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ABSTRACT

Purpose: Mirroring and manual adaptation as the main virtual reconstruction method of midfacial de-
fects is time demanding and ignores asymmetrical skull shapes. By using a statistical shape model (SSM),
the reconstruction can be automatized and specified. The current study aims to show the ability of the
SSM in the virtual reconstruction of artificial bilateral defects.
Methods: Based on 131 pathologically unaffected CT scans of the adult midface region, an SSM was
created. DICOM data were generated, segmented and registered on one mesh, which serves as template
for the SSM. The SSM consists of the registered surface meshes and includes the shape variability of the
cranial vault. Fractured or missing parts were calculated by the known shape variability of healthy
midface data. Using 25 CT scans not included in the SSM, the precision of the reconstruction of virtually
placed bilateral defects of the orbital floor (Group 1) and bilateral naso-orbital-ethmoid (NOE) fractures
(Group 2). Distances to the corresponding parts of the intact skull were calculated to show the accuracy
of the virtual reconstruction method.
Results: All defects could be reconstructed by using the SSM and GM technique. The analysis shows a
high accuracy of the SSM-driven reconstruction, with a mean error of 0.75 + 0.18 mm in group 1 and
with a mean error of 0.81 + 0.23 mm in group 2.
Conclusion: The precision of the SSM-driven reconstruction is high and its application is easy for the
clinician because of the automatization of the virtual reconstruction process in the field of computer-
assisted surgery (CAS). Respecting of the natural asymmetry of the skull and the methods of GM are
reasons for the high precision and the automatization of the new shown reconstruction workflow.

© 2019 Published by Elsevier Ltd on behalf of European Association for Cranio-Maxillo-Facial Surgery.

1. Introduction

anatomical repositioning are critical steps during surgical inter-
vention. Especially the orbital cavity with its thin bone structures

The precise manual repositioning of bone fragments and the and the reduced intraoperative visibility is sensitive to volu-
adaptation of individually bent osteosynthesis plates with their metric changes and bone steps (Frohwitter et al., 2018). Impre-

* Corresponding author.

cision in fragment repositioning and an enlarged orbital cavity
cause functional problems like diplopia and eye movement lim-
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itations (Bittermann et al, 2014; Frohwitter et al., 2018;
Schonegg et al., 2018).

The fine repositioning of bone fragments is crucial and can be
ensured by the use of the well-known computer-assisted surgery
(CAS) and its helpful tools, like navigation and patient-specific
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implants (PSI) (Dreizin et al., 2018; Jansen et al., 2018; Scolozzi,
2017). CAS consists of the key elements of (i) analysis of the
defect, (ii) planning the reconstruction by using tools like mirroring
and registration, (iii) virtual surgery to reposition the bone frag-
ments, and (iv) generating surface meshes for intraoperative nav-
igation or production purposes for PSI. As a planning tool, the
mirroring method is still the most applied technique (Dreizin et al.,
2018; Metzger et al., 2006). Based on the assumption of a sym-
metrical facial anatomy, an unaffected region is mirrored on a
symmetrical plane to reconstruct missing or comminuted bone
areas. Manual adaptation and alignment of the mirrored area must
be done to gain a smooth transition to the surrounding uninjured
anatomical regions (Bell et al., 2009; Fuessinger et al., 2017b). The
obtained surface can be exported to produce a fracture model as
bending template for osteosynthesis plates or as a landmark for
intraoperative navigation or as a template for manufacturing
PSIs(Dreizin et al., 2018). The time-consuming step has to be done
preoperatively at the desk of the surgeon, thus reducing the routine
clinical application. Clinicians demand an automated and easy-to-
handle tool without too much required hardware capacity
because of a lack of financial support from the government.
Moreover, the known procedures are limited to unilateral defects.
For bilateral defects or comminuted fractures of the midface,
manual repositioning of the dislocated bone fragments must be
performed with regard to the unaffected anatomic landmarks of
the affected side (Metzger et al., 2007).

Our proposed statistical shape model (SSM)-driven recon-
struction method is based on diffeomorphic deformations and
principal component analysis (PCA) to extract the main modes of
variation. The suggested workflow needs segmented CT data and at
least four landmarks, which are placed on prominent anatomical
positions. The registration of the SSM on the defect midface serves
as a tool to find the model instance most suitably matching the
anatomical structure of the unaffected parts of the target skull.

To evaluate our SSM-driven approach, 14 midfaces with artificial
uni- and bilateral defects of the orbital floor and medial wall were
virtually reconstructed. Evaluation was done calculating the dis-
tance to the original surface of the unaffected area and by com-
parison to the mirroring method as the gold standard.

We aim to automatize the reconstruction process for orbital
floor fractures and complex bilateral NOE-fractures to overcome
limitations and “shortcomings” of known planning tools in the
CAS workflow, like mirroring and registration. Improvements in
the CAS workflow must be suitable for clinical application, with
the main focus on reduction of the on-screen time for the sur-
geon and on better usage of the 3D radiological data, i.e. cone
beam CT and CT.

2. Material and methods

The method consists of the combination of geometric mor-
phometrics (GM) and a data-driven reconstruction of midface de-
fects based on an SSM. For valid reconstruction, an SSM implements
empirical knowledge for reconstructing the cranial shape by
including a high variability of healthy samples. In this study, the
region of interest (ROI) was set on the midfacial region. Open-
source software packages for the statistical/mathematical plat-
form R were used for statistical analysis. According to the best-
practice rules for R packages, the applied software will be cited.

2.1. Defect creation
To define the same defect in all patients’ CT scans, we created the

defects on a skull template not included in the SSM. The vertex indices
of the coordinates within the defect regions were recorded. The

template was then subsequently matched to the segmented speci-
mens using a diffeomorphic registration procedure provided by the R-
package ANTSR (Avants et al., 2015). As a result, the mesh represen-
tation of the surface shares its mesh topology with all the registered
specimens and removal of the indexed vertices from the registered
meshes results in similar defects being created throughout the sample.

The defects on the template were created as follows: The
segmented skull was imported in the 3D modeling software
Blender. (Blender Foundation, Amsterdam, The Netherlands) (Hess,
2007). “UV spheres” were created, modified and symmetrically
placed within the orbital floor and the NOE region. For the orbital
floor defects a typical fracture pattern with sparing the palatinal
bone is simulated (Fig. 1).

By adding a procedural operation, the spheres were subtracted
from the midfacial skull.

The defect creation of the NOE complex is done similarly. One
individually designed sphere is placed in the area of the NOE
(Fig. 2). The same procedural operation is used to substract the
sphere from the template.

2.2. Statistical shape model fitting

The presented new method requires a manual and an auto-
mated part. The patient's CT scan is segmented by a simple gray-
value thresholding technique to get a surface mesh. On the sur-
face mesh, presenting the effect midface, four landmarks are
placed. The anatomical positions of the landmarks are the nasion,
the fronto-zygomatical suture, and the ledge of the palatinal bone.
The landmarks establish an initial spatial correspondence between
the target shape and the SSM, which also constrains the SSM to
shapes with similar landmark positions.

Fig. 1. Adding spheres (red) symmetrically in the area of the orbital floor of the skull
template for standardized resection.
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Fig. 2. Adding one sphere (red) in the area of the NOE complex on the skull template for standardized resection.

From now on, the automatized workflow begins. The mean shape
from the SSM is adapted to the target surface. A precise alignment is
done by the rigid iterative closest point (ICP) technique. To get a
posterior SSM, the original SSM is constrained on the corresponding
counterparts of the target midface. Containing shapes only in the
vicinity of the landmarks, the posterior SSM is placed on the target
mesh to allow isotropic variation around the landmark position with
a standard deviation (SD) of 2 mm. The mean of the posterior SSM
serves as a starting point to search appropriate instances to mini-
mize the symmetric distance to the target skull. For this step, an
elastic ICP, based on smoothed displacement fields, is performed.
The result is an SSM instance that is very similar to the target shape.
The target surface is mostly a close match, but not an exact one,
because it is not included in the shape variability of the SSM.

2.3. Error evaluation

For evaluating the prediction error, we chose the following
metrics for both types of defects:

e Mean error = the average error within the ROI for each patient

e Max. error = the maximum error within the ROI for each patient

e Percentage of Vertices below a given error threshold: here, we
evaluated this error metric for 1, 1.5 and 2 mm.

Using the fact that all specimens are registered to the same
template, these errors were computed by assessing the distance
between the vertices within the defect region to the surface of the
predicted skulls. This allows generation of error statistics for each
vertex within the ROIs, as these are (pseudo-)homologous
throughout the testing sample.

3. Results

The error distributions for mean and max. error are shown in
Figs. 3 and 4. The mean error for the NOE cases is 0.81 mm
(SD = 0.23) and 0.75 mm for the Bioccular case (SD = 0.18).

20 25 3.0
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Fig. 3. Boxplots visualizing the reconstruction error distribution of the Bioccular case.
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Fig. 4. Boxplots visualizing the reconstruction error distribution of the NOE case.

The maximum errors are 2.8 mm for the NOE case (SD = 0.57)
and 2.37 mm for the Bioccular case (SD = 0.36) (Figs. 3 and 4).

Regarding the amount of vertices below a given error threshold
(Figs. 5 and 6), it can be shown that Prediction accuracy is higher in
the intraorbital defects: In all but one patient more than 80% of the
vertices are predicted with an error below 1.5 mm. However,
regarding the NOE defects this amount decreases, very likely due to
the fact that a much larger coherent region is to be predicted. Here,
a much wider range of errors can be seen and only at a threshold of
2 mm 90% of vertices are below this error margin.

Figs. 7 and 8 show heat maps visualizing the per-vertex
average errors.
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Fig. 5. Boxplot visualizing the percentage of vertices below a given threshold of the
Bioccular defects.
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Fig. 6. Boxplot visualizing the percentage of vertices below a given threshold of the
NOE defects.

4. Discussion

Automatized virtual reconstruction of midfacial defects is
essential for the further success of CAS. The benefits of virtual
planning, such as enhanced precision and time saved intra-
operatively, will be accessible for a wide range of patients world-
wide if the planning step is simplified (Dawirs et al., 2017,
Zimmerer et al., 2017). The described pathway of a modified SSM
is not just an extended database suitable to find a corresponding

- S
Distance In mm

Fig. 7. Heat maps visualizing the per-vertex average errors of the Bioccular defects
calculating in the area of the orbital floor with parts of the medial wall.
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Fig. 8. Heat maps visualizing the per-vertex average errors of the NOE defects calculating in the area of the medial orbital wall.

template for the individual patient skull. It is an independent
computer algorithm that searches fitting vertices out of a point
cloud which in itself is part of a Gaussian distribution. Despite the
self-learning computer algorithm, the database used relies on CT
scans of a Caucasian population. For a worldwide application of the
proposed SSM workflow, regional CT scans must be added to
guarantee the described high precision.

In contrast to the known procedure of mirroring with manual
steps like defining the mirroring plain and the manual alignment
of the mirrored objects on the defect area, the SSM reduces the
need for manual interaction to a minimum. Except for defining
four landmarks, which can be placed with a tolerance of about
1 mm, the reconstruction is done automatically. If there is a
conflict of a fracture line to a landmark position, landmarks can be
changed. The new position just has to be adjusted in the under-
lying dataset of the SSM.

As previously shown, the SSM workflow offers a higher preci-
sion in dealing with skull defects, compared to the mirroring pro-
cedure (Fuessinger et al., 2017a; Semper-Hogg et al., 2016).

On the one hand, the precision achieved by using the mirroring
procedure for virtual reconstruction of unilateral defects seems to
be high enough clinically (Dubois et al., 2015). On the other hand,
taking into account that the generated precise surface serves as a
basis for the manufacturing of PSIs, deviations from the original
surface that are generated in the virtual reconstruction process will
be added to the imprecision of the known workflow of imaging,
segmentation and production of PSIs and will lead to clinically
relevant discrepancies. This is true especially if the workflow is
simplified and accelerated by enhancing the reconstructive
precision.

Besides the increased precision, the proposed workflow sim-
plifies and accelerates the preoperative planning steps and gua-
rantees an enhanced preoperative reconstructive quality. The
corresponding computer algorithm will be available as an Internet
platform, on which the surgeon uploads the CT dataset and receives
a reconstructed surface to continue the adaption of PSIs or a ster-
eolithographic file for 3D printing.

5. Conclusion

The presented approach is a highly efficient method for the
reconstruction of bilateral midface defects. The surgeon benefits
from an automated reconstruction algorithm and the patients
receive a very precise reconstruction, highly similar to the original
situation. The shown SSM can easily be integrated in clinical

reconstruction software packages and will be evaluated in clinical
situations in complex midfacial fractures.
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