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Abstract

Bjorndal L, Carlsen O, Thuesen G, Darvann T.

External and internal computed macromorphology in 3D-recon-

structed maxillary molars using computerized X-ray microto-

mography. International Endodontic Journal, 32, 3±9, 1999.

Aim The aim of this study was to perform a qualitative

analysis of the relationship between the external and

internal macromorphology of the root complex and to

use fractal dimension analysis to determine the

correlation between the shape of the outer surface of the

root and the shape of the root canal.

Methodology On the basis of X-ray computed

transaxial microtomography, a qualitative and quanti-

tative analysis of the external and internal macromor-

phology of the root complex in permanent maxillary

molars was performed using well-defined macromor-

phological variables and fractal dimension analysis.

Five maxillary molars were placed between a

microfocus X-ray tube with a focal spot size of 0.07

mm, a Thomson-SCF image intensifier, and a CCD

camera compromising a detector for the tomograph.

Between 100 and 240 tomographic 2D slices were

made of each tooth. Assembling slices for 3D volume

was carried out with subsequent median noise

filtering. Segmentation into enamel, dentine and pulp

space was achieved through thresholding followed by

morphological filtering. Surface representations were

then constructed. A useful visualization of the tooth

was created by making the dental hard tissues

transparent and the pulp chamber and root-canal

system opaque. On this basis it became possible to

assess the relationship between the external and

internal macromorphology of the crown and root

complex.

Results There was strong agreement between the

number, position and cross-section of the root canals

and the number, position and degree of manifestation

of the root complex macrostructures. Data from a

fractal dimension analysis also showed a high

correlation between the shape of the root canals and

the corresponding roots.

Conclusions It is suggested that these types of 3D

volumes constitute a platform for preclinical training in

fundamental endodontic procedures.

Keywords: computerized microtomography, root

canal system, root complex, 3D reconstruction.

Introduction

The development of X-ray computed transaxial microto-

mography has had increasing significance in the study

of hard tissues (Kuhn et al. 1990, Fyhrie et al. 1995,

Davis & Wong 1996, RuÈ egsegger et al. 1996, MuÈ ller &

RuÈ egsegger 1997). This miniaturized CT technique has

a resolution of 100 mm, and has proven to be useful as a

non-destructive technique for 3D reconstruction of

teeth in vitro (Nielsen et al. 1995, Thuesen et al. 1996,

Dowker et al. 1997).

Several studies (Vertucci 1974, Bone & Moule 1986,

Neaverth et al. 1987, Fogel et al. 1994) have
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established macromorphological knowledge of the root

canal system in permanent teeth. Apart from radio-

graphic examination (Bellizzi & Hartwell 1985, Kaffe et

al. 1985, Serman & Hasselgren 1992, Thomas et al.

1993), previous modeling techniques have destroyed

the teeth under study by preparing consecutive ground

sections (Kulild & Peters 1990, Lyroudia et al. 1997),

by rendering the surrounding hard tissues clear

following permeation of dyes into the root canal

system (Vertucci & Gegauff 1979, Vertucci 1984,

Manning 1990), or from resin cast procedures (Melton

et al. 1991, Gomes et al. 1996). Any destruction of the

tooth structure may create difficulty in assessing the

relationship between the external and internal macro-

morphology, although Carlsen (1990) and Carlsen &

Alexandersen (1997) have solved the problem by using

cross-sections of the root complex at well-defined

levels.

Precise morphological mapping of the root canal

system is a prerequisite for obtaining the best

possible results in endodontic therapy. However,

because of limitations in previously applied methods,

the relationship between the external and internal

macromorphology of the root complex is, in general,

poorly understood. Although X-ray microtomography

cannot be used in vivo, the method has potential

application for the preclinical training of students in

the macromorphology of teeth and endodontic

procedures.

The aim of the present investigation was to

perform: (i) a qualitative analysis of the relationship

between the external and internal macromorphology

of the root complex using 3D reconstructed

permanent maxillary molars at different stages of

development; and (ii) a quantitative analysis of the

correlation between the shape of the outer surface of

the root and the shape of the root canal, using

fractal dimension analysis.

Materials and methods

Materials

Permanent maxillary molars were chosen for the mi-

crotomographic analysis from a well-defined batch

(Department of Dental Morphology, University of

Copenhagen, Denmark). Five teeth were selected with

well-expressed external macromorphological variables

on the root complex (Carlsen 1987). Two were young

teeth with incomplete root formation and three were

mature teeth with complete root formation. Two of

these were additionally characterized by marked wear,

and originated from older individuals.

Transaxial X-ray microtomographical examination

Each molar was placed between a microfocus X-ray

tube with a focal spot size of 0.07 mm and a

Thomson-SCF image intensifier (type THX1430GKV).

For turning the tooth during the tomographic

acquisition, an automatic turnable stepmotor was

used which was controlled by the acquisition

software. A CCD camera was used as a detector. After

software correction and geometrical alignment, the

data could be applied for reconstruction by the pixel-

based `backprojection of filtered projection' method. A

calibration object, together with some image

processing software, were used to detect the height

and tilt of the tomographic slice as well as the centre

of rotation (Thuesen et al. 1996). In each specimen

100±240 tomographic 2D slices were made,

depending on the stage of tooth development. If the

crown was destroyed, the acquisition included only

the portion from the pulp chamber and downwards,

the number of slices being reduced accordingly. The

pixel size was 33 mm and a slice distance of 100 or

200 mm was selected.

3D reconstruction

Assembling 2D tomographic slices to produce a 3D

volume was carried out using the image processing

software package Mvox (Bro-Nielsen 1996) with

subsequent 7� 7� 7 median noise filtering. On the

basis of thresholding, segmentation into enamel,

dentine, and pulp space was achieved. On account of

limited contrast between parts of segmented adjacent

structures, remaining connections between these

were removed by morphological filtering. A

polygonal surface representation was then

constructed. Useful visualization of the tooth was

created by making the dental hard tissues

transparent and the pulp chamber and root canal

system opaque.

Qualitative analysis

Description of macromorphological variables was

carried out using some of the basic definitions

previously put forward by Carlsen (1987): (i) root cone,

a macromorphologic unit or element involved in the

build-up of the root complex; (ii) root component, a
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combination of two root cones in the root complex of

molars; (iii) separation structure, a local area in the root

complex that provides complete or incomplete

separation of root components/root cones; (iv) main

canal, a canal located in a root complex or in a root

component/root cone (in principle a main canal is

directed cervicoapically); (v) primary main canal, a

canal located centrally in a root complex or centrally

in a separate root component/root cone; (vi) secondary

main canal, a canal located in a nonseparate root

component/root cone; (vii) accessory canal, a small

canal found locally in a root complex; and (viii) intra-

radicular canal, an accessory canal connecting two

secondary main canals.

Quantitative shape analysis

A correlation between the shape of the outer surface of

the root and the root canal was achieved by

examining tomographic slice data through the tooth

on the basis of iso intensity contours. A commonly

used measure of shape is the fractal dimension

(Mandelbrot 1983), i.e. the relation between the

contour circumference squared and the area contained

within the contour. Only root components reaching

mid-root level were selected, as well as root

components where the size of the lumen allowed

proper definition of the internal contour of the main

canals. Shape analysis of eight root components was

performed.

Results

The tooth shown in Fig. 1 is a young permanent

maxillary first molar. On 3D reconstruction (Fig. 1a)

the macrostructures of the intact occlusal relief are

clearly observed: cusps, different ridge types, and the

groove-fossa-system. In this tooth the formation of the

root complex has just started and on the tomographic

slice (Fig. 1b) initial separation structures can be

observed.

The tooth shown in Fig. 2 is also a young permanent

maxillary first molar. On 3D transparent reconstruction

(Fig. 2a), the root complex is almost completely formed:

the root structures have the characteristic straight-

lined apical termination with large canal openings.

Both the pulp chamber and the root canals are very

enlarged. On the lingual root component there is a

well-defined separation structure (root groove). On the

slice through the furcation wall (Fig. 2b) three root

components are seen that are not separate at this level.

In the buccal root components the cones are located

buccally and lingually; in the lingual component a

mesial and a distal cone are found. The three root

canals are located centrally in the three root

components and canal cross-sections correspond

closely with the outer surfaces of the components. It

appears from the mid-root level slice (Fig. 2c) that the

root components have become separated. It is the

buccal, mesiolingual and distal separation structures

that have separated the components completely. At

this level there is also a strong correlation between the

external and internal macromorphology of the root

components, i.e. the main canals' root structure affinity

can easily be assessed.

The tooth shown in Fig. 3 is an old permanent

maxillary first molar. Compared with the tooth in

Figure 2a, the 3D transparent reconstruction (Fig.

3a) shows that the lumens of the pulp chamber and

root canals are considerably smaller. In the

mesiobuccal root component the original primary

main canal has been altered as a result of dentine

Figure 1 Permanent maxillary first

molar; young tooth. (a) Occlusal aspect,

3D reconstruction; (b) horizontal

tomographic slice from the most cervical

part of the root complex. Arrows mark

the separation structures.
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deposition creating two secondary main canals; in

the apical part of the component, accessory canals

have also been formed. In the slice from mid-root

level (Fig. 3b), narrow main canals can be observed:

one central canal in the distobuccal and lingual root

components and the other (facial and lingual canal)

in the two nonseparate cones of the mesiobuccal

component.

Figure 2 Permanent maxillary first molar; young tooth. Arrows indicate the separation structures. (a) Mesiolingual aspect, 3D

transparent reconstruction; (b) horizontal tomographic slice through the furcation wall; (c) horizontal tomographic slice from the

mid-root level.

Figure 3 Permanent maxillary first

molar; old tooth. (a) Distobuccal aspect,

3D transparent reconstruction; (b)

horizontal tomographic slice from the

mid-root level. In the mesiobuccal root

component the two main canals are

marked (small arrows), and on the same

component one of the separation

structures is indicated (large arrow).

Figure 4 Permanent maxillary first

molar; old tooth. (a) Mesiolingual aspect,

3D transparent reconstruction. In the

mesiobuccal root component the

intraradicular connecting canal is indicated

(arrow); (b) horizontal tomographic slice at

mid-root level. In the mesiobuccal root

component the three canal lumens are

marked (small arrows). The accessory

canal is located centrally. One of the

separation structures is also indicated on

this component (large arrow).
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In Fig. 4 another old permanent maxillary first

molar is shown. From 3D transparent reconstruction

(Fig. 4a), the mesiobuccal root component contains

two main canals, one facial and one lingual, of

different lengths. In the altering of the original primary

main canal of this component, an intraradicular

connecting canal with a transverse course has been

formed. The slice (Fig. 4b) shows that the accessory

canal has no relation to the root cones, but is located

in immediate proximity to a separation structure.

Quantitative shape analysis showed a high

correlation (r � 0:9) between the shape of the canals

and the corresponding roots. Figure 5 illustrates the

relation between the fractal dimension of the root and

the fractal dimension of the canal expressed as a

logarithm. A perfect circular shape has a fractal

dimension of 1.0 (origin of the logarithmic plot in Fig.

5) while more complex shapes have a larger fractal

dimension. The area expressing the fractal dimension

of a mesiobuccal root component is indicated by `I',

whereas the position of `II' shows the fractal dimension

of a distobuccal root. The different locations of `I' and

`II' in the diagram are explained by the more rounded

shape of the distobuccal root.

Discussion

Previous studies of macromorphological variables of the

root canal system have either completely destroyed the

tooth during examination or limited the procedure to a

few well-defined cross-sections of the individual

specimen. In contrast, the non-destructive approach in

the present study made it possible to obtain a 3D global

analysis of the external and internal macromorphology

of the root complex using a spatial resolution of 100 mm

between tomographic slices, being comparable to the

standard obtained by Nielsen et al. (1995). When

analysing the slices a strong relationship was observed

between the root canals and the root complex macro-

structures. In a recent 3D study based on histological

slice data (Lyroudia et al. 1997), surface models of

dentine and the root canal systems were shown. These

models are, however, relatively crude because of the

low resolution of acquired data.

At present, microcomputed tomography is not

available in the daily clinical setting, but attempts are

being made to make 3D imaging of teeth possible even in

vivo (Vannier 1997). The impact of this approach may

be useful for dental students before attempting complex

endodontic procedures in the clinic. Several clinical case

reports (Beatty 1984, Martinez-BernaÂ & Badanelli 1985,

Beatty & Krell 1987) and in vitro studies (see Introduc-

tion) describe the occurrence of specific root canal con-

figurations without considering the fundamental

macromorphology of the root complex and the root

canal system. In this connection it should be noted that

Peikoff et al. (1996) radiographically defined a specific

`Variant 3' of the permanent maxillary second molar. In

Variant 3 the mesiobuccal and distobuccal roots and the

corresponding main canals are separate in the cervical

part of the root complex, but in the apical region, the

same roots and canals join, resulting in one common

apex and in one common apical foramen. In their

material, the frequency of this variant was 9%.

However, macromorphological examinations on

extracted teeth in larger scale studies (Carlsen & Alexan-

dersen 1997) have shown no evidence of the existence

of such a variant of the maxillary second molar. In this

context, a broader use of tomographic techniques would

minimize the problems associated with the interpretation

of 2D data.

As recently pointed out by Gomes et al. (1996)

dentists still rely on limited techniques to examine the

3D root canal system, using radiographs at different

angles to find hidden superimposed details. However,

our present data also show that an asymmetrically

located canal orifice only reflects the basic relationship

between root cones and separation structures. Thus,

during endodontic treatment, if a canal orifice is

observed at an asymmetric site, it is important to

Figure 5 The diagram shows the relation between the shape

of the root and the canal expressed as the logarithm data of

the fractal dimension of the root and the fractal dimension of

the canal. `I' indicates the position of the mesiobuccal root

component, whereas `II' indicates the distobuccal root

component.
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search for another potential orifice. For obvious

reasons the inspection of root cones and separation

structures can not always be accomplished directly in

the clinic, but with this illustrated correlation and

variation kept in mind, it may be helpful in a rational

search for all canal orifices.

As outlined by recent methodological studies

(Nielsen et al. 1995, Thuesen et al. 1996) several

topics in dental research might benefit from computer-

ized microtomography. For example, the morphogen-

esis of carious lesions (Silverstone 1973, Bjùrndal &

Thylstrup 1995) and the subjacent tertiary dentino-

genesis (Bjùrndal et al. 1998) provide an example

which to date, has been examined and interpreted on

the basis of invasive two-dimensional data.

Data of the present type can be used for a better

preclinical training of dental students during the

complex procedures of endodontic treatments. Studies

are in progress (Dobrzeniecki et al. 1997) about `virtual

drilling' of deep/access cavities, using volumes of 3D

data sets of real teeth.

Conclusions

Based on high quality reconstructions of the external

and internal macromorphology of permanent maxillary

molars, the methodological impact of X-ray microtomo-

graphy as a non-destructive 3D research and

educational tool has shown in relation to its ability to

demonstrate: (i) a strong correlation between number,

position, and cross-section of root canals and number,

position, and degree of manifestation of the root cones

and separation structures, and (ii) a high correlation

between the shape of the canals and the root

components using fractal dimension analysis.

Finally, we suggest that these types of 3D volumes

constitute a platform for preclinical training in

fundamental endodontic procedures.
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