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Abstract 
Background: The 3D images of dental specimens were obtained by means of micro-Computed Tomography (µCT) 
before and after therapeutic intervention. A suite of software tools has been developed to assess the efficacy of dental 
treatment as revealed by µCT scans. Endodontic root canal and restorative therapy were selected as model procedures to 
test and optimize the developed tools. Non destructive µCT imaging allows repeated scans of the same tooth and might 
provide quantitative information about specimen modifications over time. Preliminary literature has suggested that 
anatomical characterization and detailed evaluation of dental therapies would considerably benefit from the coupling 
between detailed 3D imaging and custom software. However, the main drawbacks reside in time consuming pipeline for 
scanner-time of the specimens and absence of efficient software for accurate data analysis and direct comparison of a set of 
3D dental structures. 

Methods: The software we present here implements co-registration procedures together with an algorithm for the 3D 
quantitative characterization of teeth hollow spaces and interfaces. The software is targeted to the individualized analysis 
of the single specimen in an effort to help dentists to quantify the outcome of the surgical intervention performed on teeth. 
The approach aims to automatically highlight the differences between pre- and post-treatment structures for further 
anatomical and statistical analysis. Of note, the two different treatments analyzed exploit two different perspectives. As a 
matter of facts, endodontic therapy aims at the modification of the root canal structure (axe, volume and surface), whereas 
the restorative treatment focus is on the whole tooth structure. 

Results: The developed co-registration algorithm allows finding correct superposition in both data sets, despite the pre- 
and post-structure can be markedly different, especially after the application of dental adhesive composite in the 
restorative treatment. Tools for characterization of canal volume and surface are robust with respect to the presence of 
branches and allow the complete characterization of the endodontic treatments. Modification of the tooth structure after 
restorative treatments is highlighted after the co-registration procedure in automatic way and allows the user to quantify 
the volume of voids due to the shrinkage of the material at the interface and eventually the presence of internal cracks or 
other morphological modification of the tooth structure. 
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Conclusions: We demonstrate the effectiveness of customization of 3D data analysis tools to obtain specific 
characterization and quantitative information about different dental therapies. 
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1 Introduction 
Micro-computed tomography (µCT) is becoming a mature technology with promising applications in the study of hard 
tissues with a special attention to dentistry. Nowadays, laboratory µCT instruments can produce images with isotropic 
voxel side smaller than 10 µm. This high spatial resolution is adequate for the reconstruction of small objects such as teeth 

(∼ few cm), trabecular bone structure (∼ some mm) and newly formed tissue around dental implants (∼ few tens of µm). 

µCT proved to be a valuable method in different research contexts in dentistry such as endodontics [1, 2], dental restora- 
tion [3, 4] and materials for maxillofacial implant surgery [5, 6]. This technique allows obtaining high quality 3D images of 
specimens, which can be compared with histological evaluations [7, 8]. Thanks to its intrinsic non-destructive character, 
µCT can be used to provide evidence of tissue surface and volume changes over time. As an example, it is possible to scan 
a sample before and after a specific treatment, in order to evaluate possible modifications of its 3D structure [1, 2, 9]. 
Furthermore, internal and external anatomy can be provided simultaneously or separately [10]. The main drawback is that 
µCT is not suitable for clinical use, because a high X-ray dose is required for micrometer resolution. However cone-beam 
computed tomography (CBCT) has been recently introduced for imaging hard tissues of the maxillofacial region [11, 12] and 
it is now often used in the planning of intervention and in patient follow-up, opening possibility for quantitative evaluation 
of 3D dental data for the patient specific health care [13, 14]. 

The use of a tailored software in combination with tomographic techniques gives rise to a virtual laboratory [15, 16], able to 
investigate 3D structures, to characterize homogeneity and interfaces [17, 18], to predict permeability in porous media and 
hence accessibility of drugs and cells in different tissues [19]. It is becoming more and more common to evaluate physical 
properties via numerical simulation starting from the real 3D structure of the specimen revealed by µCT, to access 
micro-mechanic features and failure behavior of materials and composites under simulated stress conditions [20-23]. 

In this context there is an increasing demand of robust and user-friendly software tools, which can provide quantitative 
evaluation of different parameters from the 3D reconstructed structure of a tooth. In the field of dentistry the lack of this 
software limits the spread of µCT even more than the instrumental availability [1, 2, 24]. Characterization of dental treatment 
can require several software tools, which, even if available for other applications, are far from being standardized and 
targeted to the research in dentistry [7, 25]. As an example, evaluation of endodontic therapy success requires that the 3D 
reconstruction of the tooth structure detects possible differences as revealed by µCT before and after modification of the 
healed site. Quantitative information is extracted from µCT data by means of direct comparison between the surface of the 
canals before and after treatment in a common reference system [2, 9, 26]. After endodontic treatment, it is possible to 
observe the overlapped pre- and post-treatment 3D structures and detect if there are zones of the canal which are 
untouched. 

We present here a software package, including different tools, useful to obtain quantitative evaluation of different 
parameters characterizing the 3D morphology of a tooth and root canal system. We apply this software to assess the 
buoyancy of two different therapeutic procedures: endodontic and dental conservative treatment. The software package 
includes algorithms for quantitative analysis of endodontic therapy, such as the estimation of the percentage of treated 
canal surface (PTCS), the volume of dentin removed by mechanical preparation, and the modification of the root canal 
axis in the 3D space. Additionally, a tailored algorithm has been developed to compare the µCT structure of a tooth, with 
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preparing cavities, before and after restoration with adhesive photopolymer. The aim is here at evaluating the quality of the 
cohesive bond and whether the composite material could modify the original tooth structure during the shrinkage effect. 

We present the analysis of µCT 3D structures of two different teeth, one molar and one incisive before and after 
endodontic and conservative treatments respectively, and we apply different algorithms to compare quantitative 
morphological parameters to evaluate the buoyancy of the two different therapies. The analysis of these two different 
examples is of general interest in dental research since they are dealing with characterization of the bulk tooth structure 
and with the detailed canal anatomy. 

2 Subjects and methods 

2.1 Endodontic treatment 
One maxillary first molar was scanned by µCT. This sample was selected from a pool of extracted teeth from an Italian 
population (age ranging from 35 years to 55 years). After extraction, the tooth was cleaned in 5% NaOCl solution for 24 h, 
debrided of periodontal tissue and calculus, washed under running water, blotted dry and stored in saline solution. The 
criteria for selection were the following: fully formed apices, no restorations with intact crowns and no defects or carious 
lesions. 

Preoperative radiograph of the tooth was exposed using a paralleling technique to determine approximate root canal 
lengths. The radiograph was also used to detect calcified root canals to be excluded from the study. After that access 
openings were prepared, the canal orifices were located and the cavity irrigated with 5.25% NaOCl. The canals were 
initially scouted with sizes 08 and 10 hand flexible K-type files using a lubricant. The canal working length was 
determined and then confirmed radiographically. 

Root canal treatment was performed on extracted tooth using a standard clinical protocol by means of ProFile Ni-Ti rotary 
instruments. The ProFile system consists of several instruments varying in tip size and taper. The clinical sequence used 
was: orifice shaper number 3 and 2 to enlarge the orifice, a crown-down root canal preparation using size 25, 0.06 taper, 
size 20, 0.06 taper, size 25, 0.04 taper, size 20, 0.04 taper, to prepare the canal and size 20, 0.06 taper and size 25, 0.06 
taper to refine the apex. The ProFile Ni–Ti rotary instruments were used at a constant speed of 300 rpm in a 6:1 reduction 
hand-piece powered by a torque-controlled motor. The patency of the apical foramen was checked by passing the tip of a 
size 08 file through the foramen after each instrument of the sequence until completion of the root canal shaping. During 
shaping, each canal was irrigated between each successive instrument with 2.5 ml of 5.25% NaOCl using an endodontic 
syringe placed as far into the root canal as possible without binding. The final flush was performed with 5 ml of 17% 
EDTA solution rinsed out with 5 ml of saline solution. Canals were then dried with paper points. Each instrument was 
carefully examined under the stereomicroscope at 10× magnification (Kaps, Aalen, Germany) between uses for signs of 
plastic deformation or separation and excluded from the study if any damage was present. 

2.2 Conservative treatment 
One human incisive was extracted from a patient (30 year old) suffering for dysodontiasis and stored in physiological 
solution. A cavity was prepared in the central portion of the occlusal surface to simulate tooth restoration, and then 
measured and evaluated by means of µCT. Tooth cavity dimension was computed on four orthogonal cross-sections and in 
three points along each dimension. The dimensional mean values of the created cavity were 6 mm height and 5 mm 
diameter. To avoid angle formation, the cavity was prepared using a round diamond bur with 2.5 mm diameter. The cavity 
was cleaned with air-water spray and softly dried to ensure wet surface. After etching dental adhesive was applied, 
according to manufacturer’s operating manual, to facilitate bonding to the tooth substance and composite material was 
used to restore the portion of tooth removed. 
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The selected adhesive system was applied according to manufacturer’s guidelines and the cavity was filled. Increasing 
layer’s polymerization (2 mm maximum thickness) of the composite has been applied for a period of 45 seconds for each 
layer, using a LED rechargeable blue lamp (mod. 655/00, De Giorgi, Italy) with 420 nm-480 nm wavelength, then the 
tooth was stored in physiological solution for 48 h until it was subjected to second µCT scan. 

2.3 µCT experiment 
The sample holder of the µCT was selected according to the specimen size and the necessary magnification range; 
throughout our study, a sample holder with a diameter of 15 mm was used. A custom attachment made by acrylic resin has 
been fabricated for each tooth to exactly fit the specimen and the specimen holder of the µCT apparatus. This attachment 
allowed repositioning of the specimen in the scanning system along the z-axis (error ≈ 400 µm) with minimal rotational 
error (≈ 5°). The µCT acquisition procedure of each sample consisted of two stages requiring approximately four hours in 
all: two hours for the scanning and two hours for the reconstruction procedure. 

A micro-computed tomography scanner (SkyScan 1072, Aartselaar, Belgium) was used to analyse the specimens, which 
were scanned before and after dental treatment. The scanning procedure used 10 Watts, 100 kV, 98 µA, 1.0 mm aluminum 
filter and ×15 magnification, resulting in a pixel size of 20 × 20 µm2. Hundreds of projections were acquired through 180 
degrees of rotation and then transformed into a stack of about 750 new 2D images. Each image is an axial cross-section 
composed by 1,024×1,024 voxels, 8 bit grey scale, with 20 × 20 µm2 in-plane resolution and a slice thickness of 40 µm. 
Further details about the scanning and reconstruction procedure can be found elsewhere [10, 27]. 

2.4 Image pre-processing 
The μCT images are preliminary segmented to distinguish between different materials phases. Evaluation of endodontic 
therapy requires detection of the void spaces inside the tooth; hence the segmentation deals with only two phases. For the 
characterization of conservative therapy three phases have been considered: native tooth structure, adhesive composite 
material and eventually voids. The segmentation process needs high accuracy, especially to characterize the interfaces 
between different materials composing the restored tooth structure [28, 29]. In the reconstructed μCT images the dental 
adhesive appears as a more radio-opaque material, native tooth has lower absorption and voids and soft tissue are almost 
transparent to X-ray. As a consequence of the co-registration procedure (see below) there is no need to distinguish between 
composite material and native tooth, hence only one threshold is applied to distinguish between solid materials and voids. 
Specifically, both teeth are segmented considering voxels with grey values lower than a chosen threshold to be part of the 
tooth. Moreover, also voxels with a value 10% higher than the chosen threshold, provided that they are first neighbors of 
voxels that are below the threshold are included in the tooth structure. 

3D rendering of the teeth structures is produced using Amira 4.1 software (Mercury Computer Systems, Berlin, Germany) 
allowing contemporary visualization of more than one 3D dataset. The transparency effect of Amira has been used to 
visualize internal tooth features embedded inside the structures. 

2.5 Co-registration procedure - endodontic case 
The pre and post-treatment 3D tomographic reconstructions evidence a mismatch due to the inability to relocate the 
sample inside the sample holder with an accuracy higher than the single voxel resolution (see Figure 1). Evaluation of 
changes in the 3D morphology of the specimens requires local comparison of tiny anatomical structures such as root canal 
surface and interface between tooth and adhesive composite. The co-registration of data related to endodontic treatment is 
simpler with respect to conservative case because only the canals differ between pre and post treatment, hence the whole 
3D tooth structure is preserved. The algorithm developed for this purpose is analytical and based on classical mechanics of 
rigid bodies. The first step is to virtually fill all the canals in both tooth structures, leading the tooth to become a 3D volume 
filled by homogeneous material. The pre- and post-treatment structures, after in silico canal filling, result to be identical. 
Also the inertia ellipsoids in the reference system of their own centre of mass are identical. After a rigid translation of the 
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post structure to superimpose the two centres of mass, the algorithm calculates the inertia tensor and then transforms both 
tensors into diagonal form by means of Jacobi transformation method. This procedure provides two sets of 3D vectors, the 
free axis of rotation of the pre- and post-treatment structures, which are two independent orthonormal basis of the 3D 
space. 

 

Figure 1. “3D rendering of original µCT data”. Left side: Molar tooth, before (violet) and after (gold) endodontic 
treatment. In the inset, 3D reconstruction of few slices highlights the mismatch between canal surfaces. Right side: incisive 
tooth before (violet) and after (gold) application of the dental restorative material. 3D structures are visualization of 
original µCT and are not co-registered. 

The sequence of three rotations necessary to superimpose the two sets of vectors can be calculated analytically and the 
same sequence of rotations is applied to obtain the superposition of the pre- and post-treatment structures [30]. The software 
provides one new stack of reoriented slices of the post-structure to obtain the desired superposition between the two. In 
particular, if the spatial resolutions of the two scans are different, the software creates the output slices using the worse 
resolution. 

When applying rotation sequences, numerical truncation might generate voxels with undetermined values in the rotated 
body, due to overlap of multiple rotated voxels into a single new voxel. To overcome this issue, we applied the inverse of 
the rotation matrix within a loop running over each voxel of the pre-structure, which remains fixed. This forces associating 
all the voxels of the pre-structure with the voxel values in the post-structure addressed by the inverse rotation matrix. Also, 
the size of the rotated image is always larger than the original one, with the maximum being at 45° rotation. Digital images 

are always of rectangular shape; hence the memory needed for structure allocation is √2 times bigger for each dimension 

with respect to the original one. 

2.6 Co-registration procedure - conservative case 
The analytical co-registration procedure described above cannot be applied to the dataset from the restorative therapy. The 
reason can be understood by inspecting the two structures to be superimposed Figure 1. The first µCT acquisition 
(coloured in violet) shows the incisive tooth after a cavity has been created to simulate caries removal. The second 
acquisition (coloured in gold) was performed after adhesive composite was applied and the tooth cavity was filled. The 
shape of these two 3D structures is not the same, their inertia ellipsoids are different, and hence the analytical algorithms 
based on classical mechanics of rigid bodies cannot be applied. Bergmans and co-workers [2] used a minimization 
approach to find the best superposition between two scans of the same tooth for the evaluation of endodontic therapy. The 
procedure maximizes the Mutual Information [31], a functional based on the information that one variable contains about 
another variable. Mutual Information estimated on intensity values of corresponding voxel pairs is maximal if the images 
are geometrically aligned. In our approach based on Mutual Information, we applied the Adaptive Simulated Annealing  
(ASA) [32] as minimization algorithm. The cost function employed is the Normalized Mutual Information (NMI), defined 
in Eq. (1), which has been demonstrated to be less sensitive to the size of the overlapping part of the two 3D structures than 
Mutual Information [33]. 
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The NMI calculated using two images A and B, NMI(A,B), depends on the function ( )H X , which is the Shannon 

entropy of image X , and on ( , )H A B , which is the joint entropy of images A  and B . The definition of image entropy 

is related to information theory [34] and can be found elsewhere [35, 36]. NMI can then be used also if one of the two dataset 
contains only a portion of the entire 3D structure. 

When dealing with restorative treatment, which implies the application of adhesive composite on the incisive tooth, we 
cannot assume the structure variations to be small changes inside wider, overlapped structure as in the endodontic 
treatment. It is clear from Figure 1 and the discussion above that the differences involve a rather big volume fraction of the 
two samples and this considerably increases the computational resources and time needed by the minimization algorithm. 
Indeed, minimization algorithms usually adopted in the literature start from an initial set of parameters chosen by the user, 
and this determines the best solution achieved. The algorithms are launched many times from different initial guesses, 
making these strategies time consuming and user dependent. To overcome this issue and to exploit the potentiality of the 
NMI as a cost function reducing the needs of high computational resources, we adopted the following strategy: the user is 
allowed to choose several (minimum three up to 100) Regions Of Interest (ROI) in the 3D space. These ROIs are selected 
only on the pre-treatment 3D structure and possibly far from the treated volumes, and are then processed by the algorithm 
instead of the whole tooth volume. The algorithm looks for the correct superposition between pre- and post-structure by 
calculating the NMI between the selected ROIs and the corresponding inverse rotated ROIs on the post-structure (as 
explained previously). We adopted parallelepiped ROIs to simplify the selection procedure, but they could be an arbitrary 
3D shape. We found it efficient to place some ROIs near interfaces between the tooth structure and a void. Indeed these 
specific ROIs drive the minimization algorithm since the cost function increases considerably also if the mismatch is 
rather small due to wrong overlaps between material and background. 

Although this procedure is not analytical and requires user input, it results to be very efficient because the computational 
resources depend on the volume of the selected ROIs (total number of voxels belonging to the ROIs) and not on the entire 
volume of the specimen. Additionally, the first guess involves about 1% of the total volume, reducing of two order of 
magnitude both memory resources and computational time with respect to the total volume. 

2.7 Quantitative endodontic analysis 
An algorithm quantifying the volume of dentin removed and PTCS has been developed. At this aim, the pre- and post- 
treatment tooth canal structures are simultaneously processed. The algorithm allows the user to choose the canal path 
under study in presence of anatomical bifurcations. The output comprises a new set of slices containing the detected shape 
of both pre- and post-treatment canal cross-sections after co-registration. Removed volume of dentin and PTCS data are 
calculated for each slice as a function of canal curvilinear abscissa. 

The canal is divided into three sections and the mean value of the PTCS and total volume of dentin removed for each canal 
section (apical, middle and coronal) are calculated by the software to evaluate the efficiency of the endodontic treatment, 
as suggested in previous literature [2, 9, 26]. PTCS error bars are evaluated for each canal section as the standard deviation of 

the PTCS data calculated over all the tomographic slices included in each canal section. Error bars of the volume ( SΔ ) of 

dentin removed are evaluated summing the errors on the estimation of the canal section areas ( SΔ ) over the length of the 

selected canal section. Approximating the canal section area to a circle, the canal surface enlargement can be assumed as a 

ring. Being r  and R  the pre and post treatment radius of the assumed canal circle, the error on the estimation of the 

enlarged ring surface is: 2 22 ( ) /S R r R RπΔ = − Δ . Where RΔ  is the voxel side length and R  is the mean value 

between r  and R . 
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buoyancy of the treatment and the pattern of the canal axe. The position of the canal centre in 3D (quantitative data not 

shown, qualitative data shown in Figure 5) together with the quantitative data in Figure 4 allow to correlate the volume of 

removed dentin and the PTCS with the presence of curves, constrictions, and bifurcations. This set of tools can then be 

used to correlate the presence of critical canal features with the cleaning ability of the used endodontic instruments. 

Figure 3. “Pre- and post-treatment canal surfaces”. Four 
cross-sections of the three canals surface of the analysed 
tooth. The pre-treatment canal is black, the post-treatment 
canal is grey.  

 

Figure 4. “Quantitative canal evaluation”. Upper strip: difference of canal volume after and before endodontic treatment. 
Lower strip: percentage of touched canal surface (PTCS). Data are calculated every 40 µm starting from the canal apex, on 
slices placed perpendicularly to the pre-treatment canal axe. 
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Figure 5. “3D structure of canals”. Upper frame: tooth structure in transparency containing the canals. Lower frame: 
superposition of the root canals before and after treatment in the 3D space. Red means that pre and post canal surfaces are 
coincident, gold that the post canal surface is wider. Each snapshot correspond to 45° rotation. 

3.2 Characterization of conservative treatment 
Two scans were performed on the incisive tooth: the first scan was performed after the preparation cavity had been created 
and the second scan was performed after the application of the adhesive composite. The 3D structure of the incisive, before 
co-registration, is shown in Figure 1. In Figure 2 the pre-structure, before application of adhesive composite (upper raw), is 
depicted in white. The lower row shows the co-registration between the native tooth, with the cavity, and the tooth after 
conservative treatment. The adhesive composite is displayed in green and red zones are volume portions inside the native 
structure, which have been modified during the shrinkage of the composite. 

It is well known [4, 37] that, due to the shrinkage, manual filling of the cavity with the adhesive material is not perfect in the 
sense that void spaces are often found at the interface with dentin. It is of fundamental importance to analyze the outcome 
of the filling, since this procedure can compromise the stability of the new structure (teeth plus adhesive material), and 
increases the possibilities of material degradation. In Figure 6 two cross-sections of the 3D restored incisive are reported. 
These pictures have been obtained after the co-registration of the pre- and post- structure applying an algorithm able to 
distinguish between four different cases. When the two corresponding voxels of the pre- and post-treatment structure are 
both below the threshold the voxel in the co-registered structure belongs to native tooth (black), when both voxels are 
above the threshold, the co-registered voxel belongs to void space (white). The dark grey voxels in Figure 6 correspond to 
voxels that are above the threshold in the pre-structure (void space) and below in the post-structure (applied composite 
material), and light grey is vice versa (native in pre-structure and void in post-). Light grey means that the void spaces, or 
defects, are created by the application of the composite material and are somehow related to the shrinking. The images 
shown in Figure 6 provide the evidence for the presence of an internal crack after the application of the adhesive material. 
The crack is in the micrometer scale: about 2 mm length, 600 µm width and 800 µm depth. Different colours adopted in 
Figure 6 are not obtained through segmentation of the post structure, but by a comparison of corresponding voxel grey 
values of the two co-registered structures. Voids inside the composite or at the interface between dentin and composite are 
white; there are also new voids near interface (light grey), which are not cracks. These voids correspond to fragments of 
dentin, which were pried from the native structure during shrinkage. The new stack of slices produced by the 
co-registration software is used to depict the detail in Figure 6 and the whole 3D structure in Figure 2 (bottom stripe). 
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These co-registered representations are not prone to segmentation uncertainty and allow quantifying the effect of 
mechanical stress induced by the shrinkage of the adhesive material. 

 

Figure 6. “Evidencing micro-crack by 3D co-registration”. Two cross-sections of the 3D restored incisive structure. Black 
areas correspond to voxel below threshold in pre- and post- structures. The co-registered voxel is white when it is above 
threshold both in pre- and in post- structures. Dark grey pixels represent voxels above threshold in the pre-structure and 
below threshold in the post-structure, corresponding to areas where adhesive material was applied. Light grey pixels are 
the opposite and highlight the presence of an internal crack due to shrinkage of the adhesive material. 

4 Discussion 
In this pilot study a set of algorithms for the 3D quantitative analysis of µCT images have been applied to characterize 
tooth microstructures changes occurring after dental treatment. 

The algorithms were designed to provide quantitative characterization of changes in root canal anatomy and tooth 
morphology. Two different co-registration approaches were developed to reduce computational time tailoring them on the 
different sample features. Quantitative parameters such as root canal volume and canal surface can be evaluated routinely. 
Software output stack of 3D images has been customized to highlight different anatomical changes occurring after sample 
treatment. 

The whole set of algorithms was tested on two typical dental treatments, endodontic and restorative. 

The analysis of the µCT dataset acquired on a premolar and an incisive promotes the need of pre- and post-therapy µCT 
experimental acquisitions. 

The overlap of the images acquired before and after treatment provides valuable information about correlation between the 
curvilinear abscissa of the canal and the buoyancy of the endodontic treatments. Of note, unexpected results regarding 
micro-crack formation in the native tooth structure after photopolymerization shrinkage of the adhesive composite were 
highlighted by the presented software tools. 

4.1 Endodontic treatment 
The most important action to be taken in endodontic therapy is the tooth canal preparation, since proper preparation 
determines the efficiency of subsequent procedures. Root canal preparation includes mechanical debridement and creation 
of optimal canal geometries for medicaments delivery and filling [38]. Removal of debris by mechanical instrumentation 
aims at eliminating pulp tissue and microorganisms from the canal system. Cause of endodontic failure is the inability to 
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debride and fill all canals [39, 40]. Hence a deeper knowledge of the root canal system, patient specific variations and 
instrument performance in different context is a need for high quality canal treatment [41, 42]. 

In this pilot study we estimate quantitative parameters describing the endodontic outcome. 

Traditional methods for the study of root canal morphology and its variations after different treatments include sectioning, 
clarifying techniques, traditional microscopy, SEM analysis and many others. All of them are destructive evaluations of 
the samples. It has been demonstrated that the quality of µCT outcomes is similar to the traditional techniques [43]. The 
significant advantages of µCT are the possibility of 3D imaging and the non-destructive evaluation, allowing to analyse 
multiple step treatments and to perform further investigation on the same specimen. The use of modern software is 
essential to exploit the potentiality of µCT 3D data. In particular co-registration is essential to obtain quantitative 
evaluation of endodontic treatment. Following the development of previous software and methods targeted to endodontic 
investigation [1, 2], we were able to increase reliability and flexibility of the analysis. Of course our analytical procedures 
are not general but suited for the endodontic case. 

The software package described here overcomes technical difficulties in obtaining quick superimposition of the images 
before and after treatment. Great advantage has been achieved evaluating pre- and post-treatment structures in a parallel 
way, estimating the volume of the removed dentine and PTCS after cleaning and shaping. Using the software output, the 
quality of an endodontic treatment could be highlighted into the 3D space, depicting the effect of the instruments on the 
root canal walls or root-filling residue (see Figure 3 and Figure 5). The software produces a summary of quantitative 
evaluation of the endodontic treatment (see Figure 7). This summary is organized by the user himself, for example PTCS 
and removed dentine volume can be evaluated for each µCT section, for each millimeter of the canal length, for the three 
canal levels (apical, middle and coronal), or arbitrarily. The summary contains also the errors associated to the estimated 
parameters on the basis of the user choice. 

 

Figure 7. “Evaluating histograms”. Histograms representing the total volume of dentin removed (dashed line) and the 
average of PTCS (solid line) for three levels (apical -a, middle -b and coronal -c) of each canal. 

The software has to be improved to allow automatic characterization of canal branches. The presence of canal branches 
can require recursive refinement of the analysis to obtain quantitative evaluation of the interesting parameters. The 
co-registration procedure is automatic and simple; the user needs a short training period to learn how to manage the output 
produced by the algorithm. Images of canal cross-section in Figure 3 are produced by the software and can be used to 
evaluate if further improvement of the co-registration is needed. Data plotted in Figure 4 are available as text files for 
further statistical analysis not included in this software package. 

Future work can be done to investigate a possible correlation between the volume of dentin removed and PTCS. Indeed 
from plots obtained from three different anatomical levels (see Figure 8), we can observe that these quantities are not 
independent. Of note, for the apical level (which is characterized by smaller canal diameter) the slope between volume of 
dentin removed and PTCS is higher than for the coronal level (the higher is the diameter of the native canal, the lower is 
the slope). This relationship could be an index to evaluate the quality of the endodontic treatment. Indeed the higher is the 
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slope of the plot of Figure 8, the better will be the treatment quality, suggesting that less dentin was removed to obtain 
higher values of PTCS. New efforts have to be applied to push this method beyond research context to clinical practice, for 
example to evaluate quality of therapeutic intervention assessed by CBCT. 

Figure 8. “Linking PTCS and volume of dentine 
removed”. Linear regression between PTCS and volume 
of dentine removed in each different anatomical level: the 
slope of the fitted line is larger in the apical level (data are 
represented with black squares) and is smaller in the 
coronal level (blue triangles). Red circles correspond to 
data relative to the middle level of each canal.  

4.2 Conservative treatment 
Composite filling is a widespread tooth restoration technique and the procedure is based on successive steps, which 
include bonding and placement of composite layer by layer. Incorrect handling of bonding procedure leads to formation of 
bulk bubbles in the composite and gaps at the dentin composite interface. Defects due to polymerization shrinkage of 
dental composite and different physical properties between tooth structure and restorative material are considered to be the 
most important factors in the formation of micro-leakage at the dentin-composite interface [44]. In this study the co- 
registration method adopted allowed obtaining some more information about the effect of the shrinkage on the native tooth 
structure. 

Analysis of restoration quality and quantification of micro-leakage is traditionally done by cutting the tooth in slices for 
subsequent optical microscopy examination [45, 46]. More recently some authors performed µCT imaging of ex-vivo 
restored teeth exploiting the possibility to investigate defects (gaps), calculate their volumes and eventually choose the 2D 
cutting planes for further optical microscopy analysis [47, 48]. The 3D structure of tooth restoration revealed by µCT images 
demonstrates that the estimated gaps size and the number of defects revealed in 3D by µCT are always higher than 
microscopy [48]. Our investigation method, adding co-registration for direct comparison of pre- and post-shrinkage tooth 
structure, increases the value of the µCT examination of restorative treatment. The novelty of this co-registration approach 
resides in the possibility to highlight pre- and post-shrinkage differences inside the 3D tooth structure. Using the proposed 
pipeline there is no need of high computational resources and after co-registration the data analysis is very quick and 
straightforward. 

In spite of the difficulty in using some features of this improved software, the user can obtain colour labeling of differences 
between the pre- and post-shrinkage structure (see Figure 6). In the investigated sample this analysis evidenced three 
unexpected occurrences: crack formation inside the tooth native structure, spatial displacement of part of the tooth 
structure in respect of the native conformation and formation of small pores at the interface between composite and tooth 
partially embedded inside the native tooth structure. Additionally, the developed algorithm demonstrates that photopoly- 
merization and subsequent shrinkage can modify the original tooth structure. The co-registration algorithm developed for 
this case is not analytical and the user needs some days of training to learn how to obtain the best superposition between 
common parts of the two investigated structures. Also for experienced user the refinement of the co-registration can need 
from five to 10 runs. 
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Practical applications of this method range from dentistry to orthopaedics where it is often necessary to obtain specular 
reconstruction of post-oncologic and post-traumatic damaged anatomic districts. Moreover in the research context the 
same method can be applied to multimodal imaging [49] improving the structure characterization. Limitations are 
computational time and experience needed to perform the analysis. We tried to reduce these limitations by the following 
strategy: the user can choose some ROIs in the 3D space, which are processed by the algorithm instead of the whole 
sample volume. 

Systematic studies are required to quantify the correlation and incidence of the crack formation and the spatial dis- 
placement related to the use of different composite and adhesive. Also micromechanical studies can be conducted to 
quantify these phenomena and evaluate the 3D stress and strain distribution inside the structure revealed by µCT [3, 23]. The 
analysis can guide new strategies to minimize the occurrence of such events, which can compromise the tooth stability and 
reduce the lifetime of the restored tooth. 

5 Conclusion 
Our results demonstrate that combining the detailed 3D structure of a tooth obtained by µCT imaging with appropriate 
software it is possible to quantify differences in the root and canal morphology related to therapeutic treatments. Software 
has been developed and optimized to evaluate changes by comparing pre- and post-treatment structures of treated sites. It 
should be interesting also to develop other algorithms to calculate the minimum distance between tooth external surface 
and canal surface before and after endodontic treatment and estimate the increasing of root wall fragility with finite 
element simulation as well as fragility of the same restored tooth with or without internal crack. At this stage the software 
tools developed are able to quantify the buoyancy of two very different dental treatments, endodontic and conservative, 
posing the basis for future development and for virtual dental laboratory. 
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