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Three-dimensional analysis of the pulp cavity on surface models of
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Abstract
Aim. The purpose of this study was to investigate the scanning and segmentation precision of surface models of molars for the
detection of small volumes, such as the reduced pulp cavity; formation of mineral deposits; detection of narrow root canals and
to improve the clinical and morphological understanding of the number of root canals and their configuration. Methods.
Eighteen human molars were scanned using X-ray micro-computed tomography. The reconstruction of the surface models
had a precision of <1 voxel, using three-dimensional software and quantitative color mapping. In order to relate the
measurements to changes over time the size of the pulp chambers was classified in two well-defined groups. Results.
The mineral deposits were more evenly distributed in small pulp chambers than in large, but complete root canal calcification
was never observed. No difference was observed in the material with respect to the presence of intra-radicular connections. In
upper molars, a second mesiobuccal canal (mb2) frequency of 91% was found. The difference in length between the first
mesiobuccal canal (mb1) and mb2 was <1 mm. The number of root canals could be related to the number of root cones.
Conclusion. In summary, three-dimensional surface models were made with a high precision; an increased accumulation of
mineral deposits was noted in molars with small pulp chambers and combined with the consistent pattern of intra-
radicular connections, the potential endodontic treatment complexity is underlined in such cases. Finally, an improved
understanding of root canal prevalence was reached, when merging well-defined definitions on root morphology and clinical
classification systems.
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Introduction

Detailed information about root canal anatomy is
essential in endodontics [1] and clinical classification
systems have been developed to describe various root
canal configurations [2]. The use of X-ray micro-
computed tomography (Micro-CT) scanning has
facilitated in vitro analysis of the internal and external
root morphology [3–5], including the evaluation of
root canal preparations after instrumentation [5–13]
and broad software applications [14]. On the basis of
Micro-CT data, it should be possible to further

improve the morphological understanding of estab-
lished clinical root classification systems [2,15], as
consensus is still needed. In this context, invasive and
non-invasive methods have shown that the mb2 pre-
valence in maxillary permanent molars varies from
18.6–95.2% [16–20]. The reported variation in root
canal prevalence may be related to the clinical level of
magnification [18] and the basic macrostructures
building up the root canal system in terms of root
cones and separation structures [21–24]. Moreover, if
three-dimensional (3D) reconstructed surface models
are used for the evaluation of narrow root canals, the
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scanning and segmentation precision is crucial for the
evaluation of small volumes such as the second mesio-
buccal canal (mb2). A recent Micro-CT study ana-
lyzed the root canal system in the mesiobuccal root
component of the first permanent maxillary molar
[25] and found that the prevalence of the mb2 was
rather low: 65.2%. In addition, calcified segments in
the root canals were visualized. Since magnification
tools such as the operating microscope have become
so prevalent and are even covered in undergraduate
textbooks [26], more data about the reduced pulp
cavity are required. The formation of secondary den-
tin in the pulp cavity after complete development of
the tooth crown is a well known parameter in estima-
tion of age [27]. In addition, older molar teeth have
revealed formation of irregular and atubular dentin
upon the mesial aspect of the floor of the pulp cham-
ber [28]. In light of this the size of the pulp chambers
may act as an indicator on changes over time. The
aims in this study were: (i) to examine the scanning
and segmentation precision of surface models of
human molars for the potential detection of small
volumes, (ii) to examine morphological aspects of
mineral deposits in the pulp cavity of varying sizes,
including the mb2 prevalence and length in maxillary
permanent molars and (iii) to improve the general
understanding of root canal configurations using
established definitions of root morphology and clin-
ical classification systems.

Materials and methods

Sample material

X-rays were taken with a parallel technique from a
batch of freshly extracted molars to select intact
molars with varying sizes of the pulp cavity. The teeth
were from a Danish population and had been
extracted for reasons unrelated to the present study
(mainly due to periodontal disease). We selected
11 maxillary and seven mandibular molar teeth with-
out major destructions, and kept them in 0.5% aque-
ous chloramine. The roots were embedded in Epofix
Kit (Struers A/S, Copenhagen, Denmark).

Scanning, segmentation and surface modeling

The teeth were scanned using a m CT40 Micro-
tomography scanner (SCANCO Medical AG,
Brüttisellen, Switzerland). The molars were placed
upright and scanned perpendicular to their longitu-
dinal axes at standard resolution (250 projections per
180�), with a pixel size, slice thickness and slice
increment of 30.7 mm. The scanner operated at
55 kV and 72 mA. The total number of slices per
tooth varied between 589–769. The slices were
imported into Analyze7.0 (AnalyzeDirect, Inc.,
Stilwell, KS) and median filtering was performed in

order to eliminate noise. The objects were segmented
semi-automatically and polygonal surface models
were produced from each data set (Micro-CT image
volume) using Landmarker version 2.0.3 [29].

Scanning and segmentation precision

The scanning precision was determined by re-
scanning one tooth after re-positioning but with
otherwise identical scanner settings. 3D surface mod-
els were created from both scans [30], employing the
same intensity threshold, and these were subsequently
spatially registered to each other [31]. For each sur-
face point p on one of the models, the distance dp to
the closest location on the surface of the other model
was determined and the overall precision was defined
as the mean of these distances.
The segmentation precision was determined by

repeating the segmentation process twice for 18 dif-
ferent data sets. Surface models were created from
each segmentation and dp was determined for each
segmentation pair. Each tooth was sectioned into
100 axial slices, thereby providing an anatomical
correspondence for the same slice in all teeth. For
each slice in each tooth, a mean dp was calculated by
averaging the dp values of all points within that slice
and the average of these values in the sample of
18 pairs was taken as an overall segmentation preci-
sion for each slice. Finally, the overall segmentation
precision was defined as the mean precision for all
100 slices. Range and standard deviation were deter-
mined for the scanning and segmentation precision
using IDL (Interactive Data Language, version 7.1,
ITT Visual Information Solutions, CO 80301, USA).
We applied a quantitative symmetric color scale to

visualize dp between two surface models of the same
tooth. The color scale is symmetric around zero
(green) and ranges from �30.7 mm (blue) to
30.7 mm (red). The segmentations were also used
to develop resin models with different morphology.
Two-colored stereo lithography (stl) models were
prepared, scaled 4:1 in size (Prototal AB, Instrument-
vägen 6, SE-553 02 Jönköping, Sweden).

Qualitative and quantitative morphological analysis of
the pulp cavity

The size of the pulp cavity was used as an indicator of
changes over time [28]. The size of the pulp chamber
was measured centrally and the sizes were classified
into two groups: (a) distance >1 mm between the roof
and the furcal wall; (b) distance £1 mm. The distri-
bution of mineral deposits was examined with respect
to groups a and b as well as tooth type using the
definition previously described by Park et al. [25].
The presences of mineral deposits in the pulp cavity
were detected not as secondary dentine but as calci-
fied segments connected to the walls of the pulp cavity
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or as separated objects. The mean difference in canal
length between the first mesiobuccal canal (mb1) and
mb2 was calculated on the basis of the center of each
root canal.
For the morphological description of the root canal

complex, the definitions used were previously
described by Carlsen and Alexandersen [21–24]:

. The root component is composed of 1–3 macro
morphological units (root cones), which can be
separated either completely or incompletely by
inter-radicular projections or root grooves
(Figure 1).

. A primary main canal is located centrally in a root
complex, a separated root component, or a sepa-
rated root cone (Figures 1A and B).

. A secondary main canal is located centrally in
either a non-separated root component or a non-
separated root cone (Figure 1C).

. The intra-radicular connection/canal connects two
secondary main canals; the lateral canal connects
the internal cavity with the outer surface of the root
complex.

For the clinical description of root canal types, the
following canal configuration was defined by Vertucci
[15]:

. Type 1 has a single root canal from orifice to apex;

. Type 2 has two canals that combine and exit as one
at the apex;

. Type 3 has one canal at the orifices that divides,
recombines and exits as one at the apex;

. Type 4 has two root canals from orifices to apex;

. Type 5 has one canal at the orifices that divides and
exits as two at the apex;

. Type 6 has two root canals at the orifices, one
root canal in the middle and two root canals at
the apex;

. Type 7 has one root canal at the orifice that divides
and recombines within the body of the root and
ends as two root canals; and

. Type 8 has three canals from orifices to apex.

The relationships between root cones, root compo-
nents and separation structures were analyzed and a
canal configuration type application was made for
each root component, comparing the number of
root cones with the number of root canals along
the entire length of each root component. Analyses
were performed using the 3D models and the two-
dimensional (2D) slices of each root component and
in some selected cases, the analysis was supported by
using the magnified resin models for verification
(Figure 2).

Results

Scanning and segmentation precision

The scanning precision was 6.7 mm ± 10.1 mm (1 SD).
The precision of the segmentation was 8.63 mm ±
8.53 mm. After color mapping, the surface models
are almost entirely green, reflecting <10 mm distance
between the two models (Figures 3A and B).

Qualitative and quantitative morphological analysis of
the pulp cavity

The following tooth types were classified into the two
groups: a (six maxillary molars, three mandibular
molars) and b (five maxillary molars, four mandibular
molars). In group a, the largest pulp chambers were
associated with no calcified segments. The maxillary
palatal root component and the mandibular distal
root component were always involved when small
areas of mineral deposits were detected, particularly

A B C

Figure 1. Principal drawings of a root complex comprising one root
cone, with a primary main canal (A), a root complex revealing two
completely separated root cones each with a primary main canal
(B); arrows point to inter-radicular projections. In (C) the root
component is composed of two non-separated root cones with two
secondary main canals; arrows point to root grooves.

Figure 2. Two different two-colored stereo lithography (stl) models
in size 4:1 of a mandibular molar and a maxillary molar. The resin
teeth are transparent in light yellow with a dark-brown pulp cavity.

3D analysis of the pulp cavity 135



in the apical region. In one case, calcified segments
were covering the canal orifices. In group b, the
markedly reduced pulp chambers in the maxillary
molars were associated with calcified segments cov-
ering the canal orifices, including sporadic accumu-
lation of mineral deposits in the top, middle and
apical third of the root canal. However, none of the
root canals was completely blocked. In mandibular
molars, a larger part of the distal root canals was
associated with calcified segments, whereas no calci-
fied segments could be detected in the mesial root
components. The mineral deposits were present
either as calcified segments connected to the walls
of the pulp cavity or as separated objects, as illus-
trated in the palatal root canal of a maxillary molar
(Figures 4A and B). In six of the mandibular molars,
intra-radicular connections existed in the mesial root
component and eight of the mesiobuccal root com-
ponents in the maxillary molars had intra-radicular
connections. No difference was observed between
groups a and b with respect to the presence of
intra-radicular connections.

The mb2 were present in 10 of the maxillary molar
teeth. The mean difference in canal length between
mb1 and mb2 was 0.82 mm with a range of 0.25–
1.79 mm. The mb2 was always shorter than the mb1.
The principal inter-relation between root canals

and root components are illustrated, superimposed
with the outlines of each root cone and separation
structures, in three transversal planes, in a maxillary
molar (Figures 5A–D) and in a mandibular molar
(Figures 5E–H). The vast majority of the root com-
ponents were composed of two root cones and the
degree of separation was determined by the manifes-
tation of root grooves. Two non-separated root cones
with only superficial root grooves were associated with
a broad orifice and the broad outline remained along
the entire maxillary palatal root (Figures 5B–D). In
principle, the same pattern was seen in the distal root
component of the mandibular molar (Figures 5F–G),
where the apical transversal plane (Figure 5H)
revealed two secondary main canals, basically relating
to the two root cones building up the root component.
When the root grooves were even more marked, as

A B

–30.7 –20.5 –10.2 0.00 10.2 20.5 30.7 µm –30.7 –20.5 –10.2 0.00 10.2 20.5 30.7 µm

Figure 3. The distance (mm) between two surface models of the same mandibular molar color coded onto one of the models (A). The same
method is applied for two different segmentations between surface models of the pulp cavity within the same tooth (B). Positive (red) and
negative (blue) distances indicate which of the two models is outside the other.

A B

Figure 4. Calcified segments are shown in the palatal root canal (A); the root canal is seen from the pulp chamber. In (B) the root canal is seen
from the apex, viewing in the coronal direction; several calcified segments are noted coronally in a palatal root canal.
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illustrated in the mesial root component of the man-
dibular molar, well-defined circular outlines of both
the root cones and the secondary root canals were
noted (Figure 5G).
In the mandibular molar teeth, the mesial root

components were composed of two root cones, except
in one case, where the root component was composed
of three root cones. The distal root components
showed examples of both one and two root cones.

In the maxillary molar teeth, the mesiobuccal root
components always consisted of two root cones,
whereas the distobuccal and the palatal root compo-
nent varied between one and two root cones (Table I).
The canal configuration of the mesiobuccal root
components was most often scored as Type 4 or 6.
Only in one tooth (grouped in a), one secondary main
canal was noted, and the canal configuration was
scored as Type 1 (Table I). This root component
consisted of two non-separated root cones and again
the orifice of the secondary main canal was relatively
broad (Figure 6A).

Discussion

We have created satisfactory 3D surface models of the
pulp cavity with a scanning and segmentation preci-
sion of <1 voxel. In a similar study, Peters et al. [10]
also reported a precision error less than 1 voxel (unit:
39 mm). However, we used a voxel size (unit:
30.7 mm) which corresponds to about half of their
voxel volume, reflecting a better resolution in the
present study. Even though resolution can be
improved further [32] it is a fact that if root canals
are smaller than the resolution, the visualization of the
root canal will not appear in the surface model.
Therefore, quantitative assessments of 3D recon-
structed volumes should be interpreted in light of
the resolution and the obtained precision [10,33].
In addition, we have applied a new color mapping
method for visualization of the precision variation.
We are aware of the limited number of teeth in the

present study. However, our inclusion criteria based
on the size of the pulp chamber have provided new
information. In teeth with relatively small pulp cham-
bers, the number of separated calcified objects was
larger in the pulp cavity and the calcified segments
were more evenly distributed than observed in pre-
sumably younger teeth with relatively larger pulp
chambers. Among these teeth we only saw the onset
of calcified segments in the apical region, indicating
that the calcification of root canals may initiate here.
Tidmarsh [28] has previously described changes over
time in the pulp chamber, but did not include infor-
mation about the root complex. The appearance of
intra-radicular connections was a common observa-
tion in mesial root components in molars and evenly
distributed in our material. This may indicate that an
intra-radicular connection also denoted an isthmus
does not disappear over time, but remains a challenge.
Recently, the efficacy of removing debris in-vitro from
this region was found incomplete [5], confirming the
complexity of controlling an infection during the
treatment and/or prevention of apical periodontitis.
A review of the literature concerning the frequency

of mb2 has revealed a mean prevalence of 56.8% and
with a higher prevalence of mb2 reported in vitro than
in vivo [20]. We observed a relatively high mb2

A B
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C D

G H

Figure 5. Transparent surface model of a maxillary molar disclos-
ing the pulp cavity (A). Details of three transversal planes along the
root complex are illustrated in (B–D). From each plane the relation
between root canals and root components are noted and super-
imposed with the outlines of each root cone. (E) is a transparent
surface model of a mandibular molar showing the pulp cavity. As in
(A), transversal planes along the root complex (F–H) show the
relation between root canals and root components, superimposed
with the outlines of each root cone. Arrows indicate separation
structures.

3D analysis of the pulp cavity 137



frequency of 91%, with a root canal length close to the
mb1. However, it should be emphasized that the
sample size was relatively small. From a morpholog-
ical point of view, it is important to perform a straight-
line access, with the orifice oriented toward the border
between the furcal and pulpal walls prior to mb2
instrumentation. Clinically the mb2 is always difficult
to negotiate and sometimes difficult to instrument
[34,35]. However, as observed in our study, accumu-
lation of mineral deposits may narrow the root canal,
but it does not seem to be completely blocked in
molar teeth. Therefore, magnification, preferably a
microscope, is crucial for successful treatment out-
come in such cases, as well as the use of sonic or
ultrasonic micro-cutters for the removal of mineral
deposits in the pulp cavity [26].
In the present study, we have merged the morpho-

logical definitions of Carlsen [21] and the clinical
canal classification by Vertucci [15]. We have con-
firmed that the shape of the orifice matches the
outline of the root component [3]. Accordingly, if
one (secondary main) root canal with a relatively
broad orifice is observed (Figure 6A) and clinically

judged as a Type 1 configuration, the root compo-
nent will always consist of at least two merging
root cones. Vertucci’s classification system has an
important clinical impact [15], but it does not relate
the morphology to external macro-morphological
structures.
The morphological definitions applied in this study

simplify the understanding of the composition of the
root canal system. The changes due to mineral depos-
its laid down over time may modify the internal
morphology of the tooth (Figures 6B and C) and
clinically complicate the endodontic treatment. It
could be speculated that the Type 1 configuration
found in group a, with a broad orifice, may have the
potential to transform into any of the suggested con-
figurations over time, but always on the basis of the
composition of the macro morphology. In this con-
text, the creation of two-colored resin models of
molar teeth with different morphology represent an
excellent educational tool, in the pre- and postgrad-
uate endodontic training of students and dentists, in
order to understand the root canal system and its
difficulties.
In conclusion, we have made reproducible 3D

surface models with a high precision. An increased
accumulation of mineral deposits was noted in molars
with small pulp chambers and combined with the
consistent pattern of intra-radicular connections;
the potential endodontic treatment complexity is
underlined in such cases. When merging external
and internal definitions of the root canal complex,
a more detailed understanding of root canal preva-
lence is reached in varying sizes of the pulp cavity.
A future application of our method is to study tissue
removal after mechanical preparation in different
parts of the root canals, using color mapping.
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Table I. Vertucci’s canal configurations combined with the number of root cones (n).

Maxillary molars Type 1 Type 4 Type 6 Type 7

Mesiobuccal root component 1 (2) 4 (2) 4 (2) 2 (2)

Distobuccal root component 6 (1) 4 (2) — 1 (2) —

Palatal root component 4 (1) 7 (2) — — —

Mandibular molars Type 1 Type 2 Type 3 Type 4 Type 3-1a

Mesial root component — 1 (2) 1 (2) 3 (2) 1 (3)

Distal root component 6 (2) 1 (1) — — — —

aGulabivala et al. [36] supplemental canal configurations, three canals joining into one canal.

A B C

Figure 6. A tomographic slice of a maxillary molar at the orifice
level. The white arrow shows the mesiobuccal root component with
clinically one root canal but with a broad orifice, as a consequence
of two non-separated root cones (A). Principal drawings of (A)
showing the two non-separated root cones with one secondary main
canal (B). The changes due to mineral deposits laid down over time
will modify the internal morphology showing two secondary main
canals (C).
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