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Aim: This study aimed to assess the shaping ability of Reciproc 
Blue in the apical third and apical foramen of moderately curved 
canals at different working lengths (WLs), by micro-computed 
tomography. Methods: Thirty-six mesial roots (mesiobuccal 
and mesiolingual canals) were included, each with 2 separate 
root canals and independent apical foramina, according to type 
IV of Vertucci’s classification of first and second mandibular 
molars. The canals were instrumented at three different WLs: 
G-1, 1mm short of the major apical foramen; G0, at the major 
apical foramen; G+1, 1mm beyond the major apical foramen. 
The groups were assessed for changes in root canal volume 
and untouched wall area in the apical third. Groups G0 and 
G+1 were also compared for percentage of untouched walls 
at the apical foramen. One-way ANOVA (post hoc Tukey test) 
and Student’s t-test adopted a 5% level of significance. Results: 
Root canal volumes (mm3) in the apical third were 22.86±10.46, 
44.48±24.91, and 55.71±21.32 in G-1, G0 and G+1, respectively. 
G-1 volume following instrumentation increased significantly 
less than that of G0 or G+1 (P>.05); G0 did not differ from G+1. 
The percentage of untouched wall area in the apical third did 
not differ among the three groups (P>.05). G0 and G+1 did not 
differ regarding untouched walls in the major apical foramem 
walls. Conclusion: Extending the WL from 1mm short of the 
apical foramen to a point at and beyond the WL increases 
the apical third volume without increasing the prepared area. 
Untouched surface areas of the apical foramen were not 
modified by instrumentation at or beyond the foramen. 
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Introduction

Root canal preparation requires an instrument that can touch the root canal walls 
to remove the infected dentin and biofilm1. This step uses irrigation as an essen-
tial adjunct to remove microorganisms and their by-products from the root canal 
system. The current status of root canal instrumentation is unable to fully pre-
pare the root canal walls. Despite the constant development of new instruments 
with different cross-sections, alloys and kinematics, many root canal walls remain 
untouched2. Accordingly, complete disinfection of the root canal system has yet 
to be achieved.

This drawback is of greater importance in the apical third, because preparation 
leaves a larger number of untouched dentin walls, responsible for harboring rem-
nants of pulp tissue and bacteria3. Apical biofilm is found in up to 80% of the teeth 
with apical periodontitis4. Histological studies have shown the presence of microor-
ganisms in the cemental canal and foraminal areas5-7. Foraminal enlargement has 
been proposed by some authors8,9 to enhance the mechanical-chemical preparation 
of these critical apical regions, so that cemental canal contamination can be better 
cleaned. In addition, Khademi et al.10 demonstrated that a minimum instrumenta-
tion size of 30 is needed for efficient penetration of irrigants in the apical third. This 
objective may be achieved by performing a larger apical preparation that can reach 
the major apical foramen in order to enhance disinfection of this critical area11. A 
larger preparation decreases the bacterial load by removing infected dentin while 
improving irrigation12. Although this procedure might traumatize periodontal tissues 
and thus increase postoperative pain, recent studies have reported controversial 
results for foraminal enlargement13. Another controversial topic is possible foram-
inal deformation. A previous study showed that foraminal enlargement with both 
rotary and reciprocating instruments promotes foraminal deformation if the canal 
is not sealed properly14.

Using an electronic apex locator (EAL) to determine the working length (WL) is well 
established in the literature15. However, the measurements provided by the EAL can 
vary from -0.5 to +0.5 mm of the major apical foramen15. Variations in WL measure-
ment can affect the extent of the preparation of the apical foramen and may cause 
foraminal overinstrumentation. Accordingly, inadvertent instrumentation beyond the 
major apical foramen can occur during apical third modeling, and could exacerbate 
the inflammatory process, increase postoperative pain, and compromise apical heal-
ing and repair16,17.

The current development of new alloys has rendered instruments more flexible and 
resistant to cyclic and torsional fatigue18. The Reciproc Blue system (VDW, Munich, 
Germany) is one of these new instruments that uses a heat-treated alloy19. The heat-
ing and cooling during fabrication of the Reciproc Blue system promote the deposi-
tion of titanium oxide, resulting in a bluish color. These files also have an S-shaped 
cross-section and an inactive tip20. So far, little is known about the influence of this 
new alloy on the features of the apical third and major apical foramen after root 
canal shaping.
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Several methods have been developed to evaluate the shaping ability of endodon-
tic instrumentation systems. Micro-computed tomography (micro-CT) is considered 
the gold standard for this purpose, since it allows highly accurate, three-dimensional, 
and noninvasive assessment of the root canal system21. Therefore, this study used 
micro-CT to evaluate the root canal shaping ability, the changes in root canal volume, 
and the untouched wall area in the apical third and the major apical foramen of curved 
canals prepared at different WLs. To this end, two null hypotheses were tested. The 
first posits that the increase in volume and the touching of walls in the apical third is 
the same for the 3 groups. The second presumes that the number of untouched walls 
in the foraminal area is the same for G0 and G+1.

Materials and Methods
This ex vivo study was approved by the Ethics Committee of the São Leopoldo Man-
dic School of Dentistry (#4.019.306). The sample size was calculated based on a pre-
vious study22, considering a test power of 80% and a significance level of 5%, and 
resulted in 11 specimens per group. Thus, 36 human specimens (n = 12 per group) 
were selected for the present study.

Sample selection

This study included mesial roots of first and second mandibular molars with 2 sepa-
rate root canals and independent apical foramina, according to type IV of Vertucci’s 
classification, extracted for reasons not related to the study. The specimens were 
kept in distilled water at 4oC throughout the experiment. The roots were examined 
under a dental operating microscope (Zeiss PICO, Jena, Germany) at 16x magnifica-
tion to exclude those with signs of cracks or fractures. The distal roots and crowns 
were then removed, and the remaining 18 mm of the roots were radiographed in 
the buccolingual and mesiodistal directions to select roots with moderate curvature 
(10° to 20°), following Schneider’s method23.  The assessment excluded roots with 
internal or external resorptions or pulp canal obliteration observed by radiography, 
roots with incomplete apex formation, teeth with previous endodontic treatment, 
extensive root caries, cracks or fractures observed in an OPMI PICO microscope 
(Carl Zeiss, Jena, Germany) at 10x magnification, obliterations, calcifications, and 
roots with foraminal diameter greater than a size 15 manual K-file (Dentsply Sirona 
Endodontia). In addition, a size 15.02 file (Dentsply Sirona, Ballaigues, Switzerland) 
was used to determine whether the foraminal diameter met the inclusion criteria, 
i.e., no larger than #15.

Acquisition of pre-instrumentation micro-CT images 

Prior to instrumentation, the specimens were scanned by a micro-CT device (SkyScan 
1172; Bruker microCT, Kontich, Belgium) using the following parameters: 100 kV,  
100 mA, 24.9-μm resolution, rotation step of 0.6° over 180° rotation, frame aver-
age of 4, and 30 minutes of exposure. Copper and aluminum filters were applied. 
After scanning, the images were reconstructed and converted to bitmap format with 
NRecon software (NRecon version 1.5.23, Bruker microCT), resulting in 600 to 700 
images per specimen. A #5 smoothing filter, a ring artefact reduction of 5, and a 30% 
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beam hardening correction were used for reconstruction. The samples were then 
randomly divided into three experimental groups (n = 12 each).

Alveolar bone and periodontal ligament simulation

Alveolus simulation was achieved by wrapping the roots in a thin layer of aluminum 
and inserting them into self-curing acrylic resin (Duralay Dental, Worth, IL, USA) until 
setting. The roots were then removed from the tube, the aluminum was discarded, 
and the impression material (Express XT, Neuss, Germany) was placed inside the sim-
ulated alveolus. Lastly, the roots were gently placed inside the acrylic tube, with the 
thin layer of impression material mimicking the periodontal ligament24.

Root canal instrumentation

The specimens were randomly divided into the experimental groups according to the 
established WL, based on a size 10 K-file visible at the major apical foramen at 16x 
magnification. In G-1 (n = 12), instrumentation was performed 1 mm short of the 
major apical foramen; in G0 (n = 12), at the major apical foramen, and in G+1 (n = 12), 
1 mm beyond the major apical foramen.

All instrumentation procedures were performed with Reciproc Blue R25 files (VDW, 
Munich, Germany) powered by a VDW Silver (VDW) motor and using the “RECIP-
ROC ALL” setting. The instrument was placed at the entrance of the canal, and three 
in-and-out movements were made with an amplitude of approximately 3-4 mm. The 
instrument was removed and cleaned with alcohol-soaked gauze after each set of 
movements. The canal was irrigated with 5 mL of 2.5% NaOCl, and patency was 
confirmed with a size 15 K-file 1 mm beyond the apex. Irrigation was performed  
3 mm from the major apical foramen with a size 30 needle (Ultradent, South Jordan, 
UT) connected to a disposable syringe. The syringe was coupled to a peristaltic 
pump (LAP-101-3; MS TCNOPON, Piracicaba, SP, Brazil) to ensure the same total 
irrigation volume (15 mL) and flow rate (5 mL/minute) in each canal. These move-
ments were carried out until the WL was reached. After the instrumentation was 
concluded, the canal was irrigated with 5 mL of 17% EDTA, followed by 5 mL of 0.9% 
saline. The canal was then dried with capillary tips (Ultradent, South Jordan, UT) and 
paper points.

Evaluation of pre- and post-instrumentation micro-CT images

After instrumentation of the three experimental groups, a second micro-CT scan 
and tomographic image reconstruction were performed following the same proto-
col as that used for the initial scan. The specimens served as their own controls 
in the assessments. The 3D registration function of DataViewer software (Bruker 
MicroCT) was used to superimpose the pre- and post-instrumentation images, 
and CT-Analyzer v.1.13 (Bruker) was used to calculate quantitative parameters and 
construct visual 3D models from the recorded images. A qualitative comparison 
among the groups was performed using color-coded models of the corresponding 
root canals, where green and red indicated pre- and postoperative surfaces of the 
canal, respectively (Figure 1). CTVol v.2.0 software (Bruker microCT) was used for 
this analysis.
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Figure 1. Images of the samples instrumented in mesiobuccal and mesiolingual canals. Preoperative 
(green) and superimposed (red) features of the canals in each group are shown.

The volume of interest in each sample extended from the foramen to 4 mm in the 
cervical direction of the mesial root. It was established by integrating the regions of 
interest over all the cross-sections. The ash scale needed to recognize the dentin 
before and after instrumentation was determined based on histogram density using 
the global limit method. 

The mean percentage increase (Δ%) in volume and surface area was calculated using 
the following formula: ([Pa – Pb]/Pb) * 100, where Pb and Pa represented the val-
ues of the parameters evaluated before and after preparation, respectively. The per-
centage of the remaining untouched surface area was calculated as (Au/Ab) * 100, 
where Au was the untouched canal wall area, and Ab was the root canal wall area  
before preparation25.

The Kolmogorov-Smirnov test showed normal distribution of the data. Thus,  
one-way ANOVA (post hoc Tukey test) was performed to assess the volume increase 
and amount of untouched areas in the apical third. The Student’s t-test was performed 
to evaluate the untouched areas in the major apical foramen, by comparing the data 
among the groups. The Statistical Package for Social Sciences (SPSS, version 19) 
was used for analysis, adopting a 5% level of significance.

Results
The radiographic measurements showed similar curvature and length parameters of 
the sample (data not shown). Micro-CT analyses revealed similar baseline volume 
(mm³) and area (mm²) of dentin in the apical third of the samples in G-1, G0 and G+1. 
Moreover, the major apical foramen areas were similar in G0 and G+1 (Table 1).
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Table 1. Mean (SD) baseline volume and dentin area in the apical third of samples in G-1, G0 and G+1, and 
mean baseline apical foramen area in G0 and G+1.

Group Baseline volume  
(mm³)

Baseline dentin area  
(mm²)

Baseline apical foramen 
area (mm²)

G-1 0.56 (0.34) 30.13 (8.62) --

G0 0.51 (0.42) 29.61 (5.89) 0.86 (0.40)

G+1 0.50 (0.33) 30.03 (4.00) 1.13 (0.24)

p-value 0.924 0.981 0.055

One-way ANOVA (post hoc Tukey test) indicated no significant difference at P <.05 for volume or dentin area in 
the apical third, or for the apical foramen area.

Representative baseline and post-instrumentation images of the apical third in the 
three experimental groups are depicted in Figure 1. Figure 2 shows representative 
baseline and post-instrumentation images of the foramen in G0 and G+1. In Table 2.  
For group G-1, the touch of walls in the major apical foramen was not analyzed, 
because in this group there was no foraminal preparation. No significant differences 
in untouched wall areas at the major apical foramen were observed between G0 and 
G+1 (P > .05) (Table 2). 

Figure 2. Representative images of the superimposed features of the major apical foramen in G0 and G+1

Table 2. Mean (SD) percentage of untouched wall area at the apical foramen in the two groups

Group Untouched wall at the foramen (%)

G0 20.13 (±13.33)

G+1 13.87 (±6.96)

p-value 0.163

Student’s t-test indicates no significant differences at P > .05
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The increase in root canal volume in the apical third was significantly smaller in G-1 com-
pared to G0 and G+1 (P < .05), which were similar (Table 3). The percentage of untouched 
wall areas in the apical third was similar among the groups (P > .05) (Table 3). 

Table 3. Mean (SD) percentage increase in root canal volume and amount of untouched wall area in the 
apical third in the three groups.

Group Increase in apical third volume (%) Untouched area in the apical third (%)

G-1 22.86 (±10.46)a 20.33 (±4.90)a

G0 44.48 (±24.91)b 21.23 (±6.10)a

G+1 55.71 (±21.32)b 21.29 (±5.80)a

p-value 0.001 0.896

Discussion
For many years, the WL was established as being 1 mm short of the apical termi-
nus, because authors believed that this was the ideal point to decrease apical zip 
and perforations, and to maintain the connective tissue in the apical region. However, 
most accessory root canals and foramina are located in the final millimeter of the root 
canal22, and biofilm and bacteria can colonize the cementum root canal in necrotic 
teeth. In view of this complexity, some authors recommend instrumentation beyond 
the area of constriction, currently considered as an acceptable end point of root canal 
instrumentation23. In the present study, root canal instrumentation was performed on 
teeth 1 mm short of the major apical foramen (G-1), and at the major apical foramen 
(G0), noting that both locations mimic clinical situations.

 Strict selection criteria were applied to minimize sample variations. First, the teeth 
were evaluated by two-dimensional radiography. The length of the specimens was 
standardized, and the curvature angles were calculated with the image software. 
Subsequently, the specimens were scanned by micro-CT, which is currently the most 
accepted method for evaluating root canal morphology. The random distribution 
of the specimens established similar three-dimensional characteristics among the 
groups, thus minimizing the possible drawback of having different sized samples26.

The present study aimed to assess whether different WLs increase the root canal 
volume and decrease the untouched wall area in the apical third. The results 
showed that instrumentation 1 mm short of the foramen resulted in a smaller 
increase in apical third volume. This suggests that instrumentation at the foramen 
or beyond is more likely to increase the root canal volume in the apical third, com-
pared to instrumentation 1 mm short of the apex, when using reciprocating NiTi 
system. For the volume of the apical third the first null hypothesis was rejected.  
A smaller volume can reduce the space for irrigating solutions27. Boutsikaris et al.28  
(2010) demonstrated that apical preparation size affects irrigant replacement, 
shear stress on the canal wall, and pressure at the major apical foramen. 

The current reach of root canal instrumentation is unable to fully clean all root canal 
walls29, whereas the ultimate instrumentation goal is to touch as many walls as possi-
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ble, to remove infected dentin and biofilm23. The apical third of the root canal is consid-
ered the most critical area for complete disinfection and removal of necrotic content30.  
However, in the present study, the different WLs did not affect the untouched wall area 
in the apical third (Table 3). Therefore, according to the wall-touching analysis for the 
apical third, the first null hypothesis was accepted.

As for the apical foramen instrumentation, the WL at or beyond the foramen provided 
the same outcome in terms of increased instrumentation in the foramen area and 
amount of untouched walls at the foramen. Therefore, the second null hypothesis 
was accepted. The measurements provided by the EAL oscillated between -0.5 and 
+0.5 mm from the major apical foramen31. This result suggests that instrumentation 
beyond the apical foramen may be undesirable. This study showed that extending the 
WL 1 mm beyond the foramen does not decrease untouched walls in either the apical 
third or the major apical foramen and has no advantage when compared to prepara-
tion at the foramen.

A previous study by scanning electronic microscopy demonstrated that instrumen-
tation at the foramen or 1 mm beyond it promoted foraminal deformation with both 
reciprocating and rotary kinematics32. Another study confirmed this finding, but 
showed that this deformation does not affect the outcome of the root canal filling9. 
However, the findings of these studies were obtained by root canal instrumentation 
with rotary or reciprocating instruments using either NiTi or M-Wire alloys. Although 
the overall preparation of the canal seems to be unaffected by the new M-wire alloy33, 
the files made with this alloy seem to better preserve the anatomical features of the 
foramen when foraminal enlargement is performed in a straight or moderately curved 
canal34. Considering the optimal performance of these files in lessening foraminal 
deformation, better results for decreasing the percentage of untouched dentin would 
be expected. This is of great importance in endodontics, since untouched walls can 
result in the failure of root canal treatment3.

The present results showed 20.33% of untouched root canal walls after preparation  
1 mm short of the major apical foramen, similar to the 22.9% obtained by Pérez et al.35 
for the same root canal walls. Our results suggest that preparation short of the major 
apical foramen touches the same percentage of dentin walls as the preparation at or 
beyond the major apical foramen (21.23% and 21.29% respectively). In the present 
study, an increase in the apical third volume was observed when the WL was deter-
mined at the foramen or 1 mm beyond it. However, the increase in canal volume did 
not result in a decrease in untouched root canal walls, but did improve the action of 
irrigation solutions in this region.

A recent study compared the WaveOne instrument—also a reciprocating 25.08 instru-
ment—with two different rotary instruments regarding changes in canal volume and 
untouched area and found no difference among the instruments36. The findings of 
the present study are similar to those reported by Coelho et al.36, who asserted that 
the WaveOne instrument promoted a greater increase in root canal volume than Easy 
Prodesign Logic (Easy Endodontics, Belo Horizonte, Brazil) and One Shape (Micro 
Mega, Besançon, France). However, this volume increase did not result in a reduction 
in untouched areas in the apical third. 
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Fornari et al.37 demonstrated that enlargement of the apical third up to size 40.02 or 
45.02 resulted in fewer untouched walls than a preparation up to size 30.02 or 35.02. 
Similar findings have been reported by De-Deus et al.38, who found that the percentage 
of untouched walls significantly decreased by enlarging the file sizes from #25 to #40 
of the Reciproc, WaveOne and Biorace instruments. In the present study, a 25.08 file 
went 1 mm through the foramen, resulting in a preparation size of 33 at the major api-
cal foramen; interestingly, this did not decrease the number of untouched walls in the 
apical third. It can be concluded that considerable apical enlargement is required to 
reduce the untouched area in the apical third of root canals, and that instrumentation 
beyond the foramen does not seem to affect this outcome.

Although there was a smaller increase in the apical third volume with instrumentation 
1 mm short of the foramen, the percentage of untouched area in the apical third in the 
G-1 group was similar to that of the other groups. This is because root canal irregu-
larities like isthmuses and fins were not reached by the root canal preparation even at 
the different WLs. 

The results of the present study must be analyzed with caution because of the ex 
vivo model adopted. Future studies should assess the impact of larger instruments 
on increasing the root canal volume and decreasing the untouched areas using 
heat-treated files.

In conclusion, the preparation at or beyond the major apical foramen increases the 
root canal volume in the apical third and does not affect the percentage of untouched 
walls in the apical third or at the apical foramen.
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