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Abstract: Root canal treatment of mandibular incisor is difficult because of the narrow pulp space and
apical curvature. The aim of this study was to measure the anatomical indicators of the mandibular
incisors in Koreans using micro-computed tomography (MCT) with novel software (Kappa 2).
The MCT-scanned data from 27 mandibular incisors were reconstructed and analyzed. For each canal,
3-dimensional (3D) surface models were re-sliced at 0.1 mm intervals perpendicular to the central
axis of the root canal. Root canal width, dentine thickness, and direction and degree of root canal
curvatures were measured automatically on each slice. Measurements were analyzed statistically with
Bhapkar test, Friedman test, and Wilcoxon signed rank test. Labial and lingual dentine thicknesses
were significantly larger than mesial and distal thicknesses (p < 0.001). The thinnest dentine was
mainly located on the mesio-lingual side of the canals in the apical third. The mean narrowest
and widest canal width in the apical sixth were 0.22 mm and 0.40 mm, respectively. The canal
curvature abruptly increased in the apical 0.5-mm portion. MCT with novel software provided useful
anatomical information for root canal instrumentation.

Keywords: apical curvature; canal width; dentin thickness; mandibular incisor; micro-computed
tomography
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1. Introduction

For successful endodontic treatment, an understanding of the complex root canal anatomy as
well as surrounding root dentine architecture is essential. Although the mandibular incisors usually
have a single canal (72% (Leoni et al., 2014) [1], 91.1% and 82.5% (Liu et al., 2014) [2]), they pose the
greatest difficulty in access preparation owing to the narrowness of the crown and pulp space in the
mesio-distal direction [3]. Furthermore, mandibular incisors often have mesial and distal curves in
their apical third [3], which makes the root canal preparation in this area even more difficult.

In terms of root canal preparation, the root canal width, dentin thickness around the root canal,
and 3-dimensional (3D) direction and degree of the root canal curvature are relevant. However,
previous studies on the root canal anatomy of the mandibular incisors were mainly focused on the root
canal type, the number of root canals, and the shape of root canals [1,2]. These factors provide valuable
information on the root canal anatomy itself. However, more clinically relevant information for root
canal preparation is the narrowest and the widest root canal width, the dentin thickness, and the
direction and degree of the root canal curvature. There have been no previous studies investigating
the 3D direction or degree of root canal curvature of human mandibular incisors.

Micro-computed tomography (MCT) with mathematical modeling is an accurate and
non-destructive tool for studying root canal anatomy [4]; it provides detailed information on root
canal dimensions, dentin thickness, and direction and degree of the root canal curvature. Additionally,
image analysis software is essential to analyze the information obtained via MCT. Our previous studies
used custom-made Kappa 2 software, which produced detailed 3D measurements of various aspects of
canal anatomic parameters [5–7]. This method used slices of images perpendicular to the central axis of
the root canal (Figure 1A), not the long axis of the tooth, which can reduce distortions of measurements
in areas where a curvature is a present (Figure 1B). Our previous studies measuring the 3D root canal
anatomy of the lateral incisor [8], maxillary first molar [5,9], and mandibular first molar [6] confirmed
the validity of this custom-made image analyzing software (Kappa 2) in coordination with MCT.
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Figure 1. Slice of reconstructed image. (A) When sliced perpendicular to the long axis of the root canal,
no distortions are produced. (B) When sliced perpendicular to the long axis of the tooth, distortions are
produced in the images of the root canal and surrounding dentin.

The aim of this study was to determine the minimum and maximum root canal widths,
dentin thickness, and 3D direction and degree of the root canal curvature in extracted human
mandibular incisors.



Appl. Sci. 2020, 10, 4385 3 of 11

2. Materials and Methods

This study was approved by the institutional review board of Samsung Medical Center, Seoul,
Korea (SMC 2014-08-088). One-canalled human mandibular incisors (n = 27) with mature apices and
intact crowns without caries or previous root canal treatment were collected. To get rid of the calculus
and adhering soft tissues, the root surfaces of collected teeth were cleaned. They were stored (4 ◦C)
in 0.5% sodium azide solution and scanned using MCT (SkyScan 1172; Bruker-microCT, Kontich,
Belgium) to acquire detailed images (voxel size = 31.8 µm3).

2.1. Image Analysis

Images were analyzed as previously described [5–7]: 5–15 image slices that spanned each canal
were selected (Figure 2). The canal width, dentin thickness, and canal curvatures were measured on
re-sliced planes perpendicular to the central axis of the canal.
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Figure 2. Overall process of the automatic measurement of root and canal dimensions. From the MCT
images of mandibular incisors, 3D surface models of root canals were constructed and the central axis
was plotted using V works 4.0; Cybermed, Seoul, Korea. Subsequently, surface models were sectioned
perpendicular to the canal axis (at 0.1 mm intervals). Pre-defined anatomic parameters were computed
in each section.

The central axes of the canals were plotted and visualized (Figure 3 1O). The cross-sectional plane
that is perpendicular to the central axis was visualized. The canal (Figure 3 2O) and root (Figure 3 3O)
outlines were marked as shown. The shortest distance between these outlines, referred to as the
dentin thickness, was measured in the mesial, distal, labial, and lingual directions (Figure 3 4O 5O 6O 7O).
The thinnest dentin thickness and direction (Figure 3 8O) were obtained in the cutting plane as mesiolabial,
mesiolingual, distolabial, or distolingual. The narrowest (minimum) and widest (maximum) canal
widths were measured.

To measure the curvature of the root canal, the axis of the canal was equally divided into three
parts (S1, apical third; S2, middle third; and S3, coronal third). Subsequently, S1, S2, and S3 were
further equally divided into apical and coronal sections, denoted as S1A, S1C, S2A, S2C, S3A, and S3C,
respectively (Figure 4).
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minimum and maximum canal widths, and canal curvature differences between six sections (S1A–
S3C) were analyzed with the Friedman and Wilcoxon signed rank test (α = 0.05). 

Figure 3. Graphical visualization of the measurements. Left image is the representative 3D root model,
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dentin thickness; 8O the thinnest dentin thickness and its direction.
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Figure 4. Axial level of the root canal

2.2. Statistical Analysis

Differences in the dentin thickness and canal curvature among directions (mesial, distal, labial,
and lingual) or levels (S1A–S3C) were examined with Bhapkar’s test. The minimum dentin thickness,
minimum and maximum canal widths, and canal curvature differences between six sections (S1A–S3C)
were analyzed with the Friedman and Wilcoxon signed rank test (α = 0.05).

3. Results

3.1. Dentin Thickness

The mean length of the root canals between the apex and the cementoenamel junction (CEJ) was
11.40 ± 0.96 mm. The dentin thickness gradually decreased from S3C to S1A in all mesial and distal
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directions (p < 0.05). The mean (SD) thickness of the mesial dentin was 1.50 (0.19) mm in the S3C section
and 0.66 (0.14) mm in the S1A section. The mean (SD) thickness of the distal dentin was 1.50 (0.16) mm
in the S3C section and 0.66 (0.12) mm in the S1A section. The dentin thickness gradually decreased
from S2C to S1A in labial and lingual directions (p < 0.05) (Figure 5). The mean (SD) thickness of the
labial dentin was 2.28 (0.23) mm in the S3C section and 1.13 (0.23) mm in the S1A section. The mean
(SD) thickness of the lingual dentin was 2.71 (0.23) mm in the S3C section and 1.27 (0.29) mm in the
S1A section (Table 1). The dentin thickness was greater on labial and lingual sides compared to mesial
and distal sides in all six sections (S1A–S3C) (p < 0.001) (Table 1, Figure 6). The mesial and distal
thicknesses had no statistically significant difference in any of the six sections.
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Figure 5. Measurements of dentin thicknesses. The average dentin thickness was measured on the
mesial, distal, labial, and lingual sides, and the thinnest dentin thickness (MinDist), narrowest canal
width (Canal width (min)), and the widest canal width (Canal width (max)) were plotted along the
entire length of the canals.

Table 1. Mean values of dentin thicknesses, canal widths, and canal curvatures.

S1A S1C S2A S2C S3A S3C

Thinnest dentin thickness (mm) 0.56 ± 0.12 0.86 ± 0.13 1.00 ± 0.15 1.14 ± 0.14 1.30 ± 0.15 1.41 ± 0.21

Mesial dentin thickness (mm) 0.66 ± 0.14 0.91 ± 0.14 1.07 ± 0.17 1.20 ± 0.16 1.37 ± 0.16 1.50 ± 0.19

Distal dentin thickness (mm) 0.66 ± 0.12 0.98 ± 0.14 1.11 ± 0.13 1.23 ± 0.13 1.36 ± 0.13 1.50 ± 0.16

Labial dentin thickness (mm) 1.13 ± 0.23 1.81 ± 0.22 2.06 ± 0.23 2.22 ± 0.24 2.29 ± 0.23 2.28 ± 0.23

Lingual dentin thickness (mm) 1.27 ± 0.29 1.97 ± 0.28 2.32 ± 0.36 2.57 ± 0.44 2.68 ± 0.34 2.71 ± 0.23

Narrowest canal width(mm) 0.22 ± 0.05 0.25 ± 0.05 0.27 ± 0.08 0.28 ± 0.13 0.31 ± 0.15 0.30 ± 0.16

Widest canal width (mm) 0.40 ± 0.11 0.50 ± 0.17 0.70 ± 0.27 0.78 ± 0.36 0.70 ± 0.50 0.59 ± 0.38

Canal Curvature (mm−1) 0.50 ± 0.22 0.13 ± 0.05 0.09 ± 0.05 0.10 ± 0.07 0.11 ± 0.08 0.12 ± 0.06

(mean ± standard deviation).
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3.2. Measurement of the Thinnest Dentin

The distance of the thinnest dentin (MinDist) gradually decreased from the CEJ towards the apex,
and then decreased abruptly in the apical 0.5 mm of canals. The mean (SD) value of MinDist was 1.41
(0.21) mm at S3C section and 0.56 (0.12) mm at S1A section (Table 1, Figure 7). The direction of the
MinDist was increasingly located on the mesial side. The frequencies of cross-sections in which the
MinDist was located in the mesial direction were 44.45%, 51.85%, and 70.37% in the S3, S2, and S1
parts, respectively (Figure 8).
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3.3. Canal Width

The mean value of the narrowest dimension of the canal width gradually decreased from S3C
(0.3 mm) to S1A (0.22 mm) (Figures 5 and 9). The mean value of the widest canal width ranged from
0.4 mm (S1A) to 0.78 mm (S2C) (Figure 10, Table 1).
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3.4. Canal Curvature

Canal curvature increased from the S3C section (0.12 ± 0.06 mm−1) to the S1C section
(0.13 ± 0.05 mm−1) and abruptly increased to the S1A section (0.50 ± 0.22 mm−1) (Figure 11, Table 1).
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4. Discussion

To avoid procedural errors in root canal preparation, information on the root canal
anatomy—especially data regarding the remaining dentin thickness, narrowest and widest canal
widths, and 3D direction and degree of canal curvature—is relevant. Notwithstanding the large
number of root canal anatomy studies of the mandibular incisors [10–13], these variables have scarcely
been measured, possibly because of the lack of customized image analyzing software. In the present
study, anatomical indicators were measured using MCT combined with custom-developed software,
Kappa 2, which provided 3D surface models of the roots and canals and an imaginary central axis in
each cross-sectional image.

Based on our measurement results, clinicians can determine the initial apical file size when root
canal treatment of mandibular incisor is performed. In the present study, the narrowest canal width
was 0.22 ± 0.05 mm in the S1A section, and the widest canal width was 0.40 ± 0.11 mm in the S1A
section. These results coincided with the finding reported by Milanezi de Almeida et al. that the
medians of the buccolingual diameter in the apical 1 mm portion were 0.36 and 0.41 mm, respectively,
in the Vertucci type I root canal and type III root canal [14]. Therefore, apical preparation should be
performed at least up to the size of 0.40 mm for debridement of the necrotic pulp and removal of
the infected dentin. The widest canal width of S2C (0.78 ± 0.36 mm) was greater than that of S3C
(0.59 ± 0.38 mm). This interesting finding might result from root canal calcification in S3C and imply
that these dentin collars should be removed for efficient root canal preparation.

Concurrently, detailed measurement of 3D canal curvature was obtained. It was the greatest in
the apical region, followed by the coronal regions. The 3D canal curvature was the straightest in the
mid-root region. The overall curvature of mandibular incisors measured in this study (0.18± 0.27 mm−1)
was less than that of the mesiobuccal canal of the maxillary first molar (0.22 ± 0.06 mm−1) [9] and the
mesiobuccal (0.26 ± 0.23 mm−1) and mesiolingual canals (0.22 ± 0.18 mm−1) of the mandibular first
molar [7]. These results imply that root canal preparation in mandibular incisors is not as difficult as in
the mesiobuccal canal of the maxillary first molar or the mesiobuccal and mesiolingual canals of the
mandibular first molar.

Knowledge of the thinnest dentin, particularly in the apical part, is useful for preventing apical
perforation when root canal shaping is performed. The mean (SD) value of MinDist was 0.56 (0.12) mm
in the S1A section, which is susceptible to apical or strip perforation and weakening of the tooth
structure. While the average mesial and distal dentin thicknesses were both 0.66 mm, the average
labial and lingual dentin thicknesses were 1.13 and 1.27 mm, respectively. Therefore, instrumentation
should mainly be directed toward the buccal and lingual directions, rather than the mesial and distal
directions. Furthermore, the apical third (S1) has the most severe curvature, a sharp decrease in dentin
thickness, and an increased frequency of the thinnest dentin being directed mesially. These features
may lead to procedural errors such as transportation, ledge formation, loss of patency, and perforation.
Owing to the development of the nickel-titanium rotary instruments, these iatrogenic events could be
minimized by the use of flexible instruments. Previous studies reported that root canal preparation
with nickel-titanium rotary files enabled the maintenance of the original canal anatomy with less canal
transportation and better centering ability compared to root canal preparation with stainless-steel K
files [15–17].

In the present study, detailed anatomical indicators were obtained at high precision using MCT
with Kappa 2 software [18]. Nonetheless, clinical application of MCT to patients is not allowed because
of the high radiation dosage and long scanning time [19,20]. A limitation of this study was the small
sample size. Further studies are required in order to examine a large number of specimens.

5. Conclusions

Anatomical variables of the mandibular incisors, such as dentin thickness, direction of the thinnest
dentin, root canal width, and root canal curvature, were analyzed using MCT with Kappa 2 software.
The distance between the root canal wall and the root outline was the thinnest on the mesiolingual side
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in the apical third. The canal width decreased gradually from the CEJ to the apex, and the root canal
curvature was most severe in the apical third. Based on these measurements, clinicians can perform
successful root canal preparation from a biologic perspective, without any procedural error.
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