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ABSTRACT

Mid-facial distraction osteogenesis is a novel promising
method to correct severe mid-facial hypoplasia and ret-
rognathia. Although aesthetic improvements are obvious,
the analysis of three-dimensional bony changes created
through distraction was impossible so far. Now, we present
a tool chain employing voxel based registration and 3D vi-
sualisation to assess and analyse the structural changes in-
duced by the treatment based on the routinely acquired pre-
and post-operative CT images. A landmark based valida-
tion of the voxel-based registration provides measures to
rate the obtained results. Application to real patient data
demonstrates that this tool chain can help to get a better
perception of the complex three dimensional deformations
of the skull during treatment.
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1 Introduction

Severe malformations of the mid-face such as maxillary
retrognathia or hypoplasia can be treated by distraction os-
teogenesis [1, 2, 3]. During an operation the appropriated
bony part of the mid-face is separated from the rest of the
skull (osteotomy) and later the mid-face is slowly advanced
by a halo-borne distraction device (RED system) until cor-
rection of mid-facial deficiency is achieved (Fig. 1). In
complex malformations operation planning is based on CT
images, followed by a modified mid-facial osteotomy. Fi-
nally, the mid-face is slowly advanced by a halo-borne dis-
traction device (RED system, Fig. 1) until correction of
mid-facial deficiency is achieved.

Although striking aesthetic improvements are obvi-
ous (Fig. 1), by now, no studies regarding the analysis of
the complex three-dimensional mid-facial movements are
available. Incorrect treatment planning, however, leads to
a malpositioned mid-face [4] and necessitates further sur-
gical intervention. This is especially crucial, as large dis-
tances are usually treated in distraction osteogenesis and
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Figure 1. An 18-year-old boy with an isolated non-
syndromatic mid-facial hypoplasia (left). Distraction with
a halo-born external distraction device after an almost
complete osteotomy (middle) led to a harmonic maxillo-
mandibular relationship and improved esthetics (right).

thus small angular deviations can cause clinical failure.
Only basic studies on primates have been carried out 20
years ago by Nanda et al. [5, 6] that investigated the rela-
tion of point of force application and mid-facial rotational
moments. They assumed that the centre of resistance of the
maxilla can be found above the root apex of the premolars
and that applying a force caudal of this point results in a an-
terior rotation of the maxilla leading to resp. increasing an
anterior open bite. However, a thorough analysis of these
mid-facial movements is still pending. Yet, such analysis
is necessary to get a better understanding of the effects of
the distractor onto the whole skull, and thus, to improve
therapy planning.

The contribution of this paper is the development and
application of a tool chain that helps to give an insight
into several clinically important issues: first, how do dif-
ferent parts of the mid-face react to a certain force applied
via distraction osteogenesis. Here the point of force ap-
plication and the direction of force, which can be calcu-
lated from lateral cephalograms with the mounted distrac-
tor have to be considered. Secondly, is there a centre of
rotation which can be influenced by proper treatment plan-
ning? Here the clinical importance is to avoid an unwanted
counter-clockwise mid-facial rotation which would lead to



an "open” bite demanding further surgery. The last issue is
the new technique of sutural distraction, where no or only
limited osteotomies are performed [7]. Here no informa-
tion on the impact on different anatomic regions is known
so far.

Figure 2. Example slices of pre- (left) and postoperative
acquired CT scans of a patient treated by mid-facial dis-
traction osteogenesis.

In the following, we will present the tools to as-
sess and visualise the structural changes induced by the
treatment, based on the routinely acquired pre- and post-
operative Computer topographi¢CT) images (Fig. 2).
With the application to patient data, we will show that this
tool chain can help to get a better perception of the complex
three dimensional deformations of the skull during treat-
ment and we discuss the validation of the obtained results.

2 Description of tools

In order to assess and visualise the bony changes induced
by the distraction osteogenesis the following steps are re-
quired:

e rigid registrationto correct the input images for dif-
ferences in position and orientation,

e non-rigid registrationto quantify the differences be-
tween the pre- and postoperative images describing
the structural change,

e landmark pickingor validation purposes, and
e visualisationto explore the changes.

In the following these steps will be outlined in more detail.

2.1 Registration

Registration aims at transforming a study imageith re-
spect to a reference imadeby means of a transformation

T € © (O isthe set of possible transformations), so that
structures at the same coordinates in both images finally
represent the same object. In practice, this is achieved by

finding a transformatioflegwhich minimises a cost func-
tion Fros, While constraining the transformation through
the joint minimisation of an energy terfi(7'):
Treg := arg 7[%1({)1 (Feost(ST, R) + kE(T)) . (1)

The cost functionfigs@accounts for the mapping of similar
structures. E(T') ensures topology preservation, which is
necessary to maintain structural integrity in the study im-
age, and it thus introduces a smoothness constraint on the
transformationZreg. The parameter is a weighting fac-
tor that balances registration accuracy and transformation
smoothness.

By restricting the set of possible transformati@rio
rigid transformations, i.e. tootation and translation
topology is preserveger se we may sek = 0 andrigid
registration is obtained by minimising the cost function
Feost CT images are normalised by thounsfield scale
[8], mapping similar materials to similar intensities. There-
fore, we obtain rigid registration by minimising tisaim of
Squared Difference$SSD)

Feos(S. R) = / (S(7) - R@)*dZ. ()

Q

using a modifieMarquardt-Levenberglgorithm [9].

If © is not restricted, we require > 0 and we target
for non-rigid registration

Two groups of methods to achieve registration may
be considered: Feature-based approaches use informa-
tion from identifiable brain structures, such as landmarks,
curves, and surfaces. These structures have to be extracted
and set into correspondence. The distance between cor-
responding features yield a cost functidi.sthat has to
be minimised. The spatial transformations, resulting from
feature matching, are finally propagated to the whole vol-
ume by using some energy constraii{’) , e.g., thin-plate
splines [10]. Landmarks provide an effective constraint for
registration, but acquiring the required dense set of corre-
sponding Landmarks is a difficult and time consuming task
[11] and it might even be impossible.

In voxel based approaches, on the other hand, the cost
function Fosis derived from local or global image inten-
sity similarity measures. The advantage of these methods
lies in the independence of human interaction which makes
voxel based approaches the tool of choice when it comes to
the automatic analysis of large sets of data. Like proposed
by Christensen [12], we empldijuid dynamicsas energy
constraintE(T') - since it allows for large deformations -
and we minimise SSD (2).

However, especially in the case of large differences
between the images, the mapping of structures resulting
from non-rigid registration might be simply wrong, i.e. cor-
responding identifiable structures, as used in feature based
approaches, may not map onto each other. Therefore, the
application of voxel-based non-rigid registration to analyse
image data requires a validation of the results [13], in order



to give error margins for the findings described by the trans-
formationTieq. Thus, we turn our focus to the acquisition
of a sparse set of landmarks that can be used for validation.

2.2 \Volume rendering for manual landmark
picking

In CT images, bone is mapped to high intensities and soft
tissue is mapped to low intensities [8]. Therefore, vol-
ume rendering the CT image by using an appropriate in-
tensity threshold (ofrso valug can be employed to visu-
alise the iso-surfaces corresponding to skin and/or bone.
Consequently, we implemented a 3D texture based volume
renderer that allows an intuitive interactive specification of
the iso-value, in order to pick landmarks on bone and skin.
Here, the volume data set is stored into a 3D RGBA tex-
ture - the alpha component is fed with the image inten-
sity, and for shading the range compressed and normalised
image gradient is stored into the RGB channels. An iso-
surface can then be viewed by selecting an appropriate al-
phathreshold (see 3) and diffuse lighting is evaluated based
on the image gradient and the global light direction (cf. e.g.
[14]). With the recent advances in the graphics hardware,
is is possible to implement this iso-surface browser on low
cost hardware and still obtain frame rates above 20 fps.
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Figure 3. By selecting a landmark from the list, the main
view is adjusted to a pre-defined optimal viewing direction,
an appropriate iso-value is set and an image, identifying
the landmark in a template image is displayed below the
landmark list. Hence, the landmark can easily be selected,
even without expert knowledge.

In order to support landmark picking without medical
expert knowledge, a template landmark list with 33 easily
identifiable landmarks was created (cp. Table 1). Besides
the landmark name and its location, for each landmark an
optimal view-port configuration and an iso-value are stored
as well as an image that displays the landmark location in
an example data set. With this supportitis possible even for
non-experts to pick all pre-defined anatomical landmarks

with high certainty (see Fig. 3).

2.3 Result visualisation

To visualise the shape change of the skull, knowledge about
its geometry is necessary. Therefore, surface based ren-
dering will be used, and hence, the skull surface has to
be extracted from the segmented (and rigidly registered)
data sets by using, e.g., thwrching tetrahedralgorithm

[15]. Then, the skull surface is represented by a triangle
mesh which is described by a set of vertices and the corre-
sponding (triangle-) connectivity. In order to improve the
response times of the interactive visualisation, this mesh is
then optimised to reduce its triangle count, without loos-
ing geometric detail [16, 17]. Finally, the shape change
described by the non-rigid transformati@his visualised

in the following manner: At each vertex of the triangle
mesh the corresponding deformation vector is displayed as
an arrow. Since we track the voxels from their final position
on, the arrow ends at the skull surface (Fig. 4).

Figure 4. Shape changes of the skull induced by sutural
mid-facial distraction osteogenesis (first patient). The red
dot indicates the manually extracted centre of rotation.

Alternatively, the shape change of the skull is illus-
trated by a colouring scheme. For each vertex of the sur-
face, the displacement vector is decomposed into its nor-
mal and tangential components. Inward-pointing normals
are coded in red, outward-pointing in blue; colour inten-
sity reflects its magnitude, the colour scale is given in mm



(Fig. 5). The colour values obtained at each vertex are
propagated to the corresponding triangle by using ground
shading.

3 Results and discussion

The data of 20 patients treated by mid-facial distraction
osteogenesis were analysed employing the described tool
chain.

Figure 5. Shape changes of the skull induced by sutural
mid-facial distraction osteogenesis (first patient). Note the
blue colouring of the zygomatic bones indicating the reac-
tion of the adjacent sutures.

Afirst patient, a 12-year-old boy, was suffering from a
severe mid-facial hypoplasia, resulting from bilateral cleft
lip and palate. He was treated by way of sutural mid-
facial distraction osteogenesis with simultaneous transver-
sal maxillary expansion, by applying the RED system for
10 weeks. The treatment resulted in a 17 mm forward dis-
placement of the mid-face with an (intended) back slide of
2 mm later on. The retrospectively performed analysis in-
dicated that the distraction triggered a forward shift of the
zygomatic and nasal bones since the maxilla was not mo-
bilised intra-operatively. Thus the whole mid-face showed
a complex advancement caused by distraction (Fig. 5).
Furthermore, the centre of rotation which is dependent on
the centre of resistance and the point of applied force could
be determined manually (Fig. 4); its location is important

in treatment planning and outcome, and was selected prop-
erly in this case.

Figure 6. A close inspection of the mid-facial area empha-
sises, that only a forward shift of the mid-face occurred.

The second patient was an 18-year-old boy with iso-
lated non-syndromatic mid-facial hypoplasia. Distraction
after an almost complete osteotomy led to a harmonic
maxillo-mandibular relationship and improved aesthetics.
Utilising the visualisation tools showed the complex inter-
related changes caused by the forward displacement. Look-
ing at the vectors, a straight anterior movement parallel to
the occlusal plane (which was planned in before) is evident
(Fig. 6). In contrast to the above case, as as result of the
almost complete osteotomy the zygomatic bones were not
influenced in this case (Fig. 7).

The landmark based validation showed, that in most
cases the applied non-linear registration yields acceptable
results. In average the registration error at the selected
landmarks was below 4mm (Table 1). This error margin
corresponds to errors that may be introduced because of
the the image resolution dfinm? and the landmark pick
error of~ 1lmm per data set.

However, in some cases the disease pattern (e.g. cleft
lip and palate) makes the identification of important land-
marks of the mid-facial area (like, e.g., thestionor the
spina nasalis anterigrand, hence, the landmarks based
validation of the non-linear registration, difficult or even
impossible. Additionally, it has to be noted that in some



Figure 7. Shape change of the skull induced by mid-facial

distraction osteogenesis (second patient). Note, that in this
case the zygomatic bones were not influenced by the dis-
traction, because of an almost complete osteotomy of the
maxilla.

cases the non-linear registration partially fails, resulting in
errors above 5mm. Therefore, the analysis tool chain is
well suited to obtain an over-all impression of the bony
changes, but a quantitative analysis can only be obtained
in “well posed” cases.

Conclusions

We proposed and applied a tool chain combining methods
of image registration and visualisation to solve an impor-
tant clinical problem related to mid-facial distraction os-
teogenesis. Our results demonstrated that the assumptions
of Nanda et al. [5, 6] regarding the relation of point of force
application and the mid-facial rotation are valid in mid-
facial distraction. In the cases shown in this paper, a high
point of force application above the maxillary plane via a
bone-anchored mini-plate system leads to no or only minor
counter-clockwise rotation. This implies, that this anatomi-
cal level is superior to an inferior point of force application
via a dental splint used in all other studies where usually
some open hite is seen postoperatively [18]. Regarding su-
tural distraction our tool chain helped to analyse complex
bony changes which affected maxilla, zygoma, nasal bones
and even the anterior cranial base.

Landmark name | average error in mnj

Bregma 3.5
Earlobe (1) 2.3
Earlobe (r) 1.6
Foramen mentale L 2.0
Foramen mentale (r) 1.6
Fronto-zygomatic suture (1) 1.2
Fronto-zygomatic suture (r) 1.2
Glabella 25
Gnathion 3.3
Gonion (1) 1.9
Gonion (r) 25
Infraorbitale (most caudal point) (1) 1.6
Infraorbitale (most caudal point) (r) 1.8
Lambda 3.3
Lateral kanthus (1) 2.2
Lateral kanthus (r) 2.8
Medial kanthus (1) 1.7
Medial kanthus (r) 1.6
Nasion (bone) 2.1
Nasion (skin) 1.8
Nose tip 1.6
Opisthion 0.7
Piriform aperture (r) 25
Piriform aperture (1) 2.7
Processus coronoideus (1) 0.9
Processus coronoideus (r) 1.1
Prostion 29
Rhinion 1.8
Spina nasalis anterior 2.7
Supraorbitale (most cranial point) (r) 2.2
Supraopritale (most cranial point) (I) 1.8
Tuberculum mentale (1) 3.9
Tuberculum mentale (r) 3.3

Table 1. Landmarks considered for validation and average
registration error in mm.

The experimental results of Nanda seen in primates
compared favourably to human findings. In the first pa-
tient an anatomically high point of force application via
a bone anchored retention system was correlated with al-
most no counter-clockwise rotation. In conclusion it can
be stated that our tools provided the means to explain the
bio-mechanical reasons why the treatment worked well in
all patients. This is important in the understanding of how
mid-facial distraction osteogenesis works and helps in fu-
ture therapy planning.

Limitations of the analysis method can be found in
the limitation of voxel based non-linear registration that
the mapping of corresponding structures sometimes sim-
ply fails. We hope to improve the registration results by
adding sparse landmark information to the registration cri-
terion. Additionally, we will consider an automatic regis-
tration quality assessment, in order to measure the applica-



bility of the registration result for a quantitative analysis.
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