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Abstract

In this research, the surgical accuracy of segmented bimaxillary osteotomies is analysed to evaluate the
amount of success of this surgical procedure and to give insight in points of improvement. The analysis is
done by calculating the differences of teeth positions between a 3D planning and a postoperative 3D
model. These differences are analysed with a new method called the OrthognathicDistanceCalculator. The
OrthognathicDistanceCalculator is an improved 3D cephalometry method that nullifies the human error
present in conventional 3D methods. The error of the OrthognathicDistanceCalculator was calculated to
be 0.000000mm, which means that it is 100% accurate.

The analysis was done on 6 patients that all had bimaxillary osteotomies, which included 2- or 3-
segmented Le Fort | osteotomies and conventional or Createch fixation plates. The surgeries were done
at the University Medical Centre Groningen (UMCG) from 2020 to 2021. The results were obtained from
the displacements of the individual segments and the widening of the dentures.

Only one out of six patients had no clinically significant segment displacement and widening differences
between the 3D planning and the postoperative 3D model. The low success rate of 16.7% implied that
segmented bimaxillary osteotomies are performed rather poorly. Dextral, posterior and inferior
displacement seem to be prevalent more often than sinistral, anterior and superior displacement in
bimaxillary osteotomies.
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Introduction

A proper denture has, besides being an important part of the digestive system, been a representation of
youth, health and beauty for centuries [1]. Neanderthalic teeth with scratches on them have been found,
which indicate that dental care was already present around 130,000 years ago. The realignment of
crooked teeth was first described by Aulus Cornelius Celsus over 2000 years ago, which was done by
putting pressure on the teeth by hand [2].

Nowadays, a large part of the population has (had) braces to correct for crooked or misaligned teeth.
According to the Dutch Association of Orthodontists, 45% of the Dutch population below 18 years old
wears braces [3]. This percentage is very high, because crooked dentures can be detrimental functionally,
aesthetically and socially. According to a study done by American sociologist Frances Cooke MacGregor,
even small deformities to the dentofacial area can have a large impact on the psychological wellbeing of
people [4]. He even concluded that “defects of the face can be one of the most tragic handicaps a person
can have” [4].

While some people only have crooked teeth, others have anomalies to the bony tissues of the dentofacial
area. These anomalies are called dentofacial deformities and can be caused by trauma, or simply be
congenital. Dentofacial deformities often lead to malocclusion. Malocclusion is a deformity in which the
teeth of the maxilla (upper jaw) and the mandible (lower jaw) do not align properly, such as an overbite,
underbite or open bite [5]. Correction of these malocclusions is often required due to the psychological
impact and the functional impairment. Whilst small deformities of up to 4mm can be corrected with
braces, in more extreme cases orthognathic surgery has to be done [5].

Prior to surgery, clinical observations and measurements of the countenance have to be done and are
incorporated in the treatment plan. Often this treatment plan is a combination of presurgical orthodontic
treatment, orthognathic surgery and post operational orthodontic treatment. The presurgical orthodontic
treatment is done to reposition the teeth optimally with respect to the individual jaw. If the jaws are
planned to be repositioned in multiple segments, space between the teeth can be introduced
orthodontically to clear the way for the bone saw [5].

Just before the surgery, a CT scan can be made from which a preoperational 3D model can be derived. An
intraoral scan is also made and replaces the teeth of the pre operational model to improve the quality of
the dentures. A virtual surgery can be done on this 3D model to plan the repositioning of all the bony
structures, which results in a 3D planning model. The amount of movement of each segment is
documented and the surgeons try to mimic this repositioning as accurately as possible. The surgery is
done, and a post operational CBCT scan is made to be able to evaluate the surgery and possibly use the
model data for research purposes. Postoperative orthodontics are done to check the occlusion regularly.
Often the premolars are not yet in contact with the premolars of
the other jaw which can be corrected with orthodontics [5].

Each case of malocclusion is different, so multiple approaches to
correct it are possible. Orthognathic surgery can be done on only
the maxilla or the mandible and optionally the chin, but sometimes
a combination is necessary to properly correct the dentofacial
deformities. An orthognathic surgery where both the maxilla and
the mandible are being repositioned is called a bimaxillary
osteotomy. A bimaxillary osteotomy consists of multiple surgical
techniques namely: a Le Fort | osteotomy is used to reposition the
maxilla (in multiple segments), a bilateral sagittal split osteotomy is
used to reposition the mandible and an osseous genioplasty can be

Figure 1: A 3D planning of a segmented
bimaxillary osteotomy
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used to reposition the chin [5]. In Figure 1, a 3D planning is shown of a segmented bimaxillary osteotomy
with the aforementioned surgical techniques.

A splint can be used during the surgery to align the teeth of the maxilla and mandible. It is basically a
dental impression that should ensure that the teeth are alighed when the bony segments are cut loose.
Fixation of the bony segments can be done with titanium screws with conventional titanium plates or
custom plates like those made by Createch. Conventional plates come in standard shapes and sizes that
can be bent by hand during the surgery to fit the specific patient. Createch plates are custom made, based
on the 3D planning model to fit the specific contours of the dentofacial structures. The accuracy of these
Createch plates has been analysed by Kraeima et al. in non-segmented bimaxillary osteotomies [6].

The accuracy of segmented bimaxillary osteotomies has however not been researched thoroughly. This
leaves us with the question: How accurate are segmented bimaxillary osteotomies performed surgically?
This question could be answered by figuring out how close the position of the teeth are postoperatively
compared to the 3D planning. A lot of researches only look into the accuracy of a surgery, but it is also
important to know: How accurate is the used analysation method? This research will be focussed on 2- or
3-segmented Le Fort | osteotomies in bimaxillary osteotomies. The accuracy of the mandible is not being
analysed as the large range of motion makes it possible for the mandible to be in different positions while
making the CBCT scans. This complicates the analysation of the positional differences.

Evaluating the results of the surgery is important for improvement, especially if the surgery needs to be
redone. The only way to do this is to compare the 3D planning model with the post operational 3D model
obtained from the pre and post operative CBCT scans respectively. As the goal of such surgical
interventions is to relocate the jaws to correct for malocclusion, the position of the teeth are important
landmarks to investigate. The differences in mm between the teeth in the 3D planning and the
postoperative model can show if the surgery was completed successfully if the accepted clinical
significance of <2.0mm established by Proffit et al was achieved [7]. The UMCG however, strives for a
more precise error of about 0.5mm.

Currently at the UMCG, a program called ProPlan CMF 3.0 is used to
prepare the post operational 3D model and analyse how it
differentiates from the 3D planning. Firstly, the DICOM data from
the CBCT scan is transformed into 3D models. Secondly, the intraoral
scans are superimposed on the lesser quality dentures of the 3D
models, which means that the teeth are aligned based on the model
surfaces. Thereafter, the preoperational model is segmented to
make the 3D planning. Finally, the 3D planning and the
postoperative models can be superimposed onto each other by
matching the characteristic surface areas of the eye sockets and
forehead. This means that the surfaces of the skulls of the 3D
planning and the post operational 3D model are in the same
position. The distance analysis can then be done by manually
drawing lines between the 3D planning and the post operational
model, also known as 2D cephalometry. However, the quality of a
CBCT scan is not very high as can be seen in Figure 2, thus
estimations of tooth positions have to be made. These human errors
lead to inconsistent and unknown inaccuracies, which is why a
different analysis method should be used.

Figure 2: Measurements done in ProPlan
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Materials and methods

Requirements and wishes
Before the research could be started, requirements should be drawn up to be able to pick the analysis
method. The requirements were:
e The method should be available at the UMCG, meaning that the analysis method is free to use, or
a licence to use this analysis method is already in possession.
e The accuracy of the analysis method should be documented or traceable.
e The method should be usable on segmented osteotomies specifically.

There were also some wishes that would be nice to implement. The wishes were:
e The analysis method should be easy to use, so no or a limited amount of training is required.
e The new analysis method should mesh with the currently used model preparation method at the
UMCG.
e A full post operational difference analysis should be executed faster with this new analysis
method than the method used before.

Literary research

A literary research was done to find a method that can analyse the accuracy of bimaxillary osteotomies.
PubMed was used to search for relevant articles and 13 methods were found. These 13 methods were
evaluated and categorised on: how they did the superimposition of the 3D models, what the analysis
method entailed, the pros and cons of the method, how accurate this method claimed to be, how this
method could be applicable for this research, if the described method is publicly available or not and
additional comments about the method or article were written down. The overview of this research can
be found in Table 1.
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Analysed methods

Method superimpos | Analysis Pro’s Con’s How accurate is | Applicabilit | Availability of | Comments
ition method the method/ are |y in our | methods or
(surface or the results? research software
voxel
based)
Orthognathic voxel based, | Triangle user surface mean error <0.25 | Could  be | Maxilim: can’t | Usable with
analyser method | On devised out of | friendly | based mm used if | find it surface
on model in | characterist | cephalometric | interface | matching | correlation more OGA: 3DMedX | based
Maxilim with | ics of the | landmarks results in | is better | coefficients (> | cephalomet | requires licence superimpos
voxel based | skull placed on each | clinically | to 0.97) ric ition  (but
matching bone segment. | relevant | countera landmarks less
technique [8] coordinates data. ct surface are placed accurate
translated in | Accuraci | artefacts. as more results)
orthognatican | es segments Landmark
alyser to | known! are created error
clinically reduction is
relevant data key!
Total face | Not linear Method | retrospec | >1.4mm Not used to | No licence | Tool used
approach specified measurement | does not | tive It is not clear if | superimpos | required to measure
3Dcephalometry s from axial, | depend | allocation | these e. Only to symmetry
method [9] sagittal and | on head discrepancies are | do consistently
coronal posture confident cephalomet Method
reference intervals or|ry seems to be
planes to differences from just a
landmarks the mean etc. calculation
of the
occlusal
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plane
location.
Regional based | voxel based | Trans- excellent | Only excellent, but not | too little | Software Whole
voxel registratio formation accuracy | usable for | specified  what | information | unknown document
n [10] matrix rotational | excellent actually | to be useful not
translatio | means available
ns
Matching optimal | voxel based | calculates an | Better Does not | 0.2mm root mean | Might not | Software only [ Used pre
symmetry plane | median optimal results in | work square be relevant | available for | surgically,
(MOSP) method | plane (OSP) | symmetry test with as cases are | collaborative not to
[11] plane by | group tumours not planned | research check
determining with  OSP afterwards.
the greatest method Tests done
count of between
paired voxels. treatment
and control
group
Tooth moving voxel based | Moving each | Accuracy | 6 steps [ 0.3mm to | Could be|OGA: 3DMedX [ They move
(MED software, | matching individual method | necessary | 0.48mm accuracy | usable in | requires licence every single
OrthoAnalyze) tooth from | was for and 7.97 to 10.26 | our tooth while
[12] virtual setup | validated | evaluatio | degrees research as the
to final n it also uses maxillary
outcome and STL files segments
calculate should
results  with remain the
algorithm same

(SARME)
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combination  of | Voxel navigation Voxel Training | unclear Training ITK-snap and 3D [ 3D  Slicer
ITK-snap & 3D | based, axial slicer in | based required, might  be | Slicer are both | might be an
Slicer [13] matched on | ITK-snap and | (can be | takes 3 too free open source | interesting
grayscale evaluation of | automat | hours laborious to | programs tool to take
values in | transparent ed), i.s.o. a integrate in into
ITK-Snap overlays in 3D | free to | few this considerati
Slicer software | use, minutes research on.
colour
coded
maps
available
OnDemand3D voxel based | Measuring analysis | Licence unclear Can be used | OnDemand3D Does not
[13] distances on | is easy to easily but | requires a licence | seem to
the sagittal | do you’ll never pose  any
planes in be certain benefits
Ondemand3D about the over using
accuracy Proplan3D
combination of | voxel based | Colour  map | colour Not clear, | Using OnDemand3D We might
OnDemand3D, 3D based on | map ShapePopulation | colour requires a | be able to
Slicer and Euclidean uses Viewer was used | coded maps | licence, 3D Slicer | use
ShapePopulation distances scalars for the [ might be|is free, | Proplan3D
Viewer [13] and calculations. great to | ShapePopulation |to do the
vectors evaluate T2 | Viewer is a free | superimpos
colour extension of | itionand 3D
maps 3DSlicer Slicer/SPV
for a
codemap
Need vtk
files for this
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CcT stability | Voxel based | VBR colour not clear | excellent 0.44mm | Used in 3 | Software method/
assessment transformatio | maps how to piece Le | unknown software
VSA assessment n matrices used do this Fort I not clear at
[14] osteotomy all
Comparison  of | voxel and | CT Bone | Surface | Analysis | surface-based Only Mimics requires | No
surface and voxel | surface Wizard based method registration error | relevant to | licence comments
based based was unclear was clinically | find out
registration more irrelevant (1.83% | what might
in Mimics [15] accurate and 0.18 mm), | be a better
! voxel-based superimpos
registration error | ition
was clinically | method
relevant (5.44%
and 0.52 mm).
Evaluation of | Multiple Review of | A lot of | Only >4 degrees and | Not Unknown as | No
surgical- multiple options | show >2 mm except for | relevant. multiple comments
orthodontic analysis to study gonion. Only show | unknown
treatment [16] methods choose accuracy, that studies | programs  were
from not the are used
analysis accurate,
methods not why.
ProPlan CMF 3.0 | surface Measuring Easy to | Expensiv | human error, | Can be used | Licence is [ No way to
used at the UMCG | based distances and | do e licence | unclear easily but | available validate
matching angles by hand you’ll never results in
in Proplan3D be certain ProPlan
about the
accuracy
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Software for
Voxel-Based

Alignment

and Semi-

automatic

Measurement

[17]

3D slicer and
ITK snap

free

Should
take a lot
of time

Really accurate!
<0.1mm and 0.1
degrees

Useful
proplan
licence
not
available

if

is

free software

No
comments

Table 1: An overview of the methods that were researched in the analysis method
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Chosen method

ShapePopulationViewer

The method suggested by Dot et al. was chosen to do the analysis with [13]. They suggested using the
free programs called ITK-Snap and 3D-Slicer for the analysis. They made a full video series in which step-
by-step tutorials explained how to use this method. An extension in 3D Slicer called
ShapePopulationViewer allows the user to visualise the differences between the 3D planning and the post
operational 3D model in a colourmap as can be seen in  Figure 3.

Fie information | AttrbutesRanges ColorMap and Vectors View Options Display Options

Attribute : | Signed_to_BAEHG_vtkMRMLModelNodeE. P s @ Color B
olor Bar

Filename: |Colorman_full_t ColorMap | Vectors MNONE

®
Color map by ) Magritude Ctrivclick - select Mesh Name

Directory: A unselect windows
Pont 4 [o| M K L00 <> @ Attribute Name
Cri+A (or ALL)

E v O selectall
N of ot 058 R o - ® Direction Refere
umber of Points: rrow 3| 5 “ Ese (or NONE)

Range : | 6.00000 % &.00000 = e unselect all ® All windows

Number of Cells: 732352 Reset

drag mouse : rotation Square
Aligned off - %Y.Z = |1t

Figure 3: A colourmap made in ShapePopulationViewer

The option to visualise the data and the fact that the program was free to use, were the main reasons that
this method was chosen. In the proposed method ITK-Snap was only used for the preparation of the 3D
models and the analysis was done with ShapePopulationViewer. This method does deviate quite a bit
from ProPlan, as ITK-Snap uses voxel based registration to superimpose the models, which has shown to
be less accurate than surface based matching, also used in ProPlan [15]. The preparation of the 3D models
also takes a staggering 3 hours per patient in ITK-Snap, as opposed to about half an hour in ProPlan. Since
ShapePopulationViewer cannot differentiate between the methods used to superimpose the 3D planning
and a postoperative 3D model, surface based matching can also be used. Thus, ITK-Snap was replaced by
ProPlan to do the preparation of the 3D models. This also meant that the wish was fulfilled that the new
analysis method should mesh with the currently used model preparation method at the UMCG.

A problem with ShapePopulationViewer was that the data was only available in the colourmap. This meant
that the legend had to be used to visually extract data which is not accurate. As 3D Slicer is an open source
program it allows the user to access the source code of the program. This was made use of by writing a
Python script to extract data in mm by placing a markup node (a coordinate point snapped to the surface
of the 3D model). The coordinates of this markup node were matched with the corresponding 3D model

12
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coordinate and thus the difference in distance. This meant that validation and case analysis could now be
done.

Unfortunately, the distance values extracted from ShapePopulationViewer did not correspond to the
distance values from the 2D cephalometric analysis in ProPlan at all. It turns out that
ShapePopulationViewer does not measure model differences from point to point, but measures from a
chosen point on one model to the closest point on the other model. This means that if your selected point
is on the apex of a tooth, the corresponding point will most likely not be on the apex of the tooth of the
other model, as that will not be the closest point per se. The colourmap from ShapePopulationViewer
would have been a nice way to visualise the data, but since the distances are not calculated correctly, this
method cannot be used for this research.

The OrthognathicDistanceCalculator

As ShapePopulationViewer could not be
used for this research a different method
had to be used. However, 3D Slicer is an
open source program that allows users to
run a Python script, which was the
inspiration to write a new analysis method.
This new method is based on 3D
cephalometry and can be used with any
superimposition method. This means that
ProPlan can be used to prepare the 3D
models. The new method called the
OrthognathicDistanceCalculator has code
written to improve the consistency of 3D
cephalometry by calculating the location of
the apex of the tooth closest to the placed

markup node and placing a new found dx dy dz
markup node. It does this by placing an | 1
invisible sphere around the placed markup 0.586914 | 0.155918 | -0.23145

node and looks for the lowest z-coordinate

within this sphere. In Figure 4 it can be seen  Figure 4: A 30 model of a tooth with found and placed markup nodes
that even though the placed markup node

seems to be close to the apex of the tooth it is still over 0.5 mm away from the apex. The radius of this
sphere is called the error rectification radius (R) and can be adjusted to change the accuracy. Whenever
the apex of the tooth is located within the sphere around the placed markup node, it will always place a
newly found markup node exactly on the apex of the tooth as can be seen in Figure 4. This basically
nullifies the human error if the apex of the tooth is within the sphere around the placed markup node.
The differences between the teeth locations on the 3D planning and the post operational 3D model are
calculated by subtracting the coordinate values of the found markup nodes on the post operative model
from the found markup nodes on the 3D planning. The widening between the molars and the cuspids is
also calculated and all the difference values are automatically saved in a CSV file.

13
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The OrthognathicDistanceCalculator Python script

The full Python script of the OrthognathicDistanceAnalyser is written down below. Parts of the code will
be explained in green to show its purpose. A # at the start of a sentence means that this line is not part of
the code that runs the script. The entire code can be copied and pasted in Python to run or edit it.

# The OrthognathicDistanceCalculator
import numpy as np
from datetime import datetime

def find_peaks(markup_node, model_data, jaw, R=1.0):
found_points =]

for i in range(markup_node.GetNumberOfControlPoints()):
Fl=np.array([.0, .0, .0])
markup_node.GetNthControlPointPosition(i, F1) # makes an array of zeros where values can be
inserted

diff = np.linalg.norm(model_data - F1, axis=1)

in_sphere = model_data[diff < R] # looks at if the difference between the coordinate of the chosen
markup and every coordinate of the model is smaller than the sphere with error rectification radius R and
puts them in a list

if jaw == "'maxilla":
lowest = in_sphere[np.argmin(in_sphere, axis=0)[2]] # Replace [2] with: x=[0], y=[1] or z=[2] to
change the axis used to find the lowest coordinate
found_points.append(lowest) # Chooses the point from the sphere list with the lowest z coordinate
as the found point
elif jaw == 'mandible":
highest = in_sphere[np.argmax(in_sphere, axis=0)[2]] # Replace [2] with: x=[0], y=[1] or z=[2] to
change the axis used to find the highest coordinate

found_points.append(highest) # Chooses the point from the sphere list with the highest z
coordinate as the found point
else:
print('Please change the jaw type to maxilla or mandible', jaw)

return np.array(found_points) # places all of these coordinates in the array

def find_delta_and_save(plan_node_name, post_node_name, outfile, R=1.0, jaw="maxilla'):
F_plan = getNode('F_plan') # calls the coordinates of the placed markup nodes on the 3D planning
F_post = getNode('F_post') # calls the coordinates of the placed markup nodes on the post operational

model

if F_plan.GetNumberOfControlPoints() != F_post.GetNumberOfControlPoints():
print('F_plan and F_post should have an equal number of fiducials!")

14
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return;

try:
found_plan = getNode('Found_plan')
found_post = getNode('Found_post')
except slicer.uti. MRMLNodeNotFoundException: # gives an error if the node does not exist

found_plan = slicer.mrmlScene.AddNewNodeByClass('vtkMRMLMarkupsFiducialNode',
'Found_plan')
found_post = slicer.mrmlScene.AddNewNodeByClass('vtkMRMLMarkupsFiducialNode',

'Found_post')
# looks for the found markup node maps, calls the coordinates if they already exist and makes them if
they do not already exist

model_plan_node = getNode(plan_node_name)
model_post_node = getNode(post_node_name)

model_plan_data = arrayFromModelPoints(model_plan_node)
model_post_data = arrayFromModelPoints(model_post_node)

points_plan = find_peaks(F_plan, model_plan_data, jaw=jaw, R=R)
points_post = find_peaks(F_post, model_post_data, jaw=jaw, R=R) # new found coordinates

updateMarkupsControlPointsFromArray(found_plan, points_plan)
updateMarkupsControlPointsFromArray(found_post, points_post) # updates coordinates in slicer

delta = points_plan - points_post # coordinate difference calculation between the found markup nodes
on the 3D planning and the post operational 3D model

molaris_diff = (points_plan[0] - points_plan[11])-(points_post[0] - points_post[11])
cuspids_diff = (points_plan([3] - points_plan[8])-(points_post[3] - points_post[8]) # widening calculation
widening = [molaris_diff, cuspids_diff]

with open(outfile, 'w') as f:
f.write('label,dx,dy,dz\n’')
fori,d in enumerate(delta):
f.write(f'F-{i+1},{d[0]}{d[1]},{d[2]}\n")
for x,d in enumerate(widening):
f.write(f'W-{x+1},{d[0]},{d[1]},{d[2]}\n") # organises the difference data in a CSV file

OUTFILE = datetime.now().strftime('ODC_%Y-%m-%d_%H.%M.%S.csv') #generate filename with date
find_delta_and_save('planning_model', 'postoperational_model', R=1.0, outfile=OUTFILE, jaw="maxilla")

# change STL the filenames, the radius and which jaw is being researched here
# first planning then post op

15
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# copy and paste the following (without the #) in the python interactor to execute the script:
# exec(open('Orthognathicdistancecalculator.py’, 'r').read())

# make sure that Orthognathicdistancecalculator.py is saved in:  C:\Users\[your

username]\AppData\Local\NA-MIC\Slicer 5.0.2
# Your data files with the calculated distances can also be found in that file location.
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A step-by-step plan to analyse a bimaxillary osteotomy

This research requires the installation of two programs: ProPlan CMF 3.0 and 3D Slicer in which several
actions have to be done to be able to research the data, which are described in more detail below.

First, the DICOM files of the post operational scans have to be converted to STL files. This can be done in
both ProPlan and 3D Slicer. The postoperative model quality is quite bad due to scatter. To resolve this
issue, the intraoral teeth scan has to be superimposed on that model in ProPlan. Thereafter, the STL files
of the planning segments have to be merged into one file, which can be done in ProPlan as well. After
completing the STL files, the planning and the postoperative scan can be superimposed onto each other
by aligning characteristic features of the skull, which is also done using ProPlan. Finally, the STL files can
be imported in 3D Slicer and markup nodes can be placed on the teeth. Running the Python script of the
OrthognathicDistanceCalculator will automatically generate a CSV file that contains all the measurements.
The steps are written in more detail below.

A video has also been made that shows how to do the analysis with the OrthognathicDistanceCalculator
[18]. The video shows that the analysis can be done in 3 minutes and 20 seconds. The preparation of the
3D models is not included in this video.

From DICOM to STL in ProPlan
e Open ProPlan CMF 3.0
e Go to: Import Images and select the DICOM files
e Pressselect, Convert and OK
e Go to: Segmentation
e Step 1: Create new 3D, Next
e Step 2: Set a custom threshold range for the grayscale to select the tissue of interest. Adjust it so
that only the bone tissue is coloured as can be seen in Figure 5 Press Next.

Figure 5: Grayscale adaptation in ProPlan

e Step 3: Select bone region of interest which in this case is the maxilla region. A small red dot is
placed as can be seen in Figure 6. Press Next. All tissues that are not connected to the small red
dot will now be deleted by ProPlan as can be seen in Figure 6.
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Figure 6: Bone region selection in ProPlan

e Step 4: Remove the mandible with the lasso tool as shown in Figure 7. Press Remove Selection
and press Next.

Figure 7: Removal of the mandible in ProPlan

e Step 5: Set name to: [patient name]_maxilla_[plan or post] (or whatever you’d like to name it).
Press Finish.

e Press Finish. Select the object by ticking its box, Press Compress model and press Calculate.

e On the bottom left of the program, the Objects List can be found. Select the file, press export
model as seen in Figure 8 marked in yellow. Export as STL file in the desired folder.

Object List a
Show objects: | All hd |
Vis... Label
& (¥ [patientname]_maxilla_[pre or post]
X * B E B

Figure 8: How to export a file in ProPlan
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Aligning the intra oral teeth scan on the post op model in ProPlan

e Step 1: Open your .sppc file in ProPlan and go to Orthognathics.

e Step 2: In Select Maxilla, Select your post-operative model of your skull with a maxilla attached
and in Select Maxillary Cast, select the teeth model from the intraoral scan that is also used in
your planning. Press Next and press Next again when asked to add alignment points.

e Step 3: Align your teeth model to fit the CT scan of the patient by using the Rotate and Translate

option as shown in Figure 9. Press next after aligning the intra oral scan correctly.

o
=)
¢
J
J

Figure 9: A/igni;g the maxillary cast in ProPlan

e Step 4: Translate, Rotate and Resize a block to remove the old teeth from the post operative scan
as can be seen in Figure 10. Press next. ProPlan will create your post op scan with your
superimposed teeth from the intraoral scan.

Figure 10: removing the CBCT maxilla in ProPlan

e  Step 5: Press Finish and export your new STL file to your desired location.
Note that you'll have to repeat these steps for each separate maxillary segment to properly superimpose
the teeth.
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Merging the STL files of the planning model
e Step 1: Go to import images and open a DICOM or .sppc file in ProPlan (does not matter from
which patient).
e Step 2: Go to Plan, Design tools.
e Step 3: In the bottom left corner, click on the import files icon and select the STL files that you’d
like to be merged.
e Step 3: Go to General 3d operations, at Indicate: select Merge and select the files that you would

like to merge as seen in Figure 11.
[ 1 Back o Overview | = Lal {;D Y
T T R
Reposition
General 3d operations

©

Indicate:  Merge &2

@ skull_ori
@ maxilla_expanded final_trimmed

Keep original objects

Apply
Figure 11: Selection of the files to be merged in ProPlan

e Step 4: Press Apply and go to the bottom left corner, click on the export files icon and select your
folder.
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Superimposition of the STL files
e Step 1: At the top of the program go to the alignment tool marked in yellow in Figure 12.

File Edit View Export Options Help

\ el liHe > | @B 4‘@ & | £ None 45} PPZZ IO kb VAXAEE @
Figure 12: Where to find the alignment tool in ProPlan

e Step 2: In the wizard, select the files that you’d like to superimpose and mark the areas on which

you’d like them to be merged as shown in Figure 13. (Select the areas above the Le fort |
osteotomy area as they have not changed after the operation and usually do not have a lot of
scatter. Mark both models by making one invisible at the time in the bottom left corner.

Figure 13: Surface based registration on one model in ProPlan

When they are close to each other you can make both visible and mark some overlapping areas
to make the superimposition more accurate as seen in Figure 14.

Figure 14: Surface based registration on both models in ProPlan

e Step 3: Export the superimposed STL files to the desired folder.
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Using the OrthognathicDistanceCalculator in 3D Slicer
e Step 1: Make sure that Orthognathicdistancecalculator.py is saved in the same folder as the Slicer
program location as seen in Figure 15.

€ 3 ThisBC + Loesi Dk (C4 » Users » » AppDats + Locsl » NAMIC » Sheerd.11 2216228

Figure 15: The file locations of the Python script

e Step 2: Open your planning and post operational STL models in Slicer.

e Step 3: Open the script in Notepad ++ or any other script viewer and adjust the parameters in the
following line at the bottom of the script: find_delta_and_save('planning_model’,
'postoperational_model', R=1.0, outfile=OUTFILE, jaw="maxilla’)

For the first adjustable parameter ('planning_model'), fill in the filename of your planning STL file.
The second adjustable parameter ('postoperational_model') can be filled in with the filename of
your post-operational vtk file.

The third adjustable parameter (error rectification radius: R) can be changed in mm (R=0.5, R=2.0,
etc). A too small radius will result in the markup node not reaching the apex and a too large R
might result in the markup node changing its position to a different (longer) cusp. The optimal R
value will be calculated in the validation methods.

The outfile=OUTFILE bit can be ignored as it changes the name and filetype of the results file.
The fourth adjustable parameter (jaw='maxilla’) can be changed to jaw='maxilla' or
jaw='mandible', depending on the jaw that you are researching. The z-axis position will change
downwards at 'maxilla’ and the z-axis position will change upwards at 'mandible’'.

e Step 4: Go to the Markups module, press Point List (three red dots) and rename the markup node
lists to F_plan and F_post as shown in Figure 16. Other names will not be accepted by the script.
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Figure 16: Creating the markup node folders in 3D Slicer
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e Step 5:Press the F_plan markup node and place them on the apexes of the teeth on your planned
model. Click on the F_post markup node and place them on the apexes of the teeth on your post
operative model. The teeth should be selected in the following order: 16, 15, 14, 13, 12, 11, 21,
22, 23, 24, 25 and 26. The corresponding teeth are shown in Figure 17. Teeth numbers 17, 18, 27
and 28 are not analysed because not every person has these molars. The Data extension can be
used to make models and markup nodes invisible to keep track of everything.

Lateral Incisor
(8-9 years)
Canine (11-12
years) ~~__
(13)
1* premolar
(910 y(-zls)\(14)

2% premolar.
(1012 years) (15

1 molar ___ (1)

(6-7years)

2 molar
{1213 years)

3% molar
(18-25 years)

UPPER (MAXILLARY)

Central Incisor
(78 yur;)\

(11)

(12)

LOWER (
Figure 17: A full denture with the tooth numbering [19]

(34)

(32)

Central incisor
(6-7 years)

MANDIBULAR)

___ 3" molar or wisdom
(38) oot (18.25 years)

(37)—2" molar (13:13 years)

(36)—— 1 molar (6:7 years)

2* premolar

(35) T (11-12vyears)

1% premolar (10-12 years)

(33)——"Canine (9-10 years)

(31 "~ Lateral incisor
X (67 years)
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Make sure to use standard views (A, |, R and L) as shown in Figure 18. to make sure that you
position your markup node as close to the apex of the tooth as possible as this will increase the
accuracy of this method.

Figure 18: A 3D model with placed markup nodes and standard views selected in 3D Slicer

e Step 6: Open the python interactor and type the following line of code to run the script:
exec(open('Orthognathicdistancecalculator.py', 'r').read()) Press Enter. You'll know that you’ve
succeeded when Python interactor shows nothing on the next row and the found model nodes
are placed on the model.

e Step 7: Obtain your automatically generated CSV data sheet from the same folder as where the
Python script is located. It is named ODC_... with the date and time of creation behind it. CSV data
files can be opened with excel to analyse the data.

e Step 8: Save your markup points to your folder to be able to look back at it.

Note that if the placed markup node and the found markup node are quite far apart, you could drag the
placed markup node closer to the found markup node and run the script again to get closer to the apex
of the tooth. The positions of the found markup nodes should always be checked to make sure that the
found markup nodes are in the same positions on the planning and post operative model.
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Validation method 1

Since this is a newly made and thus unknown research method, a proper validation method has to be
made to validate the difference values. A simple model is shown in Figure 19 that replicates teeth
displacements between planning models and post operational models was made with known lengths in
the x, y and z direction. If the data obtained from the Python script has the exact same values as the
lengths of the validation model, the research method is accurate.

label dx dy dz
) F-1 10 7 -8
K

& ¥

Figure 19: Displacement validation model in 3D Slicer

This model consisted of a small cone (mimics planning model) and a large cone (mimics the post
operational model) attached to an L-shaped bracket. It can be seen that the found markups are placed
higher than the placed markups. The mimicked planning model has a length of 5.0 mm on the Y-axis and
zero displacement on the Y- and Z-axes. The mimicked post-op model has a length of 10.0mm on the X-
axis, 8.0mm on the Z-axis and 12.0mm on the Y-axis. This means that the displacements should be:
dx=10.0-0.0=10.0mm, dy=12.0-5.0=7.0mm and dz=8.0-0.0=8.0mm. As can be seen in Figure 19, the data
from the generated CSV file has a dx of 10, a dy of 7 and a dz of -8. Even though the results do not show
any decimals, the script calculates values more than six decimals. Excel deletes unnecessary zeros which
means that the actual values from the script are: dx=10.00000, dy=7.00000 and dz=-8.000000. The
negative value of dz has to do with the direction that the model was oriented in. It can be concluded that
the OrthognathicDistanceCalculator is 100% accurate on this model if the user places the markup nodes
within a radius of 1.0 mm of the apex of the tooth. This however might not be as accurate on an actual
dental scan with lots of bumpy surfaces and model rotations.
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Validation method 2

Figure 20: 3D model of maxilla as second displacement validation model in 3D Slicer

Now that it is confirmed that the OrthognathicDistanceCalculator can be used to precisely calculate a
distance on the cone-shaped 3D model, a second validation method has to be done to analyse the
accuracy of the OrthognathicDistanceCalculator on an actual dental scan as shown in Figure 20. This
validation method analyses the difference of 12 different teeth in the x, y and z directions on two identical
3D models. No changes have been made to the coordinates of the 3D models, so in theory dx, dy and dz
should all be zero.

Validation method 2

14
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0
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The sum of the absolute differencesin mm
[ep]

Error rectification radius R in mm

—&—Found_plan - Found_post —8—Found_plan-F_plan —8— Found_post - F_post

Figure 21: Calculated value differences at different error rectification radii
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In this method the standard views are used during the placement of the markup nodes, which elucidates
the position of the model compared to the z axis. The differences were measured at multiple error
rectification radii, to find the optimal R. The differences between the placed and found markups were also
taken into consideration.

As can be seen in Figure 21, the sum of the absolute differences is exactly zero (0.000000mm) when the
R is between 0.8mm and 1.4mm. The differences between the placed markup nodes and the found
markup nodes remains exactly the same throughout this range, which means that the apex of this tooth
is found consistently within this range. From this data it can be concluded that the
OrthognathicDistanceCalculator is 100% accurate within a range of 0.8 to 1.4 mm.

The difference values that are greater than zero from R = 0.2 to 0.7mm can be explained by the (majority
of) the placed markups not located within 0.2 to 0.7mm of the apex of the tooth respectively. This range
cannot be used as the apex is not found yet, which will make the method inconsistent. The difference
values that are greater than zero from R = 1.5 to 2.5 mm can be explained by the (majority of) the placed
markups having found a higher apex (on a different tooth or cusp) to climb up to. This range cannot be
used as a different apex will be found than anticipated.

An error rectification radius of 1.0mm was chosen as a standard R, as it lies within the 100% accurate
range and is a feasible range to work with. This means that the OrthognathicDistanceCalculator has an
error of 0.000000mm (at least six decimal points) if the user places his markup nodes within 1.0mm from
the apex of the tooth, if the z axis is taken into consideration. The error rectification radius of 1.0mm was
also used to evaluate the patient cases.

The overall accuracy of this analysis method does not only rely on the OrthognathicDistanceCalculator,
but also on the accuracy of the CBCT scanner, the superimposition of the intraoral scan on the 3D models
and the surface based superimposition on the skulls of the 3D models. According to Briilmann et al. the
visually identifiable resolution of a CBCT scan is about 1 line-pair per millimetre [20]. This means that an
accuracy of 0.5 mm is present when placing a markup node. An intraoral scan has a visually identifiable
resolution of about 10 line-pairs per millimetre. This means that an accuracy error of 0.05 mm is present
when placing a markup node.

According to Holte et al. the average mean surface distance was found to be about 0.4mm (found in
Supplementary Material 1) when using surface based matching [15].

The accuracy of the method is only as good as its worst component which means that the error of the
results obtained from the OrthognathicDistanceCalculator is £0.4mm.

Note that this technical information is often not used to calculate the accuracy of a method. Most analysis
methods base the accuracy purely on the average distance of markup nodes placed by two individual
researchers. This means that the accuracy of the OrthognathicDistanceCalculator depends on if the
technical information is included in the calculations.
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Results

A group of 6 patients that underwent a 2 or 3 segment bimaxillary osteotomy in the years 2020 to 2021
has been analysed to research the success rates of these surgeries. The preparation of the STL models was
performed in ProPlan as described in the step-by-step plan documented in this research.

The OrthognathicDistanceCalculator was used to obtain the differences in the x, y and z direction after
moving the markups to the apexes of the teeth. The markup nodes were placed on twelve teeth from
tooth 16 to 26 with an error rectification radius of R=1.0mm. The placements of the found markup nodes
were visually evaluated using multiple standard views to approximately be as close to the tooth-apex as
possible on both the 3D planning model and the postoperative 3D model.

The patient data is fully anonymised to protect the privacy of the patients.

Data interpretation

As can be seen in the results, tooth position differences in the x, y and z direction were gathered from F-
1to F-12 or tooth 16 to 26 respectively. Two widenings are also analysed. W-1 is the widening at tooth 16
to 26 and W-2 is the widening at tooth 13 to 23 tooth. The values at dx, dy and dz are the position
differences in the transverse axis, the anterior-posterior axis and the vertical height respectively for each
tooth or widening. The vector value is the total displacement through space and is calculated by: (dx*2 +
dy”2 +dz”2)70.5. It is nice to know this vector for a better understanding of the total displacement, but
it is not used in the analysis. The sign of the displacement value can be either positive or negative. This
indicates the direction along the corresponding axis.

The values in the tables are colour coded by clinical relevance. Green: A maximum difference of -0.5mm
to 0.5mm is strived for in 3D Lab Groningen at the UMCG. Light blue: A maximum difference between
1(0.5mm to 2.0mm) is considered to be clinically acceptable, but braces could be necessary to correct for
the errors obtained in the surgery. A difference of <2.0mm is the accepted clinically significant first
introduced by Proffit et al [7]. Red: Anything outside of this range is considered to be clinically significant
and can be considered to be a failed segmentation.

The displacement of the segments along the x, y and z axis can be described with anatomical terms with
the help of Table 2 below.

Axis \ sign negative positive
X sinistral dextral
Y anterior posterior
z inferior superior
widening wide narrow

Table 2: Translation of value sign to anatomical terms
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Patient 1

This patient has had a bimaxillary osteotomy done with a 3-segment Le Fort | osteotomy as can be seen
in Figure 22. On this patient conventional fixation plates were used.

Figure 22: The Orthognath/cD/stanceCalcu/ator analysis performed on Patient 1

label (tooth)  dx vector
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F-11 (25) -1.321365356 _— 1.489784808

F-12 (26) -1.930847168 2.003593348

Molaris (16-26) 1.38079834

0.754524231 -1.413532257 1.646791779

Cuspid (13-23)

Avg Seg 1 -0.741744995 0.9560105864
AvgSeg2  -1350996017 -0.1272325517  0.1080007553 1.361265046
Avg Seg 3 -1.137664795 -0.599310875_ 1.378000633

Table 3: Data collection of Patient 1

In Table 3 it can be seen that segment 1 differs -0.48mm on average in the x direction, 0.37mm on average
in the y direction and -0.74mm in the z direction. This means that segment 1 has a sinistral displacement
of 0.48mm within the accepted clinical significance of 2.0mm, a posterior displacement of 0.37mm within
the accepted clinical significance of 2.0mm and an inferior displacement of 0.74mm within the accepted
clinical significance of 2.0mm [7].

It can be seen that segment 2 differs -1.35mm on average in the x direction, -0.13mm on average in the y
directionand 0.11mm in the z direction. This means that segment 2 has a sinistral displacement of 1.35mm
within the accepted clinical significance of 2.0mm, a posterior displacement of 0.13mm within the
accepted clinical significance of 2.0mm and a superior displacement of 0.11mm within the accepted
clinical significance of 2.0mm [7].

It can be seen that segment 3 differs -1.14mm on average in the x direction, -0.60mm on average in the y
direction and -0.50mm in the z direction. This means that segment 3 has a sinistral displacement of
1.14mm within the accepted clinical significance of 2.0mm, a posterior displacement of 0.60mm within
the accepted clinical significance of 2.0mm and a superior displacement of 0.50mm within the accepted
clinical significance of 2.0mm [7].

The widening measured at the 16-26 molars was made 2.07mm too narrow which is just barely outside
of the accepted clinical significance of 2.0mm. The widening measured at the 13-23 cuspids was made
0.38mm too wide which is within the accepted clinical significance of 2.0mm [7].
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Patient 2

This patient has had a bimaxillary osteotomy done with a 3-segment Le Fort | osteotomy as can be seen

in Figure 23. On this patient conventional fixation plates were used.

Figure 23: The OrthognathicDistanceCalculator analysis performed on Patient 2
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Cuspid (13-23) 0.7281723022 -1.789863586 -0.9214553833 -

In Table 4 it can be seen that segment 1 differs 1.63mm on average in the x direction, 1.12mm on average
in the y direction and -1.52mm in the z direction. This means that segment 1 has a dextral displacement
of 1.63mm within the accepted clinical significance of 2.0mm, a posterior displacement of 1.12mm within
the accepted clinical significance of 2.0mm and an inferior displacement of 1.15mm within the accepted
clinical significance of 2.0mm [7].

Avg Seg 1 1.630847931 1.128490448 -1.503211975

Avg Seg 2 - 0.8116149903 0.08561706543
Avg Seg 3 0.8533592224- -0.1630935669

Table 4: Data collection of Patient 2

It can be seen that segment 2 differs 2.53mm on average in the x direction, 0.81mm on average in the y
direction and 0.09mm in the z direction. This means that segment 2 has a dextral displacement of 2.53mm
outside of the accepted clinical significance of 2.0mm, a posterior displacement of 0.81mm within the
accepted clinical significance of 2.0mm and a superior displacement of 0.09mm within the accepted
clinical significance of 2.0mm [7].

It can be seen that segment 3 differs 0.85mm on average in the x direction, 3.08mm on average in the y
directionand -0.16mm in the z direction. This means that segment 3 has a dextral displacement of 0.85mm
within the accepted clinical significance of 2.0mm, a posterior displacement of 3.08mm outside of the
accepted clinical significance of 2.0mm and an inferior displacement of 0.16mm within the accepted
clinical significance of 2.0mm [7].

The widening measured at the 16-26 molars was made 1.02mm too narrow which is within the accepted
clinical significance of 2.0mm. The widening measured at the 13-23 cuspids was made 0.73mm too narrow
which is within the accepted clinical significance of 2.0mm [7].
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Patient 3

This patient has had a bimaxillary osteotomy done with a 2-segment Le Fort | osteotomy as can be seen
in Figure 24. On this patient conventional fixation plates were used.
g

Figure 24: The OrthognathicDistanceCalculator analysis performed on Patient 3
label (tooth)  dx dy dz vector
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Cuspid (13-23) -1.680389404 1.061962128 0.342918396 2.01719239

Avg Seg 1 - -0.06168619791 -0.9492969513-

Table 5: Data collection of Patient 3

In Table 5 it can be seen that segment 1 differs 2.62mm on average in the x direction, -0.06mm on average
in the y direction and -0.95mm in the z direction. This means that segment 1 has a dextral displacement
of 2.63mm outside of the accepted clinical significance of 2.0mm, an anterior displacement of 0.06mm
within the accepted clinical significance of 2.0mm and a superior displacement of 0.95mm within the
accepted clinical significance of 2.0mm [7].

It can be seen that segment 2 differs 4.53mm on average in the x direction, -1.22mm on average in the y
direction and -0.85mm in the z direction. This means that segment 2 has a dextral displacement of 4.53mm
outside of the accepted clinical significance of 2.0mm, a posterior displacement of 1.22mm within the
accepted clinical significance of 2.0mm and an inferior displacement of 0.85mm within the accepted

clinical significance of 2.0mm [7].

The widening measured at the 16-26 molars was made 2.71mm too wide which is outside of the accepted
clinical significance of 2.0mm. The widening measured at the 13-23 cuspids was made 1.68mm too wide
which is within the accepted clinical significance of 2.0mm [7].
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Patient 4

This patient has had a bimaxillary osteotomy done with a 3-segment Le Fort | osteotomy as can be seen
in Figure 25. On this patient conventional fixation plates were used.

label (tooth)  dx dy dz vector

F-1 (16)
F-2 (15)
F-3 (14)
F-4 (13)

F-5 (12)
F-6 (11)
F-7 (21)
F-8 (22)

F-9 (23)

F-10 (24)
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F-11 (25) -1.258987427

F-12 (26) -1.636283875
Molaris (16-26)  1.168159485 0.9785690308

Cuspid (13-23) = -1.044944763

Avg Seg 1 0.7908248901 0.9062407923

Avg Seg 2 0.9477043153 0.9412794113_ 1.365155065

Table 6: Data collection of Patient 4

In Table 6 it can be seen that segment 1 differs 0.79mm on average in the x direction, 0.15mm on average
in the y direction and -0.42mm in the z direction. This means that segment 1 has a dextral displacement
of 0.79mm within the accepted clinical significance of 2.0mm, a posterior displacement of 0.15mm within
the accepted clinical significance of 2.0mm and an inferior displacement of 0.42mm within the accepted
clinical significance of 2.0mm [7].

It can be seen that segment 2 differs 0.95mm on average in the x direction, 0.94mm on average in the y
direction and -0.28mm in the z direction. This means that segment 2 has a dextral displacement of 0.95mm
within the accepted clinical significance of 2.0mm, a posterior displacement of 0.94mm within the
accepted clinical significance of 2.0mm and an inferior displacement of 0.28mm within the accepted
clinical significance of 2.0mm [7].

It can be seen that segment 3 differs 0.57mm on average in the x direction, 3.92mm on average in the y
directionand-1.15mm in the z direction. This means that segment 3 has a dextral displacement of 0.57mm
within the accepted clinical significance of 2.0mm, a posterior displacement of 3.92mm outside of the
accepted clinical significance of 2.0mm and an inferior displacement of 1.15mm within the accepted
clinical significance of 2.0mm [7].

The widening measured at the 16-26 molars was made 1.17mm too narrow which is within the accepted

clinical significance of 2.0mm. The widening measured at the 13-23 cuspids was made 1.04mm too wide
which is within the accepted clinical significance of 2.0mm [7].
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Patient 5

This patient has had a bimaxillary osteotomy done with a 2-segment Le Fort | osteotomy as can be seen
in Figure 26. On this patient Createch fixation plates were used.
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Figure 26: The OrthognathicDistanceCalculator analysis performed on Patient 5

label (tooth)  dx dy dz vector
F-1 (16)
F-2 (15)
F-3 (14)
F-4 (13)
F-5(12)
F-6 (11)

F-7 (21)
F-8 (22)
F-9 (23)
F-10 (24)
F-11 (25)

F-12 (26)
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Cuspid (13-23)

Avg Seg 1

nvoseg2 02816056743 [HGOBGANSHR 005321630012 HGIBGOIARN

Table 7: Data collection of Patient 5

In Table 7 it can be seen that segment 1 differs 0.24mm on average in the x direction, 2.39mm on average
in the y direction and -0.20mm in the z direction. This means that segment 1 has a dextral displacement
of 0.24mm within the accepted clinical significance of 2.0mm, a posterior displacement of 2.39mm outside
of the accepted clinical significance of 2.0mm and an inferior displacement of 0.20mm within the accepted

clinical significance of 2.0mm [7].

It can be seen that segment 2 differs 0.28mm on average in the x direction, 4.61mm on average in the y
direction and -0.09mm in the z direction. This means that segment 2 has a dextral displacement of 0.28mm
within the accepted clinical significance of 2.0mm, a posterior displacement of 4.61mm outside of the
accepted clinical significance of 2.0mm and an inferior displacement of 0.09mm within the accepted

clinical significance of 2.0mm [7].

The widening measured at the 16-26 molars was made 1.87mm too narrow which is within the accepted
clinical significance of 2.0mm. The widening measured at the 13-23 cuspids was made 0.05mm too wide
which is within the accepted clinical significance of 2.0mm [7].
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Patient 6

This patient has had a bimaxillary osteotomy done with a 3-segment Le Fort | osteotomy as can be seen
in Figure 27. On this patient conventional fixation plates were used.
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Figure 27: The OrthognathicDistanceCalculator analysis performéd on Patient 6

label (tooth)  dx dy dz vector
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Cuspid (13-23)  1.992828369

Avg Seg 1 1.401519776

Avg Seg 2 0.8926429748  -1.890440941

avgsegs 0726813 | 00930700302

Table 8: Data collection of Patient 6

In Table 8 it can be seen that segment 1 differs 1.40mm on average in the x direction, -2.21mm on average
in the y direction and -2.76mm in the z direction. This means that segment 1 has a dextral displacement
of 1.40mm within the accepted clinical significance of 2.0mm, an anterior displacement of 2.21mm
outside of the accepted clinical significance of 2.0mm and an inferior displacement of 2.76mm outside of
the accepted clinical significance of 2.0mm [7].

It can be seen that segment 2 differs 0.89mm on average in the x direction, -1.89mm on average in the y
direction and -3.45mm in the z direction. This means that segment 2 has a dextral displacement of 0.89mm
within the accepted clinical significance of 2.0mm, an anterior displacement of 1.89mm within the
accepted clinical significance of 2.0mm and an inferior displacement of 3.45mm outside of the accepted
clinical significance of 2.0mm [7].

It can be seen that segment 3 differs -0.18mm on average in the x direction, 0.09mm on average in the y
direction and -3.03mm in the z direction. This means that segment 3 has a sinistral displacement of
0.18mm within the accepted clinical significance of 2.0mm, a posterior displacement of 0.09mm within
the accepted clinical significance of 2.0mm and an inferior displacement of 3.03mm outside of the
accepted clinical significance of 2.0mm [7].

The widening measured at the 16-26 molars was made 1.29mm too narrow which is within the accepted

clinical significance of 2.0mm. The widening measured at the 13-23 cuspids was made 0.89mm too narrow
which is within the accepted clinical significance of 2.0mm [7].
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Results on the surgical success

After looking at all of the results, the
surgical success of patients can be divided in
two groups: Failure and success.

Firstly, only the placement of the segments
has been evaluated. The patient would be
categorised as a success if the average of all
the segment displacements in the x, y and z
direction stays within the clinically accepted
significance of 2.0 mm [7]. Only one patient
had all of the segments placed successfully.
As can be seen in Figure 28, the success rate
of the segment placement in this patient
group was only 16.7%.

Secondly, only the widening of the
segments has been evaluated. The patient
would be categorised as a success if the
deviation of the both widenings in the x
direction (which is the direction in which a
widening takes place) stays within the
clinically accepted significance of 2.0 mm
[7]. In this case, 5 patients had all widenings
done correctly. Technically, one of these
widenings was out of the clinically accepted
range by 0.07mm, but as this difference is
so small it is accepted in the success
category. As can be seen in Figure 29, the
success rate of the widenings in this patient
group was 83.3%.

Lastly, both the widening and the
placement of the segments has been
evaluated. The patient would be
categorised as a success only if both the
widenings and the displacement stayed
within the clinically accepted significance of
2.0 mm [7]. Only one patient had all of the
segments placed successfully. Technically,
the surgery on this patient is a failure as this
patient had one widening out of the
clinically accepted range by 0.07mm. This
difference is so small that it is still accepted
in the success category. As can be seen in
Figure 30, the success rate of the segment

s university of
j / groningen /

faculty of seience and biomedical engineering
engineering
Patients that had all segments placed correctly

Succes
16.7%

Failure
83.3%

Figure 28: A pie chart of the success rate of the segment placement

Patients that had all widenings done correctly

Failure
16.7%

Succes
83.3%

Figure 29: A pie chart of the success rate of the widenings

Patients that had all segments and widenings done correctly

Succes
16.7%

Failure
83.3%

Figure 30: A pie chart of the success rate the segment placement and
widenings

placement in this patient group was only 16.7%.
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Results on the type of displacements

When evaluating the surgery, it is not only important to know how many surgeries were a success or a
failure, it is also important to know what kind of displacement is made. Maybe a surgeon has the habit to
place segments a little bit more dextral than he or she is supposed to. The amount of segments were
counted for each type of displacement and categorised on clinical significance as can be seen in Table 9.

Amount of displacements within the specified range

Axis Displacement | -0.5mm to 0.5mm | £(0.5mm to 2.0mm) | <-2.0mm and >2.0mm
dx sinistral 1 2 0

dextral 2 7 3
dy anterior 1 1 1

posterior 4 5 4
dz inferior 5 4 3

superior 3 1 0
widening | wide 2 2 1

narrow 0 7* 0

Table 9: the amount of segments that were displaced in a certain way

*One of the segments is technically outside of the clinically accepted range of 2.0mm [7], but as it is only 0.03 mm too much, it is still acceptable.
As shown in Table 9, there are more segments placed dextral than sinistral. There are also more segments
placed dextral that are not clinically accepted.

There are more segments placed posterior than anterior. There are also more segments placed posterior
that are not clinically accepted.

There are more segments placed inferior than superior. There are also more segments placed inferior that
are not clinically accepted.

There are more segments placed too narrow than too narrow. In this case, there is one segment placed
too wide that is not clinically accepted, while none are placed significantly too narrow.
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Conclusion

The OrthognathicDistanceCalculator has shown to be a really accurate method to analyse the differences
between a 3D planning and a post operational 3D model. All of the requirements and wishes have been
implemented in this analysis method. Apart from being free and open source, it is easy to use and quicker
than 2D cephalometry in ProPlan. It has a lot of potential to be used in larger case studies and could be
even more useful as a lot of implementations could be added to the code.

A proper conclusion about the accuracy of segmented bimaxillary osteotomies cannot be made as no
statistical analysis was done. However, the results do imply that this surgical procedure is rather
unsuccessful as only one out of five patients had no clinically significant deviations of over 2 mm in relation
to the 3D planning [7]. It also seems that the overall displacements are done more towards dextral,
posterior and inferior. The widenings do not seem to be significantly too narrow or wide. The surgeons
should try to move segments a little bit more sinistral, anterior and superior.
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Discussion

Quite a few additions and improvements could be added to the OrthognathicDistanceCalculator to
upgrade the accuracy and abilities of the program:

The accuracy OrthognathicDistanceCalculator could be improved by calculating the occlusal plane derived
from the markup points and using the axis perpendicular to that plane instead of using the z axis. This
could result in better apex locating.

The script could be automated a bit more by using teeth names instead of the names of the markup nodes.
This would simplify and quicken the research process.

The OrthognathicDistanceCalculator should automatically recognise the STL files that are opened in 3D
Slicer so that the user does not have to manually change that in the script.

A downloadable extension should be made that can be used directly in 3D Slicer so that the user does not
have to manually adapt a python script. This widget should allow the user to change all the parameters
that at the moment, have to be changed in the script like: The axis in which the markup node selects the
highest coordinate, the type of jaw that is being researched.

The average displacement of each segment was calculated in excel. This could be included in the script of
the OrthognathicDistanceCalculator in the future.

If the first twelve markup nodes could be relocated based on the lowest z coordinate and the 13th to 24th
teeth could be relocated based on the highest z coordinate, an analysis method can be made that analyses
both the maxilla and mandible in one go. This would also allow the user to make conclusions about the
occlusion and the midline.

The OrthognathicDistanceCalculator is more accurate when the markup points are placed closer to the
apex of the teeth. This means that more experience will result in more accurate results, which should be
taken into account when doing an analysis.

As the mandible is not assessed, no conclusions could be made on the success of the occlusion. This could
be implemented in future studies.

The case analysis was lacking in quite a few aspects:

Only a limited number of patients that fit the requirements to be included in this research, could be
obtained within the limited amount of time this internship offered. There were more patients that had a
segmented bimaxillary osteotomy done, but some had no intraoral scans available and some patient cases
had no post operational scans available yet. The documentation of patients data was not saved well, which
made it difficult to know if the bimaxillary osteotomy included a segmented Le Fort | osteotomy or not.
The limited number of patients and the limited amount of time is why a proper statistical analysis could
not be done to make a proper conclusion about the overall accuracy of segmented bimaxillary
osteotomies.

The small number of cases is also the reason that no conclusions could be made about the differences
between Createch versus conventional and 2-segmented versus 3-segmented Le Fort | osteotomies.

As the mandible has not been researched, no conclusions could be made about the correction of the
malocclusion.

An error of 0.00mm was used to calculate the results. The errors of the CBCT scan and the superimposition
methods were not included in the results, because it is almost never included in other research papers.
Including it would give the OrthognathicDistanceCalculator an unfair disadvantage compared to other
analysis methods.
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