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l. Introduction

Patients undergoing surgical procedures in the maxillofacial region have high expectations of
treatment outcomes. The results of these procedures have immense aesthetic impact on the
human face. Precise planning and accurate implementation of the plan during operation have
key roles in the result. This thesis focuses on the importance of medical imaging, image
processing, accuracy and the usability of planning systems. The research shown in this work
combines orthognathic surgery and dental implantology as these fields have the uppermost

patient demands and therefore require the highest accuracy.

1. Planning in orthognathic surgery

Correction of facial asymmetry is often a challenging task due to the spatial complexity and the
relation of the dentition, bony structures and soft tissues. Therefore the aim for better
visualization of the structures, information flow between professionals without detail loss and
thus improving surgical outcome is a current topic. The need for the third dimension in
orthognathic planning appeared together with modern computers (Lambrecht and Brix 1989).
Existing two-dimensional planning is sophisticated with superimposition of the cephalogram
and profile image allowing the clinician to plan the surgery to closely match the desired result
(Sarver 1993). Rapid prototyping techniques gave the opportunity to manufacture the virtual
data and perform pre-surgeries on the actual patient model (Ribas et al 2001). The fast
development of computer science allowed surgeons to begin to manipulate virtual bony
segments in three dimensions (Alves 2007). The spreading of rapid prototyping techniques led
to improvements in the realization of the virtual plan. Three-dimensional printers were not only
able to print bony segments but also to manufacture individualized surgical wafers with the use
of planning programs (Metzger et al 2008, Swennen et al 2009, Hernandez-Alfaro et al 2013,
Cousley and Turner 2014).

2. Planning in dental implantology

Implant procedures are often difficult to perform due to the various anatomy of the alveolar

bone (Chappuis et al 2013, Nunes et al 2013), the alveolar nerve (Bogdan et al 2006) and the
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maxillary sinus (Xu et al 2011). Positioning of dental implants has major effects on the
surrounding bone, periodontal soft-tissue and prosthetics. These factors have determinative
roles in long-term implant survival. The introduction of cone beam computed tomography
(CBCT) increased visualization of the dental and alveolar structures in a new level (Ikuma
1995). This technology opened new fields in dental implantology using surgical guides
produced by milling machines (Amet and Ganz 1997, Klein and Abrams 2001). Guided
technology has improved together with development of related surgical techniques. An
accelerated change in the paradigm can be observed. The possibility to reduce the size of flaps
or even performing flapless surgery appears to be a plausible treatment modality for implant
placement, demonstrating both efficacy and clinical effectiveness (Bordala 2009). Having a
detailed knowledge from the anatomy before operation and the capability of precise planning
and the usage of image guided systems, bone grafting can be avoided in many cases (Fortin
2009). The correct use of imaging and guided systems makes implant placement less invasive

and treatment outcome more predictable (Bornstein et al 2014, Tahmaseb et al 2014).



II.  Aim of the Studies:

Several in vitro and in vivo studies were made to evaluate the accuracy of CBCT based surgical
planning. The material and methods of these studies are mainly focusing on the surgical
techniques and the result are differencing in a wide spectrum. Computerized treatment planning
is an exceptionally interdisciplinary area of imaging, computer science, engineering and

medicine. Therefore the following hypotheses were investigated:

1. Does the resolution of imaging have an effect on the accuracy of a three-dimensional
model used for surgical planning?

Do the further digital imaging steps have an effect on the accuracy of a model?

How accurate is an orthognathic surgery planned virtually?

Is improving accuracy of the post-operative outcome possible?

Implementing the experiences in guided implantology.

© o~ w D

A method and system for designing and manufacturing surgical guides.



Ill. Material and Methods

The following three chapters are logically built together as the essential approach of the thesis.
Therefor they are having the ,,Aims and Introduction”, ,,Material and Methods”, ,,Results” and

,,Conclusions” parts separately. The three chapters are then discussed together in details.

3. THE DIGITAL BACKGROUND

a. Aims and Introduction

The aim of this chapter is to understand the basis of imaging needed for computerized treatment
planning. What are the image processing steps from capturing a scan to having a fine and

seemingly accurate three-dimensional model on the computer screen?

Surgical planning in the field of orthognathic surgery and guided implantology requires models
of dental occlusion in previously impossible levels of precision and accuracy. Dental occlusion
have been chosen to show the imaging steps on, since it is not only the most complex structures
of the oral cavity but has a key role in computerized planning (Smith 1991, Ogawa et al 2000,
Watamoto et al 2008, Kacobs 2011, Paquette 2011).

b. The accuracy of three-dimensional model generation. What makes it accurate to be
used for surgical planning?

Advanced imaging techniques, software and computerized manufacturing techniques have
made three-dimensional (3D) computer models available not only for research and
development, but also for routine clinical applications (Trefny et al 2005, Schutyser et al 2005,
Marchetti et al 2006). They could potentially replace classical plaster models allowing new
options for occlusal analysis and treatment workflows (Favero et al 2009, Swennen et al 20009,
Plooij et al 2010). The generation of a virtual model requires imaging and subsequent image
processing steps. Image capture is performed by scanning of the patient’s occlusion directly or
of a plaster cast using either tomographic imaging modalities or optical surface scanning. The

image data is then computed to produce a 3D visualization.



Computed Tomography (CT) or Cone Beam Computed Tomography (CBCT) imaging captures
a consecutive series of 2D images, containing digitized tissue densities of the scanned slice.
The data stack is stored as single image slices in DICOM format (Digital Imaging and
Communication in Medicine) (Hounsfield 1980, Jahne 1991, Pratt 1991, Loubele et al 2006,
De Vos et al 2009).

Optical surface scanning captures 3D surface information via generation of a point cloud, rather
than the interpolation of tissue densities. These points are extrapolated to a 3D surface mesh to
form the shape of an object (Moerenhout et al 2009). In contrast to CT or CBCT, optical
scanning only captures surface contours, without any subsurface detail. In both X-ray based
imaging and optical surface scanning the final result is a 3D surface mesh of the imaged
structure. The surface meshes can be than merged together to create a composite skull model
(Gateno et al 2003, Noh et al 2011). This technique relies on both the accuracy of the models
and the precision of the incorporation procedures.

When considering a virtual model, the clinician must be aware of the need for adequate source
imaging and the image processing steps required to create the final model. Some of these steps
are performed by user interaction while some are "hidden" procedures within the software. The
impact of the image processing steps may subtly influence the accuracy of the final model. G
The generation of a virtual model from either 2D or 3D data is based on well-established
imaging and image processing techniques. However, models of dental occlusion demands
previously impossible levels of precision and accuracy. Surgical planning requires models of
sufficient detail to enable the virtual plan to perform well when put into reality. Inadequate
models may result in misleading patient assessment, inappropriate treatment and unsatisfactory
clinical outcome. Conversely, accurate virtual occlusion modeling may enable more efficient
and effective workflows for patient assessment and treatment.

The objective of this chapter was to evaluate the impact of different imaging modalities and
image processing steps on the accuracy of the resulting virtual occlusion model, and to identify
and quantify the most critical steps to ensure accurate model generation. Further goals were to
educate clinicians of the implications of these computational procedures and to discuss the
clinical impact of the results. We report on the use of high resolution CBCT imaging, and on
image processing parameters relevant to creating an accurate virtual model of the occlusal

surface.



c. Material and Methods

Image acquisition

A standard dental plaster model was scanned using an experimental high resolution CBCT
scanner (Scanco SCANCO Medical AG Briittisellen, Switzerland) with an isotropic image
resolution of 0.082 mm using standard CBCT image acquisition parameters (60 kVp / 40 keV
(900 pA)). The DICOM information were transferred to a desktop computer running Windows
XP (Microsoft Corporation, Redmond, CA) and post-processed in Amira®, a commercial
software package for image visualization and data analysis (Visage Imaging GmbH, Berlin,
Germany), and Geomagic Studio®, a reverse engineering software package (Geomagic U.S.
Corp., Research Triangle Park, USA).

Image processing and analysis

The workflow for creating a virtual model was evaluated using the CBCT data and divided into
six major image processing steps. The first three steps, evaluating the impact of the (1) image
resolution, (2) thresholding procedure, and (3) smoothing of the labeled threshold data, are
performed on the 2D CT data before surface model generation as presented in Fig. 1. Then a
3D triangulated surface model was generated to evaluate the effect of (4) different model
generation techniques, (5) smoothing the surface model and (6) reducing the number of

triangles of the surfaces shown in Fig 1 and 2.

Step 1 - Image resolution.

A gold standard (GS) CT scan was captured with a 0.82 mm resolution. To simulate lower
resolution CT acquisition, the gold standard image data stack was duplicated and down-sampled
to a variety of resolutions of interest. A total of 8 down sampling procedures were used to
produce the following different image resolutions: 4 copies were down-sampled in an isotropic
manner to represent an image resolution of 0.1 mm to 0.4 mm. A further 4 datasets were down-
sampled to represent non-isotropic scanning, all having the same image resolution of 0.4 mm
in the x and y axes but varying image resolutions ranging from 0.4 mm to 0.8 mm in the z axis.
Duplication and down sampling of the models was used to simulate the lower resolution
imaging capture rather that scanning at lower resolution. Simulation eliminated the introduction
of error due to malpositioning of the real-world model during repeated scanning at differing
resolutions. This standardization meant that all deviations from the gold standard could be

reliably attributed to image processing steps, rather than errors in acquisition.



From each 2D image stack, an unsmoothed model was generated using the LegoSurfaceGen
procedure within Amira®. For each model an identical threshold window setting of 1421 —
6950 was chosen and the Amira’s LegoSurfaceGen applied. The end result of this procedure
was 8 virtual models of the same physical object generated from the source image data of
varying resolution. Each model was then compared with the gold standard model using the
distance map calculation and visualization procedure in Geomagic®. The distance map
procedure calculated the differences between the gold standard and the down sampled model.
Distance mapping allows calculation of maximum and mean differences between the two
models (Figure 1 A, B).

Figure 1. Image processing steps performed on 2D CT data. The first line shows the impact of image resolution
(A: 0.1mm voxel size, B: 0.8mm non isotropic). Second line highlights the threshold segmentation (C: high,
exclusive-, and D: low, inclusive settings, Resolution: 0.1mm). Third line demonstrates the smoothing procedure

(E: without smoothing, F: smoothed border line, Resolution: 0.3mm)
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Step 2 - Threshold segmentation.

This procedure is used to convert the continuous greyscale 2D CT data into a binary
representation of which pixels of CT data represent the surface of the model being generated.
A low (inclusive) threshold value of 990-6950 and a high (exclusive) one of 1914-6950 were
defined. For each of the varying resolution CT scans generated in step 1, two additional models
were generated using a high and low threshold and the LegoSurfaceGen procedure. For each
resolution, the high and low threshold models were separately compared with the medium
threshold model of the identical resolution generated in step 1. This enables the assessment of
the impact of the threshold procedure, without the influence of image resolution. The deviations
between the models were calculated using Geomagic’s distance map calculation and

visualization (Figure 1 C, D).

Step 3 - Smoothing 2D CT data.

A predefined smoothing procedure was applied to the 2D CT data using the ‘smooth label’
function (Parameters: size 5) in the Amira segmentation editor. A LegoSurfaceGen model was
created from each of the smoothed 2D CT datasets. The deviations between the models were
compared with the models of corresponding resolution obtained in step 1, using Geomagic’s

distance map calculation and visualization (Figure 1 E, F).

Step 4 - 3D model generation using the Marching Cube Algorithm.

For each of the resolutions established in step 1, a model was created using Amira’s standard
SurfaceGen module, rather than LegoSurfaceGen. The SurfaceGen procedure creates meshed
surface models according to the Marching cubes algorithm, smoothing the voxel structure into
a triangulated meshed surface topology. The deviations between the SurfaceGen model and the
identical resolution LegoSurfaceGen models obtained in step 1 were compared using

Geomagic’s distance map calculation and visualization (Figure 2 A, B).
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Figure 2. The effects of image processing steps made on 3D data. First line shows the effect of 3D model generation
from 2D data with different algorithms (A: LegoSurfaceGen, B: Marching Cubes Algorithm, Resolution: 0.4mm)
Effects of smoothing the 3D surface is visualized in the second line (C: moderate-, D: extensive smoothing,
Resolution: 0.3mm) Third line presents the result of reducing the number of the surface triangles (E: 41000

triangles, F: 20500 triangles, Resolution 0.4mm)

Step 5 - Smoothing of generated 3D models.

Two different smoothing settings were chosen in Geomagic for each model obtained in step 4:
Setting 1 corresponding to moderate smoothing (‘“smoothness level” to a low level “3” and
“Curvature priority” to a high level “8”) and setting 2 corresponding to extensive smoothing
(“smoothness level” to a high level “8” and “Curvature priority” to a low level “3”). For each
resolution, the models with moderate and extensive smoothing were separately compared with
the original unsmoothed model of identical resolution generated in step 4. The differences

12



between models were analyzed using Geomagic’s distance map calculation and visualization
(Figure 2 C, D).

Step 6 - Reducing the number of the mesh triangles.

In the eight surface models generated in step 4 the number of the mesh triangles were calculated
in Geomagic. The number of triangles for each model were reduced by 50% to represent a
common complexity reduction procedure performed in model generation workflows. For each
resolution, the resulting simplified model was compared with the identical resolution model
obtained in assessment 4. The differences between models were analyzed using Geomagic’s

distance map calculation and visualization (Figure 2 E, F).

d. Results:

The impact of CT scan resolution and the 5 subsequent workflow steps were assessed (Figure
3).

1. Resolution

Beginning with the highest resolution, the data revealed a linear increase in the deviations
between the models generated from reduced resolution CT scans and the gold standard model.
In the non-isotropic image resolution part (i.e. from 0.5 to 0.8mm) there was a less steep slope,
compared to the isotropic part. For each image resolution, the max+/max- values showed
similar absolute deviation values. Between the highest and lowest resolution, there was a four-
fold increase of the deviation, with maximum absolute values of about 0.45 mm (corresponding
to +0.438/-0.492 mm). The distance maps demonstrated a uniform deviation pattern on the

occlusal surfaces, when compared with the GS (Figure 3, Step 1).

2a. Threshold segmentation with low threshold value

The data showed the maximum deviation in the positive direction from the corresponding
resolution GS (CGS) increased as CT resolution decreased in models with isotropic voxels, and
did not change in models with non-isotropic voxels. The max+ and max- values showed
different absolute values. The max- values showed an approximately linear increase up to
0.8mm, regardless of model isotropy. The max+ values showed as similar increase from 0.1 to
0.4mm, but afterwards the values remained virtually unchanged, between the 0.4, 0.5, 0.6, 0.7

and 0.8mm resolution CT scans.
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2b. Threshold segmentation with high threshold value

The data illustrated the maximum deviations from the CGS in the positive directions increasing
linearly as CT resolution was decreased. The maximum negative deviation increased with
decreasing resolution in the models with isotropic voxels, but did not change significantly with
the non-isotropic voxels. This is the inverse of the results described in section 2a. The max+
exhibits a linear increase up to 0.8 mmm and the max- values remained stable at resolutions
above 0.4mm.

In both assessment 2a and 2b, the distance maps show a uniform deviation pattern within the

overall occlusal surface, when compared with the CGS.

3. Smoothing 2D CT data

The data displayed a linear increase in model deviation as CT resolution was reduced. In
contrast to assessment (1), (2a) and (2b) this smoothing procedure lead to a characteristic
change in the surface topology of the occlusal surface with loss of areas with small-radius
curvatures. The loss of details in area of tight curvature lead to a flattening of the occlusal cusps
(thus reducing the height of the occlusal cusps) and of the occlusal fissures (thus filling the
occlusal fissures), leading to an overall flattening of the occlusal surface topology as shown on
the distance maps in Figure 4.

0.300 I 0.480 I

0.200 I 0.330 I

i I

0.015 0.025 :
-0.015 -0.025

0

I

-0.200 -0.330 =

-0.300 ¥ -0.480 1

Figure 4. Distance maps showing the different surface topology modifications. Uniform deviation pattern on the

occlusial surface on the left side (Step 2a), and overall flattening the surface with filling the fissures and cutting

the cusps on the right side (Step 3).
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4. Model generation using the Marching Cubes algorithm

Among both for the max+ and max- values, there was a linear increase in deviation from the
CGS until 0.4mm image resolution. The rate of deviation accelerated at lower resolutions than
0.4mm. Large deviations were observed for values at a non-isotropic image resolution of 0.7
and 0.8mm, deviating > 1.6 mm from the CGS. The Marching Cubes Algorithm resulted in a

similar non-uniform change in the surface topology, as observed in (3).

5a. Smoothing on generated surface models with moderate settings

The data demonstrated linear growth in deviation until the 0.4mm resolution group, and then
ceased to change. This procedure did not change the max values. Maximum deviations
approached 0.12mm.

5b. Smoothing on generated surface models with extensive settings

The data displayed growth in deviation. In contrast to 5a, when using these settings the max+
increased with lower image resolution. At the non-isotropic level of 0.7 and 0.8 the max+

deviation reached up to 1.6mm.

6. Reducing the number of the triangles
Reducing the triangle number by 50% did not change the max+ deviations. Below a CT
resolution of 0.3mm, the reduction in model complexity lead to deviations by between 0.1 and

0.2 mm.
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Figure 3. Deviations visualized in each step with their corresponding resolution. Resolution in “x” axis (mm x

0.1) Deviation in “y” axis (mm)
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e. Conclusion

The objective of this study was to assess the impact of the different imaging modalities and
different image processing steps on the accuracy of a virtual occlusion model and to guide
clinicians to understanding the most critical steps for accurate model generation. The following
image processing steps were assessed: image resolution, manual threshold segmentation,
smoothing the labeled threshold data, the Marching Cubes algorithm (Harvey et al 1987,
Lorensen and Cline 1987), smoothing of the surface mesh (Belyaev 2003, Taubin 1995) and the
number of meshes (Schroeder et al 1992, Garland and Heckbert 1997, Leubke 2001). Intuitively
resolution is the essence of an accurate model. No image processing step can compensate for
lack of resolution in the original data. Inadequate resolution amplifies the negative effects of
image processing. However, image processing can severely degrade the quality of a model
generated from high-resolution data. The evaluations shows that each processing step effects
the quality and accuracy of the 3D model. Each step is dependent on the image processing
techniques chosen in previous steps. Errors introduced early in the workflow are multiplied by
subsequent image processing steps. Particularly, early decisions made during manipulation of

label field data in 2D scans have a dramatic effect on final model accuracy.

The usage of virtual 3D models for treatment planning and computer aided surgery (CAS)
systems has several advantages. Virtual treatment planning can make surgeries less invasive,
operating time shorter and post-operative outcome more accurate. This technique relies on the
accuracy of the virtual model to ensure a successful surgery. Models produced from high-
resolution source data can appear accurate on superficial inspection, despite key inaccuracies
introduced by image processing. Clinicians planning surgery with virtual models must be
familiar with each step of the workflow. The production of accurate 3D models from imaging

data requires specific knowledge of the techniques involved.

The study demonstrates that there are two distinct classes of errors introduced by image
processing. One class makes uniform change to the entire occlusal surface, making it smaller
or bigger. The other alters the surface topology in a non-uniform manner, particularly impacting
areas of high geometric complexity. Both effects lead to inaccuracies in virtual model

generation.
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A potentially satisfactory alternative to 3D model generation from CT data is optical scanning
of dental structures. Use of this technique does not escape the need for CT in many cases, nor
does it eliminate accuracies from 3D model image processing. If detail of the underlying
structures is needed for surgical planning, CT scanning is still required, as is often the case in
orthognatic and surgical procedures affecting dental structures. An additional source of error
within optical scanning is the merging and alignment of CT-derived and optical scan-derived
model data. Finally, models generated from optical surface scanning must still undergo image
processing of the 3D model, potentially introducing the inaccuracies detailed in this study.

In conclusion, accurate 3D models require a combination of appropriate resolution imaging and
image processing. The importance of resolution in the source imaging is well understood by
surgeons. The critical nature of image processing is poorly recognized and this study
demonstrates it as a source of significant error. Adequate quality models can be produced using
average resolution CT scanners as long as the importance of image processing is understood.
The operator must understand the implications of each step of the model creation workflow to
ensure their model truly reflects reality.
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4. TRANSFORMING THE DIGITAL PLAN TO REALITY

f. Aims and Introduction

The accuracy of clinical orthognathic cases will be shown as a preliminary study.

The aim of this chapter is to create accurate three-dimensional models for planning a clinical
case with the knowledge gained previously. The usage of high-end technologies such as
planning software, surgical wafers manufactured with three-dimensional printers and

evaluation software are also part of this case report and technical note.

g. Evaluation of the Accuracy of Ten Clinical Orthognathic Cases

Traditional planning of orthognathic surgeries based on two dimensional imaging requires
strong imagination of the structures in their three dimensional positions. The need of many
precise data transfers between surgeon, orthodontist and technician makes planning
unpredictable and time consuming. Recent advances of both image acquisition systems and 3D
virtual planning softwares made a breakthrough in visualizing and planning these complex
facial deformities.

The aim of this preliminary study is to compare the pre-operative plan with the post-operative
result from ten orthognathic cases. The deviations are showing the accuracy of the surgeries

visualized on deviation maps.

Material and Methods

The CBCT data of ten already treated orthognathic cases were randomly chosen into this
preliminary study. All the cases were scanned, planned and operated in the same institute
(Cranio Facial Center, Hirslanden Klinik, Aarau, Switzerland). The cases were planned in a
commercially available treatment planning software and then the surgeries were performed with
intermediate splints manufactured with a three-dimensional printer according to the plan. Each
patient folder contained the following data: (1) pre-operative CBCT scan from the skull (2) the
plan of the osteotomized segment (ROI) in the same coordinate system with the pre-operative

data (3) post-operative CBCT scan from the skull.
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The digital evaluation of the cases were performed in the AO Research Institute, Davos,
Switzerland. Three-dimensional models were made from each datasets. Data (3) was transferred
to data (1) and (2). Data (3) was aligned to data (1) through non-moving anatomical landmarks.
With this alignment the post-operative model of the plan (3) got in the identical coordinate
system with the model of the osteotomized segment (2). Point to point distance calculation was
made between the two models and visualized on the ROI with a distance map. Mean and
standard deviations were calculated in all ten cases.

Results

The evaluation showed a mean deviation between the pre-operative plan and the post-operative
outcome of 3,94 mm with a standard deviation of 1,26 mm. Distance map visualization is shown

in Figure 5 and numeric results from the ten cases are displayed in Table 1.

Patient ID Maximal Deviation (mm)
1 3,0
2 4,9
3 2,6
4 3,8
5 4,0
6 5,6
7 3,3
8 6,3
9 2,9
10 3,0

Table 1. Maximal deviations of the ten cases
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Conclusion

Figure 5. Evaluation shown on distance map

Despite the high resolution CBCT scans, the 3D planning and the individual rapid-prototyped

splints, the deviations between the pre-operative plans and the post-operative results are

considerable in most of the cases. Utilizing the knowledge gained in imaging and image

processing might increase accuracy in the 3D models, therefore the post-operative results.
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h. Correction of a Severe Facial Asymmetry with Computerized Planning and with the Use

of a Rapid Prototyped Surgical Template: a Case Report / Technique Article

Correction of severe facial asymmetry is a challenging task due to the geometric complexity of
the dentition, the bony structures and the soft tissues. Mandibular asymmetry is usually
associated with a unilateral vertical maxillary excess and an occlusal cant, therefore, in most
cases the deformity cannot be treated with single-jaw surgery (Cheong and Lo 2011).
Traditional cephalometric analysis is of limited value in interpreting the cause of the
asymmetry, because complex three-dimensional (3D) structures are projected onto two
dimensional (2D) planes. Treatment planning of an asymmetric case requires three-dimensional
consideration in the sagittal, coronal and horizontal planes. Traditionally, manual model
surgery is an essential part of the preoperative workup that involves many time-consuming
laboratory based steps. When two-jaw surgery is performed, following the transposition of the
maxilla on the stone dental model in the articulator an inter-occlusal splint is fabricated that
serves as an intermediate guide for repositioning the maxilla relative to the intact mandible. The
second, or final wafer relates the mobilized mandible to the fixated maxilla.

It is of critical importance that model surgery is based on accurate translation of the theoretical
transposition data. Any discrepancy between the plan and the model surgery will lead to an
inaccurate inter-occlusal splint. A poorly designed and/or fabricated wafer can lead to a
disastrous outcome even when the most skilful surgical technique is used.

If a symmetric or slightly asymmetric face is operated on, when the jaws are moved mainly in
the antero-posterior and vertical direction, traditional, 2D analysis and planning are usually
satisfactory. But even in these cases, small errors in each step of model surgery can compound
and lead to an inaccurate result (Ellis 1990, Choi et al 2009, Cevidanes et al 2010).

Major asymmetry involving both the upper and lower jaws often requires complicated two-jaw
surgery. In these cases 3D planning is essential. The problem is twofold: first, how the most
precise planning can be achieved and second, how the treatment plan can be transferred to the
operating room. Accurate cephalometric analyses and 3D planning based on plain lateral and
frontal cephalogram are often not possible (Edler et al 2004, Hwang et al 2006, Gateno et al
2011).

Improved imaging techniques and advances in software engineering have moved 3D computer
models from the research and development area into routine clinical application (Baek et al
2006, Swennen et al 2009, Hsu et al 2013). Three-dimensional reconstruction images can be

easily rotated and viewed from any angle. Accurate measurements can be performed on the
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maxillofacial complex and this helps not only to understand the ethology of facial asymmetry
but to plan the osteotomies and movements of the segments.

Rapid prototyping is a remarkable, quickly evolving technology that has been revolutionizing
the manufacturing process in several fields. With these technologies splints can be made that
can guarantee the precise repositioning of the bony segments during surgery (Metzger et al
2008, Levine et al 2012).

The aim of this study is twofold, first, to investigate whether virtual 3D model surgery is
suitable for treatment planning of an asymmetric two-jaw surgery, and second, to examine if
rapid prototyping may eliminate the need for manual model surgery and the conventional
fabrication of the inter-occlusal splint in the dental laboratory. A case of a severe facial
asymmetry is reported when computer aided surgical planning was performed and the
intermediate wafer was designed virtually and was manufactured by a three-dimensional

printer.

Case Presentation / Technique Description
A 26-year-old male complained of facial asymmetry and eating difficulties. Clinical evaluation
revealed severe right-sided hemi mandibular elongation with small compensatory transverse

canting of the maxillary occlusal plane (Figure 6).
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Figure 6. (a) Initial facial view. (b) Initial facial smiling

Cross bite was observed on the left side. In the sagittal plane Class 111 malocclusion was noted
on the right side while Class | molar and canine relationship was found on the left side. The
mandibular front teeth, the left sided premolars and molars were lingually inclined. The
maxillary midline was coincident with the facial midline. The mandibular dental midline and
the mentum deviated to the left 11.8 and 15 mm, respectively (Figure 6,7,8). There was mild
crowding in both arches. Technetium isotope failed to show increased uptake in the condylar
regions.

Figure 6. Initial panoramic radiograph
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Figure 8. Pre-surgery frontal cephalometric x-ray shows the compensatory transverse canting of the maxillary

occlusal plane

Preoperative orthodontic treatment lasted for 18 months and consisted of alignment and
elimination of the transverse and sagittal dental compensation and arch coordination.

After pre-surgical orthodontic treatment was completed, computed tomography scan was
obtained with an isotropic image resolution of 0.3 mm and standard image acquisition
parameters (60kVp / 40keV (900 pA). The patient was scanned in a supine position. The gantry
had a zero inclination. The digital imaging and communication in medicine (DICOM) data were
directly transferred to a personal computer. An in-house developed 3D planning software (JMed
software, TraumArt Ltd, University of Szeged, Hungary) was used to reformat DICOM stack
images into a 3D structure and to perform virtual preoperative surgical planning (Figure 9a).
Three-dimensional facial analysis was performed following the construction of the mid-sagittal,
the Frankfort horizontal and the mandibular planes (Figure 9b). Maxillary height, ramus length,
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body length, body height, frontal ramal inclination and lateral ramal inclination were measured
on both sides. After evaluation of the factors that contributed the chin deviation virtual surgery

was performed.

Figure 9. (a) Preoperative CT scan. (b) Reference planes defined

Selection of the bony structures was made by the software’s semi-automatic segmentation tool
and surface models were generated from each structure (Figure 10) (Lorensen and Cline 1987,
Erd6helyi et al 2007). Virtual conventional Le Fort | osteotomy was performed on the
segmented models. The osteotomized segment was selected and was individually moved and
rotated to reconstruct the symmetry of the maxilla (Figure 11).

A model of a virtual intermediate surgical wafer was created with the maxilla in the planned
position and the mandible in its original place (Figure 11b). The model of the wafer was printed
with a 3D printer from a bio-compatible synthetic material that is suitable for short-term
mucosal membrane contact (Figure 12). The splint was checked for occlusion on the patient’s

lower and upper dental arches and fitted well in both cases.
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Figure 10. (a) (b) Selection of the bony structures

Figure 11. (a) (b) Virtually repositioned maxilla (c) Virtually designed intermediate wafer
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Figure 12. (a) Model of intermediate wafer (b) 3D printed intermediate wafer (c) wafer fitting on the plaster cast

Following that the mandible was rotated into the correct position with virtual bilateral sagittal

split osteotomy to visualise the movements of the osteotomized segments (Figure 13).

a b

Figure 13. (a) (b) Virtually repositioned mandible

In the surgical phase Le Fort | osteotomy was carried out as planned. The mobilized maxillary
segment was rotated clockwise and was repositioned by application of the virtually planned
intermediate wafer and mandibulo-maxillary fixation. The virtually designated intermediate
wafer fitted well during surgery (Figure 14). Miniplate fixation to the vertical facial buttresses

was performed. Mandibulo-maxillary fixation was then released and the bilateral sagittal split
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mandibular osteotomies were carried out. The distal segment of the mandible was rotated to the
right and placed into the desired occlusion. Final splint was not used as the teeth were in good
occlusion. Osteosynthesis was performed with titanium miniplates and screws (Figure 15,16).

Figure 16. Postoperative frontal cephalometric x-ray shows that the facial symmetry has improved significantly
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Postoperative intermaxillary fixation was maintained with tight elastics for 2 weeks. Loose
guidance elastics were worn for a further period of 10 weeks. Two months after the surgical
procedure, orthodontic treatment was resumed. Final arch coordination and occlusal settling
were accomplished during the next 6 months (Figure 17). One year after the first surgery,
genioplasty was performed at the same time of the removal of the previously implanted
miniplates and screws. Standard intraoperative measurements were used without templates, the
chin was rotated to the left by 4 mms (Figure 18,19).

The facial symmetry was improved significantly after the operations. The occlusion is stable
and the patient is satisfied with his facial appearance. There is no sign of relapse after 18 months

following the first surgical procedure (Figure 20).

Figure 17. Final intraoral photograph

Figure 18. Final panoramic radiograph
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Figure 20. (a) (b) Postoperative CT scan

31



Results

A postoperative CT scan was made to evaluate the difference between the virtual Le Fort |
osteotomy and the surgical result. The preoperatively planned model of the segmented maxilla
was superimposed on the postoperative CT scan. The distance map generated between the

superimposed models showed a deviation of 2.15 mm on the bony structures. (Figure 21).

a b

Figure 21. (a) (b) Distance map generated from superimposing the virtual plan and the final CT scan

Discussion

When two-jaw surgery is planned for an asymmetric case spatial positioning of the maxilla is
considered more critical than the repositioning of the mandible. Intermediate wafers are used
more frequently than the final ones (Parbatani et al 2010). In our case reported, the key point
of the procedure was the accurate repositioning of the maxilla. The maxillary segment
mobilized via Le Fort | osteotomy showed acceptable intrinsic symmetry, therefore further
maxillary osteotomies were not performed. The mobilized unit was placed symmetrically with
respect to the sagittal plane. To achieve this it was rotated clockwise until the maxillary occlusal
plane was parallel to the interpupillary line. At the same time a further rotation was performed
in the horizontal plane to move the posterior part of the maxilla to the right. Amongst others,

the complex rotational movement can be one of the sources of inaccuracies in manual model
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surgery. While with traditional methods treatment planning and model surgery are two separate
steps, with virtual surgery these two procedures can be performed at the same time, there is no
information loss between the two. The most complicated movements can be made precisely and
the most accurate measurements can be calculated simultaneously. The final product of virtual
model surgery is a virtual splint that can be materialized by rapid prototyping. This technique
relies on the accuracy of the virtual model and the production of the surgical splint to ensure a
successful surgery (Varga Jr et al 2013). The intermediate wafer was fabricated with the highest
printing accuracy in our case and it proved to be the most reliable tool to transfer virtual surgery
into the operating room.

The new position of the mandible was determined by the repositioned maxilla. Virtual surgery
showed that the mandible would be brought forward by 8.6 mms on the left side. Manual model
surgery focuses on the dentition and the occlusion but changes in the bony structure cannot be
displayed. Although final wafer was not used as the mandible was simply placed into maximal
intercuspal occlusion, virtual surgery still helped us to understand and visualize the rotational

movement of the mandible.

Conclusion

Latest computerized and rapid prototyping technologies let us fully imagine, design and control
orthognathic procedures without information loss among the surgeons, orthodontists and dental
technicians. Any number of alternative treatment strategies can be investigated simultaneously
during the planning phase. Computerised simulation surgery can be extremely useful in severe
asymmetric cases when precise treatment planning with traditional methods is hardly possible.
With this method manual model surgery and other laboratory steps can be avoided. The surgical

wafer splint can be planned virtually and fabricated by a 3D printer.
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5. UNDERSTANDING GUIDED IMPLANTOLOGY

i. Aims and Introduction

The aim of this chapter was to understand the potential that guided implantology gives us today.
Case reports are demonstrating the possibilities of current technology. Further steps were made
to develop an easy to use guided system with a workflow that can be part of the everyday

routine.

Prosthetically driven implant surgery in reference to surrounding anatomical structures has been
a subject of interest to dental clinicians for a number of years. Correct implant positioning has
a number of advantages such as a favourable aesthetic and prosthetic outcome and the potential
to ensure optimal occlusion and implant loading. Moreover, the consideration of correct implant
positioning may enable design optimization of the final prostheses, allowing for adequate dental
hygiene. Consequently, all of these factors may contribute to the long-term success of dental
implants. (Tahmaseb 2014).

J.  The Use of CAD/CAM Technology in Implant Surgery and Prosthetics.

The growing use of CAD/CAM technology in implant dentistry makes treatment planning and
performing easier, faster, predictable and more comfortable for the patient. Guided
implantology may not only ensure minimal invasive treatments but also leads to prosthetically
optimal implant positions. The possibilities in current technology from patient arrival to the

final restoration will be shown in this case report.

This report shows a rehabilitation of a totally edentulous maxilla.

Case Presentation

The patient is a 36 years old female with a completely edentulous upper jaw. The reason of
teeth loss were negligent dental care and lack of oral hygiene. She was wearing acrylic complete
denture. Implant placement could not be carried out due to the extensive horizontal and vertical

atrophy of the maxilla (Figure 22).
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Figure 22. Pre-operative panoramic X-ray from the maxilla

Oral and radiological examination was followed by a comprehensive discussion with the
patient. The detailed treatment plan contained the augmentation of the alveolar bone with
autologous bone graft from the mental region and bilateral sinus elevation (Figure 23). Healing
process was followed by computerized planning of the implant positions and guided placement
of six implants. Digital process was used to design and fabricate the final prosthesis.

Figure 23. Panoramic X-ray after bone grafting and bilateral sinus elevation

Material and Methods

Implant planning was performed after four months of bone healing. A CT template was
fabricated according to the existing complete denture in order to visualize the prosthetic concept
(Figure 24). Imaging was performed according to the manufacturer’s double-scan technique.
The technique requires a scan from the patient wearing the CT template in place and a second
CT scan from the template itself (Figure 25). The CBCT was carried out with standard
parameters. The DICOM files were transferred into a commercially available planning software
(NobelClinician, Nobel Biocare Services AG).
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Figure 25. The two separate image data from the dual-scan technique

As a first step before the planning procedure the border lines of the bony structures and the CT
template must be defined (threshold segmentation). It is followed by registration of the two
models according to the registration markers contained by the CT template. A merged three

dimensional model for surgical planning is the result of these procedures (Figure 26).

The types, sizes and positions of the implants along with the location of the fixation pins were

determined in the planning software. The plan was sent to the manufacturer (Figure 27).
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Figure 26. The merged three dimensional model for surgical planning

Figure 27. The planned implant positions in three-dimension and on cross-sections

The surgery was performed two weeks after the planning (Figure 28). The primer stability of
the implants were satisfactory therefore transgingival healing abutments were used. The inside
of the patient’s complete denture was modified not to load the healing abutments during the

three months of healing.
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Figure 28. The surgical guide in its place during surgery

Screw-retained ceramic bridge on zirconia frame was planned with Procera technology
(NobelProcera, Nobel Biocare Services AG) (Figure 29). The teeth position of the complete
denture was taken into consideration when planning the framework on the computer. The digital
plan was sent to the manufacturer and the final framework was received three days later (Figure
30). The ceramic work was performed locally and finalized within a few intraoral try-ins
(Figure 31).

Figure 29. The digital plan of the framework superimposed on the impression abutments and separately
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Figure 30. The zirconium framework on the plaster model

Figure 31. Finalization of the ceramic masking

Results

Since the alveolar bone had not reach the optimal dimensions after bone grafting, pink ceramic

was used to improve the aesthetic outcome. The patient was satisfied with the result (Figure 32,

33).
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Figure 32. The final result

Figure 33. Control X-ray three months post-operatively

Conclusion

Modern CAD/CAM technologies play an important role in prosthetic planning. The presented
case demonstrates all steps of the state of the art in virtual planning which might be used in the
everyday practice. With the use of these technologies not only can unexpected complications
can be avoided but surgeries can be more accurate with the higher aesthetic standards and

prosthetic guidelines achieved.

k. Method and System for Designing and Manufacturing Surgical Guides

The subject of the invention is a method and system for a fast and precise way of designing and

manufacturing surgical guides.

The method begins with an impression from the oral structures made with an impression tray
containing radiographic markers. The patient is digitized with the impression tray in its place

and the impression tray is digitized separately. The two digital data stacks are than registered
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with a treatment planning software and the digital treatment plan is made. The digital model of
the surgical guide is then made with a guide designing software. The physical model of the
surgical guide is than manufactured according to the digital model (Figure 34).
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Figure 34. The workflow for designing and manufacturing surgical guide

The system contains planning software for registration and treatment planning, a guide design
software for crating the digital model and the physical model of the guide, a surgical kit and the

planned and manufactured patient’s specific surgical guides.

The Present State of the Technology

Implant surgical guides used for all types of edentulous cases are made by the following
workflow. As a first step the dental technician makes the casts from the upper and lower
impressions, than they are articulated with the help of the bite registration. The dimensions and
extensions of the surgical guide is designed and crafted by the dental technician. This is a time

consuming manual procedure when the final borderlines are taken into consideration. The
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undercuts of the dentition would prevent the solid material of the surgical guide to fit in the
correct position. These undercuts needs to be blocked out usually with heated wax or other
hardening material. This step can be especially time consuming.

The prepared cast is than moulded by a self-curing acrylic material with the help of a silicone
moulding form shaped on the borderlines. Post processing steps such as finishing and polishing
are made on the template. As a final step a defined number of radiographic markers are placed

into the right locations of the template.

The radiographic template than needs to be tried in the patient’s mouth in order to control the
fit. Due to the high requirement of the fitting, the process needs to be repeated for even the

smallest inaccuracy. The imaging can then be performed with a well-fitting template.

The imaging is made with the so-called dual-scan protocol. It means that the first scan is made
with the template in the patient’s mouth and the second scan is made from the template

separately.

The need for the dual-scan is due to the fact that CBCT gives excellent images from the hard
structures but it is lacking in information on the soft tissue. Therefore a sub-totally or totally
edentulous situation could not be solved without visualizing the soft tissues. The dual scan
protocol and the radiographic template ensures that the position and relation of the hard and
soft tissues are correct. The registration is made with the markers fitted in the template therefor

visible on both image data.

The treatment plan is made by the doctor. The types, shapes, sizes and location of the implants
need to be determined. This plan is then input to the three-dimensional printer to fabricate the

physical model of the surgical guide.

The procedure of hand manufacturing the radiographic template by the technician is time-

consuming, costly and carries the chance of inaccuracy due to hand crafted steps.
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Presenting the Invention

The technology presented in this invention also operates with the dual-scan protocol. It uses an
impression tray with radiographic markers fitted on (hereinafter ,,tray’). The first scan is made
having the tray with the impression in the patient’s mouth and the second scan is made from

the tray with the impression separately.

The radiographic markers are spherical radio dens points integrated in the material of the

impression tray in a specified number and position.

The significance of registration is when the planning software superimposes the identical
marker points automatically. Therefore the two data stacks gets in the same coordinate system

in the three-dimensional space. With this transformation a file format for planning is achieved.

The treatment plan is performed in the planning software. It contains the type of the surgical kit

as well as the type, sizes and positions of the implants.

The plan together with the digital model of the impression is then transferred to a surgical guide
designing software. As a first step the border lines and the dimensions of the surgical guide are
determined. These steps are made by a dental technician in a computer program. The following
step is to remove the undercuts from the model. For that the direction of the guide insertion has
to be shown. This procedure is crucial since the material of the surgical guide is more rigid than
the impression material. This leads to the perfect fit of the surgical guide during operation. The
location of the tubes holding the metal sleeves in the future are determined by the plan. The
shapes and dimensions of the tubes are given in the computer program to achieve maximum
stability of the device. The insertion of the surgical tools are simulated virtually therefore free
tool insertion and comfortable surgery is ensured. The patent ID is then placed on the surface
of the surgical guide. The software generates the final three-dimensional model of the surgical
guide which is then manufactured by a three-dimensional printer. The software also produces a
patient specific surgical protocol. The protocol contains all the details of the planned implants,

and a sequence of the drills needed to be used for the perfect result (Figure 35).

43



- ™
5. Surgical guide

manufacturing

-

Figure 35. The method for surgical guide manufacturing

\

The printed model of the guide then goes through some additional finalizing steps such as

polishing, insertion of the metallic sleeves and cleaning.

The Advantages of the Method

The method shown in this invention allows the user to perform the CBCT imaging right at the
first patient visit without the need of the intervention of dental technician, manufacturing of
plaster casts or using surface scanning devices. The invention saves significant time and cost
for both the doctor and the patient. Furthermore the exposure to inaccurate procedures such as

creating plaster casts or fabricating scan appliances are eliminated.
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Conclusions

The invention offers a solution for easy, fast, accurate and cost effective manufacturing of
surgical guides. The method eliminates the need for the time consuming and costly production
of scan appliances. The invention makes planning and performing guided surgery easier and

compatible with everyday practice.
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IV. Discussion

This thesis focused on the importance of medical imaging, image processing, accuracy and the
implementation of new technologies. The research shown in this work targeted orthognathic
surgery and dental implantology as the fields with the uppermost patient demands therefore
requiring the highest precision.

No image processing step can compensate for lack of resolution in the original data. Inadequate
resolution amplifies the negative effects of image processing. However, image processing can
severely degrade the quality of a model generated from high-resolution data. The introduction
and widespread use of cross-sectional imaging in maxillofacial surgery and implant dentistry
using cone beam computed tomography (CBCT) makes appropriate imaging accessible.
Although latest CBCT machines have their benefits, radiation dose have to be considered.
CBCT imaging exhibits a significantly lower radiation dose risk than conventional CT, but
higher than that of two-dimensional radiographic imaging. Different CBCT devices deliver a
wide range of radiation doses. Substantial dose reduction can be achieved by using appropriate
exposure parameters and reducing the field of view to the actual region of interest (De Vos et
al 2009, Bornstein et al 2014).

The evaluations shows that not only the image resolution but also each processing step effects
the quality and accuracy of the 3D model. Each step is dependent on the image processing
techniques chosen in previous steps. Errors introduced early in the workflow are multiplied by
subsequent image processing steps. Particularly, early decisions made during manipulation of
label field data in 2D scans have a dramatic effect on final model accuracy (Varga Jr et al 2013).
A potentially satisfactory alternative to 3D model generation from CT data is optical scanning
of dental structures. Use of this technique does not escape the need for CT in many cases, nor
does it eliminate accuracies from 3D model image processing. If detail of the underlying
structures is needed for surgical planning, CT scanning is still required, as is often the case in
orthognatic and surgical procedures affecting dental structures. An additional source of error
within optical scanning is the merging and alignment of CT-derived and optical scan-derived
model data (Schutyser et al 2005, Swennen et al 2008). Finally, models generated from optical
surface scanning must still undergo image processing of the 3D model, potentially introducing
the inaccuracies detailed in this study.

Accurate 3D models require a combination of appropriate resolution imaging and image

processing. The importance of resolution in the source imaging is well understood by surgeons.
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The critical nature of image processing is poorly recognized and this study demonstrates it as a
source of significant error. Adequate quality models can be produced using average resolution
CT scanners as long as the importance of image processing is understood.

Computerized planning and the use of digital data gives the possibility to fully imagine, design
and control surgical procedures without information loss among the surgeons, orthodontists and
dental technicians. Any number of alternative treatment strategies can be investigated
simultaneously during the planning phase. However these new techniques have to be learned
by each professional of the team and they do not substitute the anatomical knowledge and
surgical skills.

The results gained in the case report of the correction of a severe facial asymmetry are showing

promising results, however evaluation of more cases will be needed to show significance.

The systematic review indicates that computer technology applications in implant dentistry are
sufficiently accurate to justify use. There are sometimes however concerns over some of the
reported accuracies, which indicates maximum deviations from the planned position that
exceeded clinically acceptable parameters. It is suggested by the author of the paper that this
might be due to intraoperative movement of the surgical template. (Hammerle et al 2009).
Guided implantology requires a different surgical technique than conventional free-hand
implant placement. The operator has to rely on the surgical guidance which is often an unusual
sensibility. The learning curve for this procedure could be quite steep, so caution should be
exercised in the early stages of acquiring these skills. (Jung et al 2009).

Computer-assisted implant placement reveals high implant survival rates after 12 months of
observation. However, future long-term clinical data are necessary to identify clinical
indications and to justify effort, and costs associated with computer-assisted implant surgery
(Tahmaseb et al 2014).

Guided implant site preparation is often used as a synonym for flapless or trans-gingival
approach. Surgical access of the soft tissue should be chosen by the clinician by evaluating the
clinical situation. Flaps can be also raised when using surgical guide, however the correct fit of
the template must be controlled. Guided surgery gives the possibility for trans-gingival implant
site preparation and implant placement.
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Flapless surgery appears to be a plausible treatment modality for implant placement,
demonstrating both efficacy and clinical effectiveness. However, these data are derived from
short-term studies with a mean interval of 19 months, and a successful outcome with this
technique is dependent on advanced imaging, clinical training, and surgical judgment. (Bordala
2009).

Computerized treatment planning is an exceptionally interdisciplinary area of imaging,
computer science, engineering and medicine. Each professional need to be able to discuss with
the other to understand the nature and the potential in this field. The extremely fast development
of this topic makes this an interesting area for research, education and development which has

to be reviewed day by day.
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V. Summary

The aim of this research was to understand the basics and approaching the questions in a

scientific way. The following statements are made based on this research:

1. How much effect does the resolution of imaging have on the accuracy of a three-

dimensional model used for surgical planning?

Inadequate resolution amplifies the negative effects of image processing. Beginning with the
highest resolution, the data revealed a linear increase in the deviations between the models
generated from reduced resolution CT scans and the gold standard model. For each image
resolution, the max+/max- values showed similar absolute deviation values. Between the
highest and lowest resolution, there was a four-fold increase of the deviation. The distance maps

demonstrated a uniform deviation pattern on the occlusal surfaces.

2. How much effect do the further digital imaging steps have on the accuracy of a model?

Image processing can severely degrade the quality of a model generated from high-resolution
data. Each step is dependent on the image processing techniques chosen in previous steps.
Errors introduced early in the workflow are multiplied by subsequent image processing steps.
Particularly, early decisions made during manipulation of label field data in 2D scans have a
dramatic effect on final model accuracy. The effects of the following image processing steps
were shown: thresholding procedure, smoothing of the labeled threshold data, different model
generation techniques, smoothing the surface model and reducing the number of triangles of

the surfaces.

3. How accurate is an orthognathic surgery planned virtually?

The distance map evaluation showed a mean deviation between the pre-operative plan and the
post-operative outcome of 3,94 mm with a standard deviation of 1,26 mm.

4. s improving accuracy of the post-operative outcome possible?

49



The results of the case report shows improving of the accuracy is possible. Deviation of 2,15

mm was shown however further evaluations need to be made.

5. Implementing the experiences in guided implantology.

The knowledge gained in 3D modelling, computerized planning and rapid prototyping helps to
understand the details of guided implantology. Further accuracy studies are running at the
present.

6. A method and system for designing and manufacturing surgical guides

The subject of the invention is a method and system for a fast and precise way of designing and
manufacturing surgical guides. The patent is currently pending.
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Abstract

Physical models of the dental occlusion, such as dental plaster cast models, are routinely used in
dental and in cranio-maxillofacial applications. For treatment planning and therapeutic
applications, it is of critical importance to have a precise model of the structures in question.
Improved imaging techniques and advances in software engineering have moved three-
dimensional (3D) computer models from the research and development area into routine clinical
application. The importance of high-resolution source imagery is well understood by surgeons.
The influence of image processing in model generation is poorly understood in the surgical
community and we hypothesize that this may be a source of significant error. In this paper, we
evaluate the workflow for creating a virtual dental model using CT data and the impact that
image processing decisions have on final virtual model accuracy. Individual image processing
steps are explained and the magnitudes of their influence on model quality are demonstrated and
compared. This study demonstrates that inappropriate image processing can introduce errors of
similar magnitude as the use of inadequate source data. Finally, the study demonstrates that
errors caused by inappropriate image processing amplify the inaccuracies of low-resolution

source imagery and eliminate the benefits of high-resolution source imagery.



Introduction

Physical models of the dental occlusion, such as dental plaster cast models, are routinely used in
dental and in cranio-maxillofacial applications. For treatment planning and therapeutic
applications, it is of critical importance to have a precise model of the structures in question.
This is especially important with regard to the occlusal surfaces and to the interocclusal
relationship between upper and lower jaw”.

Advanced imaging techniques, software and computerized manufacturing techniques have made
three-dimensional (3D) computer models available not only for research and development, but
also for routine clinical applications®®. They could potentially replace classical plaster models
allowing new options for occlusal analysis and treatment workflows®™*. The generation of a
virtual model requires imaging and subsequent image processing steps. Image capture is
performed by scanning of the patient’s occlusion directly or of a plaster cast using either
tomographic imaging modalities or optical surface scanning. The image data is then computed
to produce a 3D visualization.

Computed Tomography (CT) or Cone Beam Computed Tomography (CBCT) imaging captures
a consecutive series of 2D images, containing digitized tissue densities of the scanned slice. The
data stack is stored as single image slices in DICOM format (Digital Imaging and
Communication in Medicine)***°.

Optical surface scanning captures 3D surface information via generation of a point cloud, rather
than the interpolation of tissue densities. These points are extrapolated to a 3D surface mesh to
form the shape of an object'’. In contrast to CT or CBCT, optical scanning only captures surface
contours, without any subsurface detail. In both X-ray based imaging and optical surface
scanning the final result is a 3D surface mesh of the imaged structure. The surface meshes can
be than merged together to create a composite skull model*® *°. This technique relies on both the
accuracy of the models and the precision of the incorporation procedures.

When considering a virtual model, the clinician must be aware of the need for adequate source
imaging and the image processing steps required to create the final model. Some of these steps

are performed by user interaction while some are "hidden" procedures within the software. The



impact of the image processing steps may subtly influence the accuracy of the final model. G
The generation of a virtual model from either 2D or 3D data is based on well-established
imaging and image processing techniques. However, models of dental occlusion demands
previously impossible levels of precision and accuracy. Surgical planning requires models of
sufficient detail to enable the virtual plan to perform well when put into reality. Inadequate
models may result in misleading patient assessment, inappropriate treatment and unsatisfactory
clinical outcome. Conversely, accurate virtual occlusion modeling may enable more efficient
and effective workflows for patient assessment and treatment.

The objective of this study was to evaluate the impact of different imaging modalities and image
processing steps on the accuracy of the resulting virtual occlusion model, and to identify and
quantify the most critical steps to ensure accurate model generation. Further goals were to
educate clinicians of the implications of these computational procedures and to discuss the
clinical impact of the results. We report on the use of high resolution CBCT imaging, and on
image processing parameters relevant to creating an accurate virtual model of the occlusal

surface.

Material and Methods

IMAGE ACQUISITION

A standard dental plaster model was scanned using an experimental high resolution CBCT
scanner (Scanco SCANCO Medical AG Briittisellen, Switzerland) with an isotropic image
resolution of 0.082 mm using standard CBCT image acquisition parameters (60 kVp / 40 keV
(900 pA)). The DICOM information were transferred to a desktop computer running Windows
XP (Microsoft Corporation, Redmond, CA) and post-processed in Amira®, a commercial
software package for image visualization and data analysis (Visage Imaging GmbH, Berlin,
Germany), and Geomagic Studio®, a reverse engineering software package (Geomagic U.S.

Corp., Research Triangle Park, USA).

IMAGE PROCESSING AND ANALYSIS



The workflow for creating a virtual model was evaluated using the CBCT data and divided into
six major image processing steps. The first three steps, evaluating the impact of the (1) image
resolution, (2) thresholding procedure, and (3) smoothing of the labeled threshold data, are
performed on the 2D CT data before surface model generation as presented in Fig. 1. Then a 3D
triangulated surface model was generated to evaluate the effect of (4) different model generation
techniques, (5) smoothing the surface model and (6) reducing the number of triangles of the

surfaces shown in Fig 1 and 2.

Step 1 - Image resolution.

A gold standard (GS) CT scan was captured with a 0.82 mm resolution. To simulate lower
resolution CT acquisition, the gold standard image data stack was duplicated and down-sampled
to a variety of resolutions of interest. A total of 8 downsampling procedures were used to
produce the following different image resolutions: 4 copies were down-sampled in an isotropic
manner to represent an image resolution of 0.1 mm to 0.4 mm. A further 4 datasets were down-
sampled to represent non-isotropic scanning, all having the same image resolution of 0.4 mm in
the x and y axes but varying image resolutions ranging from 0.4 mm to 0.8 mm in the z axis.
Duplication and downsampling of the models was used to simulate the lower resolution imaging
capture rather that scanning at lower resolution. Simulation eliminated the introduction of error
due to malpositioning of the real-world model during repeated scanning at differing resolutions.
This standardization meant that all deviations from the gold standard could be reliably attributed
to image processing steps, rather than errors in acquisition.

From each 2D image stack, an unsmoothed model was generated using the LegoSurfaceGen
procedure within Amira®. For each model an identical threshold window setting of 1421 —
6950 was chosen and the Amira’s LegoSurfaceGen applied. The end result of this procedure
was 8 virtual models of the same physical object generated from the source image data of
varying resolution. Each model was then compared with the the gold standard model using the
distance map calculation and visualization procedure in Geomagic®. The distance map

procedure calculated the differences between the gold standard and the downsampled model.



Distance mapping allows calculation of maximum and mean differences between the two

models. (Fig 1 A, B)

Step 2 - Threshold segmentation.

This procedure is used to convert the continuous greyscale 2D CT data into a binary
representation of which pixels of CT data represent the surface of the model being generated. A
low (inclusive) threshold value of 990-6950 and a high (exclusive) one of 1914-6950 were
defined. For each of the varying resolution CT scans generated in step 1, two additional models
were generated using a high and low threshold and the LegoSurfaceGen procedure. For each
resolution, the high and low threshold models were separately compared with the medium
threshold model of the identical resolution generated in step 1. This enables the assessment of
the impact of the threshold procedure, without the influence of image resolution. The deviations
between the models were calculated using Geomagic’s distance map calculation and

visualization. (Fig 1 C, D)

Step 3 - Smoothing 2D CT data.

A predefined smoothing procedure was applied to the 2D CT data using the ‘smooth label’
function (Parameters: size 5) in the Amira segmentation editor. A LegoSurfaceGen model was
created from each of the smoothed 2D CT datasets. The deviations between the models were
compared with the models of corresponding resolution obtained in step 1, using Geomagic’s

distance map calculation and visualization. (Fig 1 E, F)

Step 4 - 3D model generation using the Marching Cube Algorithm.

For each of the resolutions established in step 1, a model was created using Amira’s standard
SurfaceGen module, rather than LegoSurfaceGen. The SurfaceGen procedure creates meshed
surface models according to the Marching cubes algorithm, smoothing the voxel structure into a
triangulated meshed surface topology. The deviations between the SurfaceGen model and the
identical resolution LegoSurfaceGen models obtained in step 1 were compared using

Geomagic’s distance map calculation and visualization. (Fig 2 A, B)



Step 5 - Smoothing of generated 3D models.

Two different smoothing settings were chosen in Geomagic for each model obtained in step 4:
Setting 1 corresponding to moderate smoothing (“smoothness level” to a low level “3” and
“Curvature priority” to a high level “8”) and setting 2 corresponding to extensive smoothing
(“smoothness level” to a high level “8” and “Curvature priority” to a low level “3”). For each
resolution, the models with moderate and extensive smoothing were separately compared with
the original unsmoothed model of identical resolution generated in step 4. The differences
between models were analyzed using Geomagic’s distance map calculation and visualization.

(Fig 2 C, D)

Step 6 - Reducing the number of the mesh triangles.

In the eight surface models generated in step 4 the number of the mesh triangles were calculated
in Geomagic. The number of triangles for each model were reduced by 50% to represent a
common complexity reduction procedure performed in model generation workflows. For each
resolution, the resulting simplified model was compared with the identical resolution model
obtained in assessment 4. The differences between models were analyzed using Geomagic’s

distance map calculation and visualization. (Fig 2 E, F)

Results:

The impact of CT scan resolution and the 5 subsequent workflow steps were assessed. (Table 1,

Fig 3)

1. Resolution

Beginning with the highest resolution, the data revealed a linear increase in the deviations
between the models generated from reduced resolution CT scans and the gold standard model.
In the non-isotropic image resolution part (i.e. from 0.5 to 0.8mm) there was a less steep slope,

compared to the isotropic part. For each image resolution, the max+/max- values showed similar



absolute deviation values. Between the highest and lowest resolution, there was a four-fold
increase of the deviation, with maximum absolute values of about 0.45 mm (corresponding to
+0.438/-0.492 mm). The distance maps demonstrated a uniform deviation pattern on the

occlusal surfaces, when compared with the GS. (Fig 3, Step 1)

2a. Threshold segmentation with low threshold value

The data showed the maximum deviation in the positive direction from the corresponding
resolution GS (CGS) increased as CT resolution decreased in models with isotropic voxels, and
did not change in models with non-isotropic voxels. The max+ and max- values showed
different absolute values. The max- values showed an approximately linear increase up to
0.8mm, regardless of model isotropy. The max+ values showed as similar increase from 0.1 to
0.4mm, but afterwards the values remained virtually unchanged, between the 0.4, 0.5, 0.6, 0.7

and 0.8mm resolution CT scans.

2b. Threshold segmentation with high threshold value

The data illustrated the maximum deviations from the CGS in the positive directions increasing
linearly as CT resolution was decreased. The maximum negative deviation increased with
decreasing resolution in the models with isotropic voxels, but did not change significantly with
the non-isotropic voxels. This is the inverse of the results described in section 2a. The max+
exhibits a linear increase up to 0.8 mmm and the max- values remained stable at resolutions
above 0.4mm.

In both assessment 2a and 2b, the distance maps show a uniform deviation pattern within the

overall occlusal surface, when compared with the CGS.

3. Smoothing 2D CT data

The data displayed a linear increase in model deviation as CT resolution was reduced. In
contrast to assessment (1), (2a) and (2b) this smoothing procedure lead to a characteristic
change in the surface topology of the occlusal surface with loss of areas with small-radius

curvatures. The loss of details in area of tight curvature lead to a flattening of the occlusal cusps



(thus reducing the height of the occlusal cusps) and of the occlusal fissures (thus filling the
occlusal fissures), leading to an overall flattening of the occlusal surface topology as shown on

the distance maps in Fig. 4.

4. Model generation using the Marching Cubes algorithm

Among both for the max+ and max- values, there was a linear increase in deviation from the
CGS until 0.4mm image resolution. The rate of deviation accelerated at lower resolutions than
0.4mm. Large deviations were observed for values at a non-isotropic image resolution of 0.7
and 0.8mm, deviating > 1.6 mm from the CGS. The Marching Cubes Algorithm resulted in a

similar non-uniform change in the surface topology, as observed in (3).

5a. Smoothing on generated surface models with moderate settings
The data demonstrated linear growth in deviation until the 0.4mm resolution group, and then
ceased to change. This procedure did not change the max values. Maximum deviations

approached 0.12mm.

5b. Smoothing on generated surface models with extensive settings
The data displayed growth in deviation. In contrast to 5a, when using these settings the max+
increased with lower image resolution. At the non isotropic level of 0.7 and 0.8 the max+

deviation reached up to 1.6mm.

6. Reducing the number of the triangles
Reducing the triangle number by 50% did not change the max+ deviations. Below a CT
resolution of 0.3mm, the reduction in model complexity lead to deviations by between 0.1 and

0.2 mm.

Discussion



The objective of this study was to assess the impact of the different imaging modalities and
different image processing steps on the accuracy of a virtual occlusion model and to guide
clinicians to understanding the most critical steps for accurate model generation. The following
image processing steps were assessed: image resolution, manual threshold segmentation,

smoothing the labeled threshold data, the Marching Cubes algorithm® #

. smoothing of the
surface mesh® #* and the number of meshes® % . Intuitively resolution is the essence of an
accurate model. No image processing step can compensate for lack of resolution in the original
data. Inadequate resolution amplifies the negative effects of image processing. However, image
processing can severely degrade the quality of a model generated from high-resolution data. The
evaluations shows that each processing step effects the quality and accuracy of the 3D model.
Each step is dependent on the image processing techniques chosen in previous steps. Errors
introduced early in the workflow are multiplied by subsequent image processing steps.

Particularly, early decisions made during manipulation of label field data in 2D scans have a

dramatic effect on final model accuracy.

The usage of virtual 3D models for treatment planning and computer aided surgery (CAS)
systems has several advantages. Virtual treatment planning can make surgeries less invasive,
operating time shorter and post operative outcome more accurate. This technique relies on the
accuracy of the virtual model to ensure a successful surgery. Models produced from high-
resolution source data can appear accurate on superficial inspection, despite key inaccuracies
introduced by image processing. Clinicians planning surgery with virtual models must be
familiar with each step of the workflow. The production of accurate 3D models from imaging

data requires specific knowledge of the techniques involved.

The study demonstrates that there are two distinct classes of errors introduced by image
processing. One class makes uniform change to the entire occlusal surface, making it smaller or
bigger. The other alters the surface topology in a non-uniform manner, particularly impacting
areas of high geometric complexity. Both effects lead to inaccuracies in virtual model

generation.



A potentially satisfactory alternative to 3D model generation from CT data is optical scanning
of dental structures. Use of this technique does not escape the need for CT in many cases, nor
does it eliminate accuracies from 3D model image processing If detail of the underlying
structures is needed for surgical planning, CT scanning is still required, as is often the case in
orthognatic and surgical procedures affecting dental structures. An additional source of error
within optical scanning is the merging and alignment of CT-derived and optical scan-derived
model data. Finally, models generated from optical surface scanning must still undergo image
processing of the 3D model, potentially introducing the inaccuracies detailed in this study.

In conclusion, accurate 3D models require a combination of appropriate resolution imaging and
image processing. The importance of resolution in the source imaging is well understood by
surgeons. The critical nature of image processing is poorly recognized and this study
demonstrates it as a source of significant error. Adequate quality models can be produced using
average resolution CT scanners as long as the importance of image processing is understood.
The operator must understand the implications of each step of the model creation workflow to

ensure their model truly reflects reality.
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Fig. 1. Image processing steps performed on 2D CT data.

The first line shows the impact of image resolution (A: 0.1mm voxel size, B: 0.8mm non
isotropic).

Second line highlights the threshold segmentation (C: high, exclusive-, and D: low, inclusive
settings, Resolution: 0.1mm).

Third line demonstrates the smoothing procedure (E: without smoothing, F: smoothed border

line, Resolution: 0.3mm)




Fig. 2. The effects of image processing steps made on 3D data.

First line shows the effect of 3D model generation from 2D data with different algorithms (A:
LegoSurfaceGen, B: Marching Cubes Algorithm, Resolution: 0.4mm)

Effects of smoothing the 3D surface is visualized in the second line (C: moderate-, D: extensive
smoothing, Resolution: 0.3mm)

Third line presents the result of reducing the number of the surface triangles (E: 41000 triangles,

F: 20500 triangles, Resolution 0.4mm)




Table 1. Deviations in all steps and their corresponding resolution (mm).

Step 1 0.1 0.2 0.3 04 0.5 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0078 0158 0216 0292 0322 0354 0402 0.438
Max- -0.08 -0.145 -022 -0324 -0.335 -0.382 -0.444 -0.492
Average+ 0021 0035 0053 0071 0082 009 0103 0.117
Average- -0.021 -0.037 -0.055 -0.077 -0.085 -0.097 -0.113 -0.127
SD 0026 0045 0067 0092 0104 0117 0135 0.153
Step 2a 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0136 0.2 029 0393 04 0433 04 0.42

Max- 02 -0245 -03 04 05 06 07  -08

Average+ 0001 0004 0.004 0003 0004 0004 0006 0.005
Average- -0.037 -0.044 -0.053 -0.061 -0.065 -0.073 -0.058 -0.086
SD 0033 0052 0068 0082 0091 0098 0099 011

Step 2b 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0136 0.2 0.3 0.4 05 0.6 0.7 0.8

Max- 0104 -02 -0291 -0397 04 0462 04  -0.548
Average+ 0031 004 0047 0058 0065 0006 0098 0.078
Average- 0 -0.003 -0.003 -0.003 -0.004 -0.004 -0.005 -0.006
SD 0031 005 0066 008 0093 0099 0104 0.112
Step 3 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0.166 0297 0404 0518 0617 073 0779 0.828
Max- 0152 -0.318 -0.479 -0.741 -0.818 -0.833 -0.904 -0.978
Average+ 0018 0042 0074 0107 011 0117 012 0122
Average- -0.024 -0.063 -0.121 -0.197 -0.223 -0.248 -0.27 -0.284
SD 0026 0066 0117 0176 0192 0206 0223 0.4

Step 4 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0129 0214 031 0398 0461 0456 0771 1.329
Max- 01 -0227 -0.347 -0472 -0534 -0573 -0.666 -0.743
Average+ 0017 0034 0055 0077 0084 0101 0125 0.155
Average- -0.02 -0.046 -0.08 -0.124 -0.139 -0.153 -0.171 -0.187
SD 0022 0049 0083 0121 0133 015 0177 0.208
Step 5a 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0015 0052 0076 012 012 011 0129 0.122
Average+ 0001 0002 0.005 0008 0009 0009 001 0012
SD 0001 0003 0007 001 0012 0012 0014 0015
Step 5b 0.1 0.2 0.3 04 0.5 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0249 0515 0.804 1095 1244 143 1626 1.642
Average+ 0051 0153 0271 039 0419 0442 046  0.486
SD 00376 0098 0173 0254 028 0302 0328 0.346
Step 6 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0006 0045 0115 0074 0088 0152 0091 0.175
Average+ 0001 0001 0.003 0005 0005 0006 0007 0.008
SD 0001 0003 0.005 0009 0009 0011 0012 0.014



Fig. 3. Deviations visualized in each step with their corresponding resolution.
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Fig. 4. Distance maps showing the different surface topology modifications. Uniform deviation
pattern on the occlusial surface on the left side (Step 2a), and overall flattening the surface with

filling the fissures and cutting the cusps on the right side (Step 3).
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Figure(s)

Fig. 1. Image processing steps performed on 2D CT data.

The first line shows the impact of image resolution (A: 0.1mm voxel size, B: 0.8mm non
isotropic).

Second line highlights the threshold segmentation (C: high, exclusive-, and D: low, inclusive
settings, Resolution: 0.1mm).

Third line demonstrates the smoothing procedure (E: without smoothing, F: smoothed border

line, Resolution: 0.3mm)




Fig. 2. The effects of image processing steps made on 3D data.

First line shows the effect of 3D model generation from 2D data with different algorithms (A:
LegoSurfaceGen, B: Marching Cubes Algorithm, Resolution: 0.4mm)

Effects of smoothing the 3D surface is visualized in the second line (C: moderate-, D: extensive
smoothing, Resolution: 0.3mm)

Third line presents the result of reducing the number of the surface triangles (E: 41000 triangles,

F: 20500 triangles, Resolution 0.4mm)




Fig. 3. Deviations visualized in each step with their corresponding resolution.
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Fig. 4. Distance maps showing the different surface topology modifications. Uniform deviation
pattern on the occlusial surface on the left side (Step 2a), and overall flattening the surface with

filling the fissures and cutting the cusps on the right side (Step 3).
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Table(s)

Table 1. Deviations in all steps and their corresponding resolution (mm).

Step 1 0.1 0.2 03 04 0.5(0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0078 0158 0216 0292 0322 0354 0402 0438
Max- -0.08 -0.145 -022 -0.324 -0.335 -0.382 -0.444 -0.492
Average+ 0021 0035 0053 0071 0082 009 0103 0.117
Average- -0.021 -0.037 -0.055 -0.077 -0085 -0.097 -0.113 -0.127
SD 0.026 0045 0067 0092 0104 0117 0135 0.153
Step 2a 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max+ 0136 0.2 029 0393 04 0433 04 0.42

Max- 02 -0245 -03 04 05 06 07  -08

Average+ 0.001 0004 0.004 0003 0004 0004 0006 0.005
Average- -0.037 -0.044 -0.053 -0.061 -0.065 -0.073 -0.058 -0.086
SD 0033 0052 0068 0082 0091 0098 0099 0.1

Step 2b 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0136 0.2 0.3 0.4 05 0.6 0.7 08

Max- -0.104 -02 -0291 -0.397 04 -0462 -04 -0548
Average+ 0031 004 0047 0058 0065 0006 0098 0.078
Average- 0  -0003 -0.003 -0.003 -0.004 -0.004 -0.005 -0.006
sD 0031 005 0066 008 0093 0099 0104 0.112
Step 3 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0.166 0297 0404 0518 0617 073 0779 0828
Max- 0152 -0.318 -0.479 -0.741 -0818 -0.833 -0.904 -0.978
Average+ 0018 0042 0074 0107 011 0117 012 0122
Average- -0.024 -0.063 -0.121 -0.197 -0.223 -0.248 -0.27 -0.284
sD 0026 0066 0117 0176 0192 0206 0223 0.24

Step 4 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max-+ 0129 0214 031 0398 0461 0456 0771 1.329
Max- 01 -0227 -0.347 -0472 -0534 -0573 -0.666 -0.743
Average+ 0017 0034 0055 0077 0084 0101 0125 0.155
Average- -0.02 -0.046 -008 -0.124 -0.139 -0.153 -0.171 -0.187
SD 0022 0049 0083 0121 0133 015 0177 0.208
Step 5a 0.1 0.2 0.3 04 05 (0.4) 0.6(0.4) 0.7 (0.4) 0.8(0.4)
Max+ 0015 0052 0076 012 012 011 0129 0.122
Average+ 0001 0002 0005 0008 0009 0009 001 0012
SD 0001 0003 0007 001 0012 0012 0014 0015
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Max-+ 0249 0515 0.804 1095 1244 143 1626 1.642
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Abstract

Management of significant facial asymmetry presents a challenge due to the geometric
complexity of the bony and other facial structures. Manual model surgery is an essential part
of treatment planning but it can be complicated, time-consuming and may contain potential
errors. Computer-aided surgery has revolutionized the correction of maxillofacial
deformities. The aim of this study was to report a case of facial asymmetry when
computerised simulation surgery was performed instead of manual model surgery and a
virtually planned wafer splint was fabricated. A 26-year-old male was presented with a severe
right-sided hemimandibular elongation. Following presurgical orthodontics high-resolution
computer tomography scan was performed. The stack images were reformatted into a three-




dimensional structure. Virtual Le Fort-1 osteotomy was performed and the symmetry of the
maxilla was corrected with the help of a three-dimensional planning software. A virtual
intermediate surgical wafer was designed and produced with three-dimensional rapid
prototyping technology. The mandible was rotated into the correct position following virtual
bilateral sagittal split osteotomy to visualize the movements of the osteotomised mandibular
segments. The two-jaw procedure was performed according to the virtual plan. The facial
symmetry was improved significantly and stable occlusion was achieved. This complex case
shows the advantages of computer-aided surgical planning and three-dimensional rapid
prototyping for the correction of facial asymmetries.
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Background

Correction of severe facial asymmetry is a challenging task due to the geometric complexity
of the dentition, the bony structures and the soft tissues. Mandibular asymmetry is usually
associated with a unilateral vertical maxillary excess and an occlusal cant, therefore, in most
cases the deformity cannot be treated with single-jaw surgery [1].

Traditional cephalometric analysis is of limited value in interpreting the cause of the
asymmetry, because complex three-dimensional (3D) structures are projected onto two-
dimensional (2D) planes. Treatment planning of an asymmetric case requires three-
dimensional consideration in the sagittal, coronal and horizontal planes. Traditionally,
manual model surgery is an essential part of the preoperative workup that involves many
time-consuming laboratory based steps. When two-jaw surgery is performed, following the
transposition of the maxilla on the stone dental model in the articulator an interocclusal splint
is fabricated that serves as an intermediate guide for repositioning the maxilla relative to the
intact mandible. The second, or final wafer relates the mobilized mandible to the fixated
maxilla.

It is of critical importance that model surgery is based on accurate translation of the
theoretical transposition data. Any discrepancy between the plan and the model surgery will
lead to an inaccurate interocclusal splint. A poorly designed and/or fabricated wafer can lead
to a disastrous outcome even when the most skillful surgical technique is used.

If a symmetric or slightly asymmetric face is operated on, when the jaws are moved mainly in
the anteroposterior and vertical direction, traditional, 2D analysis and planning are usually
satisfactory. But even in these cases, small errors in each step of model surgery can
compound and lead to an inaccurate result [2-4].

Major asymmetry involving both the upper and lower jaws often requires complicated two-
jaw surgery. In these cases 3D planning is essential. The problem is twofold: first, how the
most precise planning can be achieved and second, how the treatment plan can be transferred
to the operating room. Accurate cephalometric analyses and 3D planning based on plain
lateral and frontal cephalograms are hardly possible [5-7].




Improved imaging techniques and advances in software engineering have moved 3D
computer models from the research and development area into routine clinical application [8-
10]. Three-dimensional reconstruction images can be easily rotated and viewed from any
angle. Accurate measurements can be performed on the maxillofacial complex and this helps
not only to understand the etiology of facial asymmetry but to plan the osteotomies and
movements of the segments.

Rapid prototyping is a remarkable, quickly evolving technology that has been revolutionizing
the manufacturing process in several fields. With these technologies splints can be made that
can guarantee the precise repositioning of the bony segments during surgery [11,12].

The aim of this study is twofold, first, to investigate whether virtual 3D model surgery is
suitable for treatment planning of an asymmetric two-jaw surgery, and second, to examine if
rapid prototyping may eliminate the need for manual model surgery and the conventional
fabrication of the interocclusal splint in the dental laboratory. A case of a severe facial
asymmetry is reported when computer aided surgical planning was performed and the
intermediate wafer was designed virtually and was manufactured by a three-dimensional
printer.

Case presentation/technique description

A 26-year-old male complained of facial asymmetry and eating difficulties. Clinical
evaluation revealed severe right-sided hemimandibular elongation with small compensatory
transverse canting of the maxillary occlusal plane (Figure 1).

Figure 1 (a) Initial facial view. (b) Initial facial smiling.

Cross bite was observed on the left side. In the sagittal plane Class Il malocclusion was
noted on the right side while Class | molar and canine relationship was found on the left side.
The mandibular front teeth, the left sided premolars and molars were lingually inclined. The
maxillary midline was coincident with the facial midline. The mandibular dental midline and
the mentum deviated to the left 11.8 and 15 mm, respectively (Figures 2, 3 and 4). There was
mild crowding in both arches. Technetium isotope failed to show increased uptake in the
condylar regions.

Figure 2 Initial panoramic radiograph.
Figure 3 Pretreatment intraoral photograph.

Figure 4 Presurgery frontal cephalometric x-ray shows the compensatory transverse
canting of the maxillary occlusal plane.

Preoperative orthodontic treatment lasted for 18 months and consisted of alignment and
elimination of the transverse and sagittal dental compensation and arch coordination.

After presurgical orthodontic treatment was completed, computed tomography scan was
obtained with an isotropic image resolution of 0.3 mm and standard image acquisition
parameters (60kVp/40 keV (900 pA). The patient was scanned in a supine position. The
gantry had a zero inclination. The digital imaging and communication in medicine (DICOM)
data were directly transferred to a personal computer. An in-house developed 3D planning



software (JMed software, TraumArt Ltd, University of Szeged, Hungary) was used to
reformat DICOM stack images into a 3D structure and to perform virtual preoperative
surgical planning (Figure 5a).

Figure 5 (a) Preoperative CT scan. (b) Reference planes defined.

Three-dimensional facial analysis was performed following the construction of the
midsagittal, the Frankfort horizontal and the mandibular planes (Figure 5b). Maxillary height,
ramus length, body length, body height, frontal ramal inclination and lateral ramal inclination
were measured on both sides. After evaluation of the factors that contributed the chin
deviation virtual surgery was performed.

Selection of the bony structures was made by the software’s semi-automatic segmentation
tool and surface models were generated from each structure (Figure 6) [13,14]. Virtual
conventional Le Fort | osteotomy was performed on the segmented models. The
osteotomized segment was selected and was individually moved and rotated to reconstruct
the symmetry of the maxilla (Figure 7a).

Figure 6 (a) (b) Selection of the bony structures.

Figure 7 (a) (b) Virtually repositioned maxilla (c) Virtually designed intermediate
wafer.

A model of a virtual intermediate surgical wafer was created with the maxilla in the planned
position and the mandible in its original place (Figure 7b). The model of the wafer was
printed with a 3D printer from a bio-compatible synthetic material that is suitable for short-
term mucosal-membrane contact (Figure 8). The splint was checked for occlusion on the
patient’s lower and upper dental arches and fitted well in both cases.

Figure 8 (a) Model of intermediate wafer (b) 3D printed intermediate wafer.

Following that the mandible was rotated into the correct position with virtual bilateral sagittal
split osteotomy to visualise the movements of the osteotomized segments (Figure 9).

Figure 9 (a) (b) Virtually repositioned mandible.

In the surgical phase Le Fort | osteotomy was carried out as planned. The mobilized
maxillary segment was rotated clockwise and was repositioned by application of the virtually
planned intermediate wafer and mandibulomaxillary fixation. The virtually designated
intermediate wafer fitted well during surgery (Figure 10). Miniplate fixation to the vertical
facial buttresses was performed. Mandibulomaxillary fixation was then released and the
bilateral sagittal split mandibular osteotomies were carried out. The distal segment of the
mandible was rotated to the right and placed into the desired occlusion. Final splint was not
used as the teeth were in good occlusion. Osteosynthesis was performed with titanium
miniplates and screws (Figures 11 and 12). Postoperative intermaxillary fixation was
maintained with tight elastics for 2 weeks. Loose guidance elastics were worn for a further
period of 10 weeks. Two months after the surgical procedure, orthodontic treatment was
resumed. Final arch coordination and occlusal settling were accomplished during the next 6
months (Figure 13). One year after the first surgery, genioplasty was performed at the same
time of the removal of the previously implanted miniplates and screws. Standard



intraoperative measurements were used without templates, the chin was rotated to the left by
4 mms (Figures 14 and 15).

Figure 10 In surgery, the intermediate wafer fits well into the maxillary and mandibular
dentition.

Figure 11 Panoramic radiograph after two-jaw surgery.

Figure 12 Postoperative frontal cephalometric x-ray shows that the facial symmetry has
improved significantly.

Figure 13 Final intraoral photograph.
Figure 14 Final panoramic radiograph.

Figure 15 (a) Final facial view (b) Final facial smiling.

The facial symmetry was improved significantly after the operations. The occlusion is stable
and the patient is satisfied with his facial appearance. There is no sign of relapse after 18
months following the first surgical procedure (Figure 16).

Figure 16 (a) (b) Postoperative CT scan.

A postoperative CT scan was made to evaluate the difference between the virtual Le Fort |
osteotomy and the surgical result. The preoperatively planned model of the segmented
maxilla was superimposed on the postoperative CT scan. The distance map generated
between the superimposed models shows only minimal deviations on the bony structures
(Figure 17).

Figure 17 (a) (b) Superimposition of the virtual plan and the final CT scan.

Discussion

When two-jaw surgery is planned for an asymmetric case spatial positioning of the maxilla is
considered more critical than the repositioning of the mandible. Intermediate wafers are used
more frequently than the final ones [15]. In our case reported, the key point of the procedure
was the accurate repositioning of the maxilla. The maxillary segment mobilized via Le Fort |
osteotomy showed acceptable intrinsic symmetry, therefore further maxillary osteotomies
were not performed. The mobilized unit was placed symmetrically with respect to the sagittal
plane. To achieve this it was rotated clockwise until the maxillary occlusal plane was parallel
to the interpupillary line. At the same time a further rotation was performed in the horizontal
plane to move the posterior part of the maxilla to the right. Amongst others, the complex
rotational movement can be one of the sources of inaccuracies in manual model surgery.
While with traditional methods treatment planning and model surgery are two separate steps,
with virtual surgery these two procedures can be performed at the same time, there is no
information loss between the two. The most complicated movements can be made precisely
and the most accurate measurements can be calculated simultaneously. The final product of
virtual model surgery is a virtual splint that can be materialized by rapid prototyping. This
technique relies on the accuracy of the virtual model and the production of the surgical splint
to ensure a successful surgery [16]. The intermediate wafer was fabricated with the highest



printing accuracy in our case and it proved to be the most reliable tool to transfer virtual
surgery into the operating room.

The new position of the mandible was determined by the repositioned maxilla. Virtual
surgery showed that the mandible would be brought forward by 8.6 mms on the left side.
Manual model surgery focuses on the dentition and the occlusion but changes in the bony
structure cannot be displayed. Although final wafer was not used as the mandible was simply
placed into maximal intercuspal occlusion, virtual surgery still helped us to understand and
visualize the rotational movement of the mandible.

Conclusions

Latest computerized and rapid prototyping technologies let us fully imagine, design and
control orthognathic procedures without information loss among the surgeons, orthodontists
and dental technicians. Any number of alternative treatment strategies can be investigated
simultaneously during the planning phase. Computerised simulation surgery can be extremely
useful in severe asymmetric cases when precise treatment planning with traditional methods
is hardly possible. With this method manual model surgery and other laboratory steps can be
avoided. The surgical wafer splint can be planned virtually and fabricated by a 3D printer.
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CAD/CAM technologia alkalmazasa az
implantdcios sebészetben és protetikiban

Dr. Varga Endre, Dr. Czinkdczky Béla, Dr. Korpdsy V'iktéria

Az implanticios fogpotlasok készitésének protokolljai igen

sokat valtoztak az utobbi évtizedben. Minden ujitds annak a

torekvésnek a jegyében sziiletik, hogy az elkésziilo fogpotlasok
tokéletesek legyenek. Szintén egyre fontosabb szempont, hogy

ezekkel képesek legytink helyreallitani a fogatlansaggal kiizdo

paciensek teljes ragofunkciojat, esztétikdjat, és lehetoség szerint
tokéletes rehabilitaciot érjiink el. Ma mar minden adott ahhoz,

hogy alegmagasabb esztétikai igényeket is kielégitsiik, és csak

nagyon ritkan kell olyan kompromisszumokat kotniink, amely \

)|
¥

a paciens életminGségét hitranyosan befolydsolna.

A CAD/CAM technologiak elterjedése egyrészt kony-
nyebbé és pontosabba, masrész joval biztonsagosabba
teszik amatéti tervezést és kivitelezést, arrél nem is beszélve,
hogy a paciens szamara lényegesen kisebb megterhelést
jelent egy ilyen modszerrel elvégzett miitét. A navigacios
sebészet kivitelezése azon tdl, hogy minimalinvaziv volta
miatt a lehet6 legkisebb sebbel jar, azt is biztosftani tudja,
hogy az implantatumok az el6re megtervezett moédon, és
nem utolsésorban a készitendd fogpétlashoz illeszkedve,
optimalis pozicioban kertilhetnek betiltetésre.

Az alabbi esetiinkkel a digitalis technologia lehet&sé-
geit kivanjuk bemutatni a kiindulasi allapottdl az elké-
szitett fogpotlas atadasaig.

Célunk, hogy megmutassuk azokat a lehet6ségeket, ame-
lyek segitségével a legpontosabban tudunk egy teljes reha-
bilitaciét modellezni, tervezni és kivitelezni egy fogatlan
allcsont esetében.

1. abra: Fogatlan maxilla preoperativ panoramaréntgen-képe

Dr. Korpdsy Viktoria Dr. Cxinkdezky Béla

Esetbemutatas

A paciens 36 éves n6, anamnézisében emlitésre érdemes
adat nem szerepel, fels6 dllcsontja teljesen fogatlan volt
(1. dbra). Elmondasa szerint fels6 fogait folyamatosan veszi-
tette el, kezel6orvosai és a sajat ,,kénnyelmisége” miatt.
Parodontalis statusza a koranak megfelels, igy valoszintleg
a folyamatosan kialakul6 fogszuvasodasok, majd az ennek
kovetkeztében elvégzett foghuzasok miatt valt fogatlanna.
Teljes kivehet6 akrilat lemezes fogsort viselt, az elveszitett
fogak miatt a maxilla jelentés mértékben sorvadt, vala-
mennyi régioban mind vertikalis, mind horizontalis csont-
pusztulas volt lathaté. Ezen tényez6k miatt az implantacié
nem volt lehetséges.

Amikor egy évvel ezel6tt a rendel6nkbe keriilt, alapos
szajvizsgalat, majd radiolégiai vizsgalatok utan csont-
potlas és implantacié lehet6ségét ajanlottuk fel neki,
amit kozosen atbeszéltiink, majd egy {rasos kezelési
terv rogzitése és alairasa utan 2011 oktéberében kezd-
titk el a teljes rehabilitaciot.

A processus alveolaris helyreallitasat intraoralisan, a
mentumbdl nyert csontblokkok segitségével végeztink,
illetve mindkét oldalon sinus elevaciora is sor kerilt
(2. dbra). A csontgyogyulas utan navigacios sebészeti mod-
szerrel 6 darab Nobel Replace implantatumot ultettiink
be, majd 3 hénapos gyogyulasi id6t kovetden kezd6dott a
fogpétlas elkészitése. Ez szintén CAD/CAM technologia
segitségével valosult meg,
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A csontpétlas utan 4 hénapos gyogyulasi idét javasoltunk
a paciensnek, majd ezt kovetden kezdtik el az implantacio
megtervezését. A tervezett fogpotlast a kivehetd fogsor-
ral modelleztik, az esztétikai elvarasokat azzal allitottuk be,
majd annak elfogadasa utan azt vettiik alapul a digitalis terve-
zéskor (3. dbra). Az orvosi képalkotast a gyarto protokoll sze-
rinti ,,double scan” technikaval végeztik. Ez esetben késziil
egy felvétel a paciens allcsontjairdl a szajaban 1évé CT sab-
lonnal, illetve egy felvétel a CT sablonrdl kiilén a megfeleld
regisztraciés pontokkal @ dbra). A felvétel klinikai CBCT-
vel tortént standard beallitasok mellett. A kapott DICOM
fajlokat implantaciés miitéti tervez6 szoftverbe importaltuk
(NobelClinician, Nobel Biocare Services AG).

Els6 Iépésként kijeloltiik az allesontok, illetve a sablon fel-
szini hatarait (szegmentacié), majd regisztraltuk Sket egy-
massal. Ezeket a lépéseket a szoftver félautomatikusan

2. abra: Sinus elevacio, vertikalis és horizontalis csontpotlas utani allapot

4. abra: A ,double scan” technika két kiilon felvétele. Az abra bal
oldalan a sablon és a koponya metszeti képe, a jobb oldalon ezek
haromdimenzios megjelenitése lathato a regisztracios markerekkel

végzi. A folyamat eredménye egy implantacios mutéti ter-
vezésre alkalmas haromdimenziés modell (5. dbra).

A szoftver segitségével megadtuk a kivant implantatum-
tipusok méreteit és allcsonthoz viszonyitott pozicidit.
Szintén megterveztik a sablon intraoperativ rogzitéséhez
sziikséges tlskék helyét és helyzetét, majd a véglegesitett,
kész tervet elkildtik a gyartéhoz (6/7-2. dbrik). A mitéti
sablon fotopolimerizacios (stereolytography — SLLA) tech-
nikaval készlt.

Két héttel a tervezés utan altatasban kerilt sor az
implantatumok betiltetésére (7. dbra). Mind a 6 implanta-
tum primer stabilitisa meghaladta a 35 Ncm-es értéket,
igy mindet transzgingivalis gyégyulocsavarral (Healing
Abutment) zartuk.

Zavartalan posztoperativ szak utdn a paciens tovabb
hordta a kivehet ideiglenes fogsorat, majd 3 honap eltel-
tével az integralédott implantaitumokra megkezdtik a
végleges, rogzitett fogpotlast készitését.

Csavarozott cirkonium vazra 12 tagu, keramia leplezésti
hidat terveztiink, melyet Procera technologiaval készi-
tettiink el (NobelProcera, Nobel Biocare Services AG)

6/1. abra: A betervezett implantdtum-poziciok a felszin modellen

6/2. abra: A tervezett implantatum-poziciok keresztmetszeti képei



7. abra: A széjban rogzitett mdtéti sablon

8. abra: A digitdlis vaz lenyomati elemekre szuperpozicionalt és
onallo képe

10. abra: Keramia leplezés matt probaja szajban és a kész potlas
gipszmodellen

11. ébra: A végeredmény

9. abra: Elkésziilt cirkonium vaz a gipszmodellen

(8. dbra). A digitalis tervezés soran az implantacio el6tt elké-
szitett ideiglenes fogpétlas adatait vettiik figyelembe, mely-
nek paramétereit igyekeztiink attiltetni a végleges fogmiire
is. A virtualis hidvaz adatait online elkiildtiik Stockholmba,
a cég kozpontjaba, majd az elkészilt cirkénium vaz harom
munkanappal késébb érkezett vissza a laborunkba (9. dbra).
A porcelanleplezést individualisan készitettik, és néhany
intraoralis probafazis utan véglegesitettiik (70. dbra).

Miutan a processus alveolaris adottsagai még a csontpotlas
ellenére sem érték el tokéletesen a paciens koranak meg-
felel6, egészséges mértéket, igy a tokéletes esztétikai hatas
eléréséhez azt a megoldast valasztottuk, hogy a hidat rézsa-
szin keramia mainnyel készitettik el.

Az elkészilt hidpétlast az el6irt atmend  csavarokkal
35 Ncm-es nyomatékkal régzitettiik, majd a csavarbeme-
neti tiregeket kiblokkoltuk, és folyékony kompozittal fel-

12. abra: Harom honapos kontroll PCT felvétel

toltottik (77. dbra). Felhivtuk a paciens figyelmét az atadott
fogpdtlas tisztan tartasanak fontossagara, és alaposan meg-
tanitottuk a hid 4polasanak részleteire, modszereire, vala-
mint kitértiink a rendszeres kontroll fontossagara is.

A CAD/CAM technoldgiak alkalmazdsa ma mar nem
korlatozodik a sebészi munkafazisok megtervezésére.
Segitségével ugyancsak nagy pontossaggal tudunk elére
josolhat6 eredményt elérni a fogpotlasok készitésekor is.
Bemutatott esetiink kapcsan elmondhaté, hogy a virtua-
lis tervezés minden lehetséges elényét kihasznaltuk, de a
napi gyakorlatban lehetség van egy-egy eset kapcesan csu-
pan néhany elemének alkalmazasara is. Segitségével meg-
elézhet6 a nem kivant sikertelenségek el6fordulasa, és biz-
tosithat6 a legpontosabb sebészi kivitelezés, valamint a
legmagasabb szinvonalu esztétikai és protetikai iranyelvek
maradéktalan betartasa.



E1LJARAS ES RENDSZER IMPLANTACIOS SABLON TERVEZESERE ES ELOALLITASARA

A talalmany targya eljaras implantacios sablon tervezésére és elGallitasara alkalmas rendszerben,
ahol az eljaras tartalmazza, hogy szajképletr6l regisztraciés markerekkel ellatott kanallal
lenyomatot készitink; digitalizaljuk a lenyomatot; digitalizaljuk a beteget a lenyomattal a szajaban;
egy mutéti tervez$ szamitogépes programmal Osszeregisztraljuk a két digitalizalt képet, majd
mitéti tervet készitiink; egy sablontervezé szamitégépes programmal a mutéti terv alapjan
elkészitjik az implantaciés sablon digitalis modelljét; az implantacids sablon digitalis modellje
alapjan eléallitjuk az implantacios sablon fizikai megfelel6jét. A talalmany targya tovabba rendszer
implantaciés sablon tervezésére ¢és elballitasara, amely tartalmaz lenyomatvételre alkalmas,
regisztraciés markerekkel ellatott kanalat; egy mutéti tervezs szamitogépes programmal ellatott
szamitogépet a regisztracio elvégzésére, és a mutéti terv elkészitésére; egy sablontervezd
szamitogépes programmal ellatott szamitogépet az implanticiés sablon tervezésére és
eléallitasara; a mutéti terv szerinti sebészeti talcat; és a talalmany szerinti eljarassal megtervezett és

eléallitott implantacios sablont.

A kovetkezSkben ismertetjiik a technika allasat.

A fogimplantacios eljarasok soran alkalmazott implantaciés sablonokat a technika allasa szerint a
kovetkez6 modon allitjak el6. Elészor is az ugynevezett radioldgiai sablont kell kialakitani tobb

lépésben. Az ezzel kapcsolatos miiveleteket a fogtechnikus végzi el.

Els6 1épésben az allcsontok egymashoz viszonyitott helyzetét és mozgasat szimulalé eszkozben,
az artikulatorban elkészitik a paciens szajiregi képleteinek pozitiv masat, azaz egy gipszmintat,
felhasznalva a paciens foglenyomatat. Majd ezen a gipszmintan az implantacios teriileten és annak
kornyezetén valamilyen mutanyagbdl kialakitjak a sablon formajat. Ez egy hosszabb muveletsor
manualis elvégzését jelenti, ahol el6szor is a gipszmintan ki kell jel6lni a sablon tervezett hatarait,

majd a kijelolt hataroknak megfelel6en kell a sablont kialakitani.

A paciens szajképletei tartalmaznak dgynevezett alamends részeket (példaul a fognyakak alatti
teriilletek vagy a fogak kozotti hézagok), amelyek az implanticids sablon kemény anyaga miatt
megakadalyoznak a matéti teriletre torténd felhelyezhet6séget. A fogtechnikus ezeket a részeket
felmelegitett viasszal feltolti (blokkolja) a végleges radioldgiai sablon alkalmazhatdsaga érdekében.

Ez a muvelet kifejezetten idSigényes.



Az {gy létrehozott sablont megfelel6 muveletekkel a gipszminta, egy szilikon 6ntéforma és egy
6nk6té muanyag felhasznalasaval duplikaljak. Az {gy kapott masolatot még tovabbi fizikai

megmunkalasnak (faragas, csiszolas) vetik ala.

A tokéletes illeszkedés ellendrzése érdekében a véglegesnek szant radioldgiai sablont vissza kell
probalni a paciens szajaba. Jelent6s pontatlansagok esetén akar az el6bb ismertetett teljes eljarast

meg kell ismételni.

A radiolégiai sablon kialakitasa soran regisztracios elemeket, ugynevezett radiodens markereket
(vagy mas kifejezéssel regisztraciés markereket) kell alkalmazni, amelyek a késébb elkészitendd

CT-felvételeken mint referencia pontok jol azonosithatok.

Az {gy el6készitett radiologiai sablont a paciens szajaba helyezik ugy, hogy az tokéletesen
illeszkedjen a szajuregi képletekre (harapas regisztracié valamilyen viasz alkalmazasaval), és
elkészitik a sziikséges CT-felvételt. Ezt kdvetéen még egy CT-felvétel készil kilén a sablonrdl.

Az ismertetett eljarast a gyakorlatban dual scan (vagy double scan) protokollnak nevezik.

A két felvétel elkészitését az indokolja, hogy a fogaszati alkalmazasokban hasznalt CT-felvételen
(gyakran CBCT) csak a csontok lathatok jol, a lagy képletek (mint példaul az iny, a nyelv és az
izmok) azonban elmosédott sziirke foltokként jelennek meg. Igy példaul egy fogatlan paciens
esetén egyetlen CT-felvétel alapjan nem lehetne eldonteni, hogy hol helyezkedik el az iny, amelyre
a mutéti sablon rogzil. A dual scan protokoll és a CT-sablon biztositja, hogy megallapithaté
legyen az inynek a csonthoz és mas szajképlethez viszonyitott helyzete. A csontra és a lagy
képletekre vonatkozo sziikséges informacié tgy nyerhetd, hogy a két elézéleg elkészitett CT-

telvételt egymasra illesztik, 6sszeregisztraljak az alkalmazott regisztraciés markerek segitségével.

Az 6sszeregisztralt felvétel ismeretében az orvos meghatarozza az implantatumok méretét, helyét
¢és helyzetét, azaz az implantaitumok tengelyének iranyat, amelyek alapjan a mutéti eszk6zok
megvezetésére szolgalé fém perselyeket integraljak a fogtechnikus altal az el6z6 1épésekben

készitett vagy annak formaja alapjan egy 3D-s nyomtatéval eléallitott sablonba.

Igy tehat az elébbiekben leirt eljarasnak részét alkotja a fogtechnikus éltal elvégzett, tobblépéses

¢s manualis, kovetkezésképpen idbigényes és koltséges munkafolyamat, ami jelentGsen



megneheziti, hogy az implantaciés sablonokkal végzendd beavatkozasok beilleszthet6k legyenek a

mindennapi rendel6i rutinba.

Az EP1791491 szama eurdpai szabadalmi irat tobbek kozott fogpotlas eléallitasi eljarasat
ismerteti, ahol az eljards magaban foglalja azt a 1épést, hogy két CT felvételt megfelel6
szamitogépes programban implementalt eljarassal illesztenek Gssze, ahol az egyik felvétel a
paciens allcsontjardl, a masik CT felvétel a paciens szajképleteinek megfelel6 gipszmintarol
készilt. A feltart eljaras szerint az Osszeillesztett CT felvételek alapjan tervezik meg az
implantatum mélységét és iranyat, valamint a navigaciés eszkézben a furévezet6 alakjat. A
hivatkozott dokumentum szerinti eljaras radioldgiai sablon elkészitését igényli, ellentétben a jelen

talalmany szerinti eljarassal.

Az US20107105070 szamu amerikai szabadalmi irat olyan céld fogaszati modell el6allitasat
ismerteti, amely példaul fogimplantaciés mitétek tervezése és végrehajtasa soran alkalmazhat6. A
hivatkozott dokumentumban ismertetett eljaras magaban foglalja, hogy a) digitalis képet
készitenek a paciens szajképleteirSl; b) a kapott digitalis képet a paciens fogai alapjan
szegmentaljak; ) a szegmentalt képen beltl azonositjak az implantacios helyet; d) az implantacios
helyen meghatarozzak a pilot furat dimenzidit; €) a tervek alapjan elkészitik a tanulmanyi mintat a
pilot furattal; f) a tanulmanyi mintaban elhelyezik a fardperselyeket; @) az igy elSkészitett
tanulmanyi mintarél ezutan egy implanticiés sablonként funkcionalé transzfer-sablont
készitenek. A hivatkozott dokumentacié alkalmaz ugyan szoftveres tervezést, azonban az

implantaciés sablon eléallitasahoz egy fizikai minta elkészitése is sziikséges.

A W09426199 szami nemzetkozi szabadalmi irat radiodens anyaggal legalabb részben bevont
fogaszati kanalat és egy ezt felhasznalo eljarast ismertet fogimplantaci6 elvégzésére. Az ismertetett
eljaras soran a kanalat a paciens szdjaba helyezik, majd keresztmetszeti rontgenfelvételeket
készitenek az alsé allkapocsrdl és a kanalrdl; a felvételek alapjan meghatirozzak az implantatum
optimalis pozicidjat; a kanalat egy automata rendszerhez kapcsolt tartéra helyezik, ahol
rontgenfelvételeket készitenek arrdl; a kapott felvételeket egyesitik a korabbi felvételekkel és
meghatarozzak a furatok tengelyét, majd az automata rendszerrel furatok készitenek a kanalon.
Az gy kapott kanalat mint sablont hasznaljak az implantatumok alsé allcsontba torténd

elhelyezésére.



Az US200401071803 szamui amerikai szabadalmi irat egy igen 6sszetett, lenyomatvételre alkalmas
kanalat ismertet, amely magaban foglal tébbek kézott egy két részre osztott merev keretet és a
kerethez régzitett membrant, amelynek feszitettsége egy huzallal szabalyozhat6. Hasznalat el6tt a
keret két részének illeszkedési pontjat valamilyen 6nko6té anyaggal be kell vonni, illetve a
membran mindkét oldalan lenyomatvételre alkalmas anyagot kell alkalmazni és igy kell behelyezni
a beteg szajaba. Ezutan a huzalt eltavolitjak, hogy a keret két része egymastol fiiggetleniil tudjon
elmozdulni a harapas hatasara. A hivatkozott dokumentum szerinti alkalmazasa meglehet6sen

nehézkesnek tinik.

A WO02008057955 szami nemzetkozi szabadalmi irat egyebek mellett ismertet egy eljarast
fogimplantacids sablon eléallitasara, amely magaban foglalja a kévetkez6 1épéseket: a) lenyomatot
készitenek az implantacios tertiletrél; b) a lenyomat alapjan egy fizikai modellt készitenek; c) egy
elére gyartott, fog alaka sablonokbdl allé készletbdl kivalasztanak egy megfelel6t fogsablont; d) a
kivalasztott fogsablont a modellre illesztik; e) a fogsablont tartalmazé modellrél egy ujabb
lenyomatot készitenek; f) az igy kapott djabb lenyomatba lyukat farnak a furattal ellatott,
korabban hasznalt fogmodell segitségével, igy egy implanticiés sablonhoz jutnak. A jelen
talallmanyhoz viszonyitva a hivatkozott dokumentum szerinti eljaras hosszadalmas, manualis

muveleteket igényel.

A W09932045 szamu nemzetkozi szabadalmi irat szintén egy eljarast ismertet implantacids
sablon el6allitasara, ahol a paciens tipikusan teljesen fogatlan. Az eljaras soran 3D-s szamitogépes
grafikus modellt allitanak el6 az allcsont és a szovetstruktura leképezésével az iny feliletéhez
viszonyitva, ahol a leképezést rontgen vagy MRI technikaval végzik. ElényGsen az inyhez
illeszkedd radioldgiai sablont alkalmaznak. Az implantitumok furatanak adatait a 3D-s modell
alapjan hatarozzak meg. Az implantacios sablontest el6allitasat a hivatkozott dokumentum nem
tarja fel, csak annyit ismertet, hogy azt egy fizikai modellen alakitjak ki, majd az {gy kapott
sablontesten a furatokat a 3D-s modell alapjan meghatarozott adatok szerint CNC eszkozzel

készitik el.

A W02010133326 szamu nemzetkOzi szabadalmi irat részletesen ismerteti azt az altalanos
eljarast, amely alapja a korabban mar emlitett dual scan protokollnak, valamint a kraniofacialis
beavatkozasok virtualis megtervezésének. A dokumentum ismerteti, hogy az eljards soran két
adathalmazt allitanak el6. Az egyik adathalmaz a felszini struktarakroél, a masik adathalmaz a

felszin alatti, nem lathaté strukturakrdl szolgaltat vizualisan megjelenitheté adatokat. A



fogimplantacié szempontjabdl ez a lagyszévetek és a csontszovetek leképezésének felel meg. Az
igy kapott két adathalmazt azutan egyesitik. A hivatkozott dokumentum emliti ugyan, hogy a
feltart eljaras t6bbek kozott alkalmas implantacids sablon megtervezésére is, ugyanakkor leirja,
hogy a fogak, a lagyszovetek és a foghianyos helyek leképezésekor radioldgiai sablont

alkalmaznak.

Az US2013144422 szamu amerikai szabadalmi irat szintén eljarast és rendszert ismertet
fogimplantacids sablon eléallitasara. A bemutatott eljaras soran egy virtualis modellt hoznak 1étre
CT-vel nyert adatok és a tervezett implantatumok virtualis megfelel6je alapjan. A hivatkozott
dokumentum emliti, hogy a virtudlis modell kialakitasa olyan fizikai modellt is igényel, amelyet
hagyomanyos fogaszati laboratériumi technikakkal allitanak elé. A szoftveres tervezést kovetéen
valamilyen gyors prototipusgyartassal (példaul 3D-s nyomtatassal vagy marassal) eléallitjak a
virtualis modell fizikai megfelel6jét. Az implantacios sablontestet az igy legyartott fizikai modellen
termoformazassal allitjak el6, ezt kovetSen a folosleges részeket fizikai miveletekkel eltavolitjak,

majd a sablontestet fémperselyekkel latjak el.

Az US20710240000 szama amerikai szabadalmi irat az el6z6 dokumentumban feltart eljarashoz
hasnlé eljarast ismertet. Az implantacids sablontestet (negativ sablontest) is egy el6zbleg
eléallitott, fizikai modellt felhasznalva allitjak elé termoplasztikus anyagbdl vakumformazassal. A
fizilai modell el6allitasa soran, mas muveletek mellett, a paciens szajképletérél lenyomatot
(negatfv modell) vesznek, amelyrél aztan egy pozitiv modellt készitenek, és ezt a pozitiv modell

digitalizaljak.
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2. abra:

Az implantacios sablon gyartas [épései.

5. Implantéciés
sablon gyartas
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A kovetkezbkben részletesen ismertetjiik talalmanyunkat.

A talalmany szempontjabdl a ,,dual scan protokoll” kifejezés jelentése: a dual scan protokoll ketté
CBCT felvétel készitését jelenti ugy, hogy az egyik felvételen a paciens szerepel szajaban
megfelelé helyen 1év6, regisztraciés markerekkel ellatott lenyomatvételi kanallal és lenyomattal,
mig a masik felvételen egyedil a markerekkel ellatott lenyomatvételi kanallal és a benne

elhelyezkedé lenyomat szerepel.

A talalmany szempontjabdl a ,,regisztraciés marker” kifejezés jelentése: a regisztracios marker egy
valamilyen rontgenarnyékot adé (esetiinkben guttapercha) gomb test, melybdl tébb helyezkedik el

a lenyomatvételi kanalban, meghatarozott szamban és helyen.



A taldlmany szempontjabdl az ,,0sszeregisztralas” kifejezés jelentése: a dual-scan protokollnak
megfelel6en mindkét CBCT felvételen szerepel a regisztraciés markerekkel ellatott lenyomatvételi
kanal a lenyomattal. Regisztracionak nevezzik, amikor egy szamitdégépes program segitségével az
azonos markereket Osszeillesztjiik, igy a két felvétel egy koordinatarendszerbe kertl a

haromdimenzids térben.

A talalmany szempontjabol a ,,CT” vagy ,,CBCT” kifejezés jelentése: Computed Tomography
vagy Cone Beam Computed Tomography, képalkotasra szolgald eszkoz, melynek képébdl

haromdimenziés képeket hozunk 1étre.

A talalmany szempontjabdl a ,,persely” kifejezés jelentése: a persely egy fémbol készilt treges
henger, mely a haromdimenziés nyomtatoval eléallitott mianyag sablon kiirtébe illeszkedik.

Feladata a furdk és egyéb eszk6zok pontos megvezetése.

A talalmany szempontjabol a | fémperselyeket befogadd kiirté” kifejezés jelentése: a
haromdimenziés nyomtatéval eléallitott mitanyag sablon formaban kialakitott lyuk, melynek
bels6 atméréje megegyezik a persely kilsé atméréjével. Feladata a fém perselyek helyes

pozicionalasa a tér minden iranyaban.

A taldlmany szempontjabol az ,alamends részek” kifejezés jelentése: a fogak koronainak,

fogpotlasok és egyéb szajuregi képletek legnagyobb atmérdje alatti teriilet.

A talalmany szempontjabol a ,pilot csontfészek” kifejezés jelentése: az els6 olyan furat a

csontban, mely a furat teljes mélységét megadja.

A talalmany szempontjabdl az ,univerzalis csontfészek” kifejezés jelentése: A pilot furat

tagitasaval univerzalis méretd furatot ériink el a csontban.

A talalmany ismertetésében szereplS a ,,SMART Guide” kifejezés a jelen talalmany szerinti eljaras

és rendszer megjelolésére vonatkozo védjegy.

A taldlmany ismertetésében szerepls ,,JGuide” kifejezés az emlitett, jelen talalmany szerinti

rendszer altal magaban foglalt sablontervez6 szoftverre vonatkozoé védjegy.



A talalmany targya eljaras implantacios sablon tervezésére és eléallitasara alkalmas rendszerben,
ahol a rendszer magaban foglal olyan lenyomatvételre alkalmas kanalat, amely a dual scan
protokollhoz sziikséges beépitett regisztraciés markereket tartalmaz, és lenyomatvételre alkalmas
anyaggal tolthet6 fel. A talalmany szerinti eljaras magaban foglalja, hogy a paciens szajiiregi
képleteirdl lenyomatot készitiink az emlitett kanallal. Helyben késziilé CT-felvétel esetén anélkal,
hogy a paciens sz4jabdl eltavolitanank a kanalat, elkészitjik az elsé CT-felvételt. Nem helyben
késziilé lenyomatvétel esetén, a lenyomatot vissza kell helyezni a szajba. Ezt kévetéen a paciens
szajabol eltavolitjuk a kanalat, amirél kilon készitiink egy masodik CT-felvételt. A két CT-felvétel
elkészitése (kanal a lenyomattal + paciens, illetve a kanal a lenyomattal 6nmagaban) megfelel a
dual scan protokollnak, azonban itt nincs sziikség fogtechnikus altal el6zéleg elkészitett
gipszmintara és radiolégiai sablonra. A jelen talalmany szerinti kanallal készult lenyomat a

szajuregl képletek negativ masat adja.

A talalmany szerinti eljaras tovabbi lépésében a dual scan protokoll alapjan készult két felvételt
Osszeregisztraljuk.

A taldlmany szerinti eljaras tovabbi 1épésben a képi regisztraciot kovetéen egy mutéti tervezd
szamitogépes program segitségével megtervezzik az implantaciés mutétet. Az implantacios
mutéti terv elkészitésébe beleértendé a megfelel6 implantatumok tipusanak és méretének
kivalasztasa, az implantitumok helyének és helyzetének meghatarozasa, az implantacio
elvégzéséhez sziikséges sebészeti eszkozoket tartalmazé sebészeti talca kivalasztasa.

Az implantaciés mutéti terv interneten eljut egy sablontervezé szamitogépes programba.

A digitalizalt lenyomaton a sablontervezé szamitogépes program segitségével kijeloljik a sablon
hatarait, meghatarozzuk a sablon vastagsagat és formavilagat. Ennek megfeleléen tehat a
fogtechnikus a digitalizalt negativ lenyomaton végzi el azokat a muveleteket, amelyeket a technika

allasa szerint egy fizikai sablonon manualisan kellene végrehajtania.

A talalmany szerinti eljaras tovabbi lépésében az emlitett sablontervezé szamitégépes program
segitségével az implantacids sablon digitdlis modelljének tervezése soran egy meghatarozott
iranynak megfeleléen eltavolitjuk az alamends részeket (undercuts). Ezen megoldasnak az a
felismerés képezi az alapjat, hogy ha a digitalis modell kialakitasa soran, a végleges implantacios
sablon anyagianak megfelel6en, tokéletesen rugalmatlan anyagot feltételeztink, akkor a sablon egy
megadott behelyezési iranyanak megfeleléen meghatarozhaték az alamends részek, amelyek

eltavolitasaval biztosithatd, hogy a végleges sablon a tokéletes pozicioba keriljon vissza és
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tokéletesen illeszkedjen. A technika allasa szerinti manualis eljarashoz képest a talalmanyunk
szerinti eljards soran ez a muvelet egyszeribben és sokkal gyorsabban, akar néhany masodperc

alatt elvégezheto.

A talalmany szerinti eljaras tovabbi lépésében az emlitett sablontervezé szamitégépes program
segitségével az implantacios sablon digitalis modelljének tervezése soran a digitalizalt lenyomat és
az implantaciés mitéti terv alapjan meghatarozzuk a sebészeti eszk6z6k megvezetésére szolgald

témperselyeket befogadé kiirték formajat és méretét.

A talalmany szerinti eljaras tovabbi lépésében az emlitett sablontervezé szamitégépes program
segitségével az implantaciés sablon digitalis modelljének tervezése soran a digitalizalt lenyomat és

az implantacidés mitéti terv alapjan biztositjuk az implantacios fémeszk6zok behelyezhetéségét.

A talalmany szerinti eljaras tovabbi lépésében az emlitett sablontervezé szamitégépes program
segitségével az implantacidés sablon digitalis modelljének tervezése soran elhelyezziik az eset

egyedi azonositéjat.

A talalmany szerinti eljaras tovabbi Iépésében az emlitett sablontervezé szamitégépes program
segitségével az implantacids sablon digitalis modelljének tervezése soran a moédositott digitalizalt
lenyomat és az implantaciés mutéti terv alapjan egy sablonspecifikus matéti (furasi) protokollt

hatarozunk meg.

A talalmany szerinti eljaras tovabbi lépésében a modositott digitalizalt lenyomat és az
implantaciés mutéti terv alapjan az emlitett sablontervezé szamitégépes programmal elkészitjiik a
végleges implantacios sablon digitalis modelljét, amelynek fizikai megfelel6jét 3D-s nyomtatassal
allitjuk el6. Ezt koévetbéen az implantacids eszkozok megvezetését szolgalé fémperselyeket
rogzitjik a 3D-s nyomtatassal eléallitott sablonformaba, igy megkapjuk a végleges implantacios

sablont.

A talalmany egy elény6s kiviteli alakja szerinti muatéti tervezd szoftver: 3D nézet; panorama nézet;
tervez6 nézet, idegpalyak kijelolése és megjelenitése; Utkozésvizsgalat implantatumok,
rogzit6tuskék és perselyeik kozott; legyarthatatlan esetek szdrése; online rendelés a szoftverbdl,

nem korlatozva azonban ezekre.
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A talalmany egy elényGs kiviteli alakja szerinti sablontervezé szoftver: a sablon szélének
megadasa, alamends tertletek figyelembevételével garantalt a felhelyezhet&ség; ellendrzé ablakok;
automatikus matéti protokoll generalasa; automatikus perselyezési (gyartasi) utmutatd generalasa;
szikité persely és kézidarab garantalt hozzaférhetésége, ragasztasi csatornak generalasa, nem

kotlatozva azonban ezekre.

A jelen talalmany szerinti eljaras lehet6vé teszi egy vagy tobb fogimplantatum elhelyezésére,
illetve rogzité tiiskék elhelyezésére szolgald implantacios sablon eléallitasat.

A jelen talalmany szerinti eljaras lehetévé teszi tovabba pilot vagy univerzalis perselyekkel
rendelkezé sablonok eléallitasat.

A jelen talalmany szerinti eljaras szintén lehetévé teszi fogra vagy lagyrészekre illeszkedd sablon

elballitasat.

A fentieknek megfeleléen a talalmany targya eljaras egy vagy tobb fogimplantatum elhelyezésére
szolgalo fogaszati implantacios sablon tervezésére és el6allitasara egy olyan rendszerben, ahol a
rendszer magaban foglal olyan lenyomatvételre alkalmas kanalat, amely a dual scan protokollhoz
szitkséges beépitett regisztracios markereket tartalmaz, és lenyomatvételre alkalmas anyaggal
toltheto fel, és amely eljaras szerint a kévetkezs 1épéseket hajtjuk végre (1. abra):

1) a paciens szajiiregi képleteirdl lenyomatot készitiink az emlitett kanallal;

2) készitunk egy CT felvételt a paciensrol, szajaban a megfelel pozicidban 1évé, lenyomatot
tartalmazé emlitett lenyomatvételi kanallal, majd eltavolitjuk a kanalat a szajabodl és készitunk egy
CT-felvételt killon a lenyomatvételi kanalrol;

3) a dual scan protokoll alapjan elkésziil a felvételek regisztracidja és el6all a tervezheté mutéti
formatum,;

4) a képi regisztraciot kovetben egy mutéti tervezd szamitégépes program segitségével
megtervezzilk az implantaciés mitétet, amelynek keretében a kovetkez6 miveletek koziil egyet,
tObbet vagy az dsszeset tetszéleges sorrendben elvégezzik: a megfelel implantatumok tipusanak
és méretének kivalasztasa, az implantatumok helyének és helyzetének meghatarozasa, az
implantacié elvégzéséhez sziikséges sebészeti eszkozoket tartalmazd sebészeti talca kivalasztasa,
5) az implantacidés mitéti terv alapjan legyartjuk a matéti sablont (2. abra):

a) a digitalizalt lenyomaton egy sablontervezé szamitogépes program segitségével kijeloljik a
sablon hatarait, meghatarozzuk a sablon vastagsagat ¢s formajat;

b) az emlitett sablontervezé szamitégépes program segitségével az implantacids sablon digitalis

modelljének tervezése soran meghatarozzuk a szajba helyezési iranyt és ez alapjan eltavolitjuk az
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alamends részeket (undercuts), igy biztosithatjuk, hogy a végleges sablon a tokéletes pozicidba
kertljon és tokéletesen illeszkedjen;

) az emlitett sablontervezé szamitégépes program segitségével az implantaciés sablon digitalis
modelljiének tervezése soran a digitalizalt lenyomat és az implantaciés mitéti terv alapjan
meghatarozzuk a sebészeti eszk6zok megvezetésére szolgalé fémperselyeket befogadd kirtSk
kiilsé formajat és méretét;

d) az emlitett sablontervez6 szamitégépes program segitségével az implantaciés sablon digitalis
modelljének tervezése soran a digitalizalt lenyomat és az implantaciés mutéti terv alapjan
biztositjuk az implantacidés fémeszkozok és implantacios konyokdarab behelyezhet6ségét;

e) az emlitett sablontervezd szamitogépes program segitségével az implanticids sablon digitalis
modelljének tervezése soran a modositott digitalizalt lenyomat és az implanticios mutéti terv
alapjan egy sablonspecifikus mitéti protokollt hatarozunk meg;

f) a modositott digitalizalt lenyomat és az implanticiés mutéti terv alapjan az emlitett
sablontervez6 szamitégépes programmal elkészitjiik a végleges implantacids sablon digitalis
modelljét, amelynek fizikai megfelel6jét elényosen 3D-s nyomtatassal allitjuk eld;

@) ezt kovetben az implantacids eszk6z6k megvezetését szolgald fémperselyeket r6gzitjiik a 3D-s
nyomtatassal el6allitott sablonformaba, igy megkapjuk a végleges implantacids sablont;

0) elvégezzik a mitétet a sablon és a mutéti eszk6zok segitségével, az egyedi mutéti protokoll

alapjan.

A talalmany szerinti eljaras elény6s kiviteli alakjaban az implanticiés matéti tertlet kézelében a
paciens rendelkezik olyan anatémia képlettel, altalaban egy vagy tobb foggal, amelyhez az
implantaciés sablon tervezése soran a tervezett egy vagy tobb implantaitum helye és helyzete,

illetve tengelyallasa viszonyithato.

Az el6bbicknek megfeleléen talalmanyunk targya tovabba eljaras, amely szerint a lépéseket olyan
paciensen hajtjuk végre, aki az implantaciés mitéti teriilet kdzelében rendelkezik olyan anatémiai
képlettel, elébnyosen egy vagy tobb foggal, amelyhez az implantaciés sablon tervezése soran a

tervezett egy vagy tobb implantatum helye és helyzete, illetve tengelyallasa viszonyithato.

A jelen taldlmany szerinti eljaras lehet6vé teszi, hogy adott esetben mar a pacienssel vald elsé
talalkozaskor elkésziilhessenek a CT-felvétek, igy az orvos révid idén belil elkezdheti az
implantacié tervezését. Nincs szikség a fogtechnikus technika allisa szerinti tobblépéses,

idSigényes (akar tobb napot is igényld) és koltséges munkafolyamatara, ami elsGsorban a paciens



13

szempontjabol kedvezétlen. A talalmanyunk tehat a gyakorlati megvaldsitas, az idé és koltség

szempontjabdl egyarant hatékonyabb megoldast kinal.

Az el6bbieknek megfelel6en talalmanyunk targya tovabba eljaras, amely szerint a 1épéseket
egyetlen helyszinen és/vagy a miveletek megkezdésétSl szamitott 48 6ran belil, elényosen 24

oran belill, legelény6sebben 12 6ran belil vagy ennél is révidebb id6 alatt végezziik el.

Az el6bbieknek megfeleléen a talalmanyunk targya tovabba eljaras, amely tartalmazza még, hogy
az implantaciés sablon el6allitisa soran az emlitett sablontervezé szamitogépes programmal
elhelyezziik az eset egyedi azonositdjat, és/vagy az emlitett implanticiés mitéti tervet interneten

juttatjuk el az emlitett sablontervez6 szamitégépes programhoz.

A talalmany targya tovabba rendszer implanticios sablon tervezésére és eléallitasara, amely
tartalmazza az alabbiakat:

- A talalmany szerinti lenyomatvételre alkalmas kanal, amely a dual scan protokollhoz
szitkséges beépitett regisztracids markereket tartalmaz, és lenyomatvételre alkalmas
anyaggal tolthetd fel.

- A talalmany szerinti matéti tervezd szamitogépes programmal (SMART Guide szoftver)
ellatott szamitogép az implantacios mutéti terv elkészitésére.

- A talalmany szerinti sablontervezé szamitoégépes programmal (JGuide szoftver) ellatott
szamitogép a modositott digitalizalt lenyomat eléallitasara, a végleges implantacios sablon
tervezéscre.

- Az emlitett implantacidés mutéti tervben meghatarozott sebészeti talca, amely tartalmazza
a talalmany szerinti eljarassal eléallitott implantacios sablon r6gzitéséhez sziikséges
eszkozoket, a csontfészek el6készitéséhez sziikséges fardkat, a mutéti eszk6zok pontos
megvezetéséhez szikséges szlkitOperselyeket, a pilot és az univerzalis csontfészkek
kialakitasahoz szikséges eszkozoket, illetve az implantaitum behelyezése utan annak
pontos pozicidjanak visszamérésére szolgald eszkozt.

- A talalmany szerinti eljarassal megtervezett és elGallitott implantacids sablon.

Az elébbieknek megfelel6en a talalmany targya tovabba rendszer implantacios sablon tervezésére

és eloallitasara, amely tartalmazza az alabbi elemeket:
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a) lenyomatvételre alkalmas kanal, amely a dual scan protokollhoz sziikséges beépitett
regisztracios markereket tartalmaz, és lenyomatvételre alkalmas anyaggal tolthet6 fel;

b) muitéti tervezé szamitégépes programmal ellatott szamitégép az implanticiés mutéti terv
elkészitésére;

c) sablontervezé szamitégépes programmal ellatott szamitogép a modositott digitalizalt lenyomat
el6allitasara, a végleges implantacios sablon tervezésére;

d) egy implantaciés mutéti tervben meghatarozott sebészeti talca, amely tartalmaz a kévetkezok
kozul egy, tobb vagy minden eszkézt: implantacids sablon régzitéséhez szitkséges eszk6zok, a
csontfészek el6készitéséhez sziikséges fuardkat, a mutéti eszk6zok pontos megvezetéséhez
szitkséges szkitéperselyeket, a pilot és az univerzalis csontfészkek kialakitasahoz szikséges
eszkozoket, illetve az implantatum behelyezése utan annak pontos pozicidéjanak visszamérésére
szolgalo eszkozt;

e) a talalmany szerinti eljarassal megtervezett és eléallitott implantacios sablon.

A fenticknek megfeleléen a talalmany targya tovabba rendszer, amelyben a mitéti tervezd
szoftver a kévetkez6 funkcidk kozul eggyel, tobbel vagy mindegyikkel rendelkezik: 3D nézet;
tervez6 nézet, panorama nézet; idegpalyak kijelolése és megjelenitése; ttkozésvizsgalat
implantatumok, rogzitStiiskék és perselyeik kozott; legyarthatatlan esetek sztrése; online rendelés

a szoftverbdl.

A fentieknek megfelel6en a talalmany targya tovabba rendszer, amelyben a sablontervez6 szoftver
a kovetkez6 funkcidk kozil eggyel, tobbel vagy mindegyikkel rendelkezik: a sablon szélének
megadasa, alamends tertletek figyelembevételével garantalt a felhelyezhetéség; ellenérzé ablakok;
automatikus mitéti protokoll generalasa; automatikus perselyezési (gyartasi) utmutatd generalasa;

szukit6 persely és kézidarab garantalt hozzaférhet6sége, ragasztasi csatornak generalasa.

A talalmany szerinti eljaras implantaciés sablon tervezésére alkalmas rendszerben lehet6vé teszi
az implantaciés sablon tervezéséhez és elballitasahoz sziikséges informacié on-line (azaz
kozvetlen kapcsolaton alapuld) kozvetitését a CT-labor, a fogorvosi rendel6 és az implantacios

sablont el6allit6 hely kozott.

A fentieknek megfelel6en a talalmany targya tovabba eljaras, amely szerint az implantacios sablon
tervezéséhez és elballitasahoz szitkséges informaciot on-line kézvetitjitk a CT-labor, a fogorvosi

rendel6 és az implantacids sablont el6allito hely kozott.
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A fenticknek megfeleléen a talalmany targya tovabba rendszer, amely az implantaciés sablon
tervezéséhez és elballitasahoz szitkséges informaciot on-line kézvetiti a CT-labor, a fogorvosi

rendel6 és az implantacids sablont el6allité hely kozott.

A talalmany szerinti eljaras implantaciés sablon tervezésére alkalmas rendszerben lehetévé teszi
tovabba, hogy az implantaciés sablon mint végtermék a lehet6 legkevesebb emberi érintéssel
készulhessen el. A ,lehetd legkevesebb emberi érintés” kifejezést a talalmany szempontjabdl ugy
kell értelmezni, hogy az implantacids sablon el6allitasa soran a terméket csak a 3DD-s nyomtatas

utémunkalatai, illetve a fémperselyek sablonformaba torténd rogzitése soran érintik kézzel.

Az elébbieknek megfeleléen a talalmany targya tovabba eljaras, amely szerint az implantacios
sablon eléallitisa soran a terméket csak a 3D-s nyomtatds utomunkalatai, illetve a fémperselyek

sablonformaba torténd rogzitése soran érintjik kézzel.

A fentiek alapjan a taldlmany targya tovabba eljaras és rendszer, ahol az emlitett lenyomatvételre
alkalmas kanal egy vagy tobb beépitett, elény6sen 6-8 darab dual CT protokoll elvégzéséhez

sziikséges regisztracios markert tartalmaz.

A talalmany targya tovabba eljaras és rendszer, ahol az emlitett lenyomatvételre alkalmas kanal

als6 vagy felsé allkapocsra illeszked kivitelben készil.

A talalmany targya tovabba eljaras és rendszer, ahol a lenyomatvételre alkalmas anyag szilikon

vagy alginat.

Az ecl6bbicknek megfeleléen a talalmany targya eljards vagy rendszer alkalmazasa fogaszati
beavatkozasok kivitelezésére, elénysen fogpotlasra, elénydsebben fogimplantatum elhelyezésére,
pilot vagy univerzalis perselyekkel rendelkez6 sablonok eléallitasara, fogra vagy lagyrészekre

illeszkedd sablon eléallitisara.

A talalmany szempontjabdl a ,;radiodens marker” és a ,regisztraciés marker” kifejezéseket

egymassal felcserélheté moédon alkalmazzuk.
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Tovabba a talalmany szempontjabdl a ,,dual scan protokoll”, a ,,double scan protokoll” és a ,,dual

CT protokoll” kifejezéseket egymassal felcserélheté modon alkalmazzuk.

A kovetkez6kben talalmanyunkat kiviteli példakkal illusztraljuk, amelyeket azonban nem

kivanunk a taldlmany korlatozasaként értelmezni.

1. példa: SMART Guide kanal
A taldlmany szerinti lenyomatvételre alkalmas kanal jellemz6i:
— Egy vagy tébb, elényosen 6-8 darab beépitett, a dual CT protokoll elvégzéséhez sziikséges
regisztracios markert tartalmaz.
- Als6 vagy fels6 allkapocsra illeszked6 kivitelben készil.
- Harom kilonb6z6 mérett (S, M és L méretd) kivitelben készil.

- Lenyomatanyaggal tolthet6 fel az implantacios teriiletrdl készitendd lenyomatvételhez.

2. példa: SMART Guide implantacios sablon eléallitaisa SMART Guide kanal alkalmazasaval.

A taldlmany szerinti SMART Guide kanal tartalmazza a dual CT protokoll elvégzéséhez szitkséges
regisztracios markereket, igy azok elhelyezésével nem kell t6r6dni. A SMART Guide kanal és a
talalmanyszerinti eljaras alkalmazasaval nem kell radiologiai sablont késziteni.

- Kivalasztjuk a talalmany szerinti, megfelel6 méretd alsé vagy fels6 allkapocsra illeszked6
kanalat.

- Lenyomatanyagot, elény6sen szilikont vagy alginatot helyeztnk a kanalba.

— Lenyomatot készitiink az implantacios tertiletrdl a lenyomatanyaggal ellatott kanallal.

— Adott esetben lenyomatanyag megkotése wutan harapas regisztraciot végzink
harapasvételre alkalmas anyaggal, elényosen szilikonnal vagy viasszal a megkotott
lenyomatanyagot tartalmazoé kanallal.

— Adott esetben, kevés ellenoldali fog esetén az allcsontgerincek tertletét feltdltjiik harapas
regisztraciot r6gzité anyaggal a kanal megfelelé pozicioban tartasdhoz.

— Adott esetben az alamends részeket eltavolitjuk a lenyomatbol, majd elvégezzik a kanal és
a harapas regisztracié probajat.

— Adott esetben, nem helyben készilé CT felvétel esetén a pacienssel gyakoroltatjuk a kanal
¢és a harapas visszahelyezését.

- A lenyomatot digitalizaljuk a dual CT protokollnak megfeleléen (CT1: paciens a kanallal,
CT2: kanal).
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A CT felvételeket hozzaférhetévé tessziik a talalmany szerinti szamitégépes programmal
ellatott szamitogép szamara, mely a tervezést hivatott elvégezni.

Az mutéti tervezé programmal ellatott szamitégépen a CT felvételeket Gsszeregisztraljuk,
és az Osszeregisztralt felvételeket hozzatérhet6vé tessziik a talalmany szerinti mutéti
tervez6 szamitogépes programmal ellatott szamitogépnek, amely a tervezést végz6 orvos
altal elérhet6.

Az Osszeregisztralt CT felvételek alapjan a tervez6 programmal ellatott szamitogépen
elkészitjuk az implantaciés mutéti tervet.

Az implantaciés mutéti terv alapjan a gyarté programmal ellatott szamitégépen

megtervezzik és 3D nyomtatoval el6allitjuk a végleges implantacids sablont.

3. példa: SMART Guide implantacids sablon eléallitasa radiol6giai sablon alkalmazasaval.

Lenyomatot készitiink a tanulmanyi minta szamara.

Elvégezzuk a diagnosztikus fogfelallitas.

Elkészitjik a radiolégiai sablont és azon elhelyezzik a regisztraciés markereket.

Harapas regisztraciot végzink.

Elvégezzik a lenyomat digitalizalasat a dual CT protokollnak megfeleléen (CT1: paciens a
radiolégiai sablonnal, CT2: radiolégiai sablon).

Elvégezzuk a 2. példaban ismertetett, dual CT protokoll végrehajtasat kovetd 1épéseket.

4. példa: SMART Guide implantacios sablon eléallitasa teljes kiveheté fogpotlas esetén.

A kivehet6 fogpotlast ellatjuk regisztraciés markerekkel.

Ha sziikséges, harapas regisztraciot végzink.

Elvégezzuk a lenyomat digitalizalasat a dual CT protokollnak megfelel6en (CT1: paciens a
teljes kivehetd fogpotlassal, CT2: teljes kivehet6 fogpotlas).

Elvégezzuk a 2. példaban ismertetett, dual CT protokoll végrehajtasat kovetd 1épéseket.

Ipari alkalmazhatosag

A taldlmany megoldast kinal fogimplantacios sablon egyszerd, gyors, pontos és koltséghatékony

eléallitasara. A talalmany szerinti eljarashoz és rendszerhez nem sziikséges radioldgiai sablon

el6allitasa, amely tobblépéses, fejlett kézlgyességet igényld, koévetkezésképpen idbigényes és

koltséges munkafolyamat. Ugyanakkor a talalmany szerinti megoldas tdimogatast nyujt mindazon
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miveletek gyors és egyszeri végrehajtasahoz, amelyek egy implantacids sablon tervezéséhez és
eléallitasahoz  szikségesek. Kovetkezésképpen a talalmany szerinti eljaras és rendszer
megkonnyiti, hogy az implantacids sablonokkal végzendd beavatkozasok beillesztheték legyenek

a mindennapi rendel6i rutinba.
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SZABADALMI IGENYPONTOK

1. Eljaras egy vagy tobb fogimplantitum elhelyezésére szolgalé fogaszati implantaciés sablon
tervezésére és eldallitasara egy olyan rendszerben, ahol a rendszer magaban foglal olyan
lenyomatvételre alkalmas kanalat, amely a dual scan protokollhoz sziikséges beépitett regisztracios
markereket tartalmaz, és lenyomatvételre alkalmas anyaggal tolthetd fel, azzal jellemezve, hogy a
kovetkezd 1épéseket hajtjuk végre:

1) a paciens szajiregi képleteirdl lenyomatot készitink az emlitett kanallal;

2) készitink egy CT felvételt a paciensrdl, szajaban a megfelel6 pozicidban 1évé, lenyomatot
tartalmazé emlitett lenyomatvételi kanallal, majd eltavolitjuk a kanalat a szajabol és készitink egy
CT-felvételt killon a lenyomatvételi kanalrol;

3) a dual scan protokoll alapjan elkésziil a felvételek regisztracidja és el6all a tervezheté mutéti
formatum;

4) a képi regisztraciot kovetben egy mutéti tervezd szamitégépes program segitségével
megtervezziik az implantaciés mitétet, amelynek keretében a kovetkezé miveletek kozil egyet,
tObbet vagy az Osszeset tetszéleges sorrendben elvégezzik: a megfelel6 implantaitumok tipusanak
és méretének kivalasztiasa, az implantatumok helyének és helyzetének meghatarozasa, az
implantacio elvégzéséhez szitkséges sebészeti eszk6zOket tartalmazé sebészeti talca kivalasztasa;
5) az implantacidés mitéti terv alapjan legyartjuk a matéti sablont:

a) a digitalizalt lenyomaton egy sablontervezé szamitogépes program segitségével kijeloljik a
sablon hatarait, meghatarozzuk a sablon vastagsagat és formajat;

b) az emlitett sablontervezé szamitégépes program segitségével az implantacids sablon digitalis
modelljének tervezése soran meghatarozzuk a szajba helyezési iranyt és ez alapjan eltavolitjuk az
alimends részeket (undercuts), igy biztosithatjuk, hogy a végleges sablon a tokéletes pozicidba
kertiljon és tokéletesen illeszkedjen;

) az emlitett sablontervezé szamitogépes program segitségével az implantaciés sablon digitalis
modelljének tervezése soran a digitalizalt lenyomat és az implantaciés mutéti terv alapjan
meghatarozzuk a sebészeti eszk6zO0k megvezetésére szolgalé fémperselyeket befogadd kiirték
kiilsé formajat és méretét;

d) az emlitett sablontervez6 szamitégépes program segitségével az implantacios sablon digitalis
modelljének tervezése soran a digitalizalt lenyomat és az implanticiés mutéti terv alapjan

biztositjuk az implantacids fémeszk6zok és implantacios konyokdarab behelyezhetSségét;
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e) az emlitett sablontervezé szamitogépes program segitségével az implantaciés sablon digitalis
modelljének tervezése soran a modositott digitalizalt lenyomat és az implanticios muatéti terv
alapjan egy sablonspecifikus mutéti protokollt hatarozunk meg;

f) a modositott digitalizalt lenyomat és az implantaciés mutéti terv alapjan az emlitett
sablontervezé szamitégépes programmal elkészitjik a végleges implanticids sablon digitalis
modelljét, amelynek fizikai megfelel6jét elényosen 3D-s nyomtatassal allitjuk eld;

2) ezt kovetben az implantacios eszk6zok megvezetését szolgald fémperselyeket rogzitjiik a 3D-s
nyomtatassal elallitott sablonformaba, {gy megkapjuk a végleges implantaciés sablont;

6) elvégezziik a mitétet a sablon és a mutéti eszk6zok segitségével, az egyedi mitéti protokoll

alapjan.

2. Az 1. igénypont szerinti eljaras, azzal jellemezve, hogy a 1épéseket olyan paciensen hajtjuk
végre, aki az implanticios mutéti tertlet kozelében rendelkezik olyan anatomiai képlettel,
elényosen egy vagy tobb foggal, amelyhez az implantacids sablon tervezése soran a tervezett egy

vagy tobb implantatum helye és helyzete, illetve tengelyallasa viszonyithato.

3. Az 1. vagy 2. igénypont szerinti eljaras, azzal jellemezve, hogy a lépéseket egyetlen helyszinen
és/vagy a miveletek megkezdésétdl szamitott 48 Oran belll, elényosen 24 6ran beldl,

legelény6sebben 12 6ran belil vagy ennél is révidebb id6 alatt végezziik el.

4. Az 1-3. igénypontok barmelyike szerinti eljaras, azzal jellemezve, hogy az implantaciés sablon
tervezéséhez és elballitasahoz szitkséges informaciot on-line kézvetitjitk a CT-labor, a fogorvosi

7,

rendel6 és az implantacids sablont el6allit6 hely kozott.

5. Az 1-4. igénypontok barmelyike szerinti eljaras, azzal jellemezve, hogy az implantaciés sablon
eléallitasa soran a terméket csak a 3D-s nyomtatas utémunkalatai, illetve a fémperselyek

sablonformaba t6rténd rogzitése soran érintjik kézzel.

6. Az 1-5. igénypontok barmelyike szerinti eljaras tartalmazza tovabba, hogy az implantacios
sablon eléallitasa soran az emlitett sablontervez6 szamitégépes programmal elhelyezziik az eset
egyedi azonositéjat, és/vagy az emlitett implanticiés mitéti tervet interneten juttatjuk el az

emlitett sablontervezé szamitogépes programhoz.

7. Rendszer implantacios sablon tervezésére és elGallitasara, amely tartalmazza az alabbi elemeket:
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a) lenyomatvételre alkalmas kanal, amely a dual scan protokollhoz sziikséges beépitett
regisztracios markereket tartalmaz, és lenyomatvételre alkalmas anyaggal tolthet6 fel;

b) muitéti tervezé szamitégépes programmal ellatott szamitégép az implanticiés mutéti terv
elkészitésére;

c) sablontervezé szamitégépes programmal ellatott szamitégép a modositott digitalizalt lenyomat
el6allitasara, a végleges implantacios sablon tervezésére;

d) egy implantaciés mutéti tervben meghatarozott sebészeti talca, amely tartalmaz a kévetkezok
kozul egy, tobb vagy minden eszkézt: implantacids sablon régzitéséhez szitkséges eszkézok, a
csontfészek el6készitéséhez sziikséges fuardkat, a mutéti eszkézok pontos megvezetéséhez
szitkséges szkitéperselyeket, a pilot és az univerzalis csontfészkek kialakitasahoz szikséges
eszkozoket, illetve az implantatum behelyezése utan annak pontos pozicidjanak visszamérésére
szolgalo eszkozt;

e) az 1-6. igénypontok barmelyike szerinti eljardssal megtervezett és eléallitott implantacios

sablon.

8. A 7. igénypont szerinti rendszer, amely az implantaciés sablon tervezéséhez és elGallitisahoz
szitkséges informaciot on-line kozvetiti a CT-labor, a fogorvosi rendelé és az implantacios

sablont el6allit6 hely kozott.

9. A 7-8. igénypontok szerinti rendszer, amelyben a mutéti tervezd szoftver a kévetkezé funkciok
kozil eggyel, tobbel vagy mindegyikkel rendelkezik: 3D nézet; tervez6 nézet; panorama nézet;
idegpalyak kijelolése és megjelenitése; utkozésvizsgalat implantatumok, rogzitétiskék és

perselyeik k6zott; legyarthatatlan esetek sztirése; online rendelés a szoftverbdl.

10. A 7-9. igénypontok szerinti rendszer, amelyben a sablontervez6 szoftver a kdvetkezd
funkciok kozil eggyel, tobbel vagy mindegyikkel rendelkezik: a sablon szélének megadasa,
alimends teriletek figyelembevételével garantalt a felhelyezhet6ség; ellenérzé  ablakok;
automatikus matéti protokoll generalasa; automatikus perselyezési (gyartasi) utmutatd generalasa;

szukité persely és kézidarab garantalt hozzaférhetGsége, ragasztasi csatornak generalasa.

11. Az 1-6. igénypontok barmelyike szerinti eljaras vagy a 7-10. igénypontok barmelyike szerinti
rendszer, azzal jellemezve, hogy az emlitett lenyomatvételre alkalmas kanal egy vagy tobb

beépitett, dual CT protokoll elvégzéséhez sziikséges regisztraciés markert tartalmaz.
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12. Az 1-6. igénypontok barmelyike szerinti eljaras vagy a 7-10. igénypontok barmelyike szerinti
rendszer, azzal jellemezve, hogy az emlitett lenyomatvételre alkalmas kanal 6-8 darab beépitett

dual CT protokoll elvégzéséhez sziikséges regisztraciés markert tartalmaz.

13. Az 1-6. igénypontok barmelyike szerinti eljaras vagy a 7-10. igénypontok barmelyike szerinti
rendszer, azzal jellemezve, hogy az emlitett lenyomatvételre alkalmas kanal alsé vagy felsé

allkapocsra illeszked6 kivitelben késziil.

14. Az 1-6. igénypontok barmelyike szerinti eljaras vagy a 7-10. igénypontok barmelyike szerinti

rendszer, azzal jellemezve, hogy a lenyomatvételre alkalmas anyag szilikon vagy alginat.

15. Az 1-14. igénypontok barmelyike szerinti eljaras vagy rendszer alkalmazasa fogaszati
beavatkozasok kivitelezésére, elénydsen fogpotlasra, elénydsebben fogimplantatum elhelyezésére,
pilot vagy univerzalis perselyekkel rendelkez6 sablonok eléallitasara, fogra vagy lagyrészekre

illeszkedd sablon elballitasara.
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E1LJARAS ES RENDSZER IMPLANTACIOS SABLON TERVEZESERE ES ELOALLITASARA

Kivonat

A talalmany targya eljaras implantacios sablon tervezésére és eléallitasara alkalmas rendszerben,
ahol az eljaras tartalmazza, hogy szajképletrdl regisztraciés markerekkel ellatott kanallal
lenyomatot készitiink; digitalizaljuk a lenyomatot; digitalizaljuk a beteget a lenyomattal a szajaban;
egy mutéti tervezd szamitogépes programmal Osszeregisztraljuk a két digitalizalt képet, majd
mitéti tervet készitiink; egy sablontervezé szamitégépes programmal a mitéti terv alapjan
elkészitjik az implantaciés sablon digitalis modelljét; az implantacids sablon digitalis modellje
alapjan eléallitjuk az implantacios sablon fizikai megfelel6jét. A talalmany targya tovabba rendszer
implantaciés sablon tervezésére ¢és elGallitasara, amely tartalmaz lenyomatvételre alkalmas,
regisztraciés markerekkel ellatott kanalat; egy mutéti tervezs szamitogépes programmal ellatott
szamitogépet a regisztracié elvégzésére és a mutéti terv elkészitésére; egy sablontervezd
szamitogépes programmal ellatott szamitégépet az implanticiés sablon tervezésére ¢és
el6allitasara; a mutéti terv szerinti sebészeti talcat; és a talalmany szerinti eljarassal megtervezett és

eléallitott implantacios sablont.
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