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The aim of this study was to investigate the root canal system morphology by means of a root canal
configuration (RCC) classification described with a four-digit system, the physiological foramen
geometry and accessory canal frequency and morphology, of 101 mandibular canines (MaCa) of a
Swiss-German population by means of micro-computed tomography. Micro-CT examination of the
MacCa was performed and the obtained images analyzed with a 3D imaging software. In single-rooted
MaCas, the most frequently observed RCCs were 1-1-1/1 (74.5%) and 1-1-1/2 (14.3%). Seven other
RCCs were less frequently observed with a frequency from 4.1 to 1.0%. One physiological foramen
was observed in 80.6% of the MaCas, two in 16.3%, three in 1.0% and four in 2.0%. Accessory and
connecting canals were apparent only in the middle and apical root thirds. Two-rooted MaCas occurred
less frequently (n=3). When one physiological foramen was present, the mean size of the narrow and
wide diameters were 0.28 mm (+ 0.07) and 0.40 mm (+ 0.11), while the distance between physiological
and anatomical foramen was 0.45 mm (+ 0.17). MaCas are predominantly single-rooted teeth with a
1-1-1/1 or 1-1-1/2 RCC. Most MaCas had one physiological foramen with an oval shape.

Miihlreiter! first described the tooth morphology by means of sectioning in axial planes. While investigative
methods have considerably improved since, the interest in and importance of the root canal system morphology
has not diminished. It is essential for operators to be familiar with the root canal system morphology and to be
able to recognize without delay any possible variation of it in order to minimize endodontic treatment failure®*.
Moreover, understanding that the morphology complexity of the root canal system may be substantially masked
by the relatively simple and uniform radiological anatomy of the external root surface? reports a meaningful
clinical benefit. Various root canal system morphology research methods as radiographic analysis, tooth clear-
ing, microscopy, and macroscopic sectioning®”’ have been implemented. The two most recently introduced
research methods are cone beam computed tomography (CBCT) and micro-computed tomography (micro-CT).
CBCT has been used to examine in vivo the root canal system morphology of mandibular canines (MaCa)®’
and micro-CT has been used to investigate different dental root canal systems and foramina morphologies'®™.
However, micro-CT has proven, in combination with a 3D imaging rendering software, that it is a reproducible,
non-destructive and non-invasive research method, thus, it has been reported to be the gold standard research
method for this purpose!”®. Furthermore, micro-CT, due to its high resolution, enhances a precise recognition
of the root canal configuration (RCC), thus, the use of a more comprehensive RCC description method! than
the ones frequently used reported by Vertucci'® and Weine et al.’. The root canal configuration of MaCas has
not, as far as we are aware of, been investigated by means of the four-digit classification system and micro-CT;
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hence, the aim of this investigation was to investigate the RCC, physiological foramen anatomy and accessory
and connecting canals number of MaCas in a Swiss-German population by means of micro-CT.

Materials and methods

Tooth selection. One hundred and one extracted human permanent mandibular canines (MaCa) were
collected from university medical centers and private dental offices in Switzerland and Germany. All teeth were
extracted for reasons unrelated to this investigation. All teeth investigated in this study were declared as “excess
material’, thus, they could be used for scientific purposes without requiring any additional approval of the cor-
responding ethics committee (Contract General Terms [AVB], §14 Organ explantation/further use of body
material, Status: 1 April, 2017). The teeth investigated were selected by two independent observers (A.L.A.,
T.G.W.). The inclusion criteria were teeth that could be clearly identified, according to their coronal morphologi-
cal dimensions®, as MaCa, had completely developed roots and lack of coronal or radicular resorption, caries,
root fracture and previous endodontic treatment were identified. Any adherent soft or hard tissue and calculus
were removed with ultrasonic (Pieton 150; EMS Dental, Nyon, Switzerland) and manual scalers. The teeth were
then stored in a 2% chloramine solution (Sigma-Aldrich, St. Louis, MI, USA) until the micro-CT examination
was performed.

Micro-computed tomography investigation. The 101 MaCas were imaged with the automated sample
changer on a Bruker SkyScan 1272 high-resolution micro-tomography device and integrated software (Bruker
microCT, Control software version 1.1.19, Kontich, Belgium). The device is equipped with a Hamamatsu
L11871-20, X-ray source (Hamamatsu Photonics, Hamamatsu; Shizuoka, Japan) and a Ximea xiRAY16 camera
(XIMEA GmbH; Miinster, Germany). The X-ray source was set at 80 kV and 125 pA and the spectrum was fil-
tered by 1 mm of aluminum. A set of five stacked scans overlapping the height of each sample was recorded. Each
stack was recorded with 482 projections (TIFF, 1632 x 1092 pixels) every 0.4° over a 180° sample rotation. Three
projections, exposed for 950 ms, were averaged in order to reduce image noise. A stack was scanned in approxi-
mately 40 min, resulting in a final data set with of an isometric voxel size of 10.0 pm'!. The projection images
were then subsequently reconstructed into a 3D stack (NRecon 1.7.4.6; Bruker microCT, Kontich Belgium) and
analyzed with the Jupyter notebook tool*!. The automated segmentation and root canal system morphology
description preparation method of the tooth datasets has been previously described'!. The middle slice of the
axial, frontal and sagittal planes was extracted and the maximum intensity projections (MIP) of each plane were
generated for rapid visual assessment of each tooth. Based on the extent of the MIP, the datasets were cropped to
their minimal size to facilitate further processing. The apical 3.5 mm of the MaCas were examined by re-slicing
this smaller area into sagittal slices. The dentin-enamel junction was automatically detected and the lower part
of each tooth was split into four equidistant slices from the most apical region to the enamel-cement junction''.

Root canal configuration method. A four-digit root canal system configuration (RCC) classification
was used'®, in which the roots are divided into thirds. The first, second and third digits denote the coronal,
middle and apical thirds, respectively. Each digit represents the root canal number at the coronal limit of the
corresponding third. The fourth digit is separated with a slash (/) and stands for the number of physiological
foramina. The apical area was investigated as previously described'®. A physiological foramen is defined as the
one that originates from a main root canal and has a diameter of >0.2 mm'. All apical foramina with a diame-
ter <0.2 mm were classified as accessory foramina. The physiological as well as the accessory foramina were ana-
lyzed in the axial and sagittal planes. The anatomical (widest diameter) and physiological (narrowest diameter)
foramina were determined and the distance between both was measured'®*¢ with a 3D imaging software Fiji*2.
The physiological foramen shape was defined as oval when the difference between narrow and wide diameters
was 20.02 mm?*. The number of connecting and accessory canals was determined and classified according to
their location in either the coronal, middle or apical root thirds. A connecting canal was defined as the one that
connects a root canal with the same or another root canal without emerging into the periapical tissue. The results
of this study are descriptively expressed with absolute and relative values.

Results

Micro-CT investigation. The results of 101 mandibular canines (MaCa) showed 98 single-rooted and three
two-rooted teeth. The roots of the two-rooted MaCas divided into two separate roots in the middle or apical
third; therefore, they were considered as two-rooted MaCa in this study. The 3D reconstructions of the micro-
CT scans allowed a visualization of the enamel in white, the pulp space in red and the dentin in transparent
gray (Figs. 1, 2). The root canal configurations (RCCs) results of the single and two-rooted MaCas are shown
in Table 1. The most frequently RCCs observed in MaCas were the 1-1-1/1 (74.5%) one (Fig. 1) followed by the
1-1-1/2 (14.3%), 1-2-1/1 (4.1%) and 1-1-1/4 (2.1%) RCCs. Five other RCCs were less frequently (1.0%) observed
(Table 1). Of the two-rooted MaCa, 66% showed a 1-1-1/1 configuration in the buccal and lingual roots (Fig. 2).
RCCs 1-2-1/1 and 1-1-1/2 were observed once (33.3%) in the buccal and lingual roots, respectively, of two
rooted MaCas (Table 1).

Most single rooted MaCas had one physiological foramen (80.6%) and four to one accessory canals
(15.3-1.0%). The buccal root of two-rooted MaCas had one (100%) and the lingual one (66.6%) and two (33.3%)
physiological foramina. Only one accessory canal was observed in the buccal root (33.3%) of two-rooted MaCas,
otherwise no accessory canals could be observed (Table 2). The frequency of accessory and connecting canals in
MaCas in this investigation was unusual (Table 3). In single rooted MaCas one accessory canal was identified in
13 MaCas (12.8%); six (5.9%) and seven (6.9%) in the apical and middle thirds, respectively. Only two connecting
canals (2.0%) were observed, all of them located in the middle third. One loop-type connecting canal (emerging
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Figure 1. Mandibular canines with a 1-1-1/1 root canal configuration. The root canals observed were most of
the time wide (in a mesio-distal projection); however, the tended to narrow as they reached the apical third.

from and returning to the same root canal) and one communicating canal (communicating two different root
canals in the same root) were observed (Table 3). The physiological foramina diameter sizes of single-rooted
mandibular canines and the distance between the anatomical apex and the physiological foramen is shown in
Table 4. Recommendations for the final preparation of the physiological foramina size (MAF), based on the
diameter size results obtained, are suggested (Table 4). The most frequently observed physiological foramina
shape in single-rooted MaCas with one foramen was an oval shape (91.1%) followed by the round (7.6%) and
irregular (1.3%) shapes. When more than one physiological foramen was observed, all foramina had an oval
shape (Table 5).

Discussion

The aim of this study was to examine the root canal system morphology of mandibular canines (MaCa) with
a solid sample size (n=101), thus, allowing a reliable statistical evaluation. Different research methods, such
as decalcifying and ink dye’, radiographic imaging®, cross-sectional*, CBCT imaging®®*~?® and micro-CT
imaging'>!4, have been used to examine root canal morphologies. The cross-sectional and decalcification meth-
ods demand, at least to a certain extent, a sample destruction; furthermore, with the cross-sectional method,
due to the slice thickness, an accurate reconstruction of the internal morphology becomes burdensome. The
radiographic imaging method is, due to its intrinsic low resolution, a difficult to interpret and reproduce, thus,
a rather subjective method. Therefore, it is not surprising that given the progress of three-dimensional imaging
methods, methods such as cross-sectioning, decalcification and conventional two-dimensional radiographs are
being replaced through minute, and hence, objective root canal morphology research methods!®. Recent studies
considering the morphology of MaCas, investigating a relatively large sample size, have been in vivo performed by
means of CBCT imaging®**%, CBCT examinations seem to be an accurate in vivo method for analyzing the root
canal morphology; however, CBCT does not provide images with a high-resolution as those of micro-CT!%1>18,
It is frequently accepted that actually the most accurate ex vivo method to investigate root canal configurations
(RCCQ) is the micro-CT analysis supported with a 3D reconstruction, as it is a non-destructive, non-invasive, and
reproducible method'”!8. Micro-computed tomography is able to provide accurate and quantifiable results, thus,
is considered as the gold standard when investigating RCCs'®. However, relative few studies have investigated the
MaCa root canal morphology by means of micro-computed tomographic imaging'*'**. The RCC description
systems proposed by Vertucci'® and Weine et al.*> have been widely reported in the literature. However, different
computer-assisted imaging techniques, such as micro-CT, have enhanced the possibility to depict minute RCCs
details that can hardly be accurately classified with the afore mentioned RCC systems. This investigation takes
advantage of an accurate four-digit RCC system based on the root sectioning into thirds and the use of a fourth
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Figure 2. Mandibular canine with a 1-2-2/2 (left) root canal configuration (RCC) and one accessory
(interradicular) canal in the middle third. A 1-1-1/1 RCC (right) with one accessory canal which divides into
two accessory canals/foramina can be observed.

Frequency
Root(s) RCC Absolute | Mean
1-1-1/1 |73 74.5
1-1-1/2 | 14 14.3
1-1-1/3 1 1.0
1-1-1/4 2 2.1
Single-rooted (n=98) 1-1-2/1 1 1.0
1-2-1/1 4 4.1
1-2-1/2 1 1.0
1-2-2/2 1 1.0
2-3-1/1 1 1.0
Two-rooted (n=3)
Buccal L > 66.6
1-2-1/1 1 333
Lingual 1-1-1/1 2 66.6
1-1-1/2 1 333

Table 1. Root canal configuration (RCC) of 101 mandibular canines. The RCC digits from left to right
describe the root canal number from the coronal, middle to the apical third of the root. The fourth digit,
separated with a slash (/), depicts the physiological foramina number (n/total =101, n/single-rooted =98, n/
two-rooted =3).
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Physiological and accessory foramina frequency
1R-Ph 1R-Ac 2R-Ph/B 2R-Ph/L 2R-Ac/B 2R-Ac/L

F n % n % n % n % n % n %

0 - - 66 67.3 - - - - 2 66.6 3 100.0
1 79 80.6 15 15.3 3 100.0 2 66.6 - - - -
2 16 16.3 8 8.2 - - 1 33.3 1 33.3 - -
3 1 1.0 8 8.2 - - - - - - - -
4 2 2.0 1 1.0 - - - - - - - -

Table 2. Absolute (n) and mean (%) frequency of the physiological and accessory foramina frequency
observed under micro-CT in mandibular canines (n=101; n/one root =98, n/two roots = 3; F =foramina
frequency, 1R =single-rooted, 2R = two-rooted, B =buccal root, L=lingual root, Ph = physiological foramina,
Ac=accessory canals).

Single rooted ‘ n | %
Accessory canals

None 88 |87.1
Coronal 0 0.0
Middle 7 6.9
Apical 6 5.9
Connecting canals

None 96 |98.0
1-1-1/1 0 0.0
1-1-1/2 0 0.0
1-1-1/3 0 0.0
1-1-1/4 0 0.0
1-1-2/1 0 0.0
1-2-1/1 1 1.0 | (TypeL)
1-2-1/2 0 0.0
1-2-2/2 0 0.0
2-3-1/1 1 1.0 | (Type C)
1-1-1/1 0 0.0
1-2-1/1 0 0.0
1-1-1/1 0 0.0
1-1-1/2 0 0.0
Two-rooted

Accessory canals

None 2 2.0
Coronal 0 0.0
Middle 1 1.0
Apical 0 0.0
Connecting canals

None 1 1.0
1-1-1/1 1 1.0
1-1-1/2 1 1.0
1-2-1/2 0 0.0

Table 3. Absolute and mean frequency of connecting and accessory canals in the coronal, middle and apical
root thirds of single-rooted (n=98) and two-rooted (n=3) mandibular canines (n=101).

digit to describe the physiological foramina number identified"’. The 1-1-1/1 RCC (74.5%) frequency obtained
in this investigation in MaCas is in agreement with the ones of previous reports®**. However, this RCC has been
also reported with a relative lower frequency (35.8%) in female patients®. These differences could be explained
by the different research methodologies and populations investigated. The second most frequently RCC observed
in this study was the 1-2-1/2 (14.3%), which describes a root canal that splits into two, merges apically; yet, ends
with two physiological foramina. This RCC has been seldom reported by other authors*”?. In our opinion, the
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Foramina (n) 1 2 3 4
Diameter/Distance (mm) w N D w N D w N D w N D
(%) 0.40 0.28 | 045 |0.38 022 |016 |0.32 |0.17 [0.17 |0.32 |0.18 |0.18
SD 0.11 0.07 |0.17 |0.11 0.07 |0.05 |0.06 {0.02 [0.02 |0.09 |0.03 |0.04
Max 0.88 063 1094 |0.74 040 |0.29 |0.38 |[0.21 [0.19 |0.49 |024 |0.24
Min 0.21 0.14 |0.10 |0.22 0.12 |0.10 |0.25 |0.15 [0.14 |0.23 |0.13 |0.13
Total (n) 79 16 1 2

MAF 45/50 40/45 40 40

Table 4. Statistical description of the physiological foramen diameter dimensions (mm) and distances
between the anatomical and physiological foramen in single-rooted mandibular canines (n=98) and final
preparation size (master apical file [MAF]; ISO instrument tip diameter) recommendations (W =wide
diameter; N =narrow diameter, D = Distance between physiological foramen and anatomical foramen;

SD = standard deviation).

1 3 4
Foramina (n)/Shape |n | % n | % n | % n | %
Oval 72 |91.1 |16 |100.0 |1 100.0 |2 |100.0
Round 6 76 |0 00 |0 00 |0 0.0
Irregular 1 13 |0 00 |0 00 |0 0.0
n 79 16 1 2

Table 5. Absolute and relative physiological foramina shape frequency of single-rooted mandibular canines
(n=98) according to the foramina number.

lack of these findings, supports the fact that minute RCC details can be only/easier identified with micro-CT
when compared with other research methodologies.

In 67.3% of the investigated MaCas, no accessory foramina were found. One accessory foramen was observed
in 15.3%, two and three in 8.3%, and four accessory foramina were identified in one MaCa. Most MaCas exam-
ined had neither accessory (89.1%) nor connecting (96.0%) canals. The information reported in the literature,
when considering the frequency of accessory foramina and accessory and connecting canals in MaCas, is scarce;
yet, the findings obtained in this investigation are in agreement to some extent with the ones of a previous
report'®. The overall mean distance between the anatomical and physiological foramina of MaCas in this research
was of 0.24 mm (+0.07) and a maxima and minima of 0.94 and 0.10 mm, respectively. Higher results (& 0.95 mm;
+0.50; max =2.38 and min =0.13 mm) when compared with this study have been reported®. These differences
could be explained through the investigation methodology differences. Although further distance information
between the anatomical and physiological foramina of MaCas is scarce, it is important for the operator to be
aware that in both investigations, the ranges between the minima and maxima as well as the standard deviations
are high. Thus, this regarding, it is not advisable to make a radiological clinical recommendation for the clinician.
The most frequently physiological foramina shape observed in this investigation, alike another prior report on
mandibular first premolars®!, was the oval one (91.1-100%). Direct comparison between these results should be
cautiously exercised due to the different tooth types investigated®' and to the fact that different research groups®**
do no make any tooth type distinction. To the best of our knowledge, there have been few attempts'>!®? to report
a clear definition of the foramina shape. In this investigation, an oval foramina shape was defined as the one in
which the difference between the wide and narrow diameters was of >0.02 mm; otherwise, for the sake of the
inherent morphology of teeth, it was defined as a round shape. An irregular shape was the one in which more
than two different diameters were encountered.

A single physiological foramen was the most frequently observed one in this research (80.6%), followed by
two (16.3%); yet, three physiological foramina could only be observed in one tooth and four foramina in two
teeth. When one physiological foramen was observed, the wide and narrow average diameters were 0.40 and
0.28 mm, respectively. A small diameter mean reduction was observed in MaCas with two (0.38 and 0.22 mm),
three (0.32 and 0.17 mm) and four (0.32 and 0.18 mm) physiological foramina, respectively. The difference
between the wide and narrow diameters in MaCas with one and two, three or four physiological foramina are
within ranges of 0.02 to 0.08 and 0.06 to 0.11 mm, respectively. From a clinical point of view the wide diameter
is the one that should be taken into consideration when determining the apical final preparation (MAF) size.
Therefore, the wide diameter results and Weine’s® recommendations were taken into consideration when evaluat-
ing the corresponding MAF suggestions and because the majority of physiological foramina observed were oval
and these ideally should mechanically be prepared into a round shape. The MAFs recommended, according to
the relative low differences between the wide and narrow diameters ranges computed in this research, are cor-
responding few. However, it should be mentioned that in the best case, with the tactile sense, an operator would
be clinically able to detect the narrow and not the wide diameter, thus, making it difficult to give credit to and
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to follow the recommendations here given. Furthermore, the shape, cleanliness and hermetic sealing potential,
not only of the physiological foramina but the entire root canal space, after the cleaning and shaping procedures
is of importance. Concentrating the shaping procedures in one area could lead to structures weakening or even
perforation'®**?%, Thus, a carefully considered and balanced decision when selecting the preparation method
and system should be taken.

Conclusions

Single rooted mandibular canines (MaCas) were most frequently observed (97.0%) ones.

The most frequently root canal configurations (RCC) observed in single-rooted MaCas were 1-1-1/1 (74.5%)
and 1-2-1/2 (14.3%).

Accessory and connecting canals were identified only in the middle and apical root thirds with a frequency
up to 6.9%.

Most MaCas had one physiological foramen (80.6%) with narrow and wide diameter mean sizes of 0.40 mm
(+£0.11) and 0.28 mm (£ 0.07), whereas most physiological foramina were oval shaped (91.1%).

The potential for clinical relevance, when taking into consideration the results (specially the RCC and foram-
ina shape) of this investigation, is that although an endodontic treatment of MaCas seems to be a straight
forward one, =15% of treatment failures could be avoided when clinically being aware of, and able to recog-
nize uncommon MaCas morphologies.

Received: 26 August 2021; Accepted: 1 October 2021
Published online: 28 October 2021

References

1.

2.

10.

11.
12.
13.
14.

15.

16.

17.

18.
19.

20.
. Rule, A. et al. Ten simple rules for writing and sharing computational analyses in Jupyter Notebooks. PLoS Comput. Biol. 15,

22.

23.

Miihlreiter, E. Anatomie des menschlichen Gebisses. Mit besonderer Riicksicht auf die Bediirfnisse der Zahnersatzkunde. 1-103
(Arthur Felix, 1870).

Neelakantan, P., Subbarao, C., Ahuja, R., Subbarao, C. V. & Gutmann, J. L. Cone-beam computed tomography study of root and
canal morphology of maxillary first and second molars in an Indian population. . Endod. 36, 1622-1627. https://doi.org/10.1016/j.
joen.2010.07.006 (2010).

. Weine, E. S., Healey, H. J., Gerstein, H. & Evanson, L. Canal configuration in the mesiobuccal root of the maxillary first molar and

its endodontic significance. Oral Surg. Oral. Med. Oral. Pathol. 28, 419-425. https://doi.org/10.1016/0030-4220(69)90237-0 (1969).

. Gulabivala, K., Aung, T. H., Alavi, A. & Ng, Y. L. Root and canal morphology of Burmese mandibular molars. Int. Endod. J. 34,

359-370. https://doi.org/10.1046/j.1365-2591.2001.00399.x (2001).

. Pineda, F. Roentgenographic investigation of the mesiobuccal root of the maxillary first molar. Oral. Surg. Oral. Med. Oral. Pathol.

36, 253-260. https://doi.org/10.1016/0030-4220(73)90247-8 (1973).

. Sharma, R., Pécora, J. D., Lumley, P. J. & Walmsley, A. D. The external and internal anatomy of human mandibular canine teeth

with two roots. Endod. Dent. Traumatol. 14, 88-92. https://doi.org/10.1111/j.1600-9657.1998.tb00817.x (1998).

. Vertucci, F J. Root canal anatomy of the mandibular anterior teeth. . Am. Dent. Assoc. 89, 369-371. https://doi.org/10.14219/jada.

archive.1974.0391 (1974).

. Doumani, M. et al. Root canal morphology of mandibular canines in the Syrian population: a CBCT assessment. J. Fam. Med.

Prim. Care 9, 552-555. https://doi.org/10.4103/jfmpc.jfmpc_655_19 (2020).

. Mashyakhy, M. Prevalence of a second root and canal in mandibular and maxillary canines in a Saudi Arabian population: a cone-

beam computed tomography study. J. Contemp. Dent. Pract. 20, 773-777. https://doi.org/10.5005/jp-journals-10024-2595 (2019).
Brisefio Marroquin, B., Paqué, E.,, Maier, K., Willershausen, B. & Wolf, T. G. Root canal morphology and configuration of 179
maxillary first molars by means of micro-computed tomography: an ex vivo study. J. Endod. 41, 2008-2013. https://doi.org/10.
1016/j.joen.2015.09.007 (2015).

Haberthiir, D., Hlushchuk, R. & Wolf, T. G. Automated segmentation and description of the internal morphology of human per-
manent teeth by means of micro-CT. BMC Oral Health 21, 185. https://doi.org/10.1186/s12903-021-01551-x (2021).
Marceliano-Alves, M. E. et al. The internal root canal morphology of single-rooted mandibular canines revealed by micro-computed
tomography. J. Cons. Dent. 21, 588-591. https://doi.org/10.4103/JCD.JCD_313_18 (2018).

Mazzi-Chaves, J. E. et al. Micro-computed tomographic assessment of the variability and morphological features of root canal
system and their ramifications. J. Appl. Oral Sci. 28, €20190393. https://doi.org/10.1590/1678-7757-2019-0393 (2020).

Versiani, M. A., Pécora, J. D. & Sousa Neto, M. D. Microcomputed tomography analysis of the root canal morphology of single-
rooted mandibular canines. Int. Endod. J. 46, 800-807. https://doi.org/10.1111/iej.12061 (2013).

Wolf, T. G. et al. 3-Dimensional analysis and literature review of the root canal morphology and physiological foramen geometry
of 125 mandibular incisors by means of micro-computed tomography in a German population. J. Endod. 46, 184-191. https://doi.
0rg/10.1016/j.joen.2019.11.006 (2020).

Wolf, T. G., Paqué, F, Patyna, M. S., Willershausen, B. & Brisefio Marroquin, B. Three-dimensional analysis of the physiological
foramen geometry of maxillary and mandibular molars by means of micro-CT. Int. J. Oral Sci. 9, 151-157. https://doi.org/10.1038/
1j05.2017.29 (2017).

Paes da Silva Ramos Fernandes, L. M. et al. Detection of various anatomic patterns of root canals in mandibular incisors using
digital periapical radiography, 3 cone-beam computed tomographic scanners, and micro-computed tomographic imaging. J. Endod.
40, 42-45. https://doi.org/10.1016/j.joen.2013.09.039 (2014).

Plotino, G. et al. Three-dimensional imaging using microcomputed tomography for studying tooth macromorphology. ] Am Dent
Assoc 137, 1555-1561. https://doi.org/10.14219/jada.archive.2006.0091 (2006).

Vertucci, E J. Root canal anatomy of the human permanent teeth. Oral Surg. Oral Med. Oral Pathol. 58, 589-599. https://doi.org/
10.1016/0030-4220(84)90085-9 (1984).

Nelson, S. J. Wheeler’s Dental Anatomy, Physiology and Occlusion 125-139 (Elsevier, 2015).

€1007007. https://doi.org/10.1371/journal.pcbi.1007007 (2019).

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat. Methods 9, 676-682. https://doi.org/10.1038/
nmeth.2019 (2012).

Brisefio Marroquin, B., El-Sayed, M. A. A. & Willershausen-Zoénnchen, B. Morphology of the physiological foramen: I. Maxillary
and mandibular molars. J. Endod. 30, 321-328. https://doi.org/10.1097/00004770-200405000-00005 (2004).

Scientific Reports |

(2021) 11:21281 | https://doi.org/10.1038/s41598-021-00758-w nature portfolio


https://doi.org/10.1016/j.joen.2010.07.006
https://doi.org/10.1016/j.joen.2010.07.006
https://doi.org/10.1016/0030-4220(69)90237-0
https://doi.org/10.1046/j.1365-2591.2001.00399.x
https://doi.org/10.1016/0030-4220(73)90247-8
https://doi.org/10.1111/j.1600-9657.1998.tb00817.x
https://doi.org/10.14219/jada.archive.1974.0391
https://doi.org/10.14219/jada.archive.1974.0391
https://doi.org/10.4103/jfmpc.jfmpc_655_19
https://doi.org/10.5005/jp-journals-10024-2595
https://doi.org/10.1016/j.joen.2015.09.007
https://doi.org/10.1016/j.joen.2015.09.007
https://doi.org/10.1186/s12903-021-01551-x
https://doi.org/10.4103/JCD.JCD_313_18
https://doi.org/10.1590/1678-7757-2019-0393
https://doi.org/10.1111/iej.12061
https://doi.org/10.1016/j.joen.2019.11.006
https://doi.org/10.1016/j.joen.2019.11.006
https://doi.org/10.1038/ijos.2017.29
https://doi.org/10.1038/ijos.2017.29
https://doi.org/10.1016/j.joen.2013.09.039
https://doi.org/10.14219/jada.archive.2006.0091
https://doi.org/10.1016/0030-4220(84)90085-9
https://doi.org/10.1016/0030-4220(84)90085-9
https://doi.org/10.1371/journal.pcbi.1007007
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1097/00004770-200405000-00005

www.nature.com/scientificreports/

24. Bakianian Vaziri, P. et al. Root canal configuration of one-rooted mandibular canine in an Iranian population: an in vitro study.
J. Dent. Res. Dent. Clin. Dent. Prospects 2, 28-32. https://doi.org/10.5681/joddd.2008.006 (2008).

25. Altunsoy, M. et al. A cone-beam computed tomography study of the root canal morphology of anterior teeth in a Turkish popula-
tion. Eur. J. Dent. 8, 302-306. https://doi.org/10.4103/1305-7456.137630 (2014).

26. Aminsobhani, M., Sadegh, M., Meraji, N., Razmi, H. & Kharazifard, M. J. Evaluation of the root and canal morphology of man-
dibular permanent anterior teeth in an Iranian population by cone-beam computed tomography. J. Dent. (Tehran) 10, 358-366
(2013).

27. Haghanifar, S., Moudi, E., Bijani, A. & Ghanbarabadi, M. K. Morphologic assessment of mandibular anterior teeth root canal using
CBCT. Acta Med. Acad. 46, 85-93. https://doi.org/10.5644/ama2006-124.193 (2017).

28. Karobari, M. I, Noorani, T. Y., Halim, M. S. & Aly Ahmed, H. M. Root and canal morphology of the anterior permanent dentition
in Malaysian population using two classification systems: a CBCT clinical study. Aust. Endod. J. https://doi.org/10.1111/aej.12454
(2020).

29. Wang, M., Ren, X. & Pan, Y. Micro-computed tomography-based anatomical study of the branch canals in mandibular anterior
teeth in a Chinese population. Clin. Oral Investig. 23, 81-86. https://doi.org/10.1007/s00784-018-2409-y (2019).

30. Dummer, P. M., McGinn, J. H. & Rees, D. G. The position and topography of the apical canal constriction and apical foramen. Int.
Endod. J. 17, 192-198. https://doi.org/10.1111/§.1365-2591.1984.tb00404.x (1984).

31. Awawdeh, L., Abu-Fadaleh, M. & Al-Qudah, A. Mandibular first premolar apical morphology: a stereomicroscopic study. Aust.
Endod. J. 45, 233-240. https://doi.org/10.1111/aej.12313 (2019).

32. Green, D. Stereomicroscopic study of 700 root apices of maxillary and mandibular posterior teeth. Oral Surg. Oral Med. Oral
Pathol. 13, 728-733. https://doi.org/10.1016/0030-4220(60)90373-x (1960).

33. Manva, M. Z., Sheereen, S., Hans, M. K., Alroomy, R. & Mallineni, S. K. Morphometric analysis of the apical foramina in extracted
human teeth. Folia Morphol (Warsz) https://doi.org/10.5603/FM.a2020.0143 (2020).

Acknowledgements
Marijke Vroomen Durning (Québec, Canada) is acknowledged for her kind support with the manuscript.

Author contributions

T.G.W,, A.L.A. conducted the investigation, and drafted the paper. A.L.A., S.S., D.H., O.Z.K. and N.B. collected
the data. D.H., O.Z.K,, S.S., N.B., R.J.W. and R.H. participated in the conceptualization, methodology, and visu-
alization of the study. T.G.W. was the main supervisor and initiator of this study. All authors reviewed, revised,
and finalized the paper.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.G.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:21281 | https://doi.org/10.1038/s41598-021-00758-w nature portfolio


https://doi.org/10.5681/joddd.2008.006
https://doi.org/10.4103/1305-7456.137630
https://doi.org/10.5644/ama2006-124.193
https://doi.org/10.1111/aej.12454
https://doi.org/10.1007/s00784-018-2409-y
https://doi.org/10.1111/j.1365-2591.1984.tb00404.x
https://doi.org/10.1111/aej.12313
https://doi.org/10.1016/0030-4220(60)90373-x
https://doi.org/10.5603/FM.a2020.0143
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Internal morphology of 101 mandibular canines of a Swiss-German population by means of micro-CT: An ex vivo study
	Materials and methods
	Tooth selection. 
	Micro-computed tomography investigation. 
	Root canal configuration method. 

	Results
	Micro-CT investigation. 

	Discussion
	Conclusions
	References
	Acknowledgements


