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bstract
he purpose of this study was to customize an appli-
ation framework by using the MeVisLab image pro-
essing and visualization platform for three-dimen-
ional reconstruction and assessment of tooth and root
anal morphology. One maxillary first molar was
canned before and after preparation with ProTaper by
sing micro–computed tomography. With a custom-

zed application framework based on MeVisLab, in-
ernal and external anatomy was reconstructed. Fur-
hermore, the dimensions of root canal and radicular
entin were quantified, and effects of canal prepa-
ation were assessed. Finally, a virtual preparation
ith risk analysis was performed to simulate the

emoval of a broken instrument. This application
ramework provided an economical platform and met
urrent requirements of endodontic research. The
road-based use of high-quality free software and
he resulting exchange of experience might help to
mprove the quality of endodontic research with

icro– computed tomography. (J Endod 2009;35:
69 –274)
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he study of dental and root canal morphology is a critical theme in endodontic
education, training, and treatment (1–7). To that end, three-dimensional (3D)

econstruction from high-resolution data is an increasingly popular and valuable
ethod. It allows the evaluation of effects of root canal preparation and obturation;
oreover, it allows assessing aspects of apical microleakage and cutting efficiency and

as been used to establish finite element models (8 –14).
Micro– computed tomography (micro-CT) data acquisition is nondestructive and

llows fast examination of morphologic characteristics of a tooth in a detailed and
ccurate manner. At this point in time, generating a series of cross-sectional images
f a tooth by using a micro-CT scanner is a common technique; however, image analysis
nd visualization techniques are core issues in the successful application of micro-CT
ata (15). A series of images generated by micro-CT can be visualized as a 3D structure
nly after performing a 3D reconstruction process (16). Therefore, 3D reconstruction
oftware is indispensable.

Currently, most micro-CT scanners are integrated with software that provides
uantitative morphometric analysis of trabecular bone and reconstructed 3D images
17). Some of the software applications are available for SGI, Sun, and HP platforms and
re relatively expensive and not widely used (18). A number of commercial software
ackages for 3D reconstruction with platforms applicable to PC-Windows have also
een used to characterize tooth and root canal configuration, including 3D-Doctor,
-works, VGStudio Max, and Voxblast (7, 19 –21). These packages are typically expen-
ive, and their availability to the general research community is limited. Moreover, most
f the commercially available packages do not fulfill special functions needed for
ndodontic research, further diminishing the universal use of 3D reconstruction and
icro-CT techniques in general.

Recently, a highly developed software package has become freely available.
eVisLab (MeVis Research, Bremen, Germany) is a framework system for medical

mage processing and visualization platform for Windows XP (Microsoft Corp, Red-
ond, WA); it provides an easy to learn modular visual programming interface with a

omprehensive suite of image processing and visualization tools. The creation of a
ser-oriented application framework in MeVisLab is also quite time-consuming and is
ot an easy task for endodontic researchers (22).

The purpose of this proof-of-principle study was to create a customized applica-
ion framework by using MeVisLab for 3D reconstruction and assessment of tooth and
anal morphology on the basis of micro-CT data. This framework should also serve to
valuate root canal preparation and perform advanced simulation and analyses includ-
ng virtual canal preparation.

Material and Methods
reparation of Specimen and Micro-CT Scanning

One maxillary first molar that had been stored in thymol solution before usage
as used for subsequent four framework application examples. The molar was
ccessed and prepared by manual ProTaper instruments (Dentsply Maillefer, Bal-
aigues, Switzerland) according to the manufacturer’s guidelines. The palatal canal
as prepared to F3, whereas mesiobuccal and distobuccal canals were prepared to
2. The tooth was scanned before and after preparation by using a micro-CT system

�CT-80; Scanco Medical, Bassersdorf, Switzerland) with an isotropic voxel size of
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6 �m. A total of 580 cross-sectional slice images were acquired
tiff format), and the data were processed on an HP 8510W laptop
omputer (Hewlett Packard, Palo Alto, CA) running Windows XP.

rchitecture and Description of the Application Framework
The MeVisLab package (available from www.mevislab.de/index.

hp?id�4) provides a visual data-flow program environment on its
raphic user interface (GUI) (Fig. 1). The boxes on the GUI are called
odules, and the wires connecting them are called data pipes. Each
odule encapsulates a specific function; it has a parameter panel pro-

iding a control to its functions, whereas the data pipes carry input and
utput data between them. Taken as a whole, the modules and data

igure 1. Customized framework example based on MeVisLab. (a) A represent
nd canal; (b) step II for the root canal thickness measurement; (c) step II f
reparation; (e) step IV for risk analysis about virtual removal of broken instru
ipes comprise a data-flow framework. w

70 Gao et al.
Different functional application frameworks can be established
ith different image modules combined to complex image processing
etworks (Fig. 1). The capabilities and architecture of different frame-
orks are described in more detail.

tep I-3D: Reconstruction of Tooth and Canal
Segmentation of the root canal system, dentin, and enamel gener-

ted accurate 3D models. The individual steps of the workflow are
hown in Fig. 1a. The major steps include the following: (1) import the
canned maxillary molar image and build 3D dataset; (2) draw a region
p to the apical foramen to separate the canal into individual spaces

eVisLab network interface, workflow for step I for 3D reconstruction of tooth
dentin wall thickness measurement; (d) step III for evaluation of root canal

.

ative M
or the
ith Draw3DMacro module; (3) segment the canal and enamel with
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egionGrowingMacro module; and (4) create the rendering views of
he canal, dentin, and enamel structures.

tep II: Geometry Measurement of Tooth and Canal
Geometry quantification relies on accurate segmentation of root canal

nd hard tissue, dentin, and enamel. The maxillary tooth canal models were
reated by step I framework. The geometry measurements including 2
rameworks and the steps of the workflow are shown in Fig. 1b, c.

Root canal diameter (thickness) measurement and color coding
ere done according to these major steps (Fig. 1b). (1) Import seg-
ented canal model created in step I. (2) Find a voxel surface in the
iddle line of the canal model with the itkBinaryThinning module.

3) Generate a polygonal surface of canal with the IsoSurface module.
4) Use the EuclideanDTF module computes for each node distance
rom the canal middle line surface to the polygonal surface. (5) Use
hese values with the SoWEMRenderer module to obtain a color with
oLUTEditor module; the color on the surface represents the distance of
he region of the surface to the computed middle line surface, with the
anal diameter (thickness) acquired accordingly.

The dentin wall thickness measurement was expressed as color-
oded reconstructions. The major steps to achieve this included the
ollowing (Fig. 1c). (1) Import tooth model created in step I.
2) Generate a polygonal surface of canal and external root surface.
3) Calculate the minimal distances from the canal surface to the ex-
ernal root surface with the WEMSurfaceDistance module. These dis-
ances are stored in the nodes for a later color-coding and analysis.
4) A 3D mark also can be placed on the surface to obtain minimum
anal wall thickness by using set values in SoLutEditor module.

tep III: Evaluation of Root Canal Preparation
The framework was used in the evaluation of root canal prepara-

ion. The major steps included the following (Fig. 1d). (1) Import the
canned maxillary molar image and then register the pre- and post-
reparation 3D dataset with the RegistrationManual module for canal
uperimposing and subsequent cross-sectional image analysis. (2) In-
estigate the cross-sectional images before and after canal preparation
nd calculate the untouched surface in the canal preparation 3-dimen-
ionally. (3) Generate surface of canal before and after canal prepara-
ion for a graphic comparison of the change of canal shape, namely the
mount of dentin removal during canal preparation.

tep IV: Risk Analysis During Virtual Removal of
roken Instrument

The framework is used in a perforation risk analysis during virtual
emoval of a broken instrument with the Masseran kit (MicroMega,
esancon, France). The Masseran kit consists of a number of differently
ized trepans that cut a narrow parallel space around the broken in-
trument, allowing it to be released (23).

The steps of the workflow included the following (Fig. 1e). (1) Build a 3D
ataset from the scanned maxillary molar image. (2) Create virtual broken
nstrument in the canal by using the Draw3Dmacro module. (3) Create
irtual trepan and set the size of needed trepan by RasterFunctions0 module.
4) Interactively place the virtual trepan to a proper position around the
roken instrument with the SoTransformerDragger0 module, and dentin is
ut to form a narrow parallel space accordingly. (5) Save the residual dentin
odel for perforation risk analysis, namely the dentin wall thickness anal-

sis by framework II.

Results
In step I, a 3D model of tooth and canal was constructed by ma-
ipulating high-resolution tomographic images. The 3D modeling and a

OE — Volume 35, Number 2, February 2009 Application F
anipulation environment was able to present the model at high visu-
lization quality (Fig. 2a) by using common hardware along with vari-
us rendering techniques. The step II framework provided 3D quanti-

ative information with a color-coded map about the diameter
thickness) of root canal and the dentin wall thickness, which quantify
he characteristics of the internal and external anatomy of a tooth, and
valuated the effect of treatment procedure on dentin thickness (Fig. 2b,
). This thickness information was visualized as a color-coded thick-
ess map on the object’s surface, allowing intuitive interpretation and
easurement. Root canal thickness varied from 60 to 1233 �m; the

hickness was the largest in the palatal canal and the smallest in the
istobuccal. Radicular dentin wall thickness was greatest in the cervical
ortion of root (around 2800 �m) and least in apical portion of root
varied from 30 –1000 �m).

In step III, the framework provided a 3D platform to study root
anal preparation. Manual registration allowed a precise fusion be-
ween pre-preparation and post-preparation without using a special

ounting apparatus, as indicated by subtraction of color-coded preop-
rative and postoperative images. Quantitative information about the
olume and surface of canal, the volume of dentin removed, and the
ntouched surface during canal preparation was obtained; volume and
rea for mesiobuccal, distobuccal, and palatal canals, respectively,
ere 3.93 mm3 and 40.44 mm2, 1.96 mm3 and 18.44 mm2, and 5.01
m2 and 26.59 mm3 preoperatively and 5.24 mm3 and 43.1 mm2, 3.19
m3 and 20.97 mm2, and 5.75 mm3 and 28.1 mm2 postoperatively.

uperimposition images of preoperative and instrumented canals re-
ealed that 60.8% of the canal surface remained unchanged during
reparation (Fig. 2d–f). Detailed morphologic changes of the canal
haped were assessed with a color-coded map.

The step IV framework can provide an environment that allowed
nteractively creating a canal preparation based on a typical Masseran
it trepan shape to simulate the course of broken instrument removal.
erforation risk and dentin thickness under different broken instru-
ent depths and sizes of trepan chosen were simulated. An intuitive

olor-coded thickness map was generated for the visualization and
easurement of residual dental wall thickness after instrument retrieval

Fig. 2g, h); in the present example, minimal dentin thickness was
82 �m.

Discussion
Quantitative tooth and root canal images allow better understand-

ng of the anatomic features and variability in all 3 dimensions, which is
ssential to endodontic treatment and research (24). On the other
and, even though impressive qualitative results are obtained in most
tudies, some special quantitative outcomes are often missing. This
estriction is understandable, considering the lack of available software
or this purpose (15).

The package used in this proof-of-principle, MeVisLab, contains a
arge set of powerful functions and allows the researcher to customize
he application for their specific requirements with a user-friendly and
asy to use interface. In this study, an application framework was intro-
uced; thus no statistically supported conclusions were drawn concern-

ng the instrumentation techniques used.
The present experimental results illustrated the performance of

he framework and usefulness of the results for medical image analysis
pplications. In fact, some data generated for the example tooth were
uite similar to those reported earlier with dedicated measurement
oftware such as fully custom programs and VGStudio Max (Volume-
raphics, Heidelberg, Germany) used by others (15, 25).

In the first example, a framework was designed to build 3D tooth

nd canal models. These models can be used for more advanced appli-

ramework of 3D Reconstruction and Measurement for Endodontic Research 271
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igure 2. Morphologic reconstruction and measurement potential. (a) 3D image shows the enamel, dentin, and root canal with surface rendering. (b) 3D color-coded image
hows the canal thickness distribution; the bar indicates the thickness expressed in �m. (c) 3D color-coded image shows the thickness distribution between tooth external
urface and canal surface. (d) Canal shape changes of post-preparation cross sections (red) superimposed with pre-preparation canal shapes (green). (e) 3D color
ompound figures: (red), the change of canal shapes in post-preparation; (green), pre-preparation canal systems. Mixed colors indicate summation; the green color shows
he untouched surface during shaping. (f) Color-coded distance image of the change of canal shape during the instrumentation, and the distance also shows the amount of
emoved dentin. (g) Placement of a virtual Masseran trepan around the artificial broken instrument. (h) 3D color-coded image of residual dentin thickness distribution around

he narrow parallel space in root dentin created by virtual Masseran trepan. Note the red areas, which indicate the danger zone of dentin.

72 Gao et al. JOE — Volume 35, Number 2, February 2009
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ations. Thickness information is intuitively useful when considering
oot fractures and perforation of dentin. However, because of limita-
ions in previous methods, the thickness relationship between the ex-
ernal and internal morphology of the root complex is, in general,
oorly understood. Thickness measurements in previous works were
ased on 2D processing (26 –29) rather than utilizing the full 3D po-
ential of micro-CT data.

Root canal dimensions expressed as thickness can be directly
elated to file size and represent the diameter of the reconstructed root
anals (30). In this study, the framework allowed rapid calculation and
isualization of 3D thickness information of dentin and canal, including
color-coded map providing a useful and intuitive tool in education,

esearch, and clinics to study the morphology of canal and tooth.
Micro-CT is an ideal tool for research assessing the effects of root

anal instrumentation techniques on canal shape. In the present study,
he ability to geometrically register the image data before and after
nstrumentation was an indispensable aspect for superimposition and
he precise evaluation of the changes of canal shape. This procedure is

andatory for quantitative comparison and was easier than the previ-
usly described procedures that rely on a special mounting device for
uperimposition (8). After the superimposition of the canal models
pre- and post-preparation), an effort was made to measure instrumen-
ation characteristics quantitatively in 3D. Accordingly, numeric values
or canal surface area, volume; volume changes, untouched surface,
nd the thickness of dentin removed were obtained. Preparation errors
uch as zipping, canal straightening, ledging, or elbow formation can
lso be readily evaluated by using the color-coded reconstruction.

The use of subtracted red-green images clearly demonstrated
here material had been removed during instrumentation and where
o changes occurred during preparation. Cross-sectional images could
e used to demonstrate and measure canal transportation. The effect of
oth instrumentation and preoperative canal anatomy on dentin wall
hickness also can be analyzed quantitatively by the illustrated system.

ith the use of framework shown in step III, researchers can evaluate
nd refine canal preparation techniques, enabling manufacturers to
mprove product design.

For many tasks in computer-aided dental visualization, it is not
ufficient to display the visualization of tooth data; there is an increasing
emand for performing simulations on the basis of 3D data for therapy
lanning and evaluation (31).

The success of broken instrument removal from root canals de-
ends on several factors. Among them are the length and site of the
ragment and the diameter and curvature of the canal (32). Step IV in
he framework used here provided a powerful platform in editing, ma-
ipulation, and simulation of these factors in different conditions in 2D
nd 3D; it also permitted the quantification of the theoretical effect of an
nstrument removal attempt on radicular wall thickness. With the tech-
ological advances of recent years, in vivo cone beam computed tomog-
aphy (CBCT) has been used for several clinical and investigational
urposes in endodontics. It offers relatively high-resolution images in
omparison with medical-grade CT images for effective evaluation of
oot canal morphology, root and alveolar fractures, and presurgical
lanning in root-end surgeries (33–35). CBCT has a lower radiation
ose than in vitro micro-CT or in vivo peripheral quantitative CT (4);
ogether with the framework based on MeVisLab, CBCT will enable
ndodontists to clinically simulate procedures, to select tools and tech-
iques, and to perform a benefit/risk analysis before removal of a sep-
rated instrument.

In conclusion, the application framework based on MeVisLab en-
bles a standardized method of 3D reconstruction and measurements of

anal and teeth scanned by micro-CT. This provides powerful and

OE — Volume 35, Number 2, February 2009 Application F
romising tools widely available for solving 3D problems in contempo-
ary endodontic research.
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