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ABSTRACT An interactive computer-based training tool for using in Orthodontics is aimed at students and experienced professionals who need to predict orthodontic treatment outcomes. Usually, treatment planning and the choice of a proper appliance model are based exclusively on clinician expertise, and most orthodontists work on a trial and error basis, estimating an “ideal” loading condition that can lead to a precise and aimed tooth movement. Therefore, the orthodontist and patient have a strong need for methods that enable them to compute realistic pictures of the expected teeth positioning to circumvent unexpectedly situations that may occur in practice. In this paper we present J-Ortho, an open-source orthodontic treatment simulator. To validate it, we use a one-year follow-up orthodontic treatment. Based on the data provided by this study, J-Ortho generates the 3D anatomical structures and appliance models from dental cast, X-Rays, and photographic records of the virtual patient. Morphing approaches and a 3D tooth movement simulator are implemented to represent the changes in shape that the dental arch performs. Initial investigation has proved that we have been able to set up the system to demonstrate behaviour that closely replicates real teeth movements, similar to our experimental studies. We expect our prototype to be a useful environment for training orthodontists, residents and students giving experience in both simulation and Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. SAC’06, April, 23-27, 2006, Dijon, France. Copyright 2006 ACM 1-59593-108-2/06/0004…$5.00.



actual dental images as well as to explore and verify in practice the temporal evolution of the planned treatment.



Categories and Subject Descriptors I.3.8 [Computer Graphics]: Applications.



Keywords Computer System, Simulation, Morphing, Teeth Movement, Orthodontics.



1. INTRODUCTION An interactive computer-based training tool for using in Orthodontics is aimed at students and experienced professionals who need to perform orthodontic medical treatment. This treatment is commonly used to obtain the proper position of the teeth in dental arch, thus giving the correct occlusion with the best functional and aesthetic features [1, 3, 5, 11]. Basically, it consists in applying forces to the tooth crown by means of elastic deformation of metallic wires. Usually, treatment planning and the choice of a proper appliance model are based exclusively on clinician expertise. To circumvent unexpectedly situations that may occur during the treatment, most orthodontists work on a trial and error basis, estimating an “ideal” loading condition that can lead to a precise and aimed tooth movement. It is very common to initially predict a specific tooth movement (caused by applying a continuous force during a certain period of time) that in practice does not occur. The tooth does not move at all or does not move enough as a response to the applied loading. Currently, the main limitation of the present methods is the lack of an interactive and dynamic simulation tool to investigate the temporal evolution of the treatment, as well as to perform a series of simulation trials to



determine the most suitable strategies and appliance models to overcome possible dental arch clinical problems. Many commercial systems have been proposed for orthodontic practices, but in no case they integrate the previously mentioned functionalities into a software with free code access. The majority of the existing computer-based software used is essentially for clinical management and 2D cephalometric analysis. The goal of this work is to build a 3D computer-based system that provides an integrated and public domain software for simulation of orthodontic treatments. In particular, we have a special interest in finding a way to represent this behaviour so that the relationship between different mouth measurements, teeth movements, and appliances can be analysed. This includes investigating the extent to which current computer aided orthodontic systems can be useful in characterizing teeth movement and 3D dental arch behaviour when the teeth are subjected to a variety of loading conditions. We have approached the problem by developing a simple prototype. Initial investigation has proved that we have been able to set up the model to demonstrate behaviour that closely replicates real teeth movements, similar to our experimental studies. We expect our prototype to be a useful environment for training orthodontists, residents and students giving experience in both simulation and actual dental images.



2. PREVIOUS WORK Although no attempt was made to be comprehensive, we have investigated the commercial systems available in the market that permit a certain planning of orthodontic treatments. Most of the 42 systems analyzed do not act as valid clinical tools for treatment simulation, nor do they integrate several functionalities into one single tool. We have classified the commercial systems into three main groups: clinical management systems, 2D tools for image analysis, and 2D and 3D systems for simulation of orthodontic treatments. The most common systems available are the clinical management software. Basically these systems aim at financial management and following up of orthodontic treatments. In some cases, they include a cephalometric analysis module as one of its software components. None of them uses a 3D model of the arcade of the patient and effects a real simulation of tooth movement over time as an interactive computer-based tool. By contrast, we aim at these basic functionalities in our system. Motivated by the need to reduce human error (except for errors of landmark identification) on doing cephalometric analysis, as well as the time to perform the analysis compared to normal registration (in situations where it is only necessary to identify the radiological points with the click of a mouse on a computer monitor, for example) many researchers have been modelling a great number of interesting and useful cephalometric analysis software. These systems have traditionally been accomplished by using a superimposition of the X-Ray and photograph into one manipulable image that shows both hard and soft tissue. Cephalometric landmarks are then identified and anatomical measurements are compared to established norms and displayed for easy reference. Using clinically accurate hard tissue movement, the patient's profile can be morphed to show the results of the proposed treatment. The relevance and advantage of these systems are demonstrated by the significantly increase of patient acceptance of proposed treatment plans after performing the cephalometric analysis using the software. The use of this



group of systems has proved to be an invaluable approach to support dental treatment planning, and thus, has to be included in our computer prototype due its significant role in orthodontics. Some researchers have concentrated on the development of 2D and 3D computer-based orthodontic treatment tools [8, 10, 12] and on real time mandibular movement simulators [4, 6, 13]. In these systems, data can be obtained by cephalometric measurements of the patient. The 2D models use elementary parameters in which full validation is necessary, and consequently, may be an excessive oversimplification of the orthodontic problem being considered because they do not include volumetric dental arch and appliance shapes. Just a few of these works are most closely related to ours in that they represent the teeth movement by a functional model composed by geometric restrictions of displacements in three-dimensions. However, they have some disadvantages because they are generally expensive commercial tools and usually do not offer free code access to allow extensions. In no case, they advise on better type of treatment to apply to the patient as a tool that integrates different functionalities into a public domain software, including 3D contact detection.



3. THE J-Ortho ORTHODONTIC SYSTEM The proposed system is written in Java and consists of 3 basic components: Cephalometric Mapping, 3D Mesh Generator, and the Orthodontic Treatment Simulator (as shown in Figure 1). The Cephalometric Mapping component is responsible for mapping the actual X-Ray and dental cast measurements onto the vertices of the volumetric dental arch and mandible of the virtual patient, in the 3D Mesh Generator component. The Tooth Movement Simulator and Morphing Tool are modules of the Orthodontic Treatment Simulator. They allow the clinician to simulate and visualize the temporal evolution of the treatment.



3.1 Data Acquisition and 3D Modelling The user interface panel is implemented based on geometrical standard references and parameters usually adopted to design the orthodontic treatment. In our system, we use a standard 3D geometric model we have developed as a base of the skull, maxilla, mandible, and dental arch of a virtual patient. In particular, the 32 teeth are individually modelled by a complete 3D mesh representation with crown and root and the orthodontic appliance model was implemented using spline curves. These models are composed of a considerable number of vertices and polygons to construct the virtual patient. Approximately 125 vertices (180 polygons) are used to model each tooth to represent its skeletal shape. The skull is composed of 3087 vertices (5426 polygons) and the jaw of 1094 points (2054 polygons). To represent the 3D model of a specific subject, the standard virtual patient model can be modified by 3D interpolation to adapt itself to the main patient data obtained from X-Rays, photographic records and dental cast measurements, as shown in Figure 2. As part of the therapy planned, the initial measurements of dental displacements were realized during clinical check-ups of the patient over one year. The moved and the reference teeth on the cast model were marked for identification, and particularly, we have used the molar and premolar teeth as the reference teeth. It was designed for this subject the fixed appliance model with brackets (that already embeds established torsion values in its



designed structure) and planned an extraction of the first premolars on both sides of the mandible and maxilla.
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dissolve is a blend of the colors from corresponding pixels and is implemented by applying the linear parametric function (Eq. 1), where α corresponds to the range of frame numbers over which the morph is to take place: C[i][j] = α*C1[i][j] + (1- α)*C2[i][j]



(1)



Specifically, the cross-dissolve and warping techniques based on feature lines with a relative weight associated to them (Eq. 2) are also implemented [13]. b
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⎛ length p ⎞ ⎟ (2) weight = ⎜ ⎜ (a + dist ) ⎟ ⎝ ⎠ Where length is the length of a line, dist is the distance from the pixel to the line, and a, b and p are constants that can be used to change the relative effect of the lines by controlling the general behaviour of the mapping function. In particular, the variable b determines how the relative strength of different lines falls off with distance. Values of b in the range [0.5, 2] are the most useful. As the warping process proceeds, the original images taken in the beginning of the planned treatment (line 1 in (a) and (b) of Figure 3) are gradually distorted and fade out, while the final images taken one year after the beginning of the planned treatment (line 7 in (a) and (b) of Figure 3) start out toward the original images and fade in.



Simulated Graphical Results of Orthodontic Treatment



Figure 1: The main components of the orthodontic system.



Figure 2. Main data extracted from the patient. Dental cast and X-Ray image with craniometric points (left), photographic records (middle), a complete 3D mesh representation including 32 teeth crown and root (right).



3.2 Morphing Tool The Orthodontic Treatment Simulator component includes an interactive Morphing Tool based on Beier’s algorithm [2] that reproduces the changes in the mouth geometry based on photograph records of the subject taken during regular clinical check-ups. Morphing is the process of deforming an object over time, and basically can be defined as a blending between two objects [9]. By specifying corresponding line segments on each image, the algorithm determines the mapping of the coordinates of the source image to the destination image using reverse mapping. The two images to be morphed are then run and crossdissolved over time to give the morphing effect. The cross-



Figure 3. Key-frame records and morphing results. During clinical check-ups of the patient over one year, we conducted a set of experiments taken under identical circumstances to investigate the best parameters values of the weight function as well as the precise definition of the feature lines for the frontal and inner views of the maxilla. Figure 3 shows the morphing results obtained for the subject in Figure 2. More specifically, in (1) and (7) of Figures 3(a), (b), (c), and (d)



are displayed the feature lines for the frontal and inner views of the maxilla. In particular, Figures 3(a) and (c) show 4 key-frame records of the patient (lines 1, 3, 5, and 7) while Figures 3(b) and (d) show 2 key frame records of the same subject (lines 1 and 7). All the photos were taken on a regular basis: 15 days after the extraction of the first premolars on both sides of the maxilla (line 1 in Figures 3(a), (b), (c), and (d), and line 3 in Figures 3(a) and (c), the only difference between them is the presence of the appliance model in the dental images displayed in line 3), and 6 and 12 months later (line 5 in Figures 3(a) and (c), and line 7 in Figures 3(a), (b), (c), and (d), respectively). The remaining dental images shown in Figure 3 are generated by the morphing tool and correspond to the intermediate dental arch shapes calculated automatically. The results show that fairly smooth and accurate morphing can be obtained. In this case study, the placement of the morph-lines was not the main factor to determine the way the morph would look although the definition of an excessive number of vertical feature lines on the frontal images initially produced intermediate shapes with a small “noisy” looking morph around the appliance area. Also, it was observed that the precise definition of the parameters values of the weight function increases the likelihood of obtaining in-between images of better quality. The linear parametric function used at the source and destination frames for generating the 5 interpolated images displayed in the morphing sequences (lines 2, 3, 4, 5, and 6 in Figures 3(b) and (d)) shows that subjective plausible results can be obtained from simulation. Further, the simulated results are closely related to the key-frame photographic records and their in-betweens (Figures 3(a) and (c), lines 1, 3, 5, and 7, and Figures 3(a) and (c), lines 2, 4, and 6, respectively). We have chosen values of p = 0.5; a = 0.2; b = 0.5, and p = 0.5; a = 0.2; and b = 1.7 (shown in Figures 3(a) and (b), and in Figures 3(c) and (d), respectively) to run our simulations. It was observed that if the b value is large, then every pixel will be affected only by the line nearest to it, and that the weight assigned to each line should be strongest when pixel is exactly on the line, and weaker the further the pixel is from it. Also, a high p value gives more weight to longer lines. A small a value should be used as it is basically used to avoid a division by zero in Eq. 2.



Figure 4. The interface user panel of the 3D orthodontic treatment simulator.



3.3 Tooth Movement Simulator A 3D tooth movement simulator was designed and implemented to interactively displace and rotate the teeth to obtain the correct dental occlusion functionality, as shown in Figures 4 and 5, based on the geometric models from section 3.1. The applied loads are automatically generated by the elastic recovery of metallic wires linked to the tooth crowns by brackets. What happens depends on the level and duration of force. Simplest orthodontic movements, such as tipping, occur about centre of tooth resistance (1/3 from the root apex) [7]. Translations are modelled by applying a bodily movement where the whole tooth structure is uniformly loaded. It is expected that during rotations, tipping also may occur. Extrusions and intrusions are both modelled by vertical movements where forces are used to move the tooth lower and upper, respectively. The computer-based system simulates the tooth movement through time with respect to a fixed Cartesian frame located in the middle of the dental arch. Any tooth (or a group of teeth) can be interactively selected through the user interface to apply loadings.



Figure 5. Simulated 3D teeth movement results. From the top to the bottom: lateral views (left) and maxillar inner views (right). Collision effects among dental surfaces are also implemented. Besides being detected, and contact area determined, collisions have to be handled for collision response that induces instantaneous change in the state of components through direct correction of position and speed (in our tool a kind of domino collision effect among teeth is implemented). The contact points can be displaced using a different colour. The tooth simulator provides a 3D visualization clinical tool that allows the observation of the temporal evolution of the dental arcades during the orthodontic treatment. The skull anatomy does not influence the simulation results. It is used only to provide a better



planning of orthodontic treatment, Medical Image Analysis, 2(1), 1998, 61-79.



understanding of the movements. The teeth movements and dental arcade can be visualized from any point of view.



4. CONCLUSION AND FUTURE WORK Our aim is to provide a computer model to help orthodontists to predict and deal with orthodontic problems, as well as suggesting possible treatments. We have approached this by defining JOrtho, a realistic 3D prototype for orthodontic treatment simulation. It is aimed to combine and improve the main ideas of some existing commercial models that are difficult to test and validate because they are not open source and free available tools. The results show that realistic 2D and 3D teeth movements can be achieved with both Morphing Tool and Tooth Movement Simulator modules, respectively. While the morphing tool is straightforward to use, it still requires some interactive work to mark feature lines in key-frames (source and destination images). In particular, the 3D collision detection method implemented can be used to evaluate problems like whether abrasion occurs when the teeth collide during the occlusion. The advantage of our system when compared to traditional methods is that the situation of teeth movement is dynamically visualized instead of statically, with the ability to interactively modify through the user interface a selected tooth (or a group of teeth) and loading values to evaluate the 3D results of changes. The user can see how the teeth are moving. Presently, validation is done by subjective inspection and correlated with real teeth movements using dental casts and photographic records taken on a regular basis (one-year planned case study). J-Ortho has not yet been used systematically nor completely modelled to explore all the mechanical aspects involved in orthodontics. For example, around the teeth root, effects of soft tissue deformation can be incorporated in our 3D system to generate more accurate tooth movement behaviour. Finite element analysis, for instance, is a suitable tool for simulation, but to make it work in real time it is necessary to use a small number of elements and linear elastic behaviour. Under these conditions, the simulated results will be still highly inaccurate since it has been established that the behaviour of soft tissue under deformation is highly non linear. Finally, we believe that computer orthodontic models may be used as training tools for those seeking a better understanding of the geometric and dynamic factors involved in the control strategies of orthodontic treatments as well as to investigate the accuracy of the results and whether a specific planned treatment can be detrimental to the patient in any circumstance. To this end, the next stage of this work is to simulate new case studies based on short-term follow-up orthodontic treatments to evaluate JOrtho potentialities.
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