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ABSTRACT

We present an automated method of spatially detailed 3D
asymmetry quantification in mandibles extracted from CT
and apply it to a population of infants with unilateral coronal
synostosis (UCS). An atlas-based method employing non-
rigid registration of surfaces is used for determining
deformation fields, thereby establishing detailed anatomical
point correspondence between subjects as well as between
points on the left and right side of the mid-sagittal plane
(MSP). Asymmetry is defined in terms of the vector between
a point and the corresponding anatomical point on the
opposite side of the MSP after mirroring the mandible
across the MSP. A principal components analysis of
asymmetry characterizes the major types of asymmetry in
the population, and successfully separates the asymmetric
UCS mandibles from a number of less asymmetric
mandibles from a control population.

Index Terms— Asymmetry, non-rigid registration,
atlas-based methods, craniofacial malformations, unilateral
coronal synostosis

1. INTRODUCTION

Cranial and facial asymmetry is a characteristic of many
congenital and acquired craniofacial malformations, and
determination of amount, localization and spatial extent of
asymmetry is important in the contexts of differential
diagnostics as well as evaluation of disease and treatment
progression. In some craniofacial malformations, the
mandible presents with an asymmetry that needs to be
quantified and, sometimes, surgically corrected. In
individuals with unilateral coronal synostosis (UCS) one of
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the coronal sutures is prematurely fused, leading to a
compensatory asymmetric growth of the skull that also
affects the mandible. UCS asymmetry has previously been
assessed using methods based on manual point landmarking,
e.g. in [1]. Recently, we have developed methods for
asymmetry quantification that provide spatially dense
asymmetry values across soft tissue head and face surfaces
obtained in surface scanners [2,3]. These methods are based
on non-rigid registration of a fully symmetric (head or face)
template to each individual, thereby transferring the
knowledge of left-right anatomical correspondence in the
template to the individuals. The non-rigid registration is
based on manual point-landmarking and thin-plate-spline
(TPS) deformation followed by closest point deformation
(CPD), inspired by [4]. These methods often fail, however,
when applied to the more complex anatomy of the mandible
due to incorrect matches by the simple CPD. The problems
are avoided using free-form deformation methods [5]. We
have previously developed such computational atlas-based
methods that automatically determine deformation fields in
images of craniofacial anatomy [6,7] and used these for
asymmetry quantification [8]. The methods have been
applied with success to images of anatomy including the
UCS mandible. In the present study we apply and validate a
surface based version of the non-rigid registration method
[9]. The present study contributes three novel additions to
the methodology: 1) Automated determination of point
correspondences for the mandible by use of B-spline based
non-rigid surface registration, 2) Automated rigid
registration to an anatomical coordinate system, and 3)
Scale-invariant definition of asymmetry. The method is
applied to UCS mandibles with varying amount of
asymmetry, as well as to a control population with Apert
syndrome which have unaffected (nearly normal) mandibles.
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2. MATERIAL

The material consisted of polygonal surface models of
mandibles extracted from pre-operative CT scans of 14
infants with UCS (mean age 7 months, range 4-16 months)
and 5 infants with Apert syndrome (mean age 6 months,
range 2-9 months). CT scans had been obtained for
treatment purposes at the University Hospitals of
Copenhagen and Arhus, respectively.

3. METHODS

Before application of the method, CT data had been oriented
according to a standard head orientation using the mid-
sagittal plane (MSP) and the Frankfort horizontal plane (see
e.g. [1]). Furthermore, the mandibles had been segmented in
the CT image data and surface representations created. For
validation purposes, 14 of the mandibles were manually
landmarked with 30 landmarks by two different observers.
Mandibles of subjects with UCS had been mirrored, when
necessary, in order to have the dysmorphology on the same
(right) side.

The method consisted of the following eight main steps:

1) Creation of an initial symmetric template mandible.

One of the mandibles were selected and deformed to an
average landmark configuration by use of TPS. A symmetric
template mandible was created by cutting the resulting
mandible at the midline (symphysis), discarding one side,
mirroring the other side, and finally stitching the mirrored
and original sides together.

2) Alignment of each individual mandible to the template.
This was carried out by translating the center-of-gravity
(cog) of the individual to the cog of the template.

3) Creation of an average symmetric atlas mandible.

For each of the mandibles, the symmetric template was
deformed to the individual mandible by B-spline based non-
rigid surface registration minimizing the squared distances
between the surfaces [10], implemented in the Image
Registration Toolkit (www.doc.ic.ac.uk/dr/software/). The
deformed template was kept as a representation of the
individual mandible for the further analysis. In this way, all
mandibles inherited the polygonal mesh connectivity of the
template, and a population mean mandible could be created
by simple point-wise averaging.

4) Bias reduction.

In order to reduce bias [4] towards the shape of the single
mandible used for the template creation, steps 2 and 3 were
repeated with the symmetric template replaced by the
average symmetric atlas created in step 3.
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5) Landmarking and segmentation of the atlas.
The atlas was landmarked with 30 anatomical point
landmarks, and the alveolus (tooth region) was segmented.

6) Alignment according to anatomical coordinate system.
To facilitate interpretation of calculated asymmetry, the
normal (left) side of the mandible (in subjects with UCS)
was rigidly registered to the left side of the atlas mandible
using the iterated closest point (ICP) algorithm. Prior to ICP
transformation, some of the landmarks placed in the atlas (in
step 5) were automatically transferred to the individual
mandible and used for initial alignment as well as for
anisotropic scaling of the template to each individual
mandible. The scaling was seen to be important for the ICP
to provide plausible registrations.

7) Quantification of asymmetry in each individual.
The asymmetry at a point P on the left side of the MSP was
determined in terms of the 3D vector A (Figure 1).

Fig. 1. Schematic
illustration of a-
symmetry quanti-
fication in an
asymmetric man-
dible (the man-
dible with dark
gray shading in
the figure). The
, asymmetry vector
=" A is defined as the
vector between the points P and P’;,. P marks a point on
one side of the mandible, P’ marks the anatomically
corresponding point on the other side. The light shaded
mandible is the same mandible after it has been mirrored
across the mid-sagittal plane. P, marks the location of P’
after the mirroring.

Formally, the amount (or magnitude) of asymmetry was
defined as 4,, = ||A]| - f, where || | denotes the Euclidian
norm and f = S/S..s 1S a scale factor correcting for
differences in mandible size among individuals; S; and S,
being the centroid size of an individual mandible and the
atlas mandible, respectively. The scale factor f was
introduced as it may be observed that the vector A scales
proportionately with mandibular size. Intuitively, asymmetry
should be identical in two different mandibles having the
same shape but differing size (e.g. a child’s and an adult’s
mandible, respectively). f provides a normalization such that
the asymmetry becomes invariant to size. The three
Cartesian vector components of A provide the amount of
asymmetry in the transverse (¢), vertical (v) and sagittal (s)
directions, respectively: 4, = comp,A - f; A, = comp,A - f,
Ay = comp,A - f.
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8) Construction of statistical models of asymmetry.

Principal components analysis as in [2] was applied to the
asymmetry vectors in each of the three directions,
respectively, providing the major modes of variation in the
population under study. The region containing teeth,
segmented in step 5, was excluded from the analysis due to
the variable amount of tooth eruption between individuals.
Also, a mean mandible was created for the population, as
well as for the two sub-populations (UCS and Apert
syndrome, respectively).

4. RESULTS

ATA
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Fig. 2. Mean
closest point
distance between
estimated and
true shapes, color
coded onto mean
UCS shapes seen
in top (left) and
bottom  (right)
views.

Fig. 3. Landmark
based validation.
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The non-rigid registration was validated in two ways.

1) The ability of the atlas to achieve the shape of the
individual mandible was determined by, for each point in the
deformed template, calculating the closest point distance to
the original individual shape, and finally averaging over all
individuals (Figure 2). The spatially averaged mean error
was found to be 0.05 mm. Mean errors of up to 0.7 mm
occurred in the alveolar area containing teeth. GRS R R R M TR RMS error (gray
2) The use of closest point distances for validation did not Landmark Number columns) for 30
necessarily reveal the ability of the method to match in the landmarks.
anatomical sense. Therefore, a landmark based validation

w - o

D|stance(mm)

was carried out, comparing the automatically determined
landmark locations with manually placed landmarks in each
individual mandible. The result is depicted in Figure 3
alongside an inter-observer landmarking error, for
comparison. RMS error varied from less than 1 mm to 5 mm
depending on the landmark, and, on average, the error was
1.7 times larger than the inter-observer error.

Mean Shape and Asymmetry Fig. 4. Mean

asymmetry for the
UCS and Apert
populations, color
coded onto the
respective  mean
shapes, seen in

Apert | bottom and lateral
ions, views.  Normal
respectively, color coded according to mean asymmetry of (left) side of the

Mean shapes for the UCS and Apert populations

the respective groups, are shown in Figure 4. mandible has by
om 5 L0 0 MM definition no

Figure 5 shows the first two PCA modes for transverse and Tra nsverse Vertical asymmetry and is

vertical asymmetry, respectively, in models containing UCS shown in white.

individuals alone. For the tr the first
individuals alone. For the transverse asymmetry, the firs PCA modes, UCS model

two modes captured 71 and 22% of the variation in the data, Fig. 5. PCA
corresponding to a deviation of the ramus towards the MSP modes in a model
and a variation of curvature along the entire length of the of asymmetry
mandible, respectively. For the vertical asymmetry, the first containing UCS
two modes captured 94 and 3% of the variation, mandibles. Colors
corresponding to a vertical bending/displacement of the 2 Amme Asymmetry(mm) 1 Asymmetry (mm) 1 depict a deviation

whole mandible and of the condyle, respectively. —— of 3 standard
deviations in mm
from the mean
asymmetry. Black
and white indicate
deviations in opp-

Figure 6 shows a plot of PC 1 for the vertical asymmetry
versus PC 1 for the transverse asymmetry in a model
containing mandibles from both UCS and Apert syndrome
individuals, and demonstrates the ability of the model to

discriminate between the two populations based on S AY™TEVIIM & AAMmEVIY 3 ogite directions in
asymmetry. Transverse Vertical Fhe. directions as
indicated.
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PC1 (Transverse Asymmetry)
Fig. 6. PCA score plot showing PC1 of vertical asymmetry
versus PC1 of transverse asymmetry. Squares and filled
circles represent UCS and Apert individuals, respectively.
Least amount of asymmetry is found in subjects located in
the lower left corner of the diagram.

5. DISCUSSION AND CONCLUSION

The wvalidation results demonstrated that the non-rigid
surface registration performed robustly and with sufficient
accuracy for quantification of mandibular shape and
asymmetry. The method was able to provide detailed
asymmetry maps for individual mandibles that correlated
well with visual assessment of asymmetry. Significant
differences in mean shape and asymmetry between UCS and
Apert syndrome mandibles were demonstrated, although in a
limited sample of subjects.

Since the malformation in UCS predominantly affects one
side of the mandible, the use of an anatomical coordinate
system, where asymmetry on the normal side is minimized,
offers an alternative and perhaps more intuitively
interpretable solution compared to the mathematical
coordinate system used in e.g. [2,8].

Statistical analysis of the asymmetry by PCA revealed
intuitively interpretable modes of variation, and correctly
classified the UCS and Apert mandibles as high- and low-
asymmetry mandibles, respectively. The scale-invariance of
the asymmetry definition made it possible to compare the
mandibular asymmetry of individuals across a range of ages,
and was thus a prerequisite for the construction of an
interpretable statistical model of asymmetry.

Applications of mandibular asymmetry assessment could be
found in areas such as maxillofacial surgery, clinical
genetics and anatomy.
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