the canal system (1). In this frame, nickel-

titanium instruments have been developed for effective root canal preparation, outperforming 

traditional files, and minimizing the risk of preparation-related accidents, given their increased flexibility 

(2). Moreover, efforts to maintain the original structure of the canal anatomy and to preserve the 

remaining dentin, particularly the pericervical dentin, a region acknowledged to directly impact the 

tooth’s fracture resistance and long-term prognosis, have been developed (3). This realization has led 

to the development of innovative file systems whose aim is to preserve tooth structure. This is 

accomplished by a reduction of the shaft diameter and taper while still allowing an efficient preparation 

and disinfection up to the apical region (4). Such systems embrace those that have been on the market 

for a longer time such as WaveOne Gold (WOG), the more recent TruNatomy (TN), and the latest 

system ProTaper Ultimate (PU).  

WOG is a reciprocating single-file system with a parallelogram-shaped cross section with two 

cutting edges alternated with one cutting edge from an off centered cross section. It has a reverse 

helix structure, a semiactive guiding tip, and a maximum flute diameter of 1.2 mm. It has also a fixed 

taper from D1-D3, and a decreasing one from D4-D16, which appears to result in improved 

effectiveness and flexibility compared to the WaveOne system (5, 6). Instruments are available at 
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different sizes, with distinct tip size and taper, as follows: #20/0.07, #25/0.07, #35/0.06 and #45/0.05. 

TN is a newer generation system that is constructed with an off-centered rectangular section, a 

regressive taper, and a smaller flute diameter of 0.8 mm, when compared to WOG. Taper ranges 

from 0.02 in larger instruments to 0.04 in smaller ones. As a result of its metallurgic processing the 

TN system shows greater flexibility as a result of the application of heat in the post-manufacturing 

process (7, 8). PU is the most recent of the systems considered in this study which is a multi-file 

system that demonstrates different crystallographic arrangements which delivers instruments with 

complementary mechanical outcomes (9). It also presents a parallelogram cross section with 

distinctive acute angles, a partially off centered and a maximal flute diameter of 1.0 mm, thus 

conservatively approaching the dentin removal in critical areas such as the CEJ. It differs from WOG 

and TN by providing wider apical preparation sizes – with Finisher files presenting increased tip sizes 

and tapers: #20/0.07, #25/0.08 and #30/0.09), which produces a more efficient debridement in the 

apical third (9, 10). As a newly marketed system, little data is available on PU functionality and 

effectiveness, with no previous comparative assessment of these three systems being previously 

published, to the best of the authors’ knowledge.  

This ex vivo study with human teeth aims to compare the effectiveness of the systems by 

assessing the canal shaping, volume variation, and pericervical dentin preservation through 

microtomography and morphometric quantitative evaluation, further evaluating the smear layer 

removal capability through scanning electron microscopy. The null hypothesis is that there is no 

difference between the endodontic file systems regarding instrumentation effectiveness and smear 

layer removal. 

 

MATERIALS AND METHODS  

Sample selection 

The Ethics Committee for Health of the Faculty of Dental Medicine, University of Porto 

approved the research protocol, with the reference number 18/2021. The sample size was calculated 

using G*Power 3.1 software (Heinrich Heine Universität, Düsseldorf, Germany), using 12 specimens 

per group, and the alpha error set at 0.05 and the power set to 95%. From the initial selection of 

extracted human teeth, 15 maxillary incisors per group were selected for the microtomographic 

analysis, while 6 maxillary incisors per group were selected for the qualitative smear layer assessment 

using SEM. Included teeth met the following criteria: unrestored or moderately restored teeth without 

previous root canal treatment; a restoration or carious lesion must have not reached the critical area, 

4 mm below or above the CEJ. In addition, teeth with endodontic treatment, root fractures, broken 

apices, internal resorption defects, immature apices, and vertical or horizontal root fractures were 

excluded. Samples were distributed randomly within the three test groups. 

 

Instrumentation 

A single operator with postgraduate training in endodontics performed all the procedures in 

accordance with the manufacturers’ recommendations. An access opening was made on each 

specimen using a medium grit medium-sized round diamond bur (126210, Dentaleader, Lisbon, 

Portugal) with a handpiece using continuous water spray. An Endo Z bur (671796, Mailleffer, USA) 

was used to refine the access cavity, and a size 10 hand K-type file (Dentsply Tulsa Dental, Charlotte, 

USA) was used to define the working length (WL). Canals were prepared with WOG, TN, or PU files 

according to the manufacturer's recommendations including the use of orifice openers.  

 

Following to the manufacturer’s recommendations, the TN system was used in continuous 

rotation at 500 rpm and 1.5 Ncm, WOG was used in a reciprocating motion with a 350 rpm rotation 
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at 170° counterclockwise and 50° clockwise, and PU was used in continuous rotation at 400 rpm and 

4 Ncm. All systems were powered by the endodontic micromotor control unit WaveOneTM 

(DENTSPLY Maillefer, Tulsa, OK, USA). The teeth were instrumented in short amplitude movements 

until the working length (WL) was reached. Patency was maintained with a K10 file. Canal irrigation 

was conducted with 3 mL of 1.1% NaOCl using a 27-gauge needle placed 3 mm short of the working 

length for a total volume of 9 mL and short amplitude vertical movements were used.  

 

Microtomographic evaluation  

Microtomographic scans were conducted before and after instrumentation with the 

microtomographic equipment Skyscan1276 and software both from the Bruker Corporation, Kontich, 

Belgium. The following parameters were used: image pixel size 20.014 m, 100 kV, 200 uA, 360o 

rotation around the vertical axis. Images were reconstructed using the NRecon software version 

1.7.4.2., with the following parameters: 432 ms exposure time, rotation set at 0.040 with a framing 

average of 4, CS to image conversion values of 0.0 to 0.04, ring artifact correction of 8, beam hardening 

correction of 6%, and smoothing of 0 were used. An aluminum/copper filter was attached. 

Reconstructed 3D datasets of pre- and post-instrumentation were three-dimensionally registered, 

oriented, and aligned in the same multidimensional space, using DataViewer software version 1.5.6.3. 

Volume analysis: the tissue removed through instrumentation was analyzed using the CTAnalyser 

software version 1.17.7.2, which follows the guidelines from Bruker (MN110), in a region of interest 

(ROI) defined between the cementoenamel junction (CEJ) and the apex. Dentin thickness analysis: the 

reduction of the dentin thickness and the average reduction of dentin thickness were measured from 

datasets obtained before and after instrumentation. Evaluation was conducted at defined levels, as well 

as at a ROI defined between the levels 1 mm in the coronal direction and 1 mm in the apical direction 

from the CEJ, selected as the reference point for standardization. The defined regions are represented 

on Supplementary material 1. Representative three-dimensional images were captured using CTVox 

software (Bruker, version 3.3.0). 

 

Smear layer removal analysis 

 For the SEM imaging, teeth were sectioned after the canals were obturated, and 

selected surfaces were coated by a thin film of Au/Pd (SPI Module Spitter Coater) and imaged in a 

Quanta 400 FEG ESEM/EDAX Genesis X4M) microscope, using a voltage of 10 kV. Images at 1 mm 

from the apical region were used to assess the presence or absence of the smear layer using a semi-

quantitative score: (1) no smear layer and dentin tubules open; (2) small amounts of scattered smear 

layer and dentinal tubules open; (3) thin smear layer and dentinal tubules partially open; (4) partial 

covering with a thick smear layer; (5) total covering with a smear layer, as previously reported (11). 

Images were randomized and evaluated blinded. 

 

Statistical analysis 

The data was examined using the one-way ANOVA for intragroup comparison and Post Hoc 

Tukey HDS for intergroup examination. The level of significance was set at p < 0.05. Statistical software 

(Statistical Package for the Social Sciences, 28.0, IBM, USA) was used for all analyses. 

 

RESULTS 

Upon instrumentation, the volume variation of the canal was found to be dissimilar among the 

assayed systems (Figure 1). Representative microtomographic three-dimensional reconstructions 

(Figure 1A) show the original canal trajectory (in green) and shown the removed volumes upon 

instrumentation (in red). These results are suggestive of an increased volume variation attained with 
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WOG when compared to the other systems. Quantitative assessment (Figure 1B) validated these 

findings by showing that TN presented the lowest volume variation value (0.66 ± 0.26 mm3), followed 

by PU presenting an intermediate volume variation (1.91 ± 0.91 mm3), and WOG demonstrating the 

highest levels (3.59 ± 1.58 mm3). Whether no significant differences were attained between TN and 

PU, WOG levels were found to be significantly higher than those of the other systems (p<0.05).  

Pericervical dentin assessment (detailed in Supplemental figure 1) was found to be reduced 

upon instrumentation within all three systems, with significant differences between the systems when 

assayed (Figure 2). Representative microtomographic bidimensional images and measurements are 

presented before and upon instrumentation (Figure 2A). Comparatively, the dentinal thickness 

reduction at the CEJ was 0.1243 ± 0.04 mm, 0.5784 ± 0.17 mm, and 0.2531 ± 0.15 mm for TN, WOG, 

and PU, respectively. At a coronal position from the CEJ (+ 1 mm), dentin reduction levels were 

0.1805 ± 0.07 mm, 0.6507 ± 0.14 mm, and 0.3762 ± 0.11 mm, and at an apical position from the CEJ 

(- 1 mm), the variations were of 0.0725 ± 0.03 mm, 0.5584 ± 0.12 mm, and 0.2177 ± 0.10 mm for TN, 

WOG, and PU, respectively. For the three assessed locations, TN values were found to be significantly 

lower than those of WOG (p<0.05), while no significant differences to PU were disclosed (Figure 2B). 

In addition, when the full ROI was considered, TN levels were found to be significantly lower than 

those of WOG and PU (p< 0.05), with no significant differences between the latter (Figure 2C). 

The SEM imaging of the canal wall at the apical location (Figure 3) revealed the presence of 

scattered remnants of the smear layer, and the dentinal tubules were opened or partially opened in 

all of the assayed samples (Figure 3A). Semi-quantitative scores revealed similar values, within the 2-3 

range (Figure 3B), evidencing no significant differences among experimental groups (Figure 3C).  

 

DISCUSSION 

Treatment approaches based on minimally invasive endodontics focus on radicular structure 

and pericervical dentin preservation in an effort to increase the fracture resistance and overall 

mechanical properties of teeth treated endodontically. This has led to the development of endodontic 

systems whose features promote maximum tooth preservation such as the reciprocating WOG, and 

the more recent continuous rotation systems TN and PU. To the best of the authors' knowledge, 

these systems have not been previously comparatively evaluated, with only very few reports on PU 

assessment. Thus, this ex vivo study evaluated comparatively the effectiveness of WOG, TN, and PU, 

in extracted human anterior teeth with attention to canal shaping, volume wear, pericervical dentin 

preservation, and smear layer removal in the apical third. Upon assessment, the null hypothesis was 

rejected as significant differences were found among the three systems within the evaluated 

parameters.  

After instrumentation TN presented the lowest volume variation, followed by PU, and lastly, 

WOG which presented a significantly higher volume variation than the former. A similar trend was 

attained for the dentin preservation assessment at the three distinct levels bordering the CEJ. TN 

presented with a significantly reduced value when compared to WOG and PU, when the full ROI was 

disclosed. Whether no comparative data is available for the 3 systems, previous studies comparing TN 

and WOG showed an increased shaping ability of TN with an increased capacity to preserve the 

original canal shape, while limiting canal transportation (12, 13), and maintaining a high centering ability 

(8). The full off-centered cross-sectional design of the TN system seems to allow the shaping of a 

larger canal surface when compared to concentric instruments with the same cross-sectional area. 

This would further endorse a more favorable stress distribution during instrumentation (14). This 

approach allows the use of smaller diameter instruments, known to improve canal shaping and 

pericervical dentin preservation (15). Accordingly, TN presented the lowest diameter (0.8 mm), 

followed by PU (1.0 mm) and lastly, WOG (1.2 mm), which correlates with the overall outcomes 
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regarding canal volume variation and pericervical dentin preservation. These results affirm the major 

influence of this parameter on the reported data. Of additional relevance, the distinct taper values, 

among systems and within the multi-file system, may further influence the overall outcomes. 

Conflicting literature reports exist, with some studies indicating the absence (16, 17) or presence (18) 

of significant variances when comparing different tapers in terms of their impact on root canal 

preparation and dentin removal effectiveness. 

Regarding the evaluation of the smear layer content, no significant differences were verified 

between the distinct systems. Attained data is in line with previous reports evidencing similar range 

scores for WOG (19, 20) and the absence of significant differences between WOG and TN (21). 

Whether no data for PU is available, comparatively, no significant differences were found between 

WOG and TN, indicating their comparable effectiveness in removing the smear layer. However, it is 

important to note that neither system was able to achieve complete removal of the smear layer. 

Consequently, the integration of complementary methods, such as ultrasonic irrigation, is necessary 

and holds the potential to enhance cleaning outcomes. 

Overall, this study was the first to compare the WOG, TN, and PU systems, demonstrating 

the capability of TN and PU to outperform WOG in both canal volume variation and pericervical 

dentin preservation. Consequently, the null hypothesis is rejected. However, it is imperative to 

acknowledge the study’s limitations, chiefly its ex vivo nature and focus on maxillary anterior teeth 

with straight, patent canals. Future investigations should broaden their scope to include multi-rooted 

teeth and explore various irrigation techniques to enhance canal debridement. Additionally, further 

validation through clinical studies is imperative to substantiate these findings. 
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FIGURES  

 

 
 

Figure 1 – A – Representative microtomographic images of the canals, prior (in green) and 

upon (in red) instrumentation, with the different systems, scale bar corresponds to 1mm. B – 

Quantitative assessment of the canal volume variation upon instrumentation with the different 

systems. * - significantly different from WOG (p<0.05).  
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Figure 2 – A - Representative bidimensional microtomographic sections of the dentin thickness 

analysis, prior (top) and upon (bottom) instrumentation with the different systems, scale bar 

corresponds to 1mm. B – Assessment of the linear variation of the dentin thickness at the selected 

references bordering the cementoenamel junction. C – Assessment of the dentin thickness variation 

at the selected ROI, delimited at 1 mm coronal and 1 mm apical of the CEJ. * - significantly different 

from WOG (p<0.05); # - significantly different from PU (p< 0.05). 

 

 

 
 

Figure 3 – Representative SEM images of the canal wall at 1 mm from the apex, upon 

instrumentation with the three different systems. B – Scores and descriptive statistics of the semi-

quantitative analysis of the SEM images. C – Statistical analysis and inter-group comparison of the 

attained scores.  
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Supplementary Figure 1 – Microtomographic image of the region of interest for the assessment 

of pericervical dentin upon instrumentation with the different systems. The red line defines the 

cementoenamel junction (CEJ), while the white line defines the region of analysis 1 mm in the coronal 

direction, and the blue line defines the region of analysis 1 mm in the apical direction. 
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