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GENERAL INTRODUCTION

1. Introduction

In the eighties and the nineties of the 20th century, distraction osteogenesis (DO) 
found its way into maxillofacial surgery and became a hot item. It was in those days 
that I saw many very young cleft patients with moderate to severe maxillary retrusion 
at the cleft consultation hours during my residency in Houston, Texas in 1997 and 
Southfield, Michigan in 1998. Most of the cleft patients with midfacial hypoplasia 
were treated with the Rigid External Device (RED II, KLS Martin Tuttlingen, 
Germany) developed by Polley and Figueroa, the only device available on the 
market for maxillary distraction11 so far. This device produced satisfactory clinical 
results, but proved to be cumbersome and highly visible, while it had a strong impact 
on the patients both from an aesthetic and a psychosocial point of view. Moreover, 
its cranial fixation caused life-threatening intracranial complications in a number of 
patients2. As a consequence, developing a safe distractor that was easy to apply, 
easy to activate, and that guaranteed predictable results became a personal 
challenge and by that, the topic of the first fase of this thesis.

2. Need for a different type of maxillary distractor

The RED-device (RED II, KLS Martin Tuttlingen, Germany) for maxillary distraction 
was a ground-breaking appliance when it first came on the market. It permitted easy 
device application and removal, and multidirectional movement. Its clinical 
application showed superiority to face mask protraction11,13,18. However, soon it was 
recognized that the device had some serious disadvantages as well. Its clinical 
application proved to be cumbersome, and it was highly visible34. In external 
maxillary distraction, the distraction hardware was rigidly fixed to the cranium and 
projected in the frontofacial midline, thus limiting oronasal airway access46. Finally, 
its cranial fixation caused life-threatening intracranial complications in a number of 
patients2.

It became obvious that one solution to the problems, mentioned above, would be the 
development of an intra-oral distractor. The first low profile, intraoral distraction 
device, used in an experimental study by Weinzweig et al was successfully used for 
midface distraction at the Le Fort I level. However, the distraction cylinder protruded 
through the buccal mucosa and had to be delivered through a skin incision in the 
nasolabial fold area42.

Another design was a subcutaneous distraction device, (Zurich Maxillary Distractor, 
KLS Martin Tuttlingen, Germany) placed in the malar region. With this type of intra
oral maxillary distractor, it was difficult to install the devices with a parallel axis to 
allow maximum distraction length. The distraction often resulted in a rotational more 
than in a gliding movement, causing loss of distraction distance at the level of 
occlusion. Delaire masks were used up to 1 year as a retention device to stabilize 
the results45,16. Further there was less control of the vector of lengthening in
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CHAPTER 1

comparison to the extra-oral devices. An accurate three-dimensional correction 
could not be achieved because the vector of distraction could not be predicted

29preoperatively . At this point the need to develop an intraoral device that could be 
easy to apply, easy to activate, and that guaranteed predictable results became 
obvious. One important aspect in the design of the device was to accommodate the 
activation part in an area of the maxillofacial skeleton that would not interfere with 
the normal function of the patient during activation and callus maturation period. The 
sinus cavity appeared to be ideal, because the human sinus, even at the age of 6 to 
8 years is deep enough to provide room for the distraction screw, and this is not

14significantly different in cleft patients . Finally I designed a simple unidirectional 
trans-sinusal distraction device (TS-MD) that was used in an experimental animal 
study. Consequently a more suitable device (TS-MDTM) was developed for the 
clinical use (see appendix). The TS-MD™ was a unidirectional device. Therefore, 
the determination of the desirable position of the distractor and of the distraction 
vector was of paramount importance.

3. Vector prediction and planning

Control of the distraction vector when using an intra-oral device is more complicated 
than when an external device is used. In extra-oral devices simple modifications are

35often sufficient to change the vector. Swennen et al. formulated a two-dimensional 
mathematical model for planning of maxillary distraction osteogenesis. Their model 
was used to calculate the distraction angle and the required distraction distance 
when using external maxillary distractors. They assumed that a proper vertical 
dimension would be achieved through a posterior autorotation of the mandible at the 
condylar pivot. However it has been shown in the literature that the center of
mandibular autorotation is almost never at the condylar pivot and needs to be

21
determined in each individual patient .

The first computer assisted distraction of the maxilla was described by Watzinger et 
al. in an attempt to determine the final position of the bone fragment after the 
distraction procedure. They as well based their planning on two- dimensional lateral 
and frontal cephalograms and used a quite sophisticated and cumbersome 
technique for intra-operative control of the vector of distraction. Their system 
consisted of an electromagnetic tracking system and the computer program Virtual 
Patient System (ARTMA Medizintechnik, Vienna)40,41,39. However in the only case of 
maxillary distraction they presented in their study, they evaluated the vector of 
distraction only after placement of the distraction device, and the postoperative 
lateral cephalograms proved a wrong prediction. Finally Nakagawa et al.26 reported 
the use of a positioning device for the intra-operative parallel positioning of the 
Zurich Pediatric Maxillary distractors in a case report. They used cephalometry and 
model surgery to plan the distraction of the maxilla and simultaneous vertical ramus 
osteotomy in a severe Class III patient. At this point in time the development of a 
real three-dimensional planning software became the objective of my further
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GENERAL INTRODUCTION

research. As the TS-MD™ was a unidirectional device, the determination of the 
desirable position of the distractor and of the distraction vector is of upmost 
importance. In cooperation with ESAT KU Leuven, Belgium, software that could 
virtually place the distractor device on the maxilla and calculate the precise vector of 
distraction was developed. Using CT-scan data, surface models of the bone were 
constructed. First a virtual Le Fort I osteotomy was performed, and the distractor 
was installed. During this procedure the vector of distraction was determined based 
on clinical examinations. The ideal position of the distraction screw inside the 
maxillary sinus was then indicated. The planning was then transferred to the patient 
by a stereolithographic model and custom-made templates.

4. Development of a soft tissue simulator

Once it was possible to predict and plan a complete DO procedure and transfer it to 
the operating theatre, the next step was tojh predict the soft tissue changes after 
moving the underlying bone, since a reliable prediction of the facial changes is of 
upmost importance in view of a better understanding of the (bi)maxillary changes in 
relation to the skull, a better preparation, an improved surgical outcome and a 
shorter operation time. This asks for the development of a biomechanical model that 
transfers the bony changes to the overlying soft tissue structures, which needs 
fundamental research and clinical validation. When the project described in the 
thesis started, research into these hard tissue -  soft tissue models for orthognathic 
surgery was still in its infancy.

Advances in medical imaging and the onset of computers in this field, have 
promoted the development of medical planning software. The idea of predicting the 
new patient’s facial outlook with a computer aided maxillofacial planning system, 
was originally introduced by Vannier et al.38. At that moment, especially the 
computer animation world had expertise in facial modeling. Most of these facial 
modelers represented the face as a collection of regularly assembled mass-spring 
entities and were mainly focused on real-time output and realistic graphical 
behavior47. The first maxillofacial soft tissue prediction systems were strongly

17inspired by these computer graphics facial modelers. Koch et al. presented a non
linear finite-element approach to simulate the new facial outlook, which provided a 
C1-continuous finite element surface. Linear springs were used to connect the facial 
surface with the underlying bone structures. They applied virtual maxillofacial 
interventions on the Visible Human Data Setl and qualitatively validated the newly

14predicted facial outlook by visual inspection. Afterwards Keeve et al. compared the 
two most popular soft tissue models for maxillofacial surgery, namely the mass 
spring model that originated from the computer animation world and the finite 
element model that was assumed to be a more biomechanical relevant model. Their 
comparison was based on a qualitative visual inspection of the predicted facial 
outlook calculated with each model. They concluded that, although the mass spring 
model could never be biomechanically correct, the speed and the easy architecture
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of this model could be a serious advantage over the more accurate but
30computationally intensive finite element model. At the same time Sarti et al. 

presented a volumetric finite element model applied on a cubic grid that coincides 
with the voxel grid of the CT data. This voxel-based modeling is advantageous from 
an image processing point of view (the data remain available on a voxel grid), but 
demands a large number of finite elements, which is memory intensive. At that time 
they still needed a super computer to perform the calculations but they achieved 
good simulation results.

Despite these good results, it became clear that planning systems running on 
specially designed computers would never be accepted in daily clinical practice.

32 10Moreover, as already suggested for 2D soft tissue profile planning systems , it is 
important to incorporate changes in facial outlook during planning as well. The bone- 
related planning should be adjusted in function of the new predicted facial outlook, 
which implies that the soft tissue prediction step needs to become part of the 
complete treatment planning. Therefore it is necessary that predictions are 
calculated in a fast and accurate way. A new goal in the search of a good computer 
aided maxillofacial planning system became the speed in which the new facial 
outlook could be calculated. Also in other research fields, researchers tried to 
simulate accurately the deformation behavior of soft tissues and tried to find a 
golden mean between accuracy and speed. Especially for surgical simulators used 
for training, where real-time simulations have to be performed, this trade-off became 
very clear. In this research area a couple of novel computational strategies were 
presented4,9,27 in order to tackle this trade-off. More recent maxillofacial soft tissue 
planning systems were strongly inspired by these novel models. Zachow et al.48 
presented in 2000 a tetrahedral volumetric FEM model. These tetrahedral elements, 
which have less degree of freedom than the prismatic elements that were often used 
before, are assumed to be better suited for simulation of the deformation of 
biological objects. By making a trade-off between the number of elements and the 
accuracy of the model, they were able to compute the new facial outlook of a real 
patient in less than 5 minutes. They noted that thanks to these short calculation 
times their model became appropriate for use in daily clinical practice. Two years 
later Teschner et al.36,19 reported on a multi-layer non-linear mass spring model. In 
their work they introduced the combination of using a mass spring model with a 
static constraint to calculate the soft tissue deformations. Until then mass spring 
models were typically combined with a time-integration scheme of the Newtonian 
motion equation to find the deformation of the soft tissues. Teschner et al.36,19 
suggested that only the deformation of the tissues was important and not the 
animation from the original position to the new deformed position. Consequently 
they proposed the use of an iterative scheme to directly find this new deformed 
position. By doing so and by lowering the number of mass points, they could reduce 
the simulation time of their mass spring model to less than 20 seconds. They used 
the planning system to predict the new facial outlook of one real patient and 
compared qualitatively the prediction result and the real postoperative facial outlook.

6



GENERAL INTRODUCTION

Other important work in the field of maxillofacial soft tissue prediction systems was 
realized by Chabanas et al.5. They were one of the first to present a complete 
maxillofacial planning system that incorporated the bone-related planning and the 
prediction of the new facial outlook. To overcome the difficult meshing step, they 
used a generic model that was elastically registered with patient specific data. A 
finite element solution was used to simulate the soft tissue deformation. The generic 
mesh contained 2284 mesh nodes and also muscle specific structures were 
incorporated in the mesh. This enabled not only prediction of the new facial outlook,
but also simulation of the post-operative facial functional behavior. This functional

12simulation of the facial expressions after surgery was introduced by Gladilin et al. 
at the same moment. More and more it became clear that before a maxillofacial soft 
tissue prediction system can be used in clinical practice, not only a qualitative 
validation of the predicted facial outlook is necessary, but also a real quantitative

31validation. Schutyser et al. was the first to note that this quantitative validation 
should be a numerical comparison between the predicted and real post-operative 
facial skin surface. After first registering the predicted and actual post-operative 
facial skin surface based on an unaltered subpart of the face, they quantified 
distances between both surfaces in 3D. Later the relevance of this idea was 
confirmed by Chabanas et al.6. In their work they quantitatively validated soft tissue 
predictions for three patients by measuring distances between the predicted facial 
surface and the real post-operative outcome. More recently Zachow et al.49,44 
reported on a quantitative validation for one relevant patient. They compared 
simulation results for different model parameters and concluded that a mean 
prediction error of 1 to 1.5 mm could be achieved with their model.

As discussed before, only a few maxillofacial planning systems that simulate the 
post-operative facial appearance have been proposed in the past 48,36,5,30. However, 
before such a planning system could be applicable in daily practice it should first 
allow for fast or real-time calculations of the post-operative outlook, on a standard 
personal computer. The surgeon should be able to immediately verify, in 3D, the 
deformation of the facial soft tissues caused by the displacement of a certain bone 
patch. These fast simulations should be achieved by the implementation of efficient 
computational models for soft tissue modeling, without implying a significant 
decrease in the precision of the prediction and without the need for specialized 
computing hardware. Second, before such planning system is acceptable for clinical 
use, the accuracy of the generated predictions has to be investigated. This 
validation should include a quantitative and a qualitative comparison between the 
predicted and actual post-operative facial outlook. Quantitative validation evaluates 
the absolute accuracy of the predicted facial surface, while a qualitative validation 
step assesses the satisfaction of the surgeon about the agreement between his 
perception of the surgical outcome and the prediction generated by the system.

Finally, the planning system should be complete. To simulate the post-operative 
facial appearance, a number of subtasks has to be performed. Five subroutines can

7
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typically be distinguished: data acquisition, building a patient specific soft tissue 
model, performing a bone-related planning, calculation of the soft tissue 
deformations based on the generated planning data and finally, visualization of the 
predicted post-operative facial appearance. The presented system should offer an 
automatic or semi-automatic solution for each task. In this work, we propose a soft 
tissue planning system that tries to fulfill all of these specific requirements.

5. Occlusion in virtual orthognathic surgery

The remaining missing link was the development of a three dimensional virtual 
occlusion tool in order to perform the model surgery in a virtual OR-environment. 
This would allow not only the planning and predicting of the final occlusion, but also 
show the influence of the occlusion on the soft tissue changes after virtual 
orthognathic surgery.

Until now, there have been few reports of how occlusal planning can be combined 
with a computer-aided planning system. Bettega et al.3 presented a complete 
computer- aided planning system, and used plaster casts to define the occlusion. 
After manually positioning the lower and upper casts so that the desired occlusion 
was obtained, the relative movement of the lower cast was transferred to the virtual 
planning by means of a 3D optical localizer. Later, Chapuis et al.7 used the same 
concept and presented some case results. They showed that an occlusion could 
easily be defined with this concept, but their approach and the Bettega system have 
limitations. First, plaster casts of the upper and lower dentition are still necessary 
because they are used to define the occlusion. Second, a 3D optical localizer is 
necessary to transfer the defined occlusion to the computer-aided planning system. 
These optical systems are expensive and not available in every clinical practice. 
Third, errors arise in their systems when transferring the manually defined occlusion 
to the computer-aided planning process.

Pongracz & Bardosi28 tried to omit the use of plaster casts and created a fully virtual 
occlusal planning tool. To define a good occlusion, they aligned upper and lower 
dental models based on corresponding points that were manually indicated. The 
accuracy of their method is hard to confirm since the contact behavior between the 
upper and lower dentition is not modeled and the impenetrability of teeth is not 
guaranteed.

In this thesis a novel method that virtually defines the occlusion is presented.

8
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6. Aims and overview of the thesis

1. Design and development of a prototype of an intraoral maxillary 
distraction device, and its application in an experimental animal study 
(Chapter 2 and 3)2233.

2. Development of software that would enable virtual placement of the 
distractor device on the maxilla and prediction of the desired vector of 
distraction. Secondly, a method should be implicated in order to transfer

23 43the predicted vector intra-operatively (Chapter 4a, 4b) .
3. Follow up of the long-term results of maxillary distraction (Chapter 5)24.
4. Development of a biomechanical model that would transfer the bony

changes during orthognathic and distraction procedures to the overlying
20soft tissue structures (Chapter 6) .

5. Development of a three-dimensional virtual occlusion tool in order to 
perform the model surgery in a virtual OR-environment. This would 
allow not only planning and prediction of the final occlusion, but also 
show the influence of the occlusion on the soft tissue changes after 
virtual orthognathic surgery. Therefore, an occlusion tool was developed

25and clinically validated (Chapter 7) .
6. A quantitative validation study into the accuracy of the soft tissue 

simulation module of this novel virtual planning software (Chapter 8).

9
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TRANS-SINUSAL MAXILLARY DISTRACTION IN DOG

Abstract

In this pilot study, the principle of distraction osteogenesis was used to advance the 
mid face of a boxer dog. A modified high Le Fort I-type osteotomy was performed. 
Following a latency period of 5 days the maxilla was distracted 14 mm in 14 
consecutive days at a rate of 1 mm per day. Ten weeks after the completion of the 
distraction, multiple biopsies were taken across the distraction gap. Histological 
observation showed bone deposition in the osteotomy sites. Soft and hard tissue 
formation resulted in complete healing across the distraction gap. The maxillary 
sinus was used to accommodate the distraction device. Superimposition of the 
standardised lateral cephalograms taken at the end of distraction and 14 months 
after the removal of the distractors showed no sign of relapse in the achieved sagital 
advancement of the maxilla. This small, intraoral / trans-sinusal placed, distractor 
has a completely new conceptual design, and may be helpful in distraction of maxilla 
in children and adults with midfacial hypoplasia.

Keywords/Distraction osteogenesis; midface; maxillary sinus; cleft lip and palate; 
bone tissue.
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Introduction

Maxillary DO can find its indication in severe Angle class III malocclusions, and 
severe maxillary hypoplasia among some cleft patients and other craniofacial 
deformities. Attempts were made to treat these malocclusions through the use of 
maxillary protracting appliances with chin caps, with conflicting opinions about the

4 5treatment results . Several external distraction devices, such as the traction mask 
of Molina and Ortiz-Monasterio and the rigid external distraction system of Polley 
and Figueroa, permit easy device application and removal, and multidirectional 
movement. But, the reverse headgear and rigid external distraction apparatus are 
cumbersome and highly visible9, 15. A low profile, intraoral distraction device, used in 
an experimental study by Weinzweig et al16 was successfully used for midface 
distraction at the Le Fort I level. However, the distraction cylinder protruded through 
the buccal mucosa and had to be delivered through a skin incision in the nasolabial 
fold area. In a clinical study by Kessler et al7 four patients were treated by high Le 
Fort I osteotomies and insertion of a subcutaneous distraction device, placed in 
malar region. The range of the distraction was limited (7-14 mm) due to the 
distractor design, and the distraction rods led to injuries at the angle of the mouth 
and swelling of the lips. Delaire masks had to be used to stabilise the results. An 
ideal distractor should be easy to apply, easy to activate, and guarantee predictable 
results. It should not result in any physical, or psychosocial complaints, and should 
allow normal function during the distraction and the retention period.

The aim of this experimental pilot-study is to evaluate the effectiveness of a new 
maxillary distractor, an intraoral -  trans sinusal placed device.

Material and Methods

Animal selection: Clearance of the study protocol was obtained by the Ethical 
Committee of the Catholic University of Leuven-Belgium for performing the 
experimental distraction in a 2-year-old boxer dog. This dog fulfilled the 
requirements for a good experimental model: - a maxillary sinus, deep enough to 
provide space for placement of the distraction screw, - a short splanchnocranium 
(short snout) and an inherent hypoplastic mid face, comparable to the class III 
malocclusion in humans.

Distractor design: The distractor was made out of three main parts: two plates and a 
distraction screw. The distraction screw was the axis of a joint formed by the lower 
plate, which was connected to it and could move around it. All parts of de device 
were made out of a Titanium alloy (Ti-6Al-4V). The device was fabricated by 
Titamed , Belgium. The upper plate was fixed cranial to the osteotomy line with two 
screws (Fig.1).
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Fig. 1. Trans-Sinusal-Maxillary-Distractor (TS-MD), with 2 fixing plates and the 
distraction screw that makes an axis o f a jo in t formed by the lower plate.

Only two screws per plate were used to see whether the minimal fixation of the 
plates would be sufficient to withstand the forces applied during the distraction 
process. The distractor was fixed on the lateral aspect of the nasal wall and the 
distraction screw, which was almost perpendicular to the frontal plane, entered the 
maxillary sinus through the anterior wall of the sinus. The other end of the distraction 
screw (activation head) found its way through the soft tissue covering the anterior 
wall of the maxillary sinus, and was hidden behind the upper lip. The activation head 
(AH) was hexagonal, with a matching screwdriver. A 360 degrees counter clockwise 
rotation of the AH gave a displacement of 0.5 mm.

Animal experiment: The boxer dog was put under general anaesthesia. A modified 
Le Fort I type osteotomy was then performed, and the distraction devices were 
placed bilaterally (day one). After a latency period of 5 days the distraction started at 
a ratio of 1 mm per day during 14 consecutive days (distraction phase). Activation 
was performed under light sedation, using Thalamonal® and Pentothal®.

The distractors were removed under general anaesthesia after another 10 weeks 
(retention phase). During the same session multiple bone biopsies were taken at the 
site of distraction.

A standard lateral cephalogram was taken on day 1, day 5 (start of distraction), day
12, day 19 (end of distraction), day 33, day 47, day 61, day 75 (end of retention), 
and 14 months after removal of the distractors. A cephalostat was used to ensure 
the standardisation of the lateral cephalometric radiographs. A fixed distance of 74 
cm between the source (90 kV and 60 ms) and the middle of the skull was 
maintained. All cephalograms were taken under light sedation.
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Surgical technique: A 2 years old boxer dog was premedicated with IV injection of
0.5 ml Thalamonal® (fentanyl, 0.05 mg/ml + droperidol 2.5 mg/ml; Janssen 
Pharmaceutics, Beerse, Belgium) and 0.5 ml atropine (atropine sulphate 0.5 mg/ml). 
Five hundred-milligram Augmentin® (SK Beecham) IV was given preoperatively. A 
daily maintenance dose of Augmentin was given during latency and distraction 
period. The dog was placed on the operating table in a supine position with his head 
in slight extension. The animal was inducted with IV injection of 30 mg/kg Narcovet® 
(sodium pentobarbital 60 mg/ml; Apharmo, Arnhem, Nederland). An orotracheal 
tube was placed and anaesthesia maintained with Ethrane® (enflurane 15 mg/ml; 
Abott, Amstelveen, Nederland). A throat pack was placed, and the oral mucosa and 
dentition were rinsed with chloorhexidine digluconate 1 % in water.

First, the crowns of the lower canines were lowered to the gingival level, and were 
treated endodontically in order to minimise the chance of interference during the 
maxillary protrusion.

Local anaesthesia Xylocaine® 1% in 1/100.000 epinephrine was injected 
submucosally. A Le Fort I type incision was made with electrocautery. Care was 
taken not to damage the infraorbital nerve. The incision was then carried down to 
the bone. Next, a subperiosteal dissection was carried out to expose the midface 
structures. In order to free the posterior maxillary wall from the skull base the orbital 
floor had to be osteotomised, because this part forms the orbital floor in dogs. 
Therefore a subperiosteal tunnel was made from the most medial point of the inferior 
rim (medial to infraorbital nerve) over the orbital floor towards the corner made by 
the horizontal and the perpendicular lamina of the palatinal bone.

Fig. 2. Illustration o f the high Le Fort I type osteotomy and the entry hole to the 
maxillary sinus.
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The posterior maxilla was separated from the rest of the skull via a transpalatinal 
approach in contrast to the human anatomy where the posterior maxilla can easily 
be separated via an upper buccal sulcus incision. A modified high Le Fort I type 
osteotomy was then performed. The cut started from the osseous corner made by 
the horizontal and perpendicular lamina of the palatinal bone (as described above), 
continued over the orbital floor and ended 4-mm posterior to the infraorbital rim. 
Then an osteotomy cut was made starting midway from the zygomatico-alveolar 
crest to a point midway between the infraorbital rim and the superior border of the 
infraorbital foramen. This osteotomy line was continued parallel to the hard palate 
through the lateral nasal wall, approximately 1 cm cranial to the nasal floor.

A small hole with a diameter of approximately 4-mm was made in the anterior wall of 
the maxillary sinus on the right side, through which the distraction screw would enter 
the sinus. This opening was located at the most medial point of the anterior wall of 
the maxillary sinus and was part of the anterior osteotomy line (Fig. 2). The maxilla 
was slightly mobilised making sure there was no interference between the maxilla 
and the rest of cranium. At this stage the distractor was fixed to the lateral nasal wall 
(Figs 3-4). The lower plate moves in the same direction as the distraction vector and 
therefore is fixed to the lateral nasal wall at the lower border of the osteotomy line. 
Each plate was fixed to the underlying bone with two screws. The same procedure 
was performed at the contra lateral side. The distractors were activated for 4-mm to 
make sure there were no interferences, and then reversed.
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Fig. 3. Schematic diagram showing the position o f TS-MD on the right maxilla and 
the distraction screw inside the sinus cavity.

Osteotomised maxilla 

' ' ' '  The maxillary sinus

Distractor

Distraction screw inside the sinus cavity

The distractor on the right side was opened for a few mm (before fixation of the 
lower plate) in order to be distinguished on radiographs. An osteosynthesis screw 
(diameter 1.5 mm, length 5 mm) was placed in the midline on the frontal bone, as a 
landmark for the cephalometric analysis. Two small class-5 amalgam fillings were 
placed on the upper molars on the left side, as additional landmarks for 
cephalometric analysis.
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Fig. 4. TS-MD fixed on the right side. The distraction screw is located inside 
the maxillary sinus, while the upper plate o f the device is buried behind the 
in ferior orbital nerve.

The distraction head was too short to be exposed into the oral cavity (right behind 
the upper lip). Therefore a hard silicon tube approximately 2 cm in length and with a 
diameter that matched the head of the distraction screw was pulled over it and fixed 
with Ethilon 2/0 to the surrounding periosteum, thus allowing for activation of the 
distractors. The intraoral incision was sutured with Ethilon 2/0 (Fig. 5).Postoperative 
diet consisted of soft food.

Fig. 5. White arrows show hard silicon tubes approximately 2 cm in length and with 
a diameter that matched the head o f the distraction screw. The distractors were 
activated intraoraly through the silicone tube.
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Removal of the distractors: The animal was put under general anaesthesia following 
the same protocol as described above. A small incision was made at the level of the 
distractor. A subperiostal dissection was performed at the level of the distracted 
area. Subsequently, the distractors were removed very easily. Multiple bone 
biopsies were taken at the site of distraction.

Histological evaluation: At the time of distractor removal biopsies were taken and 
immediately fixated in a solution of one part formaldehyde (Merck, Darmstadt, 
Germany), neutralised with 50 g CaCO3/l, and two parts 80% ethanol. The samples 
were dehydrated in graded alcohols and embedded in methylmethacrylate. Non
decalcified serial sections were prepared in a sawing microtome (Leitz 1600, 
Wetzlar, Germany) and ground and polished to a thickness of approximately 30 to 
50 ^m (Minimet®, Buehler Inc., Lake Bluff, IL, U.S.A.). Finally, the sections were 
stained with a combination of Stevenel’s blue and Von Gieson’s picrofuchsine for 
light microscopical evaluation.

Results

Insertion of the trans-sinusal maxillary distractor was easy. The monocortical screw 
fixation gave sufficient stability and the distraction devices were well tolerated by the 
animal. No signs of infection were observed. The animal tolerated the soft diet very 
well. Although the expected linear increase of the cephalometric points was 
supposed to be 14 mm, an average increase of 8,7 was found. The superimposition 
showed a downward tipping of the maxilla the first five days of the distraction period. 
A standard lateral cephalogram was taken 14 months after removal of the 
distractors. The superimposition of this cephalogram with the one taken immediately 
after removal of the distractors showed no sign of relapse (Figs 7-10).

Fig. 7. Lateral cephalogram at the 
beginning o f the distraction
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Fig. 9. Lateral cephalogram 14 months 
after removal o f the distractors.

Histological examination showed an almost completely filled distraction gap with 
newly formed bone with a typical woven structure that could clearly be distinguished 
from the bone at the border of the gaps that had a mature lamellar nature. Two
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types of ossification were observed. Most of the new bone was formed by 
appositional bone growth. Within some areas, where the gap was not yet completely 
filled, the newly formed bone was covered with a layer of osteoid tissue and a row of 
active osteoblasts. In other areas endochondral bone formation was observed; here 
the bone formation was preceded by cartilage formation.Islands of active 
remodelling could be observed in the newly formed bone, with osteoclasts lying in 
resorption lacunae and at the other side active osteoblasts (Fig. 6).

Fig. 6. The difference between the new and old bone is clear. In the newly formed  
bone islands o f active remodelling with osteoclasts and osteoblasts are visible.

Discussion

Distraction osteogenesis is of particular interest in patients with midfacial hypoplasia 
as they lack both bone and soft tissue. The subcutaneous, intraoral devices present 
several advantages over external distraction devices currently used, which are

17cumbersome, highly visible, and potentially not well tolerated by patients . The 
intraoral devices have certain disadvantages. At present, they are all unidirectional. 
This implicates a perfect preoperative vector planning. The removal of the devices 
must be performed under general anaesthesia, and can be difficult7. This is due to 
the fact that the current devices are still too bulky, and are placed under the 
periosteum. The activation rods are either in continuous contact with lips, causing 
pain and irritation, or have to be delivered through the skin in the nasolabial

3 7 17region . In this study the distraction screw was placed inside the maxillary sinus 
rather than in the subperiosteal area. The volume of the sinus cavity provides 
enough room for positioning of the distraction screw, which determines the vector of 
distraction. In this way a bulky and movable part of the device is accommodated in 
an empty cavity, and does not interfere with the surrounding soft tissue and 
periosteum. Although the linear increase of the cephalometric points was expected
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to be 14 mm, an average of only 8,7 mm was found. This could be explained 
biomechanically by the influence of several factors f.e. distractor design, distractor 
placement, and the possible movement of the screws in the fixation plates. 
Secondly, the superimposition of the lateral cephalograms shows a clockwise tipping 
of the maxilla during the first 5 days of the distraction period, which can contribute to 
the difference between the expected and the effective gain in sagittal displacement 
of the maxilla. Apparently the fixation of the distractor plates, each with only two 
screws did not provide sufficient stability of the device to withstand the forces 
applied during the initial distraction process.

Histologically two types of ossification were observed in the distraction gap. 
Endochondral bone formation, which was preceded by cartilage formation, was 
observed in some areas. This can be due to instability of the bone segments and the 
distraction rate, but it does not influence the final result 8,12,15.Islands of active 
remodelling could be observed in the newly formed bone tissue, with osteoclasts 
lying in resorption lacunae and at the other side active osteoblasts (Fig. 6). These 
observations are in accordance with other studies 8’15’16.

Because of a potential communication between the oral cavity and the maxillary 
sinus a strict protocol with antibiotics was maintained during the distraction period.

o 1Branemark et al showed that the insertion of implants where sinus or even nasal 
cavity penetration could not be avoided, was justified, as titanium screws penetrating 
the bone of sinus or nasal cavity did not cause undesirable side effects .
In this study no clinical or radiological sign of infection or fistula formation were 
found. This distraction device provided skeletal anchorage and relapse was not seen 
up to 14 months post distraction.

The potential advantages of this distractor can be mentioned as follows. The 
distractor is easy to place and is positioned intraoraly. The distraction screw goes 
backward into the sinus rather than forward into the lip, which would implicate the

17transcutaneous delivery of the distraction barrels in the nasolabial folds bilaterally . 
It can serve as a retention device and be left in place as long as necessary. This is 
in contrast with distraction performed using extra-oral devices or a facial mask with 
elastic forces. Other studies report on dental anchorage for the fixation of the

2 10 13 14 16distraction device , but this resulted often in a significant dento-alveolar
displacement.

Distraction can be achieved in horizontal, vertical, and sagittal planes, simply by 
changing the inclination of the distraction screw. Correction of the midline can be 
done by distracting one side more than the other.
The clinical prototype was designed by N. Nadjmi in cooperation with Martin 
Medizin-Technik, Tuttlingen, Germany, and has successfully been applied in a 
clinical study for the treatment of 10 patients with moderate to severe midfacial 
hypoplasia11. A detailed report is in progress.
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Structured Abstract

Objective -  The aim of the study was to evaluate cephalometrically the effects of 
distraction of the maxilla over a 1-year period by means of an internal distractor 
applied in a boxer dog. Design -  Internal distractors were placed bilaterally in the 
internal cavity of the maxillary sinus of a 2-year-old boxer dog after a Le Fort I 
osteotomy. Distraction was started 5 days after surgery and activations were 
continued for 14 days at a rate of 1 mm/day. Standardized lateral cephalograms 
were taken with an external source of 90 kV, 60 mS immediately pre-surgery, at day 
1 after the start of the distraction (dp) and at day 5 dp, day 7 dp, day 10 dp, day 14 
dp (end of distraction), at 14 days of consolidation period (cp), at 28 days cp and at 
56 days cp (removal of the distractors). One year after the removal of the distractor, 
a final lateral cephalogram was taken. Cephalometric analysis was performed and 
superimpositions were used for the evaluation of the sagittal position of the maxilla.

Results The linear measurements, as well as the superimposition showed evidence 
for a significantly advanced position of the maxilla, which was stable 1 year after 
removal of the distractor.

Conclusion The application of the internal maxillary distractor in a boxer dog resulted 
in a sagittal advancement of the midface that was still present after 1 year.

Keywords: Cleft lip and palate; distraction osteogenesis; maxillary internal 

distractor; maxillary sinus; midface
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Introduction

The concept of lengthening bones is not new: distraction osteogenesis was
1—3introduced in medicine by Ilizarov and was further developed by several clinicians 

and researchers over the past 30 years. The application of distraction osteogenesis 
in the craniofacial skeleton was first reported by Snyder et al.4, describing the use of 
an extraoral distractor to lengthen the mandible. In the last 10 years distraction 
osteogenesis has undergone a rapid evolution . The introduction of intraoral and 
miniature devices substantially improved the clinical application and widened its field 
of application. Distraction osteogenesis of the maxilla and the midface as a 
treatment objective in congenital craniofacial malformations, such as hemi-facial 
microsomia, Treacher-Collins syndrome, Apert and Crouzon syndrome, has proved

7—10its clinical usefulness at short term .

Treatment of maxillary retrusion in cleft lip and palate patients by distraction 
osteogenesis is a new approach in treating the skeletal disproportion or disharmony 
in these patients. Several treatment strategies have already been delineated, such 
as the use of miniature systems after a midfacial osteotomy for midface distraction in 
young children9, an external, adjustable device for maxillary distraction osteogenesis 
in patients with severe maxillary hypoplasia, and a facial mask with elastic traction to 
intraoral fixed appliances after an incomplete Le Fort I osteotomy11-13. One of the 
specific indications of internal maxillary distraction is severe hypoplasia of the 
maxilla in cleft lip and palate patients at an early age.

Traditionally, a combined orthodontic and orthognathic treatment is performed, but in 
some cases this has resulted in an incomplete long-term correction. Moreover, 
because of the large displacement needed to correct the reversed overjet, the 
surgical procedure has often to be performed in both jaws, with a setback of the 
mandible, despite a normal sagittal position11. In addition, traditional osteotomies 
may not be performed until growth has fully ceased, and a considerable relapse may 
be expected due to soft tissue and muscular tension and/or resorption of the bone 
graft. Distraction osteogenesis overcomes these surgical problems and enables 
improvement of the child’s psychological maturation due to an earlier facial 
improvement. For this specific application the usefulness of an internal maxillary 
distraction device is evaluated in this pilot study with bilateral distractors in the 
maxilla of a boxer dog. In this article, the complete distraction process and 
consolidation period were documented cephalometrically.

Materials and methods

The distractor

The prototype was a concept of the fourth author. The two fixation plates caudally 
and cranially to the osteotomy line were placed on the lateral nasal wall. The body of
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the screw was located in the maxillary sinus. The hexagonal head of the screw lies 
in the vestibulum under the upper lip, a position that makes the activations easy 
(Fig. 1).

Fig. 1. The internal maxillary distractor: 1. The activation part of the screw ending 
in the vestibulum. 2. The screw of the distractor. 3. The fixation plate under the osteotomy 
line. 4. The fixation plate above the osteotomy line. 5. The body of the 
screw ending in the cavity of the maxillary sinus.

The animal

A 2-year-old female boxer dog was used in this study. The protocol and the 
guidelines for this in vivo animal study were approved by the ethical commission of 
the Faculty of Medicine. The pre- and post-operative care was supervised by the 
University’s animal centre.

The choice of this animal was influenced by physiological and anatomical 
considerations in order to create the best experimental model. The anatomy of the 
boxer’s snout showed several advantages. First, the maxillary sinus is large enough 
to provide sufficient space to contain the end of the screw of the distractor. 
Secondly, the boxer dog has a short splanchnocranium comparable to the human. 
Thirdly, the typical hypoplastic maxilla of the boxer dog is comparable to human 
class III conditions with reversed overjet and in cleft lip and palate patients.
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Surgical protocol

A modified Le Fort I osteotomy was performed and the maxilla was mobilized (Fig. 
2). The distractors were fixed on each side by four titanium screws and activated 
peroperatively to ensure the advancement of the maxilla.

Fig. 2. Lateral cephalogram with an indication o f the osteotomy line (modified 
Le Fort II in the boxer dog) and the bilateral distractors.

The surgical procedure was under general anaesthesia [with Pentothal (Abbott, 
Chicago, Illinois, USA) and Fluothane (Astra-Zeneca, Wilmington, Delaware, 
USA)]. Amoxicilline (Merck, Whitehouse Station, New Jersey, USA) was used pre- 
and post-operatively during the activation period of one week after termination of the 
distraction. The dog was put on a soft diet during the whole experimental period. 
During surgery the lower canines were reduced to the gingival level and treated 
endodontically to prevent any dental interference during the anterior movement of 
the upper jaw. At the same time, a screw was placed in the crown of the skull on the 
midline to guarantee a fixed reference point for the cephalometric analysis.

Distraction protocol

After a healing period of five days, distraction was initiated. The intraoral activations 
were performed under sedation [with Thalamonal (Innovar, Bogota, Colombia) and 
Pentothal (Abbott)]. An activation of 14 mm was aimed to obtain a clinically 
observable result. The distraction was therefore performed daily for 14 consecutive 
days at the rate of 1 mm a day. The active distraction period was followed by a 
consolidation period of two months.

Finally, the distractors, as well as the reference screw were removed under general 
anaesthesia. At that time samples of the newly formed bone in the distracted area 
were taken for histological analysis.
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Cephalometric analysis

Standardised lateral cephalograms were taken at welldefined time intervals. The first 
cephalogram was taken prior to surgery, and five cephalograms were taken during 
distraction (days 1, 5, 7, 10 and 14) and three cephalograms were taken during the 
consolidation period (days 14, 28 and 56). The last cephalogram was taken one 
year post-consolidation. To ensure the standardization of the lateral radiographs, a 
cephalostat was designed so that the head of the boxer dog could be placed in 
relation to the film in a reproducible way. A fixed distance of 74 cm between the 
source (90 kV and 60 mS) and the middle of the skull was maintained.

The analysis of the lateral cephalograms was performed using standard tracing and 
superimposition techniques. To this end eight cephalometric points and lines were 
defined (Table 1). Beside the skeletal reference points the screw in the crown of the 
skull was used as fixed reference point. Sagittal displacement was assessed with 
five linear measurements -  the perpendicular distance between ANS, PNS, PI, Ca, 
Inc and the line A. The crown of the skull and the fixed reference point (screw) were 
used for superimpositions (Fig. 3).

T ab le  1. The po in ts  and lines used in the cepha lom etric  ana lys is

Points Definition

ANS Anterior nasal spine

PNS Posterior nasal spine

Refs Reference point skull (screw)

Po Most superior point of the internal porion

Or Most inferior point of the orbital ridge

Inc Incisal edge of the upper central incisor

Ca Incisal edge of the upper canine

Plc/D Point of intersection of C and D

Lines Definition

A Perpendicular from the m iddle of Refs on FFH

B Frankfort horizontal

C Tangent at the most prominent point of the upper incisor

D Tangent at the palate through PNS
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Fig. 3. Tracing showing the points o f Table 1 used in the cephalometric analysis.

The tracings as well as the superimpositions were made by one investigator (first 
author). Repeated measurements were statistically analysed using the Dahlberg 
formula and showed no significant intraobserver differences.

Results

The operation was performed without any complications and the dog began eating 
the first day postoperatively. The distractors remained stable during theentire 
experimental period. Because of the communication between the oral cavity and the 
maxillary sinus, a strict antibiotic protocol was maintained.

Cephalometric analysis

The results of the linear measurements are summarized in Table 2.

Table 2. The displacements of the reference structures during the distraction* and the consolidationf period

Distance from 

ANS to A 

(ref line) in mm

Distance from 

P N S 1A  

(in mm)

Distance from 

PIc/d -L A 

(in mm)

Distance from 

C a l  A 

(in mm)

Distance from 

Inc _L A 

(in mm)

Day 1* 43 14 72 51 68
Day 5* 47 12 72 53 70

Day 7* 48 11 76 54 71

Day 10* 51 9 78 55.5 73.5

Day 14* 52.5 5.5 82 59 75.5

Sag. Displ* +9.5 -8.5 +10 +8 +7.5

Day 141- 53 5 82 59 76

Day 28 f 53 5 83 59 76.5

Day 56f 53 5 83 59 77

Sag. Displ 0.5 + 0.5 +1 0 +1.5
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For all the linear measurements an increase was found, except for PNS (the pre
distraction distance of PNS to A was 14 mm and the post-operative distance was 7.5 
mm, resulting in a decrease of 6.5 mm). The sagittal position of the maxilla remained 
stable and the linear measurements did not change during the consolidation period.

The advancement during the active distraction period could also be evaluated 
radiographically by evaluating the widening of the radiolucent area adjacent to the 
osteotomy line. A progressive radio-opacity caused by calcification of the distracted 
tissue was observed during the consolidation period. This calcification started at 
both ends of the distracted bony parts towards the centre of the distracted area. The 
one year post-operative data show total calcification of the distracted area.
The radiographs of the active distraction period and the consolidation period, up to 
one year post-surgery, were traced and superimposed on the crown of the skull and 
the screw to reveal the gradual anterior movement of the maxilla. One year after 
removal of the distractors, no sagittal relapse was evaluated by superimposition 
(Fig. 4).

Fig. 4. Superimpositions o f the tracings made from cephalograms respectively at 
days 1, 5, 7, 10 and 14 after the start o f the distraction and at days 14, 28, and 56 
after the start o f the consolidation period with the distractor in place. The final 
cephalogram was made 1 year after the removal o f the distractor.

Histological analysis

Histological examination shows a distraction gap almost completely filled with newly 
formed bone. Most of this new bone was formed by intramembranous ossification 
and only a little by endochondral ossification (Figs 5 and 6).
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Fig. 5. New bone is appositioned to both borders o f the osteotomy line, 
approximately in the middle o f the histological section. It can be distinguished  
from the pre-existing bone by its woven structure instead o f a mature lamellar 
structure.

Fig. 6. Apparent chondrocytes differentiated in the distracted area, giving rise to 
endochondral bone formation (on the right side o f the section).

This enchondral ossification can be due to instablitiy of the bone segments and the 
distraction rate, but it does not influence the final result. These observations 
(ossification through two mechanisms) are in accordance with other studies14-16.
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Fig. 7. (a) A clear radiolucent gap (area) next to the 
osteotomy line during distraction.

Fig. 7 (b) A progressive radio-opacity caused by 
calcification during consolidation period.

Discussion

In this study, a mature boxer dog with natural maxillary hypoplasia was chosen to 
exclusively evaluate the effects of distraction effects without confounding growth 
influences. The absence of a cephalometric analysis in the literature that could be 
used to interpret the maxillary advancement in boxer dogs necessitated the 
development and evaluation of landmarks for the cephalometric analysis. Of these, 
ANS, PNS, upper Ca, upper Inc and PIC/D were the most stable. The landmarks 
located in the mandible seemed unstable, probably due to occlusal interferences 
and the resulting minimal shifts. For the superimpositions, the crown of the skull and 
the screw were used as a registration point.

A latency period of five days was employed. The recommended latency period in the 
literature for limb lengthening is between 0 and 10 days2,3,17,18, depending on the

7 8  19 20patient’s age: the younger the individual, the shorter the period .
The distraction rate was 1 mm/day. Due to practical considerations, the activations 
were performed once a day. Slow activations can result in premature ossification 
and fusion, faster activations can result in fibrous tissue within the distraction gap 
and unstable consolidation. Some authors claim that a more uniform hard and soft 
tissue response is obtained when the activations are performed twice a day21-24. In 
our study a uniform hard and soft tissue response was seen radiologically and 
histologically.

Both distractors were placed symmetrically under the same conditions, the rate and 
latency period were identical, and activations were performed by one investigator. 
After removal of the distractors, the activation of both devices was identical. The use
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of two individual distractors, however, introduces the possibility of asymmetrical 
activations in the sagittal plane. The orientation of the distractors therefore provides 
an opportunity to also correct minor transversal and vertical maxillary disproportions.

The active distraction period was 14 days. The expected linear advancement of the 
cephalometric points was 14 mm; however, an average advancement of only 8.7 
mm was found. The largest increases, 9.5 and 10 mm, were found at ANS and 
PIC/D. This failure to achieve a 14-mm gap could be explained biomechanically by 
the influence of several factors like the distractor design, distractor placement, the 
possible movement of the screws in the fixation plates and maybe other 
environmental influences25, 26. First, the overall difference between 8.7 and 14 mm 
perhaps was due to incorrect activations. To gain 1 mm, two rotations of 360° had to 
be performed. Secondly, the superimposition shows a downward tipping of the 
maxilla during the first 5 days of the distraction period, an effect that can contribute 
to the difference between the expected and the effective gain in sagittal 
displacement of the maxilla. Soft tissue resistance could be a third factor explaining 
the difference between the expected and the effectively gained displacement.

There are a number of advantages to the distractor (prototype) used. Its internal 
location makes it psychologically much more acceptable than the external location. It 
was also confirmed in this study that implants accidentally perforated into the sinus 
do not necessarily show complications27,28. In contrast to distraction performed 
using, for example, the RED system or a facial mask with elastic forces, the same 
device can be used during the whole retention period. In previous studies, dental

1 1 _13 2 Q 30
anchorage was often used for the fixation of the distraction device . This
resulted in a limited skeletal advancement and a significant dento-alveolar 
displacement. With this distractor prototype, there is a skeletal anchorage and up to 
a year following distraction, no relapse could be observed.

Therefore, the results seem promising for extrapolation to the human clinical 
situation for treatment of moderate to severe class III relations, especially in young 
patients with cleft lip, and palate patients with maxillary hypoplasia. Further 
experimental and clinical studies, however, are needed to confirm these findings.
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Introduction

Maxillary distraction is indicated in severe angle Class III malocclusions and severe 
maxillary hypoplasia among some cleft patients, and for other craniofacial 
deformities. The latter group of patients show Class III malocclusions at a young 
age. Miniature intraoral distractors can now be used at earlier ages and these are 
therefore beneficial for children’s psychological and emotional development. 
According to the literature, at 8 years of age the maxillary sinus is sufficiently 
developed to house the activation screw of the intraoral distractor device that has 
been presented in this study. The anatomy of the sinus cavity allows the axis of the 
distraction vector to be positioned without limitation.

Patients and methods

Fourteen patients aged 8 to 55 years with severe maxillary and mid-facial 
hypoplasia were treated in our centre between June 2000 and September 2002. The 
maxillary hypoplasia was caused by repaired unilateral (5 cases) or bilateral cleft lip 
and palate (4 cases) (Fig. 1 and 2, 3 and 4), Class III malocclusions in four patients 
(Fig. 5 and 6), and an acromegaly in one patient. Five patients received pre
operative orthodontic treatment.

Figs. 1 and 2. Young 8-year-old girl with maxillary hypoplasia associated
with cleft lip and palate. Clinical profile views before and after maxillary distraction.
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Figs. 3 and 4. Profile X-rays before and after distraction (16 mm).
Notice the advancement and rotation o f the maxilla with correction o f the open bite.

Fig. 5.Young 12-year-old girl with a Class III dental and skeletonmalocclusion 
and open bite.
Fig. 6. Six months after distraction and reduction genioplasty.

A CT-scan was performed one month prior to surgery. Medicim (NV Belgium) 
prediction and simulation software was used to process the digital data. These data 
were used to transfer the distraction vector into a stereolithographic (STL) model of 
the midface containing a tube in each maxillary sinus into which the distraction 
screws fit. The position of the distraction screws in the STL model defines the 
distraction vector. This STL model was then used for bending the upper and lower 
plates of the device. After preoperative positioning of the TSMD on the STL model
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by the surgeon, a methyl-methacrylate template was manufactured by a dental 
technician. The template was used intraoperatively for positioning the upper plate of 
the distractor. A high Le Fort I type osteotomy was performed in all cases. An 
intraoral trans-sinusoidal maxillary distractor was placed on either side of themaxilla. 
The only visible part of the distractor was the tip of the activation rod, which was 
concealed behind the upper lip. Activation commenced after a 5-day latency period 
and was performed at the rate of 1 mm per day. The distraction period lasted 7-22 
days, after which the activation rods were removed under local anaesthesia. The 
distractors were left in place until callus maturation (showed on the ultrasound 
and/or the CT-scanner) generally after two months.

Results

All the procedures were performed by the same surgeon. There were no immediate 
complications. In the first two patients, problems arose during distraction. The first 
patient had a temporary prototype and the screw had to be introduced directly on the 
activation axis, which required local anaesthesia. Thereafter, a flexible activation rod 
was used. In the second patient, who had an acromegaly, the flexible activation 
proved to be insufficiently strong after 8 mm advancement. In the other 12 patients, 
the distraction was completed with a rigid activation rod, either by the patient or, in 
the case of children, by the patient’s parents. All the patients were able to resume 
normal activity after one week. The intra-sinusal positioning in the maxillary sinus 
was well tolerated by all patients. The advancement obtained at the distractor level 
varied from 7 to 22 mm.

Discussion

In this paper, the use of a novel intra-sinusal distractor (TS-MD) is suggested. The 
latest prototype of the TS-MD distractor has permitted distraction to be brought to a 
successful conclusion with up to 22 mm advancement. According to the
anthropological literature, the maxillary sinus in humans appears at age of 6 to 8

1 1years, even in patients with cleft lip and palate . Harvolds compared the maxillary 
sinus’ growth curve in patients with clefts to the normal population and concluded 
that there was no significant difference. Duerinckx retrospectively compared the 
evolution of paranasal sinuses in 80 children from birth to age 17 years and was 
able to show that 2/3 of the sinusal pneumatisation occurred at the age of 4 years. 
Few changes occur after the age of 11 years. Branemark showed the feasibility of 
using implants when intra-sinusoidal penetration was inevitable. The results of these 
clinical studies show no morbidity due to titanium implants, even in the cases of 
sinusal perforation. In an anatomical study of 102 paediatric skulls, Wolf showed that 
the size of the maxillary sinus had increased significantly towards the age of 8 
years4. The maxillary sinus ventrocaudal dimension varied between 34 and 38 mm. 
Maxillary hypoplasia makes patients with a bilateral lip and palate cleft, candidates 
for a distraction at age 8-10 years. The benefits of the trans-sinusoidal TS-MD 
distractor are:
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■ It is well tolerated by patients because the most voluminous part is placed 
within the maxillary sinus.

■ The device does not interfere with the patient’s social life and is, therefore, 
more readily accepted than a halo type external distractor.

■ It does not require alveolo-dental fixation, and therefore nonalveolo-dental 
displacement caused by external traction6-8.

The TS-MD distractor can also prevent the need for bone grafting in cases with 
major maxillary advancement and extrusion. The precise positioning of the vector is 
crucial. Correction of the midline can be done by distracting one side more than the 
other.
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TRANSSINUSOIDAL MAXILLARY DISTRACTION CLEFT PATIENTS

Abstract

The trans-sinusoidal maxillary distractor (TS-MD) was used to achieve maxillary 
advancement in three patients with repaired cleft lip and palate. After preoperative 
computer-aided planning of the distraction vectors, each TS-MD was bent on a 
stereolithographic model of the maxilla of the patient. The devices were 
intraoperatively positioned using a methyl-methacrylate template. After standard Le 
Fort I osteotomy the devices were intraorally activated. After distraction the devices 
remained in situ for 3 months as rigid internal fixation of the maxilla. All patients 
were successfully distracted according to protocol. Maxillary advancement was 12, 8 
and 11 mm. In two patients, additional maxillary widening of 6 and 8 mm was 
achieved by choosing divergent distraction vectors. After distraction a clockwise 
rotation of the maxilla was observed in two patients. There was no relapse during 
the 3 months of consolidation and 12-month follow-up. The TS-MD allows not only 
distraction but also rigid internal fixation after distraction. It was easy to apply but 
difficult to remove. Owing to preoperative 3D planning of the distraction vectors, the 
results were predictable, but clockwise rotation of the maxilla during distraction 
should be considered in planning. The distractor did not interfere with function or 
social activities during distraction and retention periods. After removal it left no 
extraoral scars.

Patients with cleft lip and palate often present with severe maxillary hypoplasia in 
vertical, horizontal and transverse dimensions. Treatment of maxillary hypoplasia or 
retrusion is primarily surgical15. Traditional protocols rely on a combined surgical- 
orthodontic approach including Le Fort I maxillary advancement, maxillary and 
alveolar bone crafting, and rigid internal fixation. Long-term results have however 
been disappointing, with relapse occurring in more than 20% of the cases1016. Apart

11 13from conventional orthognathic surgery, distraction osteogenesis has frequently 
been used in the treatment of various craniofacial deformities, including midface 
deficiencies, by means of internal as well as external distraction devices3,6,7,8’14. 
External systems utilize a cranial fixed distraction device to achieve the desired 
vertical and horizontal reposition of the maxilla.

Most external devices are fully adjustable and offer the ability to change the vertical
1 7and horizontal vector of distraction at any time in the distraction process , but 

interfere with function during distraction and retention and have a strong impact on 
the patient aesthetically and socially6,14,19.

In this study an internal device, the trans-sinusoidal maxillary distractor (TSMD, 
Gebrüder Martin GmbH & Co. KG, Tuttlingen, Germany) was used to achieve 
maxillary advancement in three cleft patients. Depending on the preoperative 
planning, the TS-MD allows maxillary advancement, clockwise rotation and maxillary 
widening14.
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Patients, material and methods

Patients

All three patients presented with retrusion of the maxilla due to repaired unilateral 
(n = 2) or bilateral (n = 1) cleft lip and palate. The average age of the patients on 
presentation was 18.3 years. One patient was male and two were female.
Patient EE: A 19-year-old male patient with a repaired left unilateral cleft lip and 
palate. On presentation, EE showed a severe sagittal and transverse maxillary 
deficiency with anterior open bite. Figure 1A and B shows the preoperative clinical 
photographs, Fig. 1C shows the preoperative dental occlusion and Fig. 1D shows 
the preoperative lateral cephalogram. Preoperative 12-mm maxillary advancement 
and 8-mm maxillary widening were planned.

Patient SK: An 18-year-old female patient with a repaired bilateral cleft lip and 
palate. On presentation, SK showed a class III malocclusion. Figure 2A and B 
shows the preoperative clinical photographs, Fig. 2C shows the preoperative dental 
occlusion and Fig. 2D shows the preoperative lateral cephalogram. Preoperative 8
mm maxillary advancement was planned.

Patient GS: An 18-year-old female patient with a repaired left unilateral cleft lip and 
palate. On presentation, GS showed a severe sagittal and transverse maxillary 
deficiency with anterior open bite and a deformity of the nose. Figure 3A and B 
shows the preoperative clinical photographs, Fig. 3C shows the preoperative dental 
occlusion and Fig. 3D shows the preoperative lateral cephalogram. Preoperative 11
mm maxillary advancement was planned.

Distractor

The TS-MD is an internal device consisting of two plates connected with a 
distraction screw that is positioned in the maxillary sinus (Fig. 4A). The screw is 
activated by an activation arm in the oral cavity. Fig. 4B shows the distractor on a 
stereolithographic (STL) model of the midface.
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Fig. 1. Patient EE. Clinical photos before distraction: (A) lateral, (B) frontal, (C) intraoral views; (D) 
cephalogram. Clinical photos after distraction and retention: (E) lateral, (F) frontal, (G) intraoral 
views; (H) cephalogram. Clinical photos 2 years after distraction: (I) lateral, (J) frontal, (K) intraoral 
views; (L) cephalogram.
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Fig. 2. Patient SK. Clinical photos before distraction: (A) lateral, (B) frontal, (C) intraoral views; (D) 
cephalogram. Clinical photos after distraction and retention: (E) lateral, (F) frontal, (G) intraoral 
views; (H) cephalogram. Clinical photos 2 years after distraction: (I) lateral, (J) frontal, (K) intraoral 
views; (L) cephalogram.
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Fig. 3. Patient GS. Clinical photos before distraction: (A) lateral, (B) frontal, (C) intraoral views; (D) 
cephalogram. Clinical photos after distraction and retention: (E) lateral, (F) frontal, (G) intraoral 
views; (H) cephalogram. Clinical photos 2 years after distraction: (I) lateral, (J) frontal views; (K) 
cephalogram.
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Preoperative computer-aided planning

In a 3D planning environment generated from CT images the distraction was 
simulated with respect to the sagittal, transversal and horizontal planes (Fig. 4C-E). 
The desired distraction vector and the osteotomy line were defined by the surgeon in 
planning. These data were used to transfer the distraction vector into a STL model 
of the midface containing a tube in each maxillary sinus into which the distraction 
screws fit. The position of the distraction screws in the STL model defines the 
distraction vector (Fig. 4F). This STL model was then used for bending the upper 
and lower plates of the device (Fig. 4B and G). After preoperative positioning of the 
TSMD on the STL model by the surgeon, a methyl-methacrylate template was 
manufactured by a dental technician (Fig. 4H). The template was used 
intraoperatively for positioning the upper plate of the distractor.

<B>

Fig. 4. (A) The TS-MD. (B) TS-MD on a stereolithographic (STL) model o f the 
midface. (C -E ) Distraction was simulated in a 3D planning environment generated  
from CT images. (F) The position o f the distraction screws in the STL m odel defines the 
distraction vector. (G) STL m odel was used for positioning upper plate o f device. (H) 
Methyl-methacrylate template used intraoperatively fo r positioning upper plate o f 
distractor, manufactured by dental technician. (I) Ts -MD  in situ in patient GS after 
Le Fort I osteotomy.
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Surgical technique

A maxillary vestibular incision from the first bicuspid on one side to the first bicuspid 
on the other side was followed by preparation of the maxilla for a Le Fort I 
osteotomy. By using the methyl-methacrylate template, an entry hole for the 
distraction screw was generated in the anterior maxillary wall and the pre-bent upper 
part of the distractor was fixed cranial to the desired osteotomy line. After Le Fort I 
osteotomy, the maxilla was mobilized without a complete down fracture, and the 
lower part of the distractor together with the distraction screw was positioned caudal 
to the osteotomy line (Fig. 4I). The distractor was activated bilaterally and then 
returned to the first position to exclude any interference. Via two stab incisions 
cranial to the maxillary vestibular incision, the activation arms were brought into the 
oral cavity, followed by wound closure.

Distraction protocol

After 5 days of latency, distraction was initiated at a rate of 2 mm - 0.5 mm per day 
and continued until the planned advancement of the maxilla was achieved; then the 
activation arms were removed. Distraction was followed by a retention period of 3 
months using the TS-MD as retention device. The distractor was then removed 
under general anesthesia.

Results

There were no complications (no infections, problems with materials, etc.). Owing to 
postoperative fibrosis and osseointegration of the upper and lower plate and of the 
distraction screws it was particularly difficult to remove the distractor. In all patients, 
the upper plate of the distractor was not removed in order to prevent the infraorbital 
nerve from being damaged.

Patient EE: The TS-MDs were activated for 22 mm on each side. The planned 
advancement of 12 mm in combination with a maxillary widening of 8 mm was 
achieved because of divergent distraction vectors. A clockwise rotation of the 
maxilla was observed. Figure 1E and F shows the postoperative clinical 
photographs, Fig. 1G shows the postoperative dental occlusion and Fig. 1H shows 
the lateral cephalogram. Figure 1I and J shows the clinical photos, Fig. 1K shows 
the intraoral situation and Fig. 1L shows the lateral cephalogram 2 years after 
distraction. The upper plate of the TS-MD is still in situ.

Patient SK: The TS-MDs were activated for 8 mm on each side to achieve the 
planned advancement. Figure 2E and 2F shows the postoperative clinical 
photographs, fig. 2G shows the postoperative dental occlusion and fig. 2H shows 
the lateral cephalogram. As fig. 2I-K  depicts, the maxillary advancement has been 
stable since then; fig. 2L shows the lateral cephalogram with the upper plate of the 
TS-MD in situ.
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Patient GS: The TS-MDs were activated for 20 mm on each side to achieve the 
planned advancement. The planned advancement of 11 mm in combination with a 
maxillary widening of 6 mm was achieved because of divergent distraction vectors. 
A clockwise rotation of the maxilla was observed. Figure 3E and 3F shows the 
postoperative clinical photographs, Fig. 3G shows the postoperative dental 
occlusion and fig. 3H shows the lateral cephalogram. Within the next two years the 
patient received a rhinoplasty and a genioplasty. Figure 3I and 3J shows the final 
results, and fig. 3K shows the lateral cephalogram with the upper plate of the TS-MD 
in situ. The cephalometric measurements before and after treatment are given in 
Table 1.

Patient Age (years) Parameters Before treatment After treatment

EE 18 SNA 73.1° 83.0"
SNB 75.0° 73.2°
ANB 1.1° 3.4°

Advancement 12 mm
Widening
Rotation

8 mm 
Clockwise

SK 19 SNA 74.0° 85.0°
SNB 86.0° 83.4°
ANB -2.0° 6.6°

Advancement 8 mm
Widening
Rotation

—

GS 18 SNA 68.4° 76.6°
SNB 71.6° 69.7°
ANB -3.2° 6.9°

Advancement 11 mm
Widening
Rotation

6 mm 
Clockwise

Table 1: Cephalometric measurements

Discussion

Traditional surgical approaches for correction of a midface deficiency in cleft patients 
include maxillary osteotomy, bone grafting and rigid internal fixation15,1,17. Bone 
grafts in the posterior gap between the maxillary tuberosity and the pterygoid plates 
in combination with miniplate fixation help to reduce relapse after orthognatic 
surgery18,4, but carry the potential risks of donor site morbidity, and resorption or

17 12
infection of the bone graft . More than 20% of the cases that were treated 
traditionally showed a relapse16.

Distraction osteogenesis of the maxilla avoids autogenous bone transplants and 
achieves long-term skeletal stability aftermaxillary advancement by using a rigid 
external distraction device7. Disadvantages are discomfort and impairment of the 
patient’s social life caused by the headframe- based extraoral device.
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Trans-sinusoidal placement of a distractor in patients with cleft lip and palate is a 
possible alternative14’2,5’9. The major part of the TS-MD is within the maxillary sinus 
and does not interfere with function during distraction and retention or with the 
patient’s social life6,14’8. Compared with head-frame-based extraoral devices for

19midface distraction, the TS-MD does not leave extraoral scars after removal . In the 
present study, in order to protect the infraorbital nerve from damage, the upper plate 
of the distractor remained in situ; only the lower plate was removed.
A 3D planning environment enables planning of the distraction vector in three 
dimensions. This allows planning not only of a maxillary advancement, but also of a 
rotation and correction of a midline shift. As maxillary hypoplasia in cleft patients is a 
three-dimensional problem, transversal widening of the maxilla is often mandatory. 
This can be achieved by choosing divergent instead of parallel distraction vectors in 
the horizontal plane, as in patients EE and GS.

As described by Gateno et al.8 a clockwise rotation of the maxilla was observed in 
two patients. In future, clockwise rotation should be considered in the preoperative 
planning. A solution for this problem might be to define slightly counterclockwise 
distraction vectors preoperatively to compensate for the clockwise maxillary rotation 
during distraction.

The preoperative bending of the device reduced operation time and costs. The 
application of the distractors during the operation was quick and easy. After 
distraction the TS-MD is stable enough to be used as a retainer. In contrast to 
Gateno et al.8, no relapses of distraction were observed in the present study. 
Another advantage of the preoperative planning was that the procedure of 
distraction could be visualized and discussed with the patient, leading to greater 
acceptance and compliance.
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Abstract
Maxillary distraction osteogenesis finds its indication in severe Angle class III 
malocclusions, and severe maxillary hypoplasia among some cleft patients and 
other cranio-facial deformities. Twenty patients, 9 female and 11 male, age 8 to 48 
years (mean 17,8 yrs ± 10,5 SD) with moderate to severe maxillary and midfacial 
hypoplasia were treated in our centre from May 2000 to October 2005. The follow up 
period varied from 13 to 65 months (mean 35 months ± 16,3 SD). One trans-sinusal 
maxillary distractor (TS-MD, KLS Martin,Tuttlingen, Germany) was placed intra- 
orally at each side of the maxilla. The distraction vector was predicted using 
Maxilim™ (Sint-Niklaas, Belgium) software, and was transferred to the patients 
using stereolithographic models and individual templates. A (high) Le Fort I type 
osteotomy was performed. The amount of activation varied from 8 to 17,5 mm 
(mean, 13,1 mm ± 2,9 SD).

Soft and hard tissue formation resulted in complete healing across the distraction 
gaps. The maxillary movements and new bone formation in the sagittal, horizontal, 
and vertical planes could be predicted and achieved. The distractors are almost 
completely submerged, and can be left in place as long as necessary to avoid 
relapse. Due to the fact that cephalometric reference points used in this study 
change with time in growing individuals, as well as the position of the coordinate 
axes, the results of linear and angular measurements after six months were judged 
to be unreliable. Therefore Wits’appraisal was used to measure the stability of the 
long-term distraction results.

Results up to five years follow-up after distraction showed considerable maxillary 
advancement with long-term stability. Nevertheless, ongoing growth of the facial 
skeleton must be considered when distraction osteogenesis is chosen in growing 
patients.
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Introduction

A possible treatment for patients suffering from maxillary hypoplasia or midface 
deficiency is maxillary distraction. This can be indicated in severe Angle class III 
malocclusions, and severe maxillary hypoplasia among cleft patients and other 
craniofacial deformities. Primary cleft lip and palate repair in infancy and early 
childhood often results in deficient maxillary growth in sagital direction (Yu-Faung). 
This can lead to a pronounced maxillary hypoplasia already at a young age (13). 
Conventional treatment by Le Fort I type osteotomy proved to be difficult with 
unstable long-term results in CLP patients. Scarring from previous operations 
hampers to mobilize the maxilla, and the relapse is more significant and more

13frequent in cleft patients compared to non-cleft patients . Although there are no 
conclusive data on any differences in surgical relapse, velofaryngeal function and 
speech between clef maxillary osteotomy and distraction, distraction osteogenesis 
tends to be preferred to conventional osteotomy for younger CLP patients with more 
severe deformities24.

Attempts to treat Class III malocclusions through the use of maxillary protracting 
appliances and chin caps are described, with conflicting opinions about the 
treatment results8, 14.

Maxillary distraction osteogenesis by using external device (Delaire facial mask),
13with dental anchorage showed significant dentoalveolar compensations .

The rigid external distraction system of Polley and Figueroa (RED II, KLS Martin 
Tuttlingen, Germany) permits easy device application and removal, and 
multidirectional movement. It has shown satisfactory clinical results, and its 
superiority to face mask protraction8. However, reverse headgear and rigid external

13distraction apparatus are cumbersome and highly visible . In external maxillary
distraction, the distraction hardware is rigidly fixed to the cranium and projects in the

21frontofacial midline, thus limiting oronasal airway access .

A low profile, intraoral distraction device, used in an experimental study by 
Weinzweig et al was successfully used for midface distraction at the Le Fort I level. 
However, the distraction cylinder protruded through the buccal mucosa and had to

17be delivered through a skin incision in the nasolabial fold area .

A subcutaneous distraction device, (Zurich Maxillary Distractor, KLS Martin
7 19Tuttlingen, Germany) placed in the malar region, was clinically evaluated . One 

distractor is installed at the left and one at the right hand side of the patient. With this 
type of intra-oral maxillary distractor, it was difficult to install this pair with a parallel 
axes to allow maximum distraction length. The distraction often resulted in a 
rotational more than in a gliding movement, causing loss of distraction distance at 
the level of occlusion7. Delaire masks were used up to one year as a retention

7 19device to stabilize the results ' .
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A recent study showed that the maxilla in young cleft patients can be lengthed 
successfully using intraoral distraction devices (Zurich Maxillary Distractor, KLS 
Martin Tuttlingen, Germany) with long term stability. There was less control of the 
vector of lengthening in relation to the extraoral devices, and a three dimensional
correction could not be achieved. With this type of distractor, the distraction length is

2 2limited to maximum 15 mm .

In our previously published animal study the potential of using a trans-sinusal 
distractor for the correction of maxillary hypoplasia was discussed11, 12. Based on 
those results a novel maxillary distractor has been designed with following 
objectives. The device should be easy to apply, easy to activate, and guarantee 
predictable results. It should be submerged to minimize social hindrances, and 
should allow normal function during the distraction and the retention period. 
Correction of severe maxillary deficiency in a young age (6-8 y) should be possible, 
before the time the child may experience any psychosocial harm of its facial 
disharmony.

We have already published the early results of the clinical applicability of this new 
maxillary distractor, with an activating system introduced into the maxillary sinus11. 
The aim of this study was to assess the long-term results of trans-sinusal maxillary 
distraction in a heterogeneous group of patients with moderate to severe midfacial 
hypoplasia.

Materials and methods

Patient selection

Twenty patients age 8 to 48 years with moderate to severe maxillary and midfacial 
hypoplasia were treated in our centre since May 2000. The observation period 
ended in October 2005. Only patients with a minimum follow up of 12 months were 
included in our study. The follow up period varied from 13 to 65 months (mean 35 
months ± 16,3 SD). The preoperative cephalometric measurements, dental 
relationship and soft tissue analysis, reveal the anteroposterior maxillary hypoplasia, 
due to, unilateral (9 patients) or bilateral cleft lip and palate (6 patients), class III 
malocclusion (2 patients), acromegaly (1 patient), Treacher Collins (1 patient), and 
Trisomy 21 (1 patient). Nine patients underwent preoperative orthodontic treatment 
(see Table I).
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Case
nr.

Sex
(M/F)

Retention
period Diagnosis Age

(years)

Orthodontic
treatment
(yes/no)

Follow-up
(months)

1 M 6 UCLP 19 Y 30

2 M 3 UCLP 21 Y 23

3 M 4 BCLP 18 Y 18

4 M 3 BCLP 22 Y 31

5 F 2.5 BCLP 9 Y 24

6 F 2.5 UCLP 10 N 20

7 F 4.5 UCLP 12 N 13

8 M 6 Trisomie 21 17 Y 29

9 M 6 BLCP 12 N 18

10 M 2 UCLP 10 N 30

11 F 6 UCLP 8 N 54

12 F 6.5 UCLP 15 Y 55

13 F 4
Treacher

Collins
18 Y 19

14 M 3 BCLP 48 N 41

15 M 5 Class III 39 Y 54

16 F 3 UCLP 9 N 31

17 M (24) Acromegaly 31 N 30

18 F 4 Class III 14 N 60

19 M 4.5 UCLP 14 N 55

20 F 3.5 BCLP 10 N 65

Table I. Patient table with indication o f age, diagnosis, sex, orthodontic treatment status and follow-up 
time. UCLP = Unilateral Cleft Lip and Palate; BCLP = Bilateral Cleft Lip and Palate.
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Distractor design

The distraction device consisted of two parts: an upper plate, fixed cranial to the 
osteotomy line, which is attached to a cylinder in which screw rods are tapped. The 
second part consists of a distracting screw, which is attached to a plate and the 
activating rod by a universal joint (see Fig. 1).

This plate is fixed caudal to the osteotomy line. The distraction screw is placed 
inside the maxillary sinus, while the activation arm is brought into the oral cavity 
through a stab incision cranial to the Le Fort I incision. After the activation period, 
the intraoral part of the activation arm is cut, so that the device becomes completely 
submerged.

Preoperative planning

The TS-MD™ is a unidirectional device. Therefore, the determination of the 
desirable position of the distractor and of the distraction vector is of utmost 
importance. A preoperative CT-scan was obtained following the Maxilim™ CT- 
protocol. The imaged volume extends from 1 cm caudal to supra-orbital bar to the 
entire mandible (see Fig 2).

Fig. 1. The distractor consisted o f two parts: an upper plate, and a lower plate holding 
the distraction screw. The distraction screw is place inside the maxillary sinus, while the 
activation arm is brought into the oral cavity.
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Fig. 2. This schematic picture indicates the region imaged by the CT-scanner.

The X-ray tube voltage is 120 kV and the effective tube current is 90 mAs. The pitch 
was set to 0.6 for multi-slice CT scanners. The axial slices were reconstructed with a 
slice interval of 1 mm with a bone kernel.

The CT-data were sent to Medicim on a CD-ROM for conversion to Maxilim data. 
During this step, surface models of the bone are constructed.

These data are loaded into Maxilim™ (Maxilim™ v1.3.0, Medicim, Sint-Niklaas, 
Belgium) to perform the planning. First a virtual LeFort I osteotomy is performed, 
and the distractor is installed (see Fig 3).
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Fig. 3. The distraction is planned and simulated in Maxilim™. The distraction vector 
is virtually determined. The position o f the distractor with respect to the sinus, and 
nerve is controlled.

During this procedure the vector of distraction is determined based on clinical 
examinations. The software guides you through the whole procedure on a step-by- 
step fashion. The ideal position of the distraction screw inside the maxillary sinus is 
then indicated. At this stage the entry point of the screw, the depth of the sinus, the 
position of the tooth buds and or the roots of the teeth are studied carefully. The 
bone movements are measured with respect to the Frankfurter plane and the mid- 
sagittal plane (see Fig. 4).
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Fig. 4. The movement o f the osteotomized maxilla is measurement with respect 
to the Frankfurter and mid-sagittal plane.

From this planning, a stereolithographic model comprising the maxillary region is 
fabricated. It contains a tube in the maxillary sinus into which the distraction screw 
fits, and shows the distraction vector.

The predicted vector is transferred to the patient by a stereolithographic model and 
custom-made templates (see Fig. 5.a, 5.b and 5.c).
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Fig. 5.a. D istractor placed on the stereolithographic model according the 
predeterm ined vector and the plates are pre-bended.

Fig. 5.b. The position o f the upper plate determines the vector o f distraction.

79



CHAPTER 5

Fig. 5.c. Template is used to determine the position o f the upper plate in vivo

Surgical technique

All patients were operated under general anaesthesia. The maxilla was prepared for 
a (high) LeFort I type osteotomy. The maxillary template for the exact positioning of 
the upper plate of the TS-MD was placed on the anterior surface of the maxilla. An 
entry hole for the distraction screw on the anterior maxillary wall was made using a 
round bur. The pre-bended upper plate of TS-MD was placed and fixed (see Fig. 6).

Fig. 6. Step 1 o f the surgery: an entry hole fo r the distraction screw on the anterior 
maxillary wall was made using a round bur. The pre-bended upper plate o f the 
TS-MD M is positioned.

Then the lower plate with the distraction screw is placed and temporarily fixed with a 
few screws. Next, the desired osteotomy line is drawn. Then the lower plate with the 
distraction screw is removed. The desired osteotomy is then performed, using a
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reciprocating saw. The pterygoid process is separated from the tuberosity, and the 
nasal septum is then separated from the maxilla.
The maxilla is then mobilized without complete down fracturing in growing patients. 
The lower plate together with the distraction screw is then placed and fixed. The 
stereolithographic model study indicated the safe positioning of the lower plate in 
respect to the tooth buds.

The distractors are activated bilaterally for about 4 to 5 mm to check if there is any 
interference (see Fig. 7).

Fig. 7. The distractor is activated bilaterally fo r about 4 to 5 mm to check whether 
there is any interference or not.

Then the devices are put back to the zero position.
A stab incision cranial to the LeFort I incision at the desirable place (usually cranial 
to the root of the canines) is then made. The activation arm is then brought to the 
oral cavity through this incision.

The intra-oral wound is then closed in two layers. The only visible part of the 
distractor device is the activation head, which is hidden behind the upper lip. The 
activation started after a latency period of 5 days at a rate of 0.5 mm twice a day, till 
the planed correction was achieved. The activation was performed either by the 
patient or the parents. At the end of distraction period the intra-oral part of the 
devices (activation heads) were cut off under local anaesthesia. The devices were 
left in place till complete callus maturation was achieved. No manipulation was done 
after the end of distraction period, however some patients received (further) 
orthodontic treatment 6 weeks after activation period. The retention period varied 
from 2 to 6.5 months (mean 4.2 ± 1.4 SD), except one patient who was lost from 
follow up for two years. The distraction devices gave sufficient stabilization during 
the retention period. The lower parts of the distractors were removed through two
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lateral incisions at the level of the same intraoral incisions. All surgical procedures 
were done under general anaesthesia by one surgeon (first author).

All patients received antibiotic prophylactics during the first postoperative week. Soft 
diet was prescribed during the activation phase and six weeks thereafter.

Cephalometric analysis

Standardised lateral cephalograms were obtained preoperatively and at well-defined 
time intervals (before distraction, end of distraction, six months after distraction) and 
for each patient at different moments in time during the further follow-up period. Five 
hard tissue landmarks and a coordinate axes passing through nasion (N) were 
defined (see Fig. 8).

Fig. 8. For the cephalometric analysis, there 
andmarks are used: ANS (anterior nasal spine), 
N (nasion), PNS (posterior nasal spine), S (sella), 
Si (defined as the intersection between a parallel 
line to the palatal plane (ANS-PNS) and the 
lowest point o f the maxillary sinus).
Coordinate system is defined by the X-axis  
constructed by drawing a line through N, rotated 
6 degrees upward from the SN line, and the Y- 
axis as a perpendicular on the X-axis through N. 
The angle a is defined as the angle between the 
Y-axis and the palatal plane (ANS-PNS).

Sagittal and vertical maxillary displacements, defined as sagittal and vertical 
movements of the posterior nasal spine (PNS), the point Si (defined as the 
intersection between a parallel line to the palatal plane (ANS-PNS) and the lowest 
point of the maxillary sinus) and the anterior nasal spine (ANS), were presented as 
linear measurements in millimeters on the X- and Y-axis.

Anterior and inferior movements of the examined points were indicated by positive 
values, and posterior and superior changes were indicated by negative values (see 
Table II).
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Variables (n=20) 

Sagittal Post distraction (mm) 6 M post distraction 
(mm)

Mean ± SD Mean ± SD

PNS -  X 9.9 ± 2.2 -0.7 ± 0.5

X-Si 9.5 ± 2.3 -0.1 ± 0.6

ANS -  X 

Vertical

9.3 ± 2.4 -0.1 ± 0.6

PNS -  Y 1.4 ± 2.5 -0.2 ± 1.1

Si -  Y 3.1 ± 3.1 0.04 ± 0.8

ANS -  Y 4.2 ± 4.3 -0.1 ± 1.1

Table II. This table lists the linear maxillary changes (mm) o f each cephalometric point. The column ‘Post 
distraction’ lists the differences between the preoperative cephalogram and the cephalogram acquired at 
the end o f the distraction period, and the column (6M post distraction) the differences between the latter 
cephalogram and the follow-up cephalogram 6 months after distraction. Anterior and inferior movements 
o f the examined points were indicated by positive values, and posterior and superior changes were 
indicated by negative values.

Changes in inclination of the palatal plane (ANS-PNS) were also observed by the 
angular measurement ANS-PNS / Y (a). Upward rotations were indicated by positive 
values; downward rotations by negative values (see Table III).
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Variables (n=20)

Post distraction 
(degree)

6 M post distraction 
(degree)

Mean ± SD Mean ± SD
A

-4.1 ± 4.7 0.1 ± 1.2

Table III. This table shows the palatal plane changes (a = ANS-PNS /  Y) (degree) between the 
preoperative cephalogram and the cephalogram acquired at the end o f the distraction period, and 
between the latter cephalogram and the follow-up cephalogram 6 months after distraction in the column 
‘Post distraction', resp. ‘6M post distraction'. Upward rotations were indicated by positive values, 
downward rotations by negative values.

Measurements on the preoperative cephalograms and on the cephalograms 
acquired at the end of the distraction period are compared to evaluate the distraction 
effect. The stability of the distraction is investigated by comparing measurements on 
the latter cephalograms with the measurements on the cephalograms up to 65 
months after distraction.

In addition, to assess the stability, the Wit's appraisal was determined for each 
patient preoperatively, after distraction, 6 months after distraction and at different 
moments during the further follow-up period (see Fig. 9). The Wits appraisal (mm) is 
defined as the distance between the perpendicular projections of point A and point B 
on the occlusal plane on a lateral cephalogram. In a normal sagittal relationship 
Wit's measurement is 0 mm. In Class II relationships Wits measurement has a 
positive value and in Class III relationships Wits measurement has a negative value. 
The tracings and measurements were done by one investigator.

Results

A single surgeon (NN) performed all the surgical procedures. There were no surgical 
complications in any of the 20 patients. In the first treated patient (case nr. 20) the 
activation screwdriver fitted directly on the distraction screw. Therefore the activation 
had to be performed under local anesthesia. In the second treated patient (case nr. 
17) a flexible activation arm (AA) was used. Distal end of the AA was hidden behind 
the upper lip. After 8 mm of activation the AA that apparently was not strong enough, 
bended, making further distraction impossible. In the subsequent prototype the AA 
was replaced with a rigid one. This AA was successful for all other 18 patients. 
Activation was either done by the patients or by their parents. All the patients could 
resume their daily activities within a week after distractor placement. The predicted 
hard tissue changes were achieved in all patients. This resulted in significant 
integumental changes. Forward movement of the upper lip resulted in an improved 
lip relationship. Changes in the nasolabial angle were satisfactory, and the nasal tip 
changes were desirable. Determination of the distraction vector beforehand made a
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predictable final result possible in all cases. Figure 9 overviews a number of 
patients.

Table II shows the changes of the cephalometric measurements between the lateral 
preoperative cephalograms and the cephalograms at the end of the distraction 
period. The mean sagittal movement was for each variable positive, meaning a 
mean anterior movement. This anterior movement is about 10 mm.

The mean vertical movements had also positive values, indicating a downward 
maxillary movement. Moreover, the maxilla underwent in general a downward 
rotation indicated by a negative value for a (see Table III).

The changes of maxillary examination landmarks between the end of the distraction 
and six months after distraction are characterized by very small negative values, 
indicating a stable distraction effect (see Table II). Over this 6 months period, also 
the rotational effect was stable, as indicated by very small positive changes for a 
(see Table III).

The Wits'appraisal showed to be stable up to 5 years after distraction in the adult 
patients. The Wits'appraisal decreases again in the growing patients with longer 
follow up.

On the long term, the sagittal jaw relationship obtained through maxillary distraction 
osteogenesis showed to be stable in adults, and showed more or less Cl III relapse 
in growing patients.

Discussion

This study is a critical evaluation of the clinical applicability of a trans-sinusal 
distractor11, 12.

The heterogeneity by age of the patient group (between 8 and 48 years old) is 
suggesting that this type of distractor is useful in all age groups, when the volume of 
the maxillary sinus cavity allows for accommodation of the distraction screw. 
According to the literature the human sinus, even at the age of 6 to 8 years is deep 
enough to provide room for the distraction screw, and this is not significantly 
different in cleft patients. Harvold et al6 compared the maxillary sinus growth pattern 
in cleft palate patients with the normal population. He concluded that there was no 
developmental difference of the antrum of the cleft patient compared to the normal 
population. Duerinckx et al3 retrospectively evaluated the paranasal sinuses in 80 
infants and children aged 0-17 years undergoing brain MRI. They showed that at the 
age of 4 years already more than two third (2/3) of the maxillary sinus was 
pneumatized (a measure of sinus development). There was relatively little change in 
the degree of pneumatization beyond the age of 11. Branemark et al1 showed in an 
experimental and clinical study that the insertion of implants where sinus or even 
nasal cavity penetration could not be avoided was justified. The result of their clinical
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trails had shown that titanium screw penetrating the bone of sinus or nasal cavity 
caused no undesirable side effects during the healing, and no fistula formation. Wolf 
et al20 concluded in their study of the sinuses in 102 pediatric skulls and cadaver 
heads that by the age of 8, pneumatization of the maxillary sinus has progressed 
considerably. The length (ventrodorsal) of the maxillary sinus ranges from 34 to 38 
mm. By comparison with other types of intraoral devices, the major advantage of the 
TSMDtm is that the bulky part of the distractor is placed inside the maxillary sinus, so 
there is no interference with the periosteum, or irritation of surrounding soft tissue, or 
skin3,8. Because of this ‘low profile', it can be easily held in place as long as 
necessary during the retention period. This is in contrast with extraoral distraction 
devices or facial masks with elastic forces4, 5 8 9 13, 19.

Distraction was started after a latency period of five days although recent 
experimental findings suggest that immediate distraction could abbreviate the 
distraction period without adverse sequelae17.

A strict antibiotic protocol was maintained during the distraction period, because of a 
potential communication between the oral cavity and the maxillary sinus. No signs of 
infection, or fistula formation were found in any patient. This is in line with other 
findings concerning penetration of titanium implants or screws into the sinus cavity1.

The skeletal anchorage of the TS-MD bypasses the dentoalveolar compensations 
and possible relapse of tooth borne distractor types. Orthodontic splints or bands are 
not needed at this point, which can be a problem in young children (mixed dentition) 
or in cases with inadequate dentition4, 5 8 9 13, 15, 18, 19. TS-MD is a valid alternative for 
patients who were formerly treated by conventional osteotomies and autogenous 
bone grafting techniques. Distraction in horizontal, vertical and sagittal planes can 
be achieved, only by changing the inclination of the distraction screw. This implies a 
preoperative vector planning. Correction of the midline can be achieved by 
distracting one side more than the other.

A cephalometric analysis was used as an indication for the maxillary distraction. 
ANS and PNS were used as skeletal landmarks to define the sagittal and vertical 
position of the maxilla to the coordinate axis; point A was not used for these linear 
measurements because of the influences of orthodontic treatment on this point. An 
additional maxillary reference point was defined (Si) and the results concerning the 
linear measurements to this point were in line with the other findings for ANS and 
PNS.

The Wits'appraisal was used to analyze the sagittal jaw relationship before and after 
distraction. This measurement is less influenced by vertical and sagittal changes, in 
growing individuals, especially in view of point N. Therefore Table II and III restricts 
to linear and angular measurements up to six months after distraction. Because of 
the fact that all cephalometric reference points are changing with time in growing
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individuals, as well as the position of the coordinate axes, the results of linear and 
angular measurements after six months were judged to be unreliable.

The cephalometric data presented in this study showed predictable and stable long
term results in adults. In growing individuals ongoing growth of the facial skeleton 
has to be considered. These results supported the clinical findings that distraction, 
via an intraoral appliance is a reliable procedure and were in line with other previous 
studies16'22'23.

In conclusion, trans-sinusal maxillary distraction helps young children with severe 
midfacial hypoplosia to enter the adolescence with more or less normal facial 
proportions, although the distraction effect seems to relapse in growing patients. 
However, later orthognathic corrections might be necessary in this group of patients, 
the severity of the deformity has been decreased by distraction osteogenesis.

The distraction in adults showed a very stable result in the long term.

Acknowledgements. Part of this research was possible thanks to a grant for 
research specialization from the Flemish Institute for stimulation of the scientific- 
technological research in the industry (IWT) to Filip Schutyser.
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Fig. 9.a. A sixteen-year old g irl (patient 12) with a repaired left unilateral cleft lip and palate and 
moderate maxillary deficiency was treated with TS-MD. A high LeFort I osteotomy was 
performed. A total advancement o f 8 mm, and a vertical extrusion o f 2 mm were achieved. The 
photographs demonstrate correction of the sagittal and the vertical relationships, and 
harmonization o f the face. A class I dental occlusion was achieved. The lateral cephalograms 
demonstrate optimal bimaxillary relationship, with long-term stable results (55 months).
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Fig. 9.b. A fourteen-year old boy (patient 19) with a repaired left unilateral cleft lip and palate and 
severe maxillary deficiency with anterior open bite was treated with TS-MDtm. A high LeFort I 
osteotomy was performed. The sagittal and vertical relationships were corrected. The anterior 
open bite was corrected by the clockwise rotation o f the maxilla. Clinical photographs 
demonstrate a class I dental relationship, and the harmonization o f the face. A fter 17 mm of 
activation a total advancement o f 10 mm, and a vertical extrusion o f 6 mm at the level o f the 
central incisors were achieved. Long-term follow-up (55 months) showed stable results. The 
m andibular asymmetry was corrected.
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Fig 9.c. A ten-year old boy (patient 10) with a repaired left unilateral cleft lip and palate and 
moderate maxillary deficiency was treated with TS-MD. A high LeFort I osteotomy was 
performed. A fter 10 mm activation a total advancement o f 8 mm, and a vertical extrusion o f 2 
mm was achieved. The photographs demonstrate correction of the sagittal and the vertical 
relationships, and harmonization of the face. A class I dental occlusion was achieved, and 
maintained after 30 months o f follow up.
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Fig 9.d. A thirteen-year old girl (patient 18) with a class III malocclusion and an anterior open 
bite is presented. There is also a shifted maxillary midline. A high LeFort I osteotomy was 
performed. B ilateral TS-MDs were placed. The vectors o f distraction were parallel, but oriented 
to the right in order to correct the maxillary midline shift. A genioplasty was performed at the 
same time. The TS-MDTM was activated fo r 16 mm. This resulted in 10 mm advancement, 7 
mm vertical extrusion at the level of central incisors, and a shift of 5 mm of the maxillary midline 
to the right. Clinical slides show correction o f m idfacial deficiency as well as inter arch 
asymmetry. The lateral cephalograms demonstrate the closure of the open bite and optimal 
bimaxillary relationship. The cephalometric analysis after 60 months shows a relapse o f class III 
malocclusion, due to excessive m andibular growth. The patient has no functional no r aesthetic 
problem and wishes no orthognatic correction at this time.
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10
Wit’s appraisal variation with time
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Fig. 10. The W it’s appraisal is given fo r each patient at different time intervals: before the distraction 
(pre), at the end o f the distraction period (post), and respectively 6, 12, 14, ... months after distraction. 
Three patients, indicated with red lines, show a decreasing W it’s appraisal essentially due to excessive 
m andibular growth.
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SOFT TISSUE SIMULATION

Abstract

In the field of maxillofacial surgery there is a huge demand from surgeons to be 
able to pre-operatively predict the new facial outlook after surgery. Besides the big 
interests for the surgeon during planning, it is also an essential tool to improve the 
communication between surgeon and patient. In this work we compare the usage of 
four different computational strategies to predict this new facial outlook. These four 
strategies are: a linear Finite Element Model (FEM), a nonlinear Finite Element 
Model (NFEM), a Mass Spring Model (MSM) and a novel Mass Tensor Model 
(MTM). For true validation of these four models we acquired a data set of 10 
patients who underwent maxillofacial surgery, including pre-operative and post
operative CT data. For all patient data we compared quantitatively the predicted 
facial outlook, obtained with one of the four computational models, with post
operative image data. During this quantitative validation distance measurements 
between corresponding points of the predicted and the actual post-operative facial 
skin surface, are quantified and visualised in 3D. Our results show that the MTM and 
linear FEM predictions achieve highest accuracy. For these models the average 
median distance measures only 0.60 mm and even the average 90% percentile 

stays bellow 1.5 m m . Furthermore, the MTM turned out to be the fastest model, 

with an average simulation time of only 10 seconds. Besides this quantitative 
validation, a qualitative validation study was carried out by 8 maxillofacial surgeons, 
who scored the visualised predicted facial appearance by means of pre-defined 
statements. This study confirmed the positive results of the quantitative study, so we 
can conclude that fast and accurate predictions of the post-operative facial outcome 
are possible. Therefore the usage of a maxillofacial soft tissue prediction system is 
relevant and suitable for daily clinical practice.

Keywords: Maxillofacial Surgery, Soft Tissue Simulation, Therapy planning, Mass 
Tensor Model

99



CHAPTER 6

1 Introduction

1.1 Background

Maxillofacial surgery treats abnormalities of the skeleton of the head. Skull 
remodelling implies osteotomies, bone fragment repositioning, restoration of bone 
defects and inserting implants. Since the human face plays a key role in 
interpersonal relationships, people are very sensitive to changes to their outlook. 
Even very subtle malformations of facial proportions can strongly affect the 
appearance of a face16. Therefore planning of the operation and reliable prediction 
of the facial changes are very important in view of a better preparation, improved 
surgical outcome and shorter operation time.

Traditional computer-aided maxillofacial planning systems starts from 2D lateral X- 
rays. In these planning environments the surgeon can define an appropriate 
osteotomy line and derive the necessary displacement of each bone segment. 
Besides this bone-related planning, most commercial 2D cephalometric planning 
systems nowadays allow to analyse the facial profile of the patient and to do some 
sort of video overlaying40,12. As such it becomes possible to give a first impression of 
the patient's expected post-operative outlook. Notwithstanding the better preparation 
of the surgeon and improved communication between surgeon and patient thanks to 
these 2D planning systems, these systems can not define the full 3D transformation 
of the bone parts. Especially for patients suffering from dysmorphosis both in the 
coronal and sagittal planes, these 2D systems which rely on only 2D lateral images 
are insufficient. Moreover they demand from the surgeon good mental work and 
when communicating with the patient, they are limited to only lateral views of the 
patient's expected post-operative appearance.

Since the introduction of computed tomography in 1972 it became possible to 
acquire true 3D anatomical information for every patient. The development of 3D 
visualisation techniques in the late eighties, like the marching cubes algorithm26, 
pushed the development of applications that used computer generated anatomical 
models. Soon the first craniofacial planning systems were born4. These first 3D 
computer aided planning systems made it possible to inspect the patient's skull and 
perform simple osteotomies in a 3D simulation environment. More advanced 
planning systems that allow complete manipulation of bone parts, were developed in 
the late nineties15,49. In 2000 Schutyser et a l38 reported on a 3D image-based 
planning system which includes osteotomy simulation with user-defined cutting 
trajectories, virtual distraction employing specific biomechanical models and 
evaluation tools based on a cephalometric reference frame. According to the 
surgeon's findings, different choices could be virtually redone in this environment in 
order to optimise the therapy. However, because of the high impact of maxillofacial 
therapy on the patient's face, not only this bone-related pre-operative planning of the 
surgery, but also the prediction of the deformation of the soft tissues became highly 
desirable.
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1.2 3D Soft tissue modelling: State of the art

The idea of predicting the new patient's facial outlook with a computer aided 
maxillofacial planning system, was originally introduced by Vannier44. At that 
moment, especially the computer animation world was expertised in facial modelling. 
Most of these facial modellers represented the face as a collection of regularly 
assembled mass-spring entities and were mainly focused on real-time output and 
realistic graphical behaviour41,25.

The first maxillofacial soft tissue prediction systems, were strongly inspired by these 
computer graphics facial modellers. Koch et a l2  presented a non linear finite-

element approach to simulate the new facial outlook which provides a C1 - 
continuous finite element surface. Linear springs were used to connect the facial 
surface with the underlying bone structures. He applied virtual maxillofacial
interventions on the Visible Human Data Set1 and qualitatively validated the new

2 2predicted facial outlook by visual inspection. Afterwards Keeve compared the two 
most popular soft tissue models for maxillofacial surgery, namely the mass spring 
model, that originated from the computer animation world and the finite element 
model, that was assumed to be a more biomechanical relevant model. His 
comparison was based on a qualitative visual inspection of the predicted facial 
outlooks calculated with each model. He concluded that although the mass spring 
model could never be biomechanically correct, the speed and the easy architecture 
of this model could be a serious advantage over the more accurate but 
computationally intensive finite element model. At the same moment Sarti36 
presented a volumetric finite element model applied on a cubic grid that coincide 
with the voxel grid of the CT data. This voxel-based modelling is advantageous from 
an image processing point of view (the data remain available on a voxel grid), but 
demands a large number of finite elements which is memory expensive. He 
implemented his model on a super computer and achieved good simulation results.

Despite these good results, it became clear that planning systems running on 
special designed computers, would never be accepted in daily clinical practice. 
Moreover, as already suggested for 2D soft tissue profile planning systems40,12, it is 
important to also incorporate the changes in facial outlook during planning. The 
bone-related planning should be adjusted in function of the new predicted facial 
outlook which implies that the soft tissue prediction step needs to become part of the 
complete treatment planning. Therefore it is necessary that predictions are 
calculated in a fast and accurate way. A new goal, in the search of a good computer 
aided maxillofacial planning system, became the speed in which the new facial 
outlook could be calculated.

Also in other research fields, researchers tried to simulate accurately the 
deformation behaviour of soft tissues and tried to find a golden mean between 
accuracy and speed. Especially for surgical simulators used for training, where real
time simulations have to be performed, this trade-off became very clear. In this
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research area a couple of novel computational strategies were presented in 
order to tackle this trade-off. More recent maxillofacial soft tissue planning systems 
were strongly inspired by these novel models.

Zachow47 presented in 2000 a tetrahedral volumetric FEM model. These tetrahedral 
elements, which have less degrees of freedom than the prismatic elements that 
were often used before, are assumed to be better suited for simulation of the 
deformation of biological objects. By making a trade-off between the number of 
elements and the accuracy of the model, he was able to compute the new facial 
outlook of a real patient in less than 5 minutes. He noted that thanks to these short 
calculation times his model became appropriate for use in daily clinical practice. Two 
years later Teschner et a lA2'28 reported on a multi-layer non-linear mass spring 
model. In his work he introduced the combination of using a mass spring model with 
a static constraint to calculate the soft tissue deformations. Until than mass spring 
models were typically combined with a time-integration scheme of the Newtonian 
motion equation to find the deformation of the soft tissues. Teschner suggested that 
only the deformation of the tissues were important and not the animation from the 
original position to the new deformed position. Consequently he proposed the use of 
an iterative scheme to directly find this new deformed position. By doing so and by 
lowering the number of mass points, he could reduce the simulation time of his mass 
spring model to less than 20 seconds. He used the planning system to predict the 
new facial outlook of one real patient and compared qualitatively the prediction result 
and the real post-operative facial outlook. Other import work for the field of 
maxillofacial soft tissue prediction systems was realised by Chabanas5. He was one 
of the first to present a complete maxillofacial planning system that incorporated the 
bone-related planning and the prediction of the new facial outlook. To overcome the 
difficult meshing step, he used a generic model that was elastically registered with 
patient specific data. A Finite Element solution was used to simulate the soft tissue 
deformation. The generic mesh contained 2284 mesh nodes and also muscle 
specific structures were incorporated in the mesh. This enabled not only prediction 
of the new facial outlook, but also simulation of the post-operative facial functional 
behaviour. This functional simulation of the facial expressions after surgery was

19introduced by Gladilin at the same moment.

More and more it became clear that before a maxillofacial soft tissue prediction 
system can be used in clinical practice, not only a qualitative validation of the 
predicted facial outlook is necessary, but also a real quantitative validation is 
required. Schutyser et a l38 noted as first that this quantitative validation should be a 
numerical comparison between the predicted and real post-operative facial skin 
surface. After first registering the predicted and actual post-operative facial skin 
surface based on an unaltered subspace, he quantified distances between both 
surfaces in 3D. Later the relevance of this idea was confirmed by Chabanas6. In this 
work he quantitatively validated soft tissue predictions for three patients by 
measuring distances between the predicted facial surface and the real post-

3 11 32
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operative outcome. More recently Zachow et al.4 8 ,4 6  reported on a quantitative 
validation for one relevant patient. He compared simulation results for different 

model parameters and concluded that a mean prediction error of 1 to 1.5mm could 
be achieved with his model.

31In previous work we presented a Tetrahedral Mass Spring Model (MSM) to 
simulate based on a bone-related planning, the new facial appearance after a 
maxillofacial procedure. A tetrahedral model build up was chosen to facilitate the 
meshing step compared to the multi-layered based models24,42 in which the meshing

45step, based on the approach of Waters , is typically rather tedious and error-prone. 
Our MSM directly calculates the new facial outlook by solving static force constraint, 
as introduced by Teschner42. A major advantage of this model is the combination of 
a large number of elements, for a better accuracy, and a fast simulation time. We 
quantitatively validated our MSM by measuring distances between predicted and 
post-operative facial surface for three patients and concluded that pretty good

30results could be achieved with this model . Nevertheless the usage of such a 
Tetrahedral MSM and MSM more generally, have some serious disadvantages, as 
discussed in34,29. The most important drawback is that the MSM has no real bio
mechanical foundation.

1.3 Paper outline

This work mainly includes two parts. In the first part we present four different 
computational strategies used to model the deformation behaviour of facial soft 
tissues for a maxillofacial planning system: a linear Finite Element Model (FEM), a
non-linear FEM, a MSM and a Mass Tensor Model (MTM) [10]. This last model,

10MTM, was introduced by Cotin et al. . Two extensions to the original model are 
introduced in order to adapt it for our specific application. The MTM has the easy 
architecture of the MSM but keeps the bio-mechanical relevance of FEM, moreover 
as shown it beats both other linear models in computation time.

In the second part of this text we present a complete true validation work flow, 
including a quantitative and qualitative validation. Therefore, we acquired a data set 
of ten patients containing for each patient pre-operative and post-operative CT data. 
After first introducing the qualitative and quantitative validation methods, results for 
each of the four computational strategies are presented and discussed.

Our results show that the MTM achieves the same accuracy as the linear FEM, but 
clearly beats MSM and the linear FEM in simulation time. No significant 
improvement of the simulation accuracy was found, when using the non-linear FEM. 
The validation study denotes moreover an acceptable error of the predictions for the 
MTM and linear FEM when quantitatively measuring distances between the 
predicted and real post-operative facial outlook. These positive results were 
confirmed by the qualitative validation study, so that we are able to conclude that 
maxillofacial soft tissue prediction systems can be used in daily clinical practice.

103



CHAPTER 6

2 Computational strategies for soft tissue modelling

Simulation of the deformation of the facial soft tissues due to bone movement, 
demands a mathematical model that is able to imitate the behaviour of the facial 
tissues. All approaches that have been proposed for this simulation, can be 
categorised in two main model types: Finite Element Models (FEM) and Mass 
Spring Models (MSM). Both methods have been investigated in our group in the 
past38,31. In this section we briefly summarize these two models and highlight the 
main benefits and disadvantages of both methods. Next we introduce the Mass 
Tensor Model (MTM), as some sort of golden mean between both methods. Since 
one of the benefits of this MTM, compared to linear FEM or MSM, is the fast 
calculation time, we discuss this topic in more detail in the last part of this section.

2.1 Finite Element Model

To model the deformation behaviour of living soft tissues, we start from the 
mechanical equilibrium equations:

dax  drxy dr----— H----- y H-----— + F = 0dx dy dz x

dry  * 0 .  
dx dy £  * Fy=o

(1)

dr^ dryz da
dx dy dz *  F  = 0

with a  , a  , a z , r  , r  and r  the stress components and F ( F  F  F ) thexx yy zz xy xz yz  ̂ x ̂  y ̂  z J
17volume forces. The material properties are introduced into these equations through 

the constitutive equations relating stresses and strains. Following the approach of38 
the soft tissue can be modelled as a homogeneous, linear and elastic material, such 
that we can use Hooke's law:
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with strain components s x , e , e zz, yy , y z , yyz, Young's modulus E  and 

Poisson coefficient v . If we define {X }  as the initial configuration at time t0 and 

x  =  x (X ,  t) as the description of the point X  attime t , the displacement vector u  

can be defined as x = X  + u . The Green-Lagrange strain tensor relates the strains

s to the displacement vector u : s = — (Vu + V uT + V uTV u ) . When assuming that

displacements are relatively small the last term of this tensor can be neglected

1 T
resulting in the linearised Green-Lagrange strain tensor: s = — (Vu + Vu ) . In a

large deformation setup, the full Green Lagrange tensor will be solved.

These equations are discretized using a 3D finite element method, resulting in a 
linear FEM when the linearised Green Lagrange tensor is solved or a non-linear 
FEM when solving the complete tensor. The continuum is modelled as a tetrahedral 
mesh. For the interpolation between the mesh nodes we use a basic linear, C0

50continuous shape function using 4 nodes for each tetrahedron .

For the linear FEM, the partial differential equations are reduced to a set of linear 

equations for the vertices of the tetrahedron mesh: K U  = R  with K  the global 

stiffness matrix for the entire model and U  and R  the displacement and elastic 
force acting in each mesh node respectively. By defining a fixed displacement for a 
set of mesh nodes and demanding that in rest the total force in all other mesh nodes 
should be zero, the displacement of all mesh nodes can be found by solving the 
linear equations K U  = R . To solve the finite element equations in a fast way we 
use a Jacobi preconditioned Krylov subspace method, namely GMRES (general

35minimum residual) .
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For the nonlinear FEM, we use a commercial finite element analysis software
14package named CalculiX CrunchiX , which is available under the terms of the GNU 

General Public License. The non-linear equations were solved iteratively using an
2 3

Incomplete Cholesky preconditioning .

FEM is a general discretization procedure of continuum problems posed by 
mathematically defined statements. As a consequence this model has a very strong 
biomechanical relevance and is expected to be a very accurate model when 
simulating deformations of living tissues. These two properties make FEM an 
excellent choice from an accuracy point of view. Nonetheless it is known that FEM 
has a high computational cost and large memory usage, which could result in rather 
long simulation times and may hamper application of this approach in daily clinical 
practice as already argued in the introduction. FEM extensions based on pre
computing the matrix system, have been presented in order to improve the online 
simulation time11. These extensions demand however a rather long pre-computation 
step.

2.2 Tetrahedral Mass Spring Model

A mass spring model assumes a discretization of the deformable object into n  
mass points and a set of m  connections between each of these n  mass points. For 
this we start from a tetrahedral discretization and assign to each mesh node a mass 
point and define a linear spring for each mesh edge. These linear springs follow 
Hooke's law:

Fs = ks AL  (3)

with Fs the magnitude of the elastic force working in the end points of the linear 

spring, k s the linear spring constant and AL the difference between the rest length 

and the actual length of the spring.

In our model we distinguish two types of points: join points and free points (see also 
section 3.3). During simulation a well known displacement is applied to each of the 
join points, while the displacement of each free point is found by demanding that the 
total internal force F ‘nt in each free point should be zero when the deformable

model is in rest. The total internal force F /nt of a free mass point i is given by:

F "  =  I  k J ( | |p .  -  P i|| -  L ) (4)
v P / 5i llp j  p i'll
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with Si denoting the set of springs connected to mass point i , p f the 3D

coordinates of point f , and L j and k j the rest length and spring constant of 

spring j  , respectively.

Demanding that the total internal force in each free point should be zero, is solved 
as an iterative minimisation problem with a steepest-gradient solution scheme. To 
reduce the calculation time a dynamic cut-out was implemented. In each iteration 
step there are a lot of points in which the resulting force is very small. Moreover 
forces working in point i at the start of iteration j  can only have been changed in 

comparison to the previous iteration step when point i  or a neighbouring point has 

been moved during iteration j - 1 .  Consequently only points with an internal force

larger than some threshold value should be considered in each iteration step and 
secondly, only points which are neighbours of a point that has been moved in the 
previous iteration, have to be evaluated in the next step.

Since we want to model the behaviour of facial soft tissues, we have to choose an 
appropriate value for the spring constants in order to meet the correct stress-strain 
relationship. Van Gelder18 suggested a formula to compute the spring stiffnesses for 
a 3D tetrahedral mesh that is closest to an elastic continuous representation. Let E 
be the material's Young's Modulus, then the spring constant of spring i is given by,

with Q . the collection of all tetrahedra containing spring i , Vj  the volume of 

tetrahedron j  and L° the rest length of spring i .

2 2  42
MSM finds its origin in the computer animation world . The very easy architecture 
and low memory usage make this model very attractive for fast simulators. However 
our Tetrahedral MSM and MSM more generally have also some important 
disadvantages. Three important disadvantages are distinguished:

1. In the Tetrahedral MSM an object is described into discrete mass points 
which are connected to each other by springs. A change of length of a 
spring induces a force in the direction of the spring. However since no 
volume behaviour of the tetrahedron is incorporated, this may cause a 
possible 'flip over' of a spring34.

2. The value of the spring constant determines the elastic behaviour of the 
MSM. As shown in2 there should be some kind of topology dependent
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mapping of Young's Modulus to these spring constants. Although some 
suggestions are proposed how this can be done2,18, the calculated value for 
the spring constant is only an approximation and has no true 
biomechanical relevance.

3. In a MSM there is no way to really control the volume conservation during 
simulation, even when the model is extended with extra 'volume springs',

31as described in .

2.3 Mass Tensor Model

The fourth model introduced in this section, is a novel Mass Tensor Model (MTM) 
which can be seen as a mixture of FEM and MSM. On the one hand the model 
preserves the easy architecture of the MSM and on the other hand the model has 
the bio-mechanical relevance of FEM.

2.3.1 The original model

The original MTM was introduced by Cotin10,39. In the MTM the modelled object is 
discretized into a tetrahedral mesh. Inside every tetrahedron T . , the displacement

field is defined by a linear interpolation of the displacement vectors of the four 
vertices of T . , as defined by the finite element theory. The linear elastic energy of

tetrahedron T. can be expressed as a function of the displacements of the four 

vertices and of the two Lamé coefficients. These coefficients X and i  are 

biomechanical elastic constants and directly proportional to the well known material 

dependent Young's Modulus E  and Poisson coefficient v , by the formula:

The force applied at vertex j  of tetrahedron Ti is defined as the derivative of the 

elastic energy of T . .

E
1  = ------------

2(1 + v )
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with p J the 3D coordinates of vertex j, u T(k) the displacement of vertex k  of

T
tetrahedron T  and K  j  the stiffness tensors for this tetrahedron. These tensors

are completely determined by the initial position of each vertex of the tetrahedron
1 0and the Lame coefficients, which are material specific. For details we refer to .

For the whole mesh, the total elastic force FJ at a vertex j  is now simply the sum 

of the contributions of all tetrahedra containing this vertex j  .

Fj = Z  F? = Z B K i  )u ,k, (9)VT.e A  . VT.e A  . k = 0
i  j  i  j

with A  j  the collection of all tetrahedra adjacent to vertex j  . This expression can be 

rewritten into the following simple form:

Fj = [K j ]uj + Z  [Kj,]uk
VkeW . 

j

with [ K j ] =  Z  [ K J ] an d  [ K Jk] =  Z  [ K )k ] (10)
v t e a j  v t e a j

with *¥ the collection of all mass points neighbouring to mass point J  . This MTM

results in an easy implementation with mass points and model tetrahedra and a 
straightforward way to evaluate the force in each mass point during simulation.

During simulation the displacement for a set of mass points is set fixed (the join 
points, see section 3.3). The other model points (free points) will move due to elastic 
forces in these points induced by the displacement of these join points. The new rest
position of these free points can than be found by time integrating the Newtonian

1 0motion equation .

2.3.2 Extension 1: Direct computation of the deformation

As already suggested in4231 the usage of a time integration scheme, as mentioned 
above, can lead to slow convergence and errors in the estimation of the final 
position. In a maxillofacial surgery planning system the prediction of this final rest 
position is more important than the exact animation of the deformation. Therefore we
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combined the original Mass Tensor Model with a static constraint to directly estimate 
the deformation without calculating the animation.

The new rest position is now found by demanding that in each free point the total 
elastic force should be zero when the object is in rest.

u  j w =  argm in \F j (u  j)|| VJ e Y  free (11)

with Y reee the collection of all free mass points. To solve this optimisation problem,

we use a local steepest gradient method which tries to minimise the total elastic 
force in each free point in every iteration step. So in iteration step p  we get:

F j ( u P) =  0 ^  up  =  - [ K , ]-■( Z  [ K j k ] u D  (12)
VkeY . j

Since all [ K  , ]  and [K  Jk ] are only dependent on the initial mesh configuration and

the two biomechanical constants, X  and i  , we can pre-compute all [ K ,  ] -1 and 

[K  Jk ] .  Hence the optimisation problem will be restricted to a series of matrix-vector 

multiplications and matrix summations.

2.3.3 Extension 2: A local dynamic stop criterion

A second improvement was introduced to the original MTM. Suppose we define a 

total elastic force threshold F. . . When the total elastic force F , in each modelthresh 11 j  11

point becomes smaller than this F thresh, iterations will be stopped early. We name 

the difference between the predicted result when F thresh is set to zero and the

outcome when a non-zero value is assigned to F thresh, the precision of the MTM.
2 0This definition of the term precision is consistent to the work of Hover et al. , where 

precision was defined as a measurement for the 'internal accuracy' of a model. It is 
needless to make this precision a lot higher than the achieved total accuracy, 
defined as the difference between the predicted outcome and the real post-operative 
new facial outlook. As a consequence iterations can be cut-off early, which will 
cause a serious gain in simulation time.

Defining a good overall value for Fthresh is however impossible, since this value will

be dependent on the mesh topology and the biomechanical constants. Therefore we 
propose to look to the mean gradient of the displacement field over a number of 
iterations, to determine when iterations should stop. If this gradient becomes very 
small in every model point, we can conclude that we must be close to the real 
solution and can ensure that the error made by the limited precision is negligible to
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the accuracy of the prediction. This dynamic stop criterion enables the combination 
of high accuracy with fast simulation times.

This threshold can be reached in different model points after a different number of 
performed iterations. Moreover the elastic force in point j  at the start of iteration k

can only have been changed since iteration k  - 1  when point j  or a neighbouring

point has been moved during iteration k  - 1. Due to the easy architecture of the 
MTM, storing information locally in each mass point, these two criteria can easily be 
incorporated in the iterative solution scheme and will result in a shorter simulation 
time.

2.3.4 Validation of the local dynamic stop criterion

We validated the local dynamic stop criterion of the MTM in two ways. In the first 
section we try to clarify the effect on the accuracy of the stop criterion. In the second 
part we highlight the gain in simulation time when comparing to FEM or MSM 
simulations.

Precision of MTM
For validation we arbitrarily selected five patient CT data sets and constructed for 
each data set a tetrahedral mesh which encloses the facial soft tissues, as explained 
in section 3.1. This tetrahedral mesh serves as input for our Tetrahedral Mass 
Tensor Model. For each patient boundary conditions, defining the join and free 
model points, were generated based on a realistic bone-related planning (see 
section 3.3). After applying these conditions to the model, the soft tissue 
deformations were calculated by searching the new rest position for each free model 
point, as described in section 2.3.2. After each iteration step the new calculated 
position for each point was saved. Based on this saved data the maximal gradient of 
the displacement field and the minimal precision over all free model points were 
calculated during each iteration step. The precision of the prediction at iteration step 
n  , was derived by measuring the distance between the final position, when the total 
elastic force is zero in each model point, and the position at iteration step n , for 
each model point. The graphs in figure 1 summarize the precision data for each of 
the five patients.
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Number of Iterations

Fig. 1. The minimal precision in m m  over all free model points after each iteration 
step for 5 arbitrarily chosen patient data sets. The red lines indicates when the minimal 
precision becomes smaller than 0.3 mm .

As will be discussed in section 3, the mean accuracy of the Mass Tensor Model 
equals approximately 1.5 mm  for this data set of 5 patients. When the minimal 
precision of our MTM becomes smaller than for example one fifth of this mean 
accuracy («  0.3 m m ), we can suppose that precision becomes negligible compared 
to the accuracy of the prediction and that iterations can be cut off. This cut-off 
boundary is indicated on each graph in figure 1 and summarized in table 1.
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Patient Nts P  . (mm)mm ' ’ P  (mm)mean ' ’ Gmax

1 727 0.30 0.058 0.0010

2 583 0.29 0.021 0.0015

3 409 0.28 0.065 0.0016

4 1138 0.28 0.011 0.00055

5 570 0.29 0.041 0.0017

Average 685.4 0.288 0.039 0.0012

Table 1: Table showing the number of performed iterations ( N jts ), the corresponding minimal ( P  ) 

and mean precision ( Pmean ) of the current prediction and the maximal gradient ( Gmax) of the 

deformation field over all model points after n  iterations.

Table 1 shows that when the minimal precision becomes smaller than 0.3 mm  , the 

mean precision over all model points equals on average 0.039 m m . This very low 
mean value suggests that only a very small group of model points haven't reached 
their final rest position yet. Moreover the distance between the current position of 
these points and their final rest position is small compared to the real accuracy of 
the prediction and will therefore not influence the final prediction accuracy. As a 
consequence iterations can be stopped early. We can derive from table 1 that this 
boundary is reached when the maximal gradient of the displacement field becomes 
smaller than 0.001 .

Simulation time

To investigate in more detail the time gain due to the local stop criterion, we 
measured the time gain of the MTM compared to the linear FEM and MSM, in 
function of the numbers of tetrahedra used in the tetrahedral model. Therefore we 
created a set of virtual test cubes having the same dimensions but containing a 
different number of tetrahedra. During simulation the centre of the cube was moved 
6 mm  upwards. Simulation times were recorded for each biomechanical model and 
results are summarized in figure 2.
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Fig. 2. Left: (a) Virtual test cube. (b) Boundary conditions applied to this cube. The centre of the cube 

(yellow) is moved 6  m m  upwards, while the border (purple) is kept fixed. Right: Simulation time in 
function of the mesh size for all 3 biomechanical models.

These results reveal that the simulation time of FEM and MTM behaves more or less 
linear in function of the number of tetrahedra in our region of interest 
(30.000 -  200.000 tetrahedra). When the mesh size increases, and as a 
consequence the average tetrahedron size decreases, the maximum allowed step 
size in each iteration of the MSM, has to be decreased to prevent unwanted 
''spring-flipping''. This results in a more quadratic approximation for the MSM. It was 
noticed that a constant 40%  time gain can be achieved with the MTM compared to 

FEM and MTM was on average 52% faster than MSM.

3 True Validation

Before a soft tissue simulator can be used in routine clinical practice, it has to be 
shown that this simulator is able to give an accurate prediction of the new facial 
outlook after surgery. The only way to truly measure this accuracy is by comparing 
post-operative data with the predicted data38,6,48. This important validation step has 
often been lacking in other work. In this section we discuss how our validation data 
was acquired and processed. The validation work-flow includes following steps:

1. Data acquisition and pre-processing: Patients undergo a pre- and post
operative CT scan. Out of the two CT data sets the skull and skin surface 
are reconstructed. A tetrahedral volumetric mesh that serves as input for the 
soft tissue simulation, is built after first segmenting the facial soft tissues out 
of the pre-operative CT data

2. Bone-related planning: A maxillofacial bone-related planning that 
corresponds to the real performed procedure is generated.

3. Generating boundary conditions: Out of the bone-related planning boundary 
conditions for the biomechanical soft tissue model are generated.

4. Simulation: The new facial outlook is computed using a specific 
computational strategy.
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5. Validation: The computed facial outlook is qualitatively and quantitatively 
compared with the real post-operative appearance.

While step 1 -  3 are more straightforward, we introduce in step four a novel method 
to combine a very fast simulation with a high resolution of the visualisation result. In 
the next subsection we discuss our validation methods. All simulations were 
qualitatively and quantitatively validated. To quantitatively validate the predicted 
facial outlook, we measured distances between corresponding points of the 
predicted and post-operative facial outlook. Finally, in the last part of this section, we 
present the results of using this validation set-up on a database of 10 patients who 
underwent a maxillofacial procedure.

3.1 Data acquisition and pre-processing

When a patient needs to undergo a maxillofacial surgery, pre-operatively a CT scan 
is acquired. Dense, highly detailed skin and bone surfaces are extracted with the 
marching cube algorithm with appropriately chosen thresholds26.

To simulate the soft tissue deformations caused by a maxillofacial procedure, we 
also need a volumetric tetrahedral mesh containing all the facial tissues. Starting
from the patients’CT data we automatically segment these facial soft tissues using a

2 1levelset segmentation algorithm . Out of this segmented data we can build with the 
Amira software (TGS, Merignac Cedex, France) a tetrahedral mesh. Since our 
levelset segmentation algorithm produces a very smooth segmentation, we never 
experienced any problem in obtaining an appropriate tetrahedral mesh. The design 
of a simulator that can be applied in routine clinical practice imposes constraints 
concerning processing time and memory usage, i.e. on the dimensions of these 
tetrahedral volumetric meshes. Therefore it is interesting to restrict the tetrahedral 
mesh to the zone of the human face that will deform during surgery and to limit the 
number of tetrahedrons (typically less then 100000 ).

In their clinical routine, all patients had a post-operative CT scan four months after 
surgery, when swelling has disappeared. These post-operative images are also 
used during our validation procedure. Therefore the post-operative CT data is first 
rigidly registered to the pre-operative CT data, using maximization of mutual

27information on an unaltered subvolume . From these co-registered post-operative 
data, a surface representation of the skin and skull are generated.

3.2 Bone-related planning

Maxilim (Medicim, Sint-Niklaas, Belgium) is a 3D bone-related planning system for 
maxillofacial surgery, originating from development in our group over the last

33years . This software allows the maxillofacial surgeon to pre-operatively determine 
the necessary bone displacements and to see the effect of the procedure.
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Since we want to validate the accuracy of our soft tissue simulator, we have to 
ensure that the planned procedure is exactly the same as the one performed by the 
surgeon. There are two critical parameters when planning a maxillofacial 
intervention: determination of the cut surfaces and determination of the 
displacements of the different skull parts. To define these parameters we use the 
pre-operative skull surface and the co-registered post-operative skull representation, 
generated as discussed in section 3.1.

Fig. 3. Reconstruction of a bone-related planning that resembles the performed 
procedure as much as possible

During surgery the skull was cut into a number of separate parts which where 
displaced independently and which can be easily identified on the co-registered 
post-operative skull surface by visual inspection. To transfer the location of the cut 
surfaces from the co-registered post-operative to the pre-operative skull 
representation, we first divide this post-operative skull surface in different patches 
that each correspond to a separate skull part (see figure 3(a)). Each post-operative 
surface patch is then separately matched by manual alignment to the pre-operative

13skull representation. Afterwards the ICP algorithm is used to refine the rigid 
registration (figure 3(b)). The outline of each registered patch on the pre-operative 
skull surface as defined by ICP, is then used to define an initial cut surface on the 
pre-operative skull (figure 3 (c)). Then the pre-operative skull was virtually cut with 
these cut surfaces. Finally, the resulting bone fragments are again registered to the 
co-registered post-operative skull surface using ICP, to precisely determine the 
displacement of each skull part (figure 3(d)). The ICP algorithm was initialised by a 
manual allineation of the different skull parts.

This work-flow enables us to accurately reconstruct the performed surgery. However 
some differences between the planned procedure and the co-registered post
operative skull remained which can not be corrected by rigid displacements of bone 
parts. The most important reasons for these mismatches are: misplacement of a cut 
surface due to metal streak artifacts on the CT data, bone growth after surgery and
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placement of screws in the bone during surgery. As a consequence the maximal 
distance between the planned skull and the co-registered post-operative skull, 
remained around 1 mm  .

3.3 Boundary conditions

To simulate the effect of a maxillofacial surgery on the soft tissues, the bone-related 
planning has to be mapped to the tetrahedral soft tissue model. Therefore, we 
assume that the motion of a soft tissue point that adjoins the skull, equals the motion 
of that part of the skull. In this way two types of points can be distinguished: join 
points and free points (see figure 4).

• Join points: All points that join at a part of the skull. This skull part will be 
kept fixed or will be repositioned during surgery.

• Free points: All the other soft tissue points are free. During simulation their 
movement is completely determined by the resulting elastic force that exists 
in these points.

Fig. 4. Determination of the boundary conditions. (a)The bone-related planning.
(b)The planning data is mapped to the soft tissue model. (c)Pink points are free points, 
the other coloured points are join points. The movement of a join point equals the 
movement of the corresponding skull part.

In the present simulator we do not model the exact contact behaviour between lips 
and teeth. At this moment teeth are treated as any other part of the skull, while a 
sliding contact behaviour would be more realistic and could probably improve 
simulation results.

3.4 Simulation

The created tetrahedral mesh and boundary conditions serve as an input for our soft 
tissue simulator. We used four different computational strategies (see section 2) to 
model the facial soft tissue behaviour and to predict the patient's post-operative 
appearance. These four models are: a linear FEM, a non-linear FEM, a MSM and a 
MTM. During simulation first join points are displaced as defined by the boundary 
conditions. Next the new position of each free model point is searched by 
demanding that the total elastic force should be zero in this point when the object is
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in rest. Since we assume the facial tissues to be homogeneous and isotropic, it can 
easily be shown that the equations that need to be solved, are independent of 
Young's Modulus for all four computational strategies. For the linear and non-linear

17FEM and the MTM the Poisson Ratio was set to 0.46 during all simulations .

As mentioned in section 3.1, for reasons of computational efficiency the tetrahedral 
mesh used for simulation is restricted to only the zone of the human face that will 
deform during surgery and is quite smooth due to the limited number of 
tetrahedrons. The recognition value of such a smoothed mesh is however rather 
low, as shown in figure 5(a). Moreover, since the perception of the human face is 
mainly determined by the relationship between different parts of the face, it is 
important for the surgeon to see the whole face and not just a part of it when 
inspecting the effect of a maxillofacial procedure. As a result, this tetrahedral mesh 
is unsuitable for clinical validation. To combine the advantages of a smooth sparse 
tetrahedral mesh for fast simulations and a very dense, highly detailed mesh for a 
good recognition, we introduce a volume/surface mapping method.

With the volume/surface mapping method, we first calculate the new facial outlook 
using a smooth sparse tetrahedral mesh and we then map this deformation field to a 
dense triangle representation of the human skin surface, that was also generated 
during pre-processing of the data (see section 3.1). Since the tetrahedral mesh is 
much sparser than the skin surface, we have to interpolate the calculated 
deformation field.

We suggest two different interpolation strategies. First the linear FEM shape
50functions can be used to calculate the displacement in every point of the triangular 

surface. Second a Gaussian interpolation strategy is presented. Both methods 
enclose two steps: an initialisation procedure and an update process during which 
the displacement in each point of the triangular surface is calculated.

For the first method, the shape function method, we search during initialisation for 
each point P. of the triangular skin surface the tetrahedron that is closest to this

point P . . To find this tetrahedron we project point P. onto the outer triangular 

surface of the tetrahedral mesh and we define the tetrahedron that contains triangle 
k  where point P. was projected on, as the closest tetrahedron of this point. In the

update stage the displacement of every surface point Pi is determined using the 

FEM shape functions of the closest tetrahedron:

(13)
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with qJ=0"3 and Uj=0 3 the initial position and displacement of the four vertices of

this tetrahedron, VT the initial tetrahedron volume and mj  =0... 3 are the area vectors

for each vertex as defined in 10

The second approach uses a more simple Gaussian interpolation strategy. We 
initialise the interpolation scheme by searching for each point Q j  of the outer

surface of the tetrahedral mesh, the corresponding point P. on the triangular skin

surface. Since this skin surface is very dense, we can assume that the 
corresponding point P. is simply the closest point on the triangular surface. To

calculate the displacement of each surface point, we first map the displacement of 
each point Q . of the tetrahedral mesh to its corresponding point of the facial skin

surface. The displacement of n  points of the facial skin surface is now known. Next 

the displacement of every point Pi of the facial skin surface is found by using 

following interpolation scheme between these n  points:

u( P, )

u (  p , ) = 1 d

z  —dVj£®i(x,y) dij

(14)

with u( p ) the displacement of point P . , d . the distance between point P. and P. 

and © .( x, y )  the collection of all points that lie in sphere with a radius of x  m m  

around point P. and have a connectivity with this point P. lower than y  . 

Empirically 3 mm  and 5 were assigned to x  and y  , respectively.

Fig. 5. (a) the initial tetrahedral mesh,(b) the deformed tetrahedral mesh, (c) the 
initial skin surface, (d) and (e) the deformed skin surfaces generated respectively 
with the shape function method and Gaussian interpolation approach.

In figure 5 we show the result of the volume/surface mapping visualisation method 
using both interpolation strategies. As can be seen, the high detail deformed skin 
surfaces (figure d and e) allow a much better and more realistic visual inspection of
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the effect of the maxillofacial surgery. In section 3.6.1 both interpolation strategies 
will be quantitatively compared.

3.5 Validation procedure

We validated the predicted new facial outlook in two ways: quantitatively and 
qualitatively. For the qualitative validation surgeons were asked to rate the prediction 
result by visual inspection. Quantitative validation implies distance measurements 
between corresponding points of the predicted and real post-operative facial skin 
surface.

3.5.1 Quantitative validation

Quantitative validation incorporates measuring distances between the predicted and 
post-operative facial skin surface. Typically for these measurements, the predicted 
and post-operative facial skin surface are first rigidly registered based on an 
unaltered subvolume and subsequently the distance between both surfaces is 
determined. The distance measurement can be a two-sided Hausdorff distance48 or

38 6  30
a signed Euclidean distance . Afterwards the generated distance map can be 
visualised or statistically analysed.

As highlighted by Chabanas et a l6 the main problem of these distance maps is an 
underestimation of the real error, since the map is calculated as the minimal 
Euclidean distance between points of the predicted and the real post-operative skin 
surface and not as the distance between corresponding points. To overcome this 
problem, a method was elaborated that is capable of finding a better estimate of the 
correspondences between both facial surfaces.

First we rigidly register the pre-operative and post-operative CT data using
2 7

maximisation of mutual information on an unaltered subvolume , typically the top of 
the skull, and extract out of these data sets the pre-operative and co-registered post
operative facial skin surface (see also section 3.1). During simulation the predicted 
facial skin surface is calculated by deforming the pre-operative facial skin surface 
(section 3.4). For finding 'true' correspondences between this predicted facial skin 
surface and the co-registered post-operative skin surface, we used a variant of the 
non-rigid TPS-RPM algorithm98.

The original TPS-RPM algorithm finds correspondences between a moving and a 

target set of points A  and B  , by defining a regularized transformation f  : A ^  B .

This regularisation ensures that the internal structure of point set A  is taken into 
account during the registration process, which can be achieved by minimising 
following cost-function:
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—2 f  —2 f  —2 f  
+  2 (— — ) 2 +  2 (— ) 2 +  2 {— — f]d x d y d z  (15)

oxoy dxdz ddydz

with a i and corresponding points of sets A  and B  respectively. The second

term is a measure for the total curvature of the transformation which constrains the 
smoothness of the transformation. The influence of this constraint is controlled by a 

parameter X . The transformation function f  is defined as a thin-plate spline (TPS) 
function:

f  ( a , ) = a , D + / (  a ,) W  (16)

in which D  is an affine transformation matrix, / ( x )  the used spline kernel and W  

a non-affine transformation coefficient matrix.

At initialisation the correspondences between data set A  and B  are unknown. 

Hence, it is impossible to calculate the transformation f  in one step. Therefore the 

original TPS-RPM algorithm defines a correspondence matrix M  which keeps track 

of the current estimated correspondences between data set A  and B  . If point set 

A  and B  contain K  and N  points respectively, the new energy function that 
needs to be optimised is given as:

N K N K --- ^  2 2A 2 2 — ,2E„s= E S - jP b j-  fa )P2-c Y l- j+ X ffl[( fx 2 )2+(——)2+ ( f

r  2 —  r  2 —  r 2 —
+ 2 (—— ) 2 +  2 (— ) 2 + 2 (— — ) 2]dxdydz (17)

r  x r  y  r  x r  z  r r  y r  z

To minimise this energy function a deterministic annealing procedure is used. 

Starting at a high temperature value T  for X  the algorithm will only allow the points 
to move in a group fashion way. As the temperature decreases this constraint loses 
its importance and this allows the points to move more locally to satisfy the minimum 
energy-condition.

Although this TPS-RPM algorithm has proven to be quite accurate in finding 
corresponding points, it is known to be quite resource-hungry and does not scale 
very well. As a consequence the original TPS-RPM algorithm can only be used for 
non-dense meshes. Usages of such non-dense meshes would induce a larger 
registration error, due to the discretization, that would strongly influence the final 
result of our quantitative validation. Therefore Tondeur et a l A3 implemented a 
variant of this TPS-RPM algorithm that uses the same TPS transformation but
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searches correspondences between a point set and a continuous surface 
description.

Consider two point sets: a moving set A  and a target set B  . To obtain a 
continuous representation of the target set a Radial Basis Function (RBF) is fitted 
through this point set. Next following iterative scheme can be used, to obtain the 
transformation between both data sets:

Initialization

Load the moving set A  ( PA )

P  = Pcorr A

Fit a RBF trough target set B ( RBFb)

Temperature parameter T  = Tinit

O uter Iteration : Deterministic annealing 

In n er Iteration : Register moving set at target set

Ptemp Pcorr + M( Pcorr ) grad  ( Pcorr )

(with g ra d  the gradient of RBFb and n ( x ) the step size.

This step size is proportional to RBFb in point x  )

Use TPS (eq. 17) to calculate the transformation f  from PA to Pt

P or = f  ( Pa )

Until Convergence  

Decrease temperature T

Until fin a l T  is reached

All RBF and TPS calculations are performed using the Fast RBF Toolbox (Farfield 
Technology, Christchurch, New Zealand), which implements specialised fast 
evaluation and generation techniques for RBF's and makes these RBF's applicable 
for large data sets.
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Fig. 6. Well-defined facial points were indicated on the predicted facial outlook (left).
The corresponding points on the post-operative facial appearance (right) are searched 
with a traditional closest point algorithm (green points) and a variant of the non-rigid 
TPS-RPM algorithm (purple points).

The effect of the non-rigid warping, compared to a closest point search, can clearly 
be seen in figure 6. Left the predicted facial skin surface is shown. On this surface 
well defined facial points were manually indicated. Next the corresponding points on 
the real post-operative facial surface were searched using a traditional closest point 
approach (green points) and the introduced non-rigid algorithm (purple points). 
When zooming in on the lip area, a clear difference between both approaches is 
noticed. Thanks to the regularised warping of the algorithm, a better estimate of the 
‘true' correspondences between the predicted and real post-operative skin surface is 
achieved, resulting in a more correct distance measurement.

For our validation study we search correspondences between all mesh points of the 
predicted triangular skin surface, typically around 60.000 points, and the co
registered post-operative skin surface. Afterwards a signed euclidean distance 
between these corresponding points is measured. The measured distances are 
visualised by projecting these distances onto the facial skin surface by means of a 
color-code. This results in an easy interpretable image of the error distribution over 
the facial skin surface. Second, we calculate following statistical properties for each 
distance map: the mean, the variance, the 50% , 90% and 95% percentiles of 
the distance distributions.
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(a) (b) (C)

Fig. 7. Qualitative validation procedure: (a)Surgeons could inspect the pre-operative facial 
skin surface, pre-operative skull and planned skull surface in a 3D environment. Next they are 
asked to score the truthfulness of the predicted post-operative skin surface. (b) Shows the 
textured pre-operative facial skin surface of a patient and (c) the predicted post-operative 
facial appearance.

3.5.2 Qualitative validation

A validation procedure during which surgeons are asked to score the predicted facial 
outlook, was set up to measure the value of the soft tissue simulations qualitatively. 
Predictions of the new facial outlook were calculated using the MTM. The qualitative 
validation procedure includes two experiments:

Experiment 1: First for each patient the pre-operative facial skin surface, pre
operative skull and planned skull surface are shown to the surgeon. The surgeon 
can inspect these models in a 3D environment (see figure 7). Texture, obtained with 
a 3D camera system (Eyetronics, Leuven, Belgium) was added to the facial skin 
surface to increase realism. Based on the inspection of these models and the 
planning data, the surgeon is asked to imagine the patient's post-operative facial 
appearance. When ready, we show him our predicted new facial outlook and ask 

him to score on a scale of 1 to 5 the truthfulness of this prediction. In the 3D 
environment it is possible to switch fast between the pre-operative and predicted 
facial skin surface to emphasise the deformation between both surfaces. Finally the 
surgeon is asked to indicate on the face the regions where he thinks big errors 
between the predicted facial skin surface and real post-operative skin surface are 
present.

Experiment 2: In the second experiment the surgeon is shown the pre-operative skin 
and skull surface, the predicted new facial outlook and the planned skull, like in the 
first experiment. However in this experiment also a second 3D viewer is given in 
which the real post-operative facial surface can be inspected (figure 8). Based on 

these shown data the surgeon has to score two statements on a 1 to 5 scale. First 
he has to validate the resemblance between the predicted facial outlook and real 
post-operative appearance. In a second stage we ask him to once again score the 
truthfulness of the predicted facial skin surface, after having now seen the real post
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operative facial appearance. At last he has to define the facial regions where the 
predicted and real post-operative skin surface differ the most, in his opinion.

With the first experiment we want to measure how correct and realistic our 
predictions are, not knowing the real post-operative appearance. In the second test 
we want to define what are most error-sensitive facial regions, e.g. maybe it does 
not matter if large errors arise in the cheek area, but is it important to accurately 
predict the chin contour. Furthermore we want to investigate if a facial skin surface 
that was scored as truthful in the first experiment, still gets a high score after seeing 
the real post-operative facial skin surface in the second experiment.

Besides these two experiments we asked the surgeon to answer some more general 
questions concerning the relevance and practicability of 3D soft tissue predictions 
for maxillofacial surgery.

Fig. 8. The second qualitative validation experiment. Left the predicted facial skin surface is 
shown, right the real post-operative appearance is visualised.

3.6 Results

In close cooperation with Dr. N. Nadjmi (Eeuwfeestkliniek, Antwerpen, Belgium), we 
acquired data sets of 10 patients who underwent a maxillofacial procedure. For all 
patients we used the work-flow as described above, to process the data. The patient

37group counts two Class III and eight Class II patients .

The eight columns of table 2 summarize the data set number, the surgical procedure 
for each patient, the number of tetrahedrons used in each model, the maximal 
movement of the soft tissue points during simulation and the time needed to 
calculate the new facial outlook for each patient using one of the four computational 
strategies. All calculations were performed on a standard personal computer with an 
Intel Pentium 4 processor and 1 Gbyte RAM. As expected the nonlinear FEM is a lot 
slower as the three other linear computational strategies. Unexpectedly FEM turns 
out to be faster than MSM. The MTM clearly beats FEM and MSM in simulation
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time. As shown in the last row of table 2 the average simulation time of the MTM 
equals more or less 10 seconds. These very short simulation times are a great 
advantage for an interactive maxillofacial surgery planning system.

Data
set

Procedure N tetra
M max

(mm)

TFEM

(sec)

T1 MTM

(sec)

TJ MSM

(sec)

T1 NFEM

(sec)

P1 MSB+G 129955 8.1 24.7 16.5 68.35 893.6

P2 G+MxA 74232 9.5 11.9 7.6 24,3 233.4

P3 M SB+  MxA 85213 4.9 16,8 6.6 22,7 449,1

P4 MA 66286 4.3 13.7 2.5 10.99 41.1

P5 MA+G+MxA 79716 16.7 19.2 12.9 47,6 1885.2

P6 MA+MxA 79125 6.3 19.5 5.4 33.1 913.5

P7 MA+MxA 75314 9.6 17.9 9.9 32.2 1001.6

P8 MA+G+MxA 303745 9.9 104.1 23.2 94.3 2712.3

P9 MA+G+MxSB 80654 13.8 11.5 8.2 42.3 897.3

P10 MA+G+MxA 91925 9.5 17.9 8.5 34.6 498.6

Mean 106616 9.26 25.7 10.2 35.1 952.6
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Code Description

MSB Mandibular Set Back

MA Mandibular
Advancement

G chin Genioplasty

MxSB Maxillary Set Back

MxA Maxillary Advancement

Table 2. A database of 10 patients was acquired. For each patient a soft tissue model was built and the 
new facial outlook was calculated based on the performed surgery and using one of the 4 computational 
strategies: FEM, MTM, MSM and NFEM. The first two columns show the performed maxillofacial 
procedure and the number of tetrahedra used in the facial soft tissue model. Column three lists the 
maximum movement over all soft tissue points during simulation. Time needed to calculate the new facial 
outlook is summarized for each strategy in the last four columns.

3.6.1 Quantitative Results

For the quantitative validation step the 10 data sets were processed as discussed in 
3.5.1. To improve the validation the eye region and neck area of each patient were 
manually selected and omitted during processing. Differences in these regions are 
mainly due to opening or closing of the eyelids or a change in head position during 
acquisition of the pre-operative and post-operative CT scan and can not be 
simulated by our soft tissue prediction system. Figure 9 summarizes the outcome of 
the statistical analysis for all four computational models. In the first row we show the 
mean, the variance and the maximum of the distance maps for each patient. The 
second row presents the 50% , 90% , 95% percentiles of the distance 
distributions of the generated maps. In table 3 we summarize more numerical data 
of the outcome of the statistical analysis, showing average values over all data sets 
for the 50% , 90% and 95% percentiles of the distance distributions of the 
generated maps for FEM, MTM, MSM and NFEM.
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Fig. 9. For 10 patients, quantitative validation results of the predictions calculated using FEM, MTM, MSM 
or non-linear FEM, are presented.

Model T150% t90% T195%

FEM 0,60 1,51 1,78

MTM 0,60 1,48 1,75

MSM 0,64 1,67 1,95

NFEM 0,63 1,71 2,05

Table 3. Average values, over all 10 patients, of the 50% , 90% and 95% percentiles of the 
distance maps calculated between the predicted and actual post-operative facial skin surface.

These results show that most accurate results are obtained with FEM and MTM and 
that both models calculate almost the same prediction result. Visual inspection of the 
predicted skin surfaces, showed that difference between both models are only 
located near the neck area, which is of less importance for the prediction quality. 
Also the prediction results obtained with the MSM are quite good. However when 
deformations become large (P2, P7, P9 and P10) the MSM is clearly less accurate
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than FEM or MTM. Introduction of the nonlinear FEM didn't improve the simulation 
results. Only for P1 a better prediction was obtained when using the NFEM strategy. 
For all other data sets, the accuracy of the NFEM predictions was lower than those 
obtained with the three other computational strategies. As can be seen in table 3 the 
mean T50% for FEM and MTM is only 0.6 mm  and the average Tg0% equals

1.50 m m . Keeping in mind the stability and predictability of a maxillofacial surgery 

(around 1 m m ), these distance values show an acceptable accuracy.

Besides the statistical analysis of the generated distance maps we can also project 
these distance maps on the model by means of a color-code. This is shown for 
predictions calculated with the MTM, in figure 10. This figure shows the projected 
distance maps for each of the 10 patients. The color map ranges between -  3 mm  

and 3 m m , where a negative error means that the predicted skin surface lies behind 
the post-operative skin surface. When inspecting these images, it can be noticed 
that there are some typical regions with large errors, namely: the tip of the chin, the 
lips and the two area's besides the nose wings.

Fig. 10. Distance map visualised by color coding for the 10 patients. A negative error means 
that the predicted skin surface lies behind the post-operative skin surface.

To investigate the difference between the Gaussian and the shape function 
interpolation scheme, as introduced in section 3.4, we measured the accuracy of the 
prediction results calculated with the MTM in combination with one of both mapping 
strategies. These results are summarised in figure 11 showing the 50% , g0%  and 

95% percentiles of the calculated distance maps. Average differences between 

both methods were smaller than 0.05 mm  for all three statistics. This difference is 
irrelevant for our application.
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Fig. 11. The Gaussian and shape function interpolation scheme were used to map the deformations 

calculated on the 3 D  tetrahedral mesh to the dense triangular skin surface. For both methods 
differences between the predicted and actual post-operative skin surface were measured.

The time needed to calculate the interpolation can be separated in an initialisation 
step (step A) and an interpolation step (step B), as discussed in 3.4. These timing 
results are summarised for each patient in table 4. The Gaussian method clearly 
outperforms the shape function method in timing results with an average time gain of 
85% . Considering the simulation times, listed in table 2, we can conclude that there 
is a significant difference in calculation time between both methods.

Data set
Gaussian Shape function

A (msec) B (msec) A (msec) B (msec)

P1 187 547 3813 1141

P2 63 109 859 219

P3 78 157 1188 344

P4 125 281 2203 688

P5 141 297 2094 625

P6 109 281 2172 594

P7 172 500 3532 1000

P8 140 312 3016 625

P9 156 454 3156 1047

P10 94 109 1094 250

Table 4. Calculation time results for the Gaussian and shape function interpolation scheme. Step A is the 
initialisation step, while in step B the actual interpolation is calculated.
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3.6.2 Qualitative Results

Our qualitative validation study, as described above, was carried out by eight 

maxillofacial surgeons. Experiment 1 was always filled in first, next the surgeon 

carried out experiment 2 and finished with the more general questionnaire. During 
each experiment, the data of all 10 patients was presented to the surgeon in a 
randomised order.

Table 5 summarizes the most frequent scores given by all surgeons for each of the 

10 patients for the most relevant statements of experiment 1 and 2 . A statement, 

with which the surgeon completely agreed, was rated with 5 , while a 1 indicates 
total disagreement with the statement. The scores of the more general questions are 
depicted in table 6.

Statement P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

The performed 
bone-related 

surgery is 
clearly 

visualised. (S1)

5 4 4.5 5 5 4.5 4 4 4.5 5

The prediction 
of the new facial 

outlook after 
surgery is 

correct. (S2)

3.5 3 3 4 4 4 3 4 3 4

The predicted 
outlook is a 

good prediction 
of the actual 

post-op outlook. 
(S3)

5 3 3 5 4 4.5 4 4 3.5 4

Table 5. Surgeons scored statements on a 1 to 5 scale. Statement S1 and S2 was scored during

experiment 1. The last statement belongs to experiment 2 .
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Statement Score

Prediction of the soft tissue deformations can improve the 
bone-related planning (S4)

5

This 3D soft tissue prediction system is useful in daily clinical 
practice. (S5)

4

This prediction system can greatly improves communication 
between surgeon and patient. (S6)

4.5

Table 6. General questions concerning our 3D soft tissue prediction system, were rated by surgeons

It is noticed that the most frequent scores over all patients for statement S2 are not 
lower than 3 and the overall median score for this statement is 3.75 , which implies 
that the shown prediction corresponds well to what the surgeon expected to be the 
actual post-operative facial appearance. The most frequent score for statement S3 

are even a little bit higher (overall median score is 4 ) , indicating that our predictions 
are rated as good or even slightly better, after seeing the real post-operative outlook. 
The answers to the more general questionnaire (table 6), confirm these results. The 
interviewed surgeons agreed that this soft tissue prediction system could really help 
to make a better bone-related planning and to ameliorate communication between 
surgeon and patient.

4 Discussion

4.1 Computational strategies for soft tissue modelling

In this work we compared the usage of four different computational strategies for a 
3D soft tissue maxillofacial planning system. These strategies are a linear Finite 
Element Model (FEM), a nonlinear Finite Element Model (NFEM), a linear Mass
Spring Model (MSM) and a linear Mass Tensor Model (MTM). This last model,

1 0based on the work of Cotin et al. , is some sort of golden mean between MSM and 
FEM.

MSM and FEM, are frequently used to predict the new facial outlook after 
maxillofacial surgery. MSM has an easy architecture and low memory cost, but isn't 
very biomechanical relevant and lack sufficient accuracy for our clinical application. 
FEM doesn't have this drawback but has on the other hand a more complex 
architecture. Moreover the speed of FEM is highly related to the sparsity of the 
global stiffness matrix, which may result sometimes in rather long simulation times. 
Although some authors state that reducing the simulation time can not be a goal of a 
maxillofacial soft tissue prediction system, we argue that soft tissue predictions
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should be incorporated during bone-related planning, as confirmed in literature and 
by results of our qualitative validation study.

We introduced two novel extensions to the original MTM, a direct computation step 
and a local dynamic stop criterion, resulting in a very fast and accurate 
biomechanical model. As shown the usage of a stop criterion does not introduce 
new significant errors, since the MTM prediction can only have a limited accuracy. 
Moreover an average time gain of more than 40%  could be achieved compared to 
FEM or MSM.

The presented MTM, MSM and FEM are homogenous biomechanical models, which 
do not incorporate tissue specific behavior. Zachow et a l A6 investigated the effect of 
an inhomogeneous tissue model. He differentiated between fat and muscle tissue 
and assigned for each tissue type different values to the Modulus of Young 

( E ) and the Poisson Coefficient ( v ) .  He concluded that the net improvement of 
using such inhomogeneous tissue models, did not significantly influence the 
prediction quality. Since his validation included only a single relevant data set, we 
hope to be able to affirm his results in the very near future by performing the same 
study on our more extensive database of 10 patients.

4.2 True validation

In the second part of this work, we presented results of a validation study for all four 
computational strategies on a data set of 10 patients, including pre-operative and 
post-operative image data. This validation study consists of two parts: a quantitative 
and qualitative validation.

For the quantitative validation we measured distances between corresponding 
points of the predicted and actual post-operative facial skin surface. 
Correspondences were searched using a variant of the non-rigid TPS-RPM 
algorithm. Measuring the minimal euclidean distance between both surfaces, would 
result in an underestimation of the prediction error, as highlighted in6.

Highest accuracy was obtained by usage of the FEM or MTM approach. For the 
MTM we showed that the median prediction error over all 10 patients was bellow

0.6 mm  and even the 90% percentile was smaller than 1.5 m m . The MSM results 
were comparable to the MTM results when the displacement were relatively small. 
However for data sets with large displacements (P2, P5, P7 and P9) the accuracy of 
the MSM clearly decreased. Finally, introduction of an nonlinear model, NFEM, 

didn't improve the simulation accuracy. Only for data set P1 a slight increase in 
accuracy was recorded. The reduced accuracy for all other data sets, can perhaps 
be explained by the fact that this nonlinear modelling is much more sensitive to 
several criteria like the mesh (which should be refined in high stress areas), the 
boundary conditions and elastic parameters of the model. This same conclusion was
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already made by Chabanas et al.7 based on some first results. Probably definition of 
more realistic boundary conditions, like the sliding contact behaviour between teeth 
and lips, is most necessary to further improve the simulation accuracy.

The quantitative validation study revealed that there are some typical regions with 
large errors: namely the tip of the chin, the lips and the two areas besides the nose 
wings. We think that the errors in chin and nose region are mostly due to the 
placement of screws on the bone during surgery; the extra displacement due to 
these screws, is not incorporated in our bone-related planning. Moreover derivation 
of correct boundary conditions for the nose region is a very difficult task, since the 
nose bone is very thin and can not be easily segmented. Finally when looking to the 
lips, we suggest two main reasons why the lip movement is wrongly simulated. A 
first reason is the connection between lower and upper lip: in our soft tissue model 
the two lips are not explicitly separated from each other during simulation. Secondly 
it was already noticed in clinical relevant literature that the lower lip becomes more 
straight when the mandible is advanced during surgery and becomes more relaxed 
when the opposite is performed, our present model is clearly not able to predict this 
effect correctly.

Finally during the quantitative validation study we compared prediction results 
obtained with two different interpolation strategies for the volume/surface mapping 
method. This volume/surface mapping enables the combination of short simulation 
times with a highly detailed visualisation of the deformed facial outlook. Results 
showed that using a Gaussian interpolation scheme is significantly faster without lost 
of prediction accuracy compared to the usage of a more theoretical based shape 
function interpolation. The Gaussian interpolation method has however as a 
drawback that it has to be tuned in function of typical mesh size of both the 
tetrahedral mesh and the triangular facial skin surface (see section 3.4).

Besides a quantitative validation, also a qualitative validation of the predicted facial 
outlook, calculated with the MTM, for all 10 patients was performed. This qualitative 
validation included two well defined experiments. The study was carried out by eight 
surgeons and we can conclude that our predictions were rated as ‘good' and 
‘clinically relevant' for all 10 patients.

It is interesting to compare results of this qualitative validation study, with results 
obtained during the quantitative validation study. First we note that the patient with 
the highest scores (P4) is also the patient with the lowest distance values in the 
quantitative validation approach. On the contrary patients with the lowest scores 
(P2, P3 and P9) don't have the highest distance measurements in the quantitative 
analysis. Clearly a quantitative validation alone is not sufficient to separate good 
from bad predictions.

During experiment 1 and 2 of the qualitative validation, surgeons were asked to 
indicate regions of ‘high errors' onto the predicted facial outlook. By comparing these
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data with distance measurements of the quantitative validation we can define error- 
(in)sensitive facial regions. First, although patient P1, P6 and P7 have rather large 
errors in the cheek area these regions were never indicated as ‘wrong' during the 
qualitative validation study by the surgeons. Secondly, it turned out that surgeons 
are very sensitive to errors in nose and lip region. For patient P1, P2 and P10 almost 
every surgeon indicated on the predicted facial skin surface the nose region as 
being wrongly simulated. Also when there was an inaccurate prediction of more than
1.5 mm  of the lip contour, this was correctly noticed by the surgeons. At last for 
patient P2, P5, P8 and P9 there is a clear incorrect prediction of the post-operative 
chin outlook. It was noted that this inaccuracy probably arises from the fact that the 
patient's chin was in an unnatural tensed position during pre-operative CT 
acquisition, since patients were explicitly asked to close their mouth during this 
acquisition. Most surgeons stated that the soft tissue predictions would be strongly 
improved for these patients, if the chin had been more relaxed during CT acquisition.

Recently Zachow et al.4846, reported on a quantitative evaluation of 3D soft tissue 
predictions for maxillofacial surgery, based on a single data set. While their 
validation set-up is similar to ours and the simulation errors reported in46 are 
comparable to ours, our validation is more extensive as it includes 10 patients, 
showing consistent accuracy of all 10 cases. Moreover, our error measure is a more 
realistic and clinically more relevant measure than the full head averaged measures 
used in46, since we measure distances between corresponding points and only 
include the region of interest of the face, i.e. the deformed part of the face, and 
explicitly exclude the non-deformed parts such as the top of the skull.

Although most authors asked collaborating surgeons for feedback about their soft 
tissue simulations, none have presented an extensive qualitative validation. Since 
visualisation of the simulated facial appearance is the final goal of a maxillofacial 
soft tissue prediction system, we argue that a detailed qualitative validation study is 
essential. This validation should include well defined experiments, during which 
statements have to be scored by the surgeon. As shown, results of such a 
qualitative validation and quantitative validation are not necessarily coherent. This 
discoherence enables the definition of new relevant research goals.

5 Conclusion

Maxillofacial surgery treats abnormalities of the skeleton of the head. Since the 
human face plays a key role in interpersonal relationships, people are very sensitive 
to changes to their outlook. Therefore planning of the operation and reliable 
prediction of the facial changes are very important. Recently, the use of 3D image- 
based surgery planning systems is more and more accepted in this field. Although 
the bone-related planning concepts and methods are maturing, prediction of soft 
tissue deformation needs further fundamental research.
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In this work we compared four computational strategies to simulate the post
operative facial appearance: a linear Finite Element Model, a nonlinear Finite 
Element Model, a Mass Spring Model and a new Mass Tensor Model. We 
introduced this last model and observed a significant time gain in simulation time 
compared to the two traditional used models: the linear Finite Element Model and 
the Mass Spring Model.

Before a soft tissue simulator can be used in clinical practice, the accuracy of the 
prediction of the new facial outlook after surgery needs to be assessed. We 
presented a work-flow for a quantitative and qualitative validation procedure, based 
on pre-operative and post-operative image data. A database of 10 patients was 
acquired and the qualitative validation was carried out by 8 maxillofacial surgeons. 
For the quantitative validation distances between corresponding points of the 
predicted and actual post-operative facial outlook were measured for simulated data 
obtained with all four computational strategies. Best results were obtained by usage 
of the linear Finite Element Model or the Mass Tensor Model. We showed that for 
these model, the average median distance measures only 0.60 mm  and the 

average 90% percentile stays bellow 1.5 m m . These results were confirmed by 
the qualitative validation study in which surgeons rated our predictions as ‘good' and 
‘relevant' for usage in daily clinical practice.

In the near future we hope to improve our soft tissue simulations even more. First 
the usage an inhomogeneous biomechanical model, which distinguishes in 
mechanical behavior of fatty and muscle tissue, will be further investigated. Next 
special attention will go to the nose and lip region, since these regions were defined 
as being most error-sensitive during our validation study. Defining proper boundary 
conditions for those regions and separating the under and upper lip in our volumetric 
soft tissue model, will be our primary future goals. Finally we can conclude from this 
study that it is important that the patient's face is in a natural and relaxed position 
during CT acquisition. The definition of a clear clinical acquisition protocol is 
essential for further studies.
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Abstract

Accurate preoperative planning is mandatory for orthognathic surgery. One of the 
most important aims of this planning process is obtaining good postoperative dental 
occlusion. Recently, 3D image-based planning systems have been introduced that 
enable a surgeon to define different osteotomy planes preoperatively and to assess 
the result of moving different bone fragments in a 3D virtual environment, even for 
soft tissue simulation of the face. Although the use of these systems is becoming 
more accepted in orthognathic surgery, few solutions have been proposed for 
determining optimal occlusion in the 3D planning process. In this study, a 3D virtual 
occlusion tool is presented that calculates a realistic interaction between upper and 
lower dentitions. It enables the surgeon to obtain an optimal and physically possible 
occlusion easily. A validation study, including 11 patient data sets, demonstrates 
that the differences between manually and virtually defined occlusions are small, 
therefore the presented system can be used in clinical practice.

Keyw ords : Virtual surgery; 3D planning; Occlusion;
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Introduction

Virtual planning of orthognathic surgery is an extremely challenging area of research 
that combines medical imagery, computer graphics and mathematical modeling. 
Recently, three dimensional (3D) image based planning systems3,15,19-23have 
become available that enable the surgeon to define necessary osteotomy planes 
preoperatively and to assess different surgical scenarios virtually. Using this 
technology means orthognathic surgery can be optimized and surgery time can be 
reduced.

Obtaining a good and stable dental occlusion is one of the key goals of orthognathic 
surgery. Traditionally, the final occlusion is defined with plaster casts of the upper 
and lower dental arches. The surgeon manually searches for a relative position for 
both casts, to obtain a good and stable occlusion. Based on the defined occlusion, a 
surgical splint is manufactured and used during surgery, transferring the virtual 
surgical planning into the operating theatre. This method is accepted as the global 
‘gold standard’ of practice, but working with plaster casts has some drawbacks. First 
the anatomical information from the complete skull is lost when looking at plaster 
casts. Second, although some information about the spatial orientation can be 
obtained from plaster casts mounted in an articulator, this simulation cannot fully 
enable a surgeon to visualize how the final occlusion may change the morphology of 
the surrounding hard and soft tissues in 3D. Third, storage of the plaster casts is 
problem. There is a need to make the manual procedure virtual. With the aim of 
bringing 3D imaging and computer-aided planning one step closer to practice, a new 
method to define the desired occlusion between the upper and lower dentition 
virtually was developed. An experimental study was performed to prove the validity 
of this new method.

Materials and methods

After making imprints (Alginoplast®, Heraeus Kulzer GmbH, Hanau, Germany), 
dental plaster casts (Fujirock®, GC, Japan) are manufactured. To obtain digital 
models of these casts, the upper and lower plaster casts are separately scanned 
using a Cone Beam CT (CBCT) scanner (i-CAT™ 3D Imaging System, Imaging 
Sciences International Inc., Hatfield, USA). The scanning resolution is set to 0.2 mm 
x 0.2 mm x  0.2 mm (voxel resolution). Based on the volumetric CBCT data, surface 
models of upper and lower dentitions are generated using the marching cubes 
algorithm with an appropriate threshold9(Fig. 1).
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Fig. 1. To obtain digital dental models, plaster cast were separately CBCT scanned.

To allow the user to define a desired occlusion, contact behavior between the dental 
models should be modeled. Since occlusion is defined as the relative position of the 
lower and upper dental arches, it is sufficient to move the upper dental arch towards 
the lower dental arch. In the presented system this movement can be realized by 
free-hand movements or by guided movements. A combination of both methods is 
thought to be sufficient to define the desired occlusion virtually. With the free-hand 
movement tool, the user can freely translate and rotate the upper dental model in a 
3D environment (Fig. 2).

(a) (b) (e) (d)

Fig. 2. (a) Initial setup in the 3D environment. (b) The dental model can be translated
in any direction and (c) rotated round the X, Y and Z-axes. (d) When the dental models collide, they are
colored red and penetration of the models is prevented.

A rigid motion engine is used to calculate whether the upper and lower dental 
models collide. If collision occurs, the motion applied by the user is cancelled, 
resulting in temporary fixation of the upper dental model. To emphasize that collision 
has occurred, both models are colored red. When the user moves the upper dental 
model to a non-colliding position, the red color disappears. This framework prevents 
virtual penetration of the upper and lower dental models. This system enables the 
user to obtain a rough estimate of a good occlusal position. Owing to the irregular 
shape of the teeth, it is almost impossible and very time consuming to achieve 
perfect occlusion by manual alignment in the virtual software tool.

An additional guided movement tool was implemented which enables the user to 
define the final desired occlusion starting from a good initial position. The tool allows 
the user to indicate corresponding points on the upper and lower dental models 
manually.
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Fig. 3. (a-c) Corresponding points can be indicated manually on the upper and lower dentition models

(d).

Typical correspondences are, for example, points on the midline between the upper 
and lower central incisors (Fig. 3a), the tip of the vestibular cuspid of the first upper 
premolar and contact points between the first and second lower premolar (Fig. 3b), 
and the tip of the cuspid of the second upper premolar and the contact point 
between the second lower premolar and first lower molar (Fig. 3c). After the user 
has indicated at least three corresponding pairs of points, the system calculates a 
new position for the upper dental model. This new position is found by minimizing 
the distance between the indicated correspondences while respecting the 
impenetrability of the dental models. To assure these requirements, the rigid motion 
engine is used. To each corresponding pair of points, a ‘spring connection’ is 
assigned. The forces generated by these springs are applied to the upper dental 
model. Next, the rigid motion engine is used to calculate the resulting movement of 
the upper dental model for a short time step. This procedure is successively 
approximated (iteration); in each approximation step, the spring forces are updated 
and a new position for the upper dental model is calculated. After a few iterations, 
the model reaches a stable position, when the forces applied by the springs equal 
the contact reaction forces defined by the rigid motion engine. If a stable position is 
found, the result is presented to the user (Fig. 4).

Fig. 4. (a) After defining an initial position with the first tool, correspondences were indicated. (b) 
Simulation result. (c) To facilitate the dentition of a good occlusion, an occlusionogram is shown.

For this position, the system generates an occlusionogram of the upper and lower 
dentition. This occlusionogram is a distance map between the upper and lower 
dentition and gives the user a good idea where the teeth make contact. In the 
presented occlusionogram, a specific color was assigned to all regions where the 
distance between both models measures less than 1 mm (Fig. 4c).
By combining the free hand and guided movement tool, the user can iteratively 
define a good initial starting position and perform several motion simulation steps, 
finally obtaining good occlusion. To verify this statement, a validation study was 
performed (Fig. 5).
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The dental casts of 11 orthognathic patients were collected. To allow comparison 
between the manual and virtual approach, only casts that did not require occlusal 
adjustments of the dentition were selected. For each patient, the upper and lower 
plaster casts were separately digitized using a CBCT scanner (voxel resolution 0.2 
mm x  0.2 mm x 0.2 mm). Three maxillofacial surgeons (A, B and C) were asked to 
position the upper and lower plaster casts manually in a desired final occlusion and 
to fix the models together using sticky wax (Associated Dental Products Ltd., Purton 
Swindow, Wiltshire, UK) (Fig. 5a, first row).

Set P

Setup 2 
Surgeon A

set Q set R set Y

Setup 3 
Surgeon A

set Z

(a) (b) (c)

Fig. 5. (a) Manual procedure. First row: manually placed casts and fixed in final occlusion. Second row: 
digitized sets of casts. Third row: final coaligned casts with separated and color-coded upper casts. (b) 
Virtual procedure. (c) Repetition of setup 1 for surgeon A after 3 weeks.

The aligned casts, which were fixed in optimal occlusion, were digitized using a 
CBCT scanner (voxel resolution 0.2 mm x 0.2 mm x 0.2 mm). These CBCT data 
sets of the plaster casts were superimposed on the CBCT volume of the 
corresponding lower dental cast. It was ensured that the lower dentitions of all 
corresponding data sets shared the sameposition. These aligned data sets were 
called the co-aligned volumes (Fig. 5 a, second row). To obtain the superimposition, 
the maximization of mutual information criterion10 was used. This criterion 
measures the information redundancy between the image intensities of 
corresponding voxels between the different CBCT scans. This information is aimed 
to be maximal when the images are geometrically aligned. To measure the 
differences in the spatial position of the upper casts in the three different data sets, 
the upper casts were separated from the lower casts and were color-coded. To 
obtain this separation a second alignment step was introduced. Each digitized upper 
plaster cast was aligned to the corresponding co-aligned volume. A set of dentition 
models in occlusion could be obtained for each surgeon and for each patient (Fig. 
5a, third row); these sets were called P, Q and R.
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In a second setup, surgeon A was asked to define the desired occlusion for each 
data set with the presented software system (Fig. 5b). The relative initial position of 
the upper and lower dental models was randomized. This task resulted in a fourth 
set of aligned dentition models (set Y).

Finally, surgeon A repeated the first procedure, the manual definition of the desired 
occlusion for each patient data set (Fig. 5c). This task was performed 3 weeks after 
finishing the first validation procedure to prevent the surgeon from being biased. A 
fifth set of aligned dentition models (set Z) was obtained, after digitizing the aligned 
models and performing the alignment tasks.

The second phase of this study consisted of three steps. First, inter-observer 
reliability was defined by calculating the distance maps between sets P and Q and 
later on between P and R. In the second step, the same procedure was performed 
between sets P and Z to measure the intraobserver reliability. Third, the difference 
between a manually planned occlusion and an occlusion obtained with the software 
tool was revealed through the calculation of the distance maps between sets P and 
Y. For each distance map, the median distance and the 90% and 95% percentiles of 
the distance distribution were calculated. Since the differences close to the occlusal 
plane are of utmost importance, a region of interest was defined (Fig. 6a).

(a) (b)
Fig. 6. (a) Distances were only calculated in a small region around the occlusal plane. (b) The distances 
calculated between different sets can be projected on top of the dental surface mesh by means of a 
color code. The color bar ranges from _2 mm to 2 mm.

The calculated distance maps are projected on top of the surface mesh by means of 
a color code.

The software tool was implemented in the Maxilim l 2.0 platform (Medicim NV, 
Mechelen, Belgium). All tests were performed on a standard personal computer 
(Pentium IV -  2.0 GHz).
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Results

The desired occlusion could be obtained easily with the presented software tools for 
all 11 data sets (Fig. 6b). Table 1 summarizes the results; each column lists the 
mean value of the specified statistic over all patient data sets. The median 
intraobserver variability measured 0.46 mm. Even the 95 percentile statistic was less 
than 0.8 mm, indicating that the defined occlusions were almost identical. The inter
observer variability was higher (average median value 0.72 mm). The median 
difference between a manual obtained occlusion and an occlusion defined with the 
software tool was 0.60 mm on average. It was concluded that the plaster-digital 
variability was slightly higher than the intra-observer variability, but was less than the 
interobserver variability.

Median P 90% P 95 %
P-Q 0.89 1.17 1.37

Plaster- Inter-Variability P-R 0.55 0.79 0.91
Plaster- Intra-Variability P-Z 0.46 0.65 0.76
Plaster- Digital P-Y 0.60 0.81 0.91

Table 1. The mean value over all patient data sets of the median, the 90% percentile and the 95% 
percentile of each distance distribution.

Discussion

Orthognathic surgery is a complex procedure, so accurate planning of the surgery is 
mandatory. Recently, 3D planning systems have been introduced. These systems 
start from 3D image data and enable the surgeon to perform 3D cephalometric

16 19 23 121 23analysis , to execute virtual osteotomies while moving bone fragments in a 
3D environment, and to simulate the patient’s postoperative facial

4 11 12 21appearance . These systems offer the surgeon better surgical preparation, but 
none include virtual planning of dental occlusion. Defining a good occlusion is one of 
the most important steps in the surgical planning procedure, since it defines the 
relative position of the mandibular and maxillary bone fragments.

Until now, there have been few reports of how occlusal planning can be combined 
with a computer-aided planning system. Bettegaet al.2 presented a complete 
computer- aided planning system. Their system allowed the surgeon to perform a 
3D cephalometric analysis, split the skull into separate bone fragments, move the 
bone fragments in 3D and define the position of the mandibular bone fragment 
based on adefined occlusion. To find this occlusion, plaster casts were used. After 
manually positioning the lower and upper casts so that the desired occlusion was 
obtained, the relative movement of the lower cast was transferred to the virtual 
planning by means of a 3D optical localizer. Later, Chapuiset al. used the same
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concept and presented some case results. They showed that an occlusion could 
easily be defined with this concept, but their approach and the Bettega system have 
limitations. First, plaster casts of the upper and lower dentition are still necessary 
because they are used to define the occlusion. Second, a 3D optical localizer is 
necessary to transfer the defined occlusion to the computer-aided planning system. 
These optical systems are expensive and not available in every clinical practice. 
Third, errors arise in their systems when transferring the manually defined occlusion 
to the computer-aided planning process.

14Pongracz & Bardosi tried to omit the use of plaster casts and created a fully virtual 
occlusal planning tool. To define a good occlusion, they aligned upper and lower 
dental models based on corresponding points that were manually indicated.
The accuracy of their method is hard to confirm since the contact behavior between 
the upper and lower dentition is not modeled and the impenetrability of teeth is not 
guaranteed.

In this study a novel method that virtually defines the occlusion is presented. A rigid 
motion simulation engine ensures the impenetrability of the dental models. This 
engine enables the user to identify the desired occlusion semi-automatically. The 
motion engine allows almost real-time simulations.
The results of the validation study of 11 patient data sets showed that the 
plasterdigital reliability was slightly higher than the intra-observer reliability, but was 
less than the inter-observer reliability. It can be concluded that the presented system 
allows for the reliable determination of the desired occlusion. For less stable 
occlusions, where an occlusal adjustment in the form of teeth grinding could be 
necessary, a virtual grinding module was implemented, but not tested in this setup. 
Despite these results, the authors acknowledge that virtual planning is not the same 
as manual planning. During manual planning, the surgeon ‘feels’ the models as he 
or she sets the real models in the desired occlusion; during virtual planning, the 
surgeon has to ‘see’ the occlusion. Although the presented system offers some 
solutions to facilitate this detection (e.g., with the occlusionogram), it is admitted that 
a learning curve is associated with this virtual occlusal planning system.

The system can run on any standard personal computer and no specialized 
expensive hardware is required. In this way, the presented method can be 
introducedeasily into daily clinical practice. The system is completely virtual and no 
interactions with plaster casts are necessary. Based on the virtually defined 
occlusion, one can generate a virtual surgical splint68. These surgical splints are 
used to transfer the planned occlusion to the operation theatre. Since the presented 
system is completely digital, it should be easy to generate splints in a fully 
automated process, as opposed to producing them by manufacturing. Recent efforts 
on realizing skeletal virtual models including accurate dental surface information 
have been published7,13,17. The presented system enables the user to define the
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desired occlusion for these ‘augmented models’18. Once plaster casts are no longer 
required their generation and storage will no longer be necessary.

Having integrated the presented system into an orthognathic planning system (that 
allows 3D cephalometrics, the performance of osteotomies and the movement of 
bone fragments), the first complete orthognathic planning system is now a reality.
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Abstract

The aim of this study was to evaluate the accuracy of 3D soft tissue predictions 
generated by a computer aided maxillofacial planning system in patients undergoing 
orthognathic surgery. Twenty patients with dentofacial dysmorphosis were treated 
with orthognathic surgery, after a preoperative orthodontic treatment. Surgeries were 
planned with the Maxilim software. Computer assisted surgical planning was 
transferred to the patient by digitally generated splints. The validation procedures 
were performed in different steps: 1) Standardized registration of the pre- and 
postoperative Cone Beam CT volumes; 2) Automated adjustment of the bone 
related planning to the actual operative bony displacement; 3) Simulation of soft 
tissue changes accordingly; 4) Calculation of the soft tissue differences between the 
predicted and the postoperative results by distance mapping. Eighty four percent of 
the mapped distances between the predicted and actual postoperative results 
measure between -2 mm and +2 mm. The mean absolute linear measurements 
between the predicted and actual postoperative surface was 1.18. Our study shows 
that the overall prediction was not dependent on the surgical procedure. Despite 
some shortcomings in prediction of the final position of the lower lip and cheek area, 
this software promises a clinically acceptable soft tissue prediction of orthognathic 
surgical procedures.

Keywords  Virtual surgery, 3D planning, Orthognathic surgery, Soft tissue prediction
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Introduction

Achieving optimal results in orthognathic surgery depends among others on the 
accuracy of the surgical planning in addition to the used surgical technique. The 
scanning of the patients in natural head position (NHP) with cone-beam computed 
tomography (CBCT), accurate visualization of the interocclusal relationship in the 3
dimensional (3D) model of the patient’s skull8, adding highly detailed texture 
information to the skin that is segmented out of the CBCT by using 3D photographs 
or mapping of traditional 2-dimensional (2D) photographs, and virtual occlusion 
planning7 have made the 3D maxillofacial planning systems an indispensable part of 
the modern orthognathic practice. 3D virtual treatment planning allows a better 
preparation that might improve surgical outcome and shorten operation time6. The 
aim of this study was to quantitatively evaluate the accuracy of 3D soft tissue 
predictions generated by a computer aided maxillofacial planning system in patients 
undergoing orthognathic surgery.

Materials and Methods

The study protocol was approved by the local ethics committee (DIRSEC/EC/119, 
AZ Monica, Antwerp, Belgium). A total of 20 consecutive patients aged 15-42 years 
with dentofacial malformations, who underwent orthognathic surgery, between mid- 
November and December 2008 were included in the study. Informed consent was 
obtained from the participating patients who met the study criteria.

Inclusion criteria
Generally healthy patients

Completed preoperative orthodonthic treatment
Patients selected for: Le Fort I ± Bilateral Sagital Split Osteotomy ± 
Genioplasty 

Exclusion criteria
Syndromic patients
Previous orthognathic surgery

Patients who did not met the inclusion criteria

A full extended height cone-beam CT (CBCT) (i-CATTM, Imaging Sciences 
International, Inc., Hatfield, USA) was used for the standard scanning protocol (field 
of view, 17 cm diameter/22 cm height; scan time, 2 x  20 seconds; voxel size 0.4 
mm). A multidimensional hard and soft tissue patient-specific virtual model was 
computed8. All procedures were planned in Maxilim (Medicim NV, Mechelen, 
Belgium). The bony surgery was virtually performed and transferred to the patients 
by using computer-generated surgical splints . A postoperative CBCT-scan was 
taken four months after surgery with orthodontic brackets still in place. In order to 
minimize the effect of the head position on the intermaxillary relationship and facial 
soft tissues, the following standard protocol was used during preoperative and
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postoperative scanning procedures:the preoperative and postoperative scans were 
taken with patient in natural head position (NHP), while gently biting on a very thin 
wax wafer in centric relation. The NHP was obtained by asking the patient to stand 
up and look at his/her image in the mirror. Then the distance between the supra
sternal notch and the soft tissue pogonion was measured. We called this distance, 
the natural head distance (NHD), and made sure that NHD was respected during the 
pre- and postoperative scanning procedure (Fig. 1).

Fig. 1. Patient positioned in NHP,
NHD was respected during the pre- 
and post-operative scanning procedure.

Furthermore all the steps during validation process were automated and 
incorporated in the software to eliminate human errors. The calculations were 
performed on a standard personal computer with an Intel Centrino processor and 2 
GB RAM. The entire validation process was executed by one single examiner (ED) 
and included 4 steps as described below.

Step 1: Standardized Registration
To compare the pre-operative simulation of the soft tissue changes and the post
operative data, both image data sets had to share the same spatial reference frame, 
therefore a registration of the pre- and post-operative CBCT volumes was executed. 
This registration process was fully automated and incorporated in the software. 
Basically it involved maximization of mutual information which is a well known 
registration algorithm . The registration is applied on an unaltered sub-volume, 
manually defined as the region between the infraorbital rim and the rest of the 
scanned viscerocranium. After defining the registration parameters for this sub
volume, the transformation was applied to the whole post-operative dataset (Fig. 2).
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(A) (B)

Fig. 2. 3D reconstruction of the pre- (white) and post- (green) operative skull before (A) 
and after registration(B). The yellow frame indicates the selected registration area

Step 2: Automated adjustment of the bone related planning
Since the validation of the accuracy of the soft tissue simulator was the aim of this 
study, the simulated planned procedure had to be the same as the one performed 
by the surgeon per-operatively. Therefore in the second stage of the validation 
procedure the virtually osteotomised bone fragments were moved to the real 
postoperative position, using the rigid Iterative Closest Point (ICP) algorithm to get 
the best alignment between simulated and postoperative bone segments and to 
align the surfaces26 (Fig. 3).
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(A) (B)

Fig. 3. The rigid Iterative Closest Point (ICP) algorithm was used to align the surfaces of 
osteotomised maxilla (brown) and the proximal segment of the mandible (blue) with the postoperative 
bony segments (green). (A) before alignment and (B) after alignment. White area shows the unaltered 
bony structures. Yellow color shows the osteotomised chin.

Step 3: Simulation of soft tissue changes
The soft tissue changes caused by the movement of the osteotomised bony 
segments as derived in the previous step, were automatically simulated by the 
software(Fig. 4).

\ V V
7  7

(A) (B) (C)
Fig. 4.(A): simulated soft tissue, (B): actual postoperative. profile, (C): overlap simulated-actual 
postoperative profile.

The software uses a biomechanical simulation model to calculate these changes6. 
This biomechanical model uses no hard/soft tissue movement ratios, but directly 
triesto mimic the 3D elastic deformation behaviour of facial soft tissues.
Step 4: Calculation of differences
In the final stage of the validation process the distances between the closest points 
of the simulated and the post-operative facial outlook were computed. Typically
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around 8000 points uniformly spread around the patient’s face were used. The 
measured distances were visualized by projecting these distances onto the 
postoperative facial skin surface by means of a colour code6, which resulted in an 
easy interpretable image of the error distribution over the facial skin surface (Fig. 5). 
In addition the statistical properties for each distance map were calculated using 
Matlab (MathWorks Inc, Natick, United States).

-2m m  +2m m

Fig. 5. Distance map with the measured errors projected on to the post-operative 
facial skin surface. Green indicates under-simulated regions (postoperative in 
front of prediction).

In order to describe the distribution of the errors, the mean signed distance of the 
absolute value, the 25-75% distance range, and the 5-95% distance range for each 
data set were computed (fig 6).
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Box p lot error distribution

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
V alidation S e ts

Fig. 6.: The boxplot presents the mean signed distance (red bar), the 25-75% 
distance range (blue box) and the 5-95% distance range (dotted lines) for 
each data set.

Results

Twenty patients, 14 females and 6 males, age 14 to 43 years (mean age 23 years; 
SD 9) met the inclusion criteria. In 11 patients a bimaxillary procedure was 
performed. In 6 patients this was combined with a genioplasty. Two patients 
underwent a bilateral sagittal osteotomy and in one of those 2 patients this was 
combined with a genioplasty.

Averaging over all 20 patients, the mean absolute difference between the predicted 
and actual postoperative surface was 1.18 mm. In fig. 6 the boxplot presents the 
mean signed distance (red bar), the 25-75% distance range (blue box) and the 5
95% distance range (dotted lines) for each data set. Visual inspection of the 
predicted skin surfaces, shows areas of inaccuracy are mostly around the lips and in 
the check area (Fig. 7).
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BSSO (adv) Chin (ret 5)
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P5: LF I (int.: F 4, D 1.5) 
BSSO (adv. 9)
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(adv. 6); Chin (adv. 5)l a jW

P9: LF I (int. 5); BSSO 
(adv. 7)
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(adv.8); Chin(adv.5,int.3)

P11: LF I (int. 5, adv. 4); 
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Fig. 7. Colour coded distance maps for all patients. Green is -2mm and red is +2mm. The performed 
procedure is mentioned below each distance map. The definition of the abbreviation is as follows: LF I: Le 
Fori I, BSSO: bilateral sagital split osteotomy, int.: intrusion, ext.: extrusion, adv.: advancement, rot.: 
rotation, L.: left, R.: right.
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The performed procedure and the amount of movements are as well depicted. 
Visual analysis of the distance maps showed that the inaccuracy in the prediction 
increased with the amount of bony displacement. The overlapped simulated and 
actual post-operative profiles are demonstrated in fig. 8.

J J ƒ } J
rl P2

J
P3 P4 P5

rb P/ Po%J
Py PlU

rll

Jf
pib

P12

P17

P13

P18

P14

y
Piy

Pl5

P2U

Fig. 8. The overlapped simulated (brown) and actual post-operative (green) profiles.
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Discussion

The success of complex orthognathic surgical procedure is, among other factors,
10dependent on careful planning that could be reproduced in the operating room . 

Common practice in 3D assisted orthognathic surgery revealsthe planning of bony 
structures and predicting the soft tissue changes. A few important questions rise in 
this concern: 1) How accurately can the computer assisted bone surgery be 
transferred to the patient? 2) How reliable is the soft tissue simulation? 3) Is this 
simulation reliable enough, in order to enhance (change) the original orthognathic 
planning? 4) Shouldn’t we after all be working the other way round: making a patient 
specific ‘ideal’ aesthetic soft tissue contour and volume and measure and predict the 
amount of bony movement we need to achieve the ideal?
The aim of this study was to find an answer to the 2nd and the 3th question, while 
eliminating the first question by virtually ensuring that the planned procedure is the 
same as the one performed by the surgeon. Therefore the bone-related planning 
was adapted so that it resembled the performed surgery as much as possible.

The first study that systematically evaluated the accuracy of computer prediction 
programs was published recently by Kaipatur and Flores-Mir4. They concluded that 
the most significant area of error in prediction through the available computer 
prediction programs was the lower lip area. However the measurements in their 
selected studies were performed only in 2-dimentions, being horizontal and vertical 
mean measurements. Furthermore the measurement on the same axis of two equal 
prediction errors in a different direction will neutralize each other and would result in 
a 0 mean value which would falsely presume a perfect prediction result. In other 
words the mean value should be taken from the absolute prediction error and this 
would always be a positive value. In the study of Kaipatur4 some of the mean values 
of prediction error were negative, which could indicate this conceptual mistake was 
made in several reviewed articles.

Xia et al.9 reported the accuracy of their computer-aided surgical simulation system 
in a pilot study, but failed to report the absolute mean value of the error in their 
results. Therefore, the mean of the absolute error, as presented in our analysis, 
can’t be compared to the one presented by Xia et al.9

In this study only areas that were altered during surgery where included in the error 
map. Including the complete skull would ‘falsely’ improve our simulation results, 
because non-altered areas would be good ‘simulated’. Generally a difference within
2 mm between the predicted and actual postoperative soft tissue result is 
considered to be clinically acceptable . In our study, averaging over all 20 patients, 
the mean absolute difference between the predicted and actual postoperative 
surface was 1.18mm, and 84% of the prediction errors were situatedbetween -2 mm 
and +2 mm. Our study revealed that although the quality of the prediction varied
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between the patients, the overall prediction error was not dependent on the surgical 
procedure. This is in contrast to the study performed by Jacobson et al.3.

The visual evaluation of the colour coded distance maps and the overlapped profile 
images for all patients, showed that the nasal and paranasal areas are better 
simulated than the areas around the lips (particularly the lower lip, P6, P8, P10, P11, 
P18). We suggest three main reasons why the lip movement is less accurately 
simulated. The first reason is the connection between lower and upper lip: the 
current soft tissue model cannot explicitly separate the lips from each other during 
simulation. This causes problems when the lips are in contact and not in a relaxed 
position during preoperative CT. Secondly, lack of optimal definition of boundary 
condition, like sliding contact behaviour between teeth and lips, may be another 
reason. So even when the lips are in a relaxed position during the preoperative CT, 
still the upward movement, and inward rotation of the lower lip is not precisely 
simulated. Thirdly, lack of proper simulation of the adaptation of mental and 
orbicularis oris muscles after harmonization of occlusion may negatively influence 
the results. Besides the errors in the lower lip,another error region was observed in 
the cheek area. These were observed in intrusion cases where the impaction of the 
upper jaw exceeded 4 mm (see green bands on the distance maps of P7, P8, P9 
and P10 in Fig. 6). Our hypothesis is that the soft tissuesadjusted to the area of 
bony impaction are less cranially displaced as simulated by the biomechanical 
model used in this soft ware. We believe what happens to the soft tissue 
surrounding the maxilla after impaction procedure depends on the suturing 
technique of the subcutaneous soft tissue and the elasticity of the overlaying 
cutaneous tissue. So far, these factors cannot be incorporated in the current 
biomechanical model.

In conclusion, the results of this study, despite the shortcomings explained above, 
encourages the use of this software in all different combinations of orthognathic 
surgical procedures. Further intensive research is mandatory to enhance the 
prediction results of the lower lip region and the cheek area where maxillary 
impaction of more than 4mm is performed.
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General discussion and future perspectives 

Introduction

The aim of treating abnormalities of the dento-craniofacial complex, is to improve the 
patient’s function and aesthetics. The skeletal remodeling in the course of these 
treatments implies performing osteotomies, bone grafting, distraction osteogenesis, 
implant placement, and other treatment modalities. The effect of these treatments 
has a direct influence on the patients personal and social wellbeing3. Therefore the 
challenge of maxillofacial surgeons in the 21st century is to achieve excellence in 
treating more than ever demanding patients. Patient’s demands and expectations 
have risen dramatically in the past decade, especially when it comes to the changes 
in facial appearance after maxillofacial proceduresO. Due to the complexity of the 
surgical procedures, careful pre-operative planning of the surgical intervention is 
mandatory to ensure an optimal outcome. Implementation of technical advances in 
medical three-dimensional (3D) imaging in the field of distraction osteogenesis and 
orthognathic surgery has been the motivation of this work. This thesis summarizes 
my research work of the past 12 years that has been performed in two phases.

In the first phase (1998-2004), I tried to use the available knowledge in 3D imaging 
at that time to introduce a computer planning system to simulate distraction 
osteogenesis (DO) in patients with maxillary hypoplasia, in particular cleft patients. 
This initial research resulted in the development of the Maxilim software (Medicim, 
Mechelen, Belgium), which was unique in its type in those days. It was first used to 
simulate a maxillary DO, using a trans-sinusal maxillary distraction (TSMD) device

1 2  1 2  19developed by myself in 2000 . As this 3D bone-related planning system proved 
to be reliable in surgical planning of DO, I assumed, it might as well be useful in the 
planning of complex cases in orthognathic surgery.

Ideally, the software should be able to virtually predict the effect of orthognathic 
procedures in exceptionally complex situations, and where necessary to adapt them 
to ensure an excellent outcome.

In the second phase of my work (2004-2010), and with the help of many other
11  16researchers the Maxilim software was adapted to help in planning and simulation 

of hard and soft tissue changes after orthognathic procedures.
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The first phase

The Initial work was concentrated in the field of distraction osteogenesis (DO) in 
patients with maxillary hypoplasia, in particular patients with clefts. Shortly after the 
introduction of extraoral DO, research on the development of intraoral devices 
started. The external devices, were cumbersome, highly visible, and were mostly not

19well tolerated by patients . The suggested intraoral devices had two main 
disadvantages. Firstly, they were still too bulky, and were placed completely under 
the periosteum. The activation rods were either in continuous contact with lips, 
causing pain and irritation, or had to be delivered through the skin in the nasolabial 
region5,9,18. Secondly, they were all unidirectional, which required a perfect 
preoperative vector planning.

To overcome the first disadvantage, I designed a distractor in a way that the 
distraction screw could be placed inside the sinus cavity, and would significantly 
diminish the size of the subperiosteal portion of the device. Furthermore according 
to the literature the human sinus, even at the age of 6 to 8 years would be deep 
enough to provide room for the distraction screw. This is not significantly different in 
patients with clefts1,6,20. Keeping these facts in mind, the first intraoral, trans-sinusal 
prototype was made and used in an animal study (Chapter 2 & 3). The positive 
results of this study encouraged the use of the device in distraction of the maxilla in 
children and adults with midfacial hypoplasia. Subsequently a clinical prototype was 
designed and manufactured by KLS-Martin Medizin-Technik, Tuttlingen, Germany.

The second challenge that had to be overcome, was the prediction of the distraction 
vector pre-operatively and transferring it to the patient per-operatively. In 
cooperation with ESAT KULeuven, Belgium, software, that could virtually place the 
distractor device on the maxilla of the patient after a virtual Le Fort I type osteotomy, 
was developed. The distractors were virtually positioned at the Le Fort I level and 
the distraction was simulated by using a vector that was determined based on 
clinical examinations. Furthermore the entry point of the screw, the depth of the 
sinus, the position of the tooth buds and the roots of the teeth could be studied 
carefully. The unique information provided by the 3D environment made the 
procedures not only more predictable, but also safer to perform, especially in 
younger individuals. Subsequently different clinical studies were undertaken and 
were published as preliminary results and later on as a critical evaluation of the 
clinical applicability and the long-term follow up of the Trans Sinusal Maxillary 
Distractor (TS-MD)12,13,19 (Chapter 4 &5).

The second phase

Development of a biomechanical model for soft tissue simulation
Although the above mentioned 3D bone-related planning system proved to be 
reliable in surgical planning of DO, it was not possible at that time to predict the
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changes of the overlying soft tissue envelop during the DO. In other words, one 
could not foresee or judge the final esthetic results. As a consequence, the next step 
was the development of a biomechanical simulation model that would use no 
hard/soft tissue 2D movement ratio’s, but would attempt to simulate the 3D elastic 
deformation behaviour of facial soft tissues after bony displacement11(Chapter 6).

Four computational strategies were compared to simulate the post-operative facial 
appearance: a linear Finite Element Model, a non-linear Finite Element Model, a 
Mass Spring Model and a new Mass Tensor Model. The introduction of this last 
model showed a significant time gain in simulation time compared to the two 
traditional used models: the linear Finite Element Model and the Mass Spring Model. 
Further the accuracy of the prediction of the new facial outlook after surgery was 
assessed. The best results were obtained by usage of the linear Finite Element 
Model or the Mass Tensor Model.

These results were confirmed by the qualitative validation study in which surgeons 
rated the predictions as ‘good’ and ‘relevant’ for usage in daily clinical practice. 
However, further improvements were needed in the nasal and perioral area, since 
these regions were defined as being most error-sensitive during the validation 
study11.

Implementation of the hard-soft tissue simulator in orthognathic surgery
In order to make this software beneficial in the daily practice of orthognathic surgery 
two main additional developments had to be implemented. Firstly the occlusal 
surface of the teeth had to be visualized with high precision, and secondly a virtual 
planning of dental occlusion was mandatory. Swennen et al. succeeded to 
implement the first change in the software using their triple scanning technique16. It 
was now necessary to define the virtual occlusion in order to predict the final facial 
appearance after the ideal positioning of the maxilla in complex bimaxillary 
procedures was determined. This would allow the simulation of the final soft tissue 
changes. The first challenge was to make the virtual occlusal surfaces impenetrable, 
so that they would resemble the use of dental casts when put into an optimal 
position. A novel method that virtually defined the occlusion was therefore

14developed . A rigid motion simulation engine ensured the impenetrability of the 
dental models. Moreover, this engine enabled the user to identify the desired 
occlusion semi-automatically. The motion engine allowed almost real-time 
simulations. This software tool was validated and the result showed that the

14presented system allowed a reliable determination of the desired occlusion .

Since the system was completely virtual, and incorporated the occlusal surface 
information preciselyby using augmented models16, no additional interactions with 
dental casts were necessary. Further, based on the virtually defined occlusion, one 
could generate a virtual surgical splint as already presented by Gateno et al.3
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However, splints could now be generated in a fully automated process in contrast 
with producing them by manufacturing.

After having integrated the presented system into an orthognathic planning system 
(that allows 3D cephalometrics, the performance of osteotomies and the movement 
of bone fragments), the first complete orthognathic planning system became a 
reality.

A validation of the soft tissue changes after prediction of the precise intermaxillary
relationship became the subject of chapter 8 of this thesis. In contrast to the recent

8  2 1studies the absolute mean value of the error was presented in our validation 
study. In the earlier studies some of the mean values of prediction error were 
negative, which could indicate a conceptual mistake in the analysis of their data. In 
contrast to other studies our study revealed that although the quality of the 
prediction varied between the patients, the overall prediction error was not 
dependent on the surgical procedure. This is in contrast to other studies in the 
literature7,8.

In the present model the nasal and paranasal areas were better simulated than the 
areas around the lips. Particularly the lower lip was less accurately predicted. Our 
hypothesis and suggested reasons for these inaccuracies are discussed in chapter 8 
of this thesis.

In conclusion, the work presented in this thesis reveals the evolution of a 3D 
maxillofacial planning system that has proven to have some advantages. It is an 
indispensable tool that improves the diagnostic value in the daily practice of 
maxillofacial surgery. It helps the clinicians to virtually perform different types of 
osteotomies and visualize the effect of the movement of the osteotomised bony 
segments on the whole maxillofacial complex. It has proven to be very reliable in the 
prediction of the vector of maxillary distraction. It provides tools to bring the planned 
surgery to the operating theatre, and despite its shortcomings, it can be used in all 
different combinations of orthognathic and distraction surgical procedures.Further 
research is mandatory to enhance the prediction results of the lower lip region and 
the cheek area when maxillary impaction of more than 4mm is performed.

Future Directions

The creation of the Maxilim software package has brought many new insights and 
ideas to the field of 3D assisted orthognathic treatment planning and execution. It is 
the result of the cooperation of many professionals and although presenting a 
satisfying outcome yet, it is just the beginning. Still many improvements and 
fundamental research are needed to improve the present software and enhance its 
clinical applications. Future improvements should focus on the following main areas.
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The simulation of the bony displacements could be refined. The axis of autorotation 
of the mandible after vertical maxillary displacement should be calculated and 
implemented in the software. This is important in order to find the autorotated and 
final position of the mandible after maxillary impaction or extrusion, before the 
eventual mandibular osteotomy.

Moreover, when the virtual mandibular osteotomy is performed, and the distal 
segment is moved to its final and desirable position, the eventual bony interferences 
between the distal and proximal segments should be visualized. These interferences 
can have an adverse effect on the condyles, which could result in flairing of the 
mandibular angle and cause adverse esthetic outcome. These effects can be 
avoided by changing the design of the virtual osteotomies during the planning 
procedures.

Furthermore, the final result of orthognathic surgery is not only dependent on bony 
displacement, but also on the soft tissue handling. This is of particular importance in 
the Le Fort I osteotomy. The type of incision, the effect of maxillary impaction on the 
nasal tip, the type of procedures to improve the esthetic effect on the nose and to
prevent an adverse effect on it, and wound closure are, among others, important

1 0factors that would influence the final esthetic outcome . So far, these factors cannot 
be incorporated in the current biomechanical model. In the present model the soft 
tissues that are not attached to the bone, such as the lips and the buccal areas, are 
treated as the soft tissues that are connected to the bone. For teeth and lips a 
sliding contact behavior would be a more correct approximation of the interactions 
between both. Roose et al16 implemented such a sliding contact for a breast 
implantation planning system and could be adapted for usage in our simulator. 
Secondly, the behavior of the mentalis and orbicularis muscles during mandibular 
and/or chin movements should be studied and incorporated in the simulation soft 
ware as well.

Final remark

It should not be forgotten that we still look at 3D images on 2D screens and that it is 
in fact our brain that adds the 3rd dimension. Nevertheless, taking the recent IT- 
advances into account it will not take very long before we will virtually be able to 
handle our planning in a real 3D environment. On the other hand, it will take much 
longer before the 4th dimension will be computerized. That is the ability of the 
software to propose an initial planning of the surgical treatment based on the 
surgeons’input of his/her clinical findings and radiological measurements. The future 
path of the evolution of 3D maxillofacial planning concepts must be laid in close 
collaboration between the medical and technical world.
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Samenvatting

Inleiding

Het doel van de behandeling van dento-craniofaciale afwijkingen is het verbeteren 
van het functionele en esthetische aspect bij patiënten. Een skeletale correctie van 
deze afwijkingen houdt het uitvoeren van osteotomieën, bot enten, distractie- 
osteogenese, plaatsing van implantaten en andere behandelingen in. Het effect van 
deze ingrepen heeft een directe invloed op het persoonlijk en maatschappelijk 
welzijn van de patiënten. Daarom is het voor de maxillofaciaal chirurg van de 21ste 
eeuw een uitdaging om perfectie na te streven in de behandeling van de meer dan 
ooit veeleisende patiënten. De eisen en verwachtingen van de patiënt zijn 
dramatisch gestegen in het afgelopen decennium, met name als het gaat om de 
veranderingen in de gelaatsuitdrukking na maxillofaciale procedures8. Vanwege de 
complexiteit van de chirurgische ingrepen zijn zorgvuldige preoperatieve planningen 
verplicht om een optimaal resultaat te garanderen. Het implementeren van de 
technische vooruitgang in de medische driedimensionele (3D) beeldvorming, op het 
gebied van distractie-osteogenese en orthognatische chirurgie, is de motivatie van 
dit werk. Dit proefschrift geeft een overzicht van het onderzoekswerk uit de periode 
1998-2010, wat grosso modo kan worden opgedeeld in twee fasen.

In een eerste fase (1998-2004) werdde beschikbare kennis in de 3D-beeldvorming 
gebruiktom een computer planningssysteem voor de simulatie van distractie- 
osteogenese (DO) bij patiënten met maxillaire hypoplasie, in het bijzonder schisis 
patiënten, te ontwikkelen.Dit initiële onderzoek resulteerde in de ontwikkeling van 
Maxilim software® (Medicim, Mechelen, België). Deze software werd voor het eerst 
gebruikt om de simulatie van een maxillaire DO met behulp van een transsinusale 
maxillaire distractor4,5,7 (TSMD) uit te voeren. Omdat dit 3D planningssysteem 
betrouwbaar bleek te zijn voor de chirurgische planning van DO, werd 
verondersteld, dat het ook voor de planning van complexe gevallen in 
orthognatische chirurgie inzetbaar zou zijn. Idealiter moest de software in staat zijn 
om het effect van orthognatische procedures te voorspellen en daar waar nodig aan 
te passen.

In de tweede fase (2004-2010) werd de Maxilim software verder ontwikkeld met het 
oog op planning en simulatie van orthognatische procedures, dit vooral op het 
gebied van de verandering van harde en zachte weefsels enerzijds en het 
ontwerpen van een occlusie-tool anderzijds4,9.
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De eerste fase

Het initiële werk concentreerde op DO bij patiënten met een maxillaire hypoplasie, in 
het bijzonder schisis patiënten. Kort na de introductie van de extraorale DO werd 
onderzoek naar de ontwikkeling van intra-orale apparaten gestart. Enerzijds waren 
de externe systemen omslachtig, goed zichtbaar en werden meestal niet goed 
verdragen door patiënten2. Anderzijds hadden ook de voorgestelde intra-orale 
apparaten meerdere belangrijke nadelen. Ten eerste waren ze te volumineus. 
Voorts werden ze volledig onder het periost geplaatst. De activatiestaafjes waren 
voortdurend in contact met de lippen, wat irritatie, soms zelfs pijn veroorzaakte. 
Soms moesten de activatiestaafjes in de nasolabiale regio1,3,11 transcutaan 
gelokaliseerd worden. Tenslotte waren alle intra-orale DO-apparaten unidirectioneel, 
waardoor een absoluut perfecte preoperatieve vectorplanning noodzakelijk was.

Als oplossing voor de bovenvermelde problemen werd een distractor ontwikkeld 
waarbij de distractieschroef binnen de holte van de sinus maxillaris kon worden 
geplaatst. De positieve resultaten van het initiële, experimentele werk vormden de 
aanzet tot de ontwikkeling van een trans-sinusaal apparaat voor de distractie van de 
bovenkaak voor patiënten met een ernstige midfaciale hypoplasie (in samenwerking 
met KLS-Martin Medizin-Technik, Tuttlingen, Duitsland) (hoofdstuk 2 & 3).

Om de volgende uitdaging aan te pakken, was de peroperatieve transfer van de 
preoperatief berekende distractievector. In samenwerking met ESAT (KU Leuven, 
België) werd software ontwikkeld, waardoor het distractie apparaat virtueel op de 
bovenkaak van de patiënt kon worden geplaatst na het plannen en digitaal uitvoeren 
van een virtuele osteotomie op het niveau van Le Fort I. In aansluiting hierop 
werden verschillende klinische studies gepubliceerd, eerst als voorlopige resultaten, 
later als lange termijn follow-up en tenslotte als een kritische evaluatie van de 
klinische toepasbaarheid van de TS-MD4,5,7 (hoofdstuk 4a, 4b & 5).

De tweede fase

Hoewel het hierboven genoemde 3D planningssysteem bewees betrouwbaar te zijn 
in de chirurgische planning van distractieosteogenese, was het op dat ogenblik niet 
mogelijk de veranderingen van de bedekkende weke delen te voorspellen tijdens 
een DO. Er moest dus een biomechanisch simulatiemodel worden ontwikkeld om de 
simulatie van de 3D-elastische vervorming van de weke delen van het gezicht na 
benige verplaatsing uit te voeren. Vier computer strategieën, te weten een lineaire 
finite element model, een niet-lineaire finite element model, een mass spring model 
en een nieuwe mass tensor model, werden vergeleken. De invoering van het nieuwe 
mass tensor model toonde een significante simulatie tijdwinst in vergelijking met de 
anderen. Verder werd de nauwkeurigheid van deze computer gestuurde simulatie 
software beoordeeld. De beste resultaten werden verkregen door het gebruik van 
het lineaire finite element model cq. Het mass tensor model4 (hoofdstuk 6).
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Er waren nog twee belangrijke aanvullende ontwikkelingen noodzakelijk om de 
software nuttig te maken in de dagelijkse praktijk van de orthognatische chirurgie. In 
de eerste plaats moest de precieze visualisatie van het occlusale oppervlakte van 
de tanden in beeld gebracht worden. Ten tweede moest de virtuele planning van de 
definitieve occlusie gerealiseerd worden. Nadat Swennen et al. er in waren geslaagd 
om met behulp van een ‘tripple scan procedure’10 de digitale gebitsmodellen op de 
juiste plaats met de digitale schedel te fusioneren, bestond de volgende stap er in 
de virtuele occlusie te definiëren.De oplossing werd gevonden door het ontwikkelen 
van een ‘rigid motion simulation engine’. De validatie van deze software toonde dat 
het gepresenteerde systeem resulteerde in een betrouwbare bepaling van de 
gewenste occlusie6 (hoofdstuk 7).

Na de integratie van de gepresenteerde occlusie module in een orthognatisch 
planningssysteem werd een eerste serievan complete digitale orthognatische 
planning uitgevoerd. Een validatie van de weke delen veranderingen na de 
voorspelling van de exacte intermaxillaire relatie zoals hierboven beschreven, werd 
gerealiseerd (hoofdstuk 8).
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Summary

Introduction

The aim of treating abnormalities of the dento-craniofacial complex is to improve the 
patients’function and aesthetics. The skeletal remodeling in the course of these 
treatments implies performing osteotomies, bone grafting, distraction osteogenesis, 
implant placement and other treatment modalities. The effect of these treatments 
has a direct influence on the patients’personal and social wellbeing. Therefore the 
challenge of maxillofacial surgeons in the 21st century is to achieve excellence in 
treating more than ever demanding patients. Patients’demands and expectations 
have risen dramatically in the past decade, especially when it comes to the changes 
in facial appearance after maxillofacial procedures8. Due to the complexity of the 
surgical procedures, careful pre-operative planning of the surgical intervention is 
mandatory to ensure an optimal outcome. Implementation of technical advances in 
medical three-dimensional (3D) imaging in the field of distraction osteogenesis and 
orthognathic surgery has been the motivation of this work. This thesis summarizes 
research work from 1998 through 2010 that basically has been performed in two 
phases.

In the first phase (1998-2004), the available knowledge in 3D imaging at that time 
was used to introduce a computer planning system to simulate distraction 
osteogenesis (DO) in patients with maxillary hypoplasia, in particular cleft patients. 
This initial research resulted in the development of the Maxilim software (Medicim, 
Mechelen, Belgium). It was first used to simulate a maxillary DO, using a trans-

4 5 7sinusal maxillary distraction (TSMD) device . As this 3D bone-related planning 
system proved to be reliable in surgical planning of DO, it was assumed that it might 
as well be useful in the planning of complex cases in orthognathic surgery. Ideally, 
the software should be able to virtually predict the effect of orthognathic procedures 
in exceptionally complex situations, and, if necessary to adapt it to ensure an 
excellent outcome.

In the second phase (2004-2010), the Maxilim software was further developed to 
support planning and simulation of hard and soft tissue changes of orthognathic 
procedures. In addition an occlusal defining tool was developed and implemented in 
the software49.
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The first phase

The initial work focused on the field of distraction osteogenesis (DO) in patients with 
maxillary hypoplasia, in particular patients with clefts. Shortly after the introduction of 
extraoral DO, research on the development of intraoral devices started. The external 
devices, were cumbersome, highly visible, and were mostly not well tolerated by 
patients2. The suggested intraoral devices had two main disadvantages. Firstly, they 
were still too bulky, and were placed completely under the periosteum. The 
activation rods were either in continuous contact with lips, causing pain and irritation,

1 3  11or had to be delivered through the skin in the nasolabial region . Secondly, they 
were all unidirectional, which required a perfect preoperative vector planning.

To overcome the above-mentioned disadvantages, a distractor was designed in a 
way that the distraction screw could be placed inside the maxillary sinus cavity. The 
positive results of the initial, experimental work resulted in the development of a 
trans-sinusal device for distraction of the maxilla in children and adults with mild to 
severe midfacial hypoplasia (in cooperation with KLS-Martin Medizin-Technik, 
Tuttlingen, Germany (chapter 2 & 3).

The following challenge that had to be overcome was the prediction of the 
distraction vector pre-operatively on one hand and transferring this vectorplanningin 
to the patient per-operatively on the other hand. In cooperation with ESAT 
KULeuven, Belgium, software was developed, that could virtually place the distractor 
device on the maxilla after a virtual Le Fort I type osteotomy was planned and 
virtually performed. Subsequently different clinical studies were undertaken and 
were published as preliminary results and later on as a critical evaluation of the

4 5 7clinical applicability and the long-term follow up of the TS-MD (chapter 4a, 4b& 
5).

The second phase

Although the above mentioned 3D bone-related planning system proved to be 
reliable in surgical planning of DO, it was not possible at that time to predict the 
changes of the overlying soft tissue envelop during the DO. As a consequence, the 
next step was the development of a biomechanical simulation model that would 
attempt to simulate the 3D elastic deformation behaviour of facial soft tissues after 
bony displacement. Four computational strategies were compared to simulate the 
post-operative facial appearance: a linear finite element model, a non-linear finite 
element model, a mass spring model and a new mass tensor model. The 
introduction of this last model showed a significant gain in simulation time compared 
to the other models. Further the accuracy of the prediction of the new facial outlook 
after surgery was assessed. The best results were obtained by using the linear finite 
element model or the mass tensor model4 (chapter 6).
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In order to make this software beneficial in daily practice of orthognathic surgery, 
two main additional developments had to be implemented. Firstly the occlusal
surface of the teeth had to be visualized with high precision, and secondly a virtual

10planning of dental occlusion was mandatory. Swennen et al. succeeded to 
implement the first change in the software using their triple scanning technique. It 
was now necessary to define the virtual occlusion. This was realized by the 
development of a ‘rigid motion simulation engine’. A rigid motion simulation engine 
ensured the impenetrability of the dental models. Moreover, this engine enabled the 
user to identify the desired occlusion semi-automatically. The motion engine allowed 
almost real-time simulations. This software tool was validated and the result showed 
that the presented system allowed a reliable determination of the desired occlusion6 
(chapter 7).

After having integrated the presented occlusal model into an orthognathic planning 
system, the first complete orthognathic planning system became a reality and was 
taken into the clinical application. A validation of the soft tissue changes after 
prediction of the precise intermaxillary relationship became the subject of chapter 8.
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List of abbreviations

2D 2-Dimensional
3D 3-Dimensional
AA Activation Arm
AH Activation Head
ANS Anterior Nasal Spine
BCLP Bilateral Cleft Lip and Palate
CBCT Cone Beam CT
CLP Cleft Lip and Palate
CP Consolidation Period
DO Distraction Osteogenesis
DP Distraction Period
FEM Finite Element Model
GMRES General Minimum Residual
MSM Mass Spring Model
MTM Mass Tensor Model
NFEM Nonlinear Finite Element Model
NHD Natural Head Distance
NHP Natural Head Position
OR Operating Room
PI Point of Intersection
PNS Posterior Nasal Spine
RED Rigid External Device
SD Standard Deviation
STL Stereolithographic
TS-MD Trans-Sinusal Maxillary Distractor
UCLP Unilateral Cleft Lip and Palate
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Appendix

Development of Trans-Sinusal Maxillary Distractor

During my last year of residency (1998-99) at the University of Leuven, Belgium, I 
designed a maxillary distraction device that could be placed intra-orally, with the 
activation screw placed into the sinus cavity. The prototype device was built by 
Titamed, Antwerp, Belgium. The device was applied on a Boxer dog since they do 
inherently have a maxillary retrusion. The experimental animal study proved to be 
successful (Chapter 1 and 3).

From the very beginning of the success story of DO, KLS Martin, Tuttlingen, 
Germany, proved to be the leading company in developing and manufacturing 
distraction devices. Based on the success of the animal study, they agreed to build a 
clinical prototype, which turned out to be a long and difficult process. Some of the 
main designs of the developing process, in cooperation with the KLS Martin 
company, on the way to the final Trans Sinusal Maxillary Distraction (TSMD) device, 
are depicted (Fig. 1-7).

Fig. 1. One of the first hand drown designs of the device: the distraction device consisted of two parts: an 
upper plate (A), fixed cranial to the osteotomy line, which is attached to a cylinder in which screw rods are 
tapped. The second part consists of a distracting screw (B), which is attached to a caudal plate (C) and 
an activation head (D). This plate is fixed caudal to the osteotomy line. The distraction screw is placed 
inside the maxillary sinus. In the original drawing the activation head was directly attached to the 
distractor.
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Fig. 2. In the first prototype, the distance 
between the plates and the distractor was 
too short, so that it was impossible to 
adapt them properly to the anterior 
maxillary wall.
The activation head was not long enough 
and was easily submerged under the

Fig. 3. Although the distance between the 
plates and the distractor was made longer, 
it was still difficult to adapt them to the 
anterior maxillary wall. The activation head 
was now connected to the activating rod 
by a universal joint. The length of the 
activation arm turned out to be still too 
short

Fig. 4. Next, the plates were made 
significantly thinner so that the adaptability 
became easier, but it became apparent 
that they would bend too easily during the 
activation period. The activation arm was 
constructed longer, but was too thin and 
would also bend during distraction
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Fig. 5. The inclination of the anterior 
maxillary wall was measured on the 
3D scan of multiple cleft patients with 
maxillary retrusion.

Fig. 6. The mean value of the 
measurements was applied to both 
the distraction plates, in order to 
make a universal prototype

Fig. 7. The final prototype with 
obliquely oriented plates, that made 
the adaptation to the anterior 
maxillary wall much easier, was more 
stable than the one depicted in figure 
4.

The final prototype (Fig.7) had the potential to be used clinically and was a unidirectional 
device.

l
«
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