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Abstract: This paper describes the use of 3D shape modeling to plan reconstructive facial surgery for children 
born with facial asymmetry. The study used 3D images synthesized from high resolution CT scans. The images 
were manipulated using geometric morphometrics and the principal components of variation were derived. The 
software developed allows the user to either reconstruct how the whole face would appear without the presence 
of asymmetry, or to restrict the reconstruction to a smaller region that is surgically feasible to alter. The software 
aims to allow several observers to warp parts of the face along the principal components of variation until the 
most aesthetic result is achieved. The subjective assessment of an aesthetic result will be judged by surgeons and 
non surgeons. Having attained the optimum warp the type and amount of tissue required for surgery can be 
derived. 
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INTRODUCTION 
 
This work aims to use 3D image manipulation and 
mathematical modeling to improve the planning of 
facial reconstructive surgery. It concentrates on 
children born with facial asymmetry, however it is 
hoped that the processes developed can be adapted 
to facial reconstruction in other situations such as 
trauma from road traffic accidents. An example of a 
condition which results in facial asymmetry is 
hemifacial microsomia, it is the second most 
common craniofacial abnormality with an incidence 
reported at 1 in 5600 live births [Vento, LaBrie, & 
Mulliken 1991]. Other examples include 
Romberg’s syndrome. 
 
Facial disfigurement can have a dramatic impact on 
the way children see themselves and the way they 
are perceived by society. Reconstructive surgery 
can result in a significant improvement in quality of 

life especially when preoperative counseling has 
provided realistic expectations. Studies looking at 
facial symmetry have shown that the more 
symmetrical the face is, the more attractive it is 
[Baudouin & Tiberghien 2004]. 
  
As yet it is not possible to achieve a perfect global 
result following reconstructive surgery; however it 
is important to provide the best result possible for 
the individual patient. Current surgical techniques 
allow augmentation of areas in the bony skeleton 
by using the patient’s own bone from elsewhere or 
using other materials such as titanium. It is also 
possible to augment the soft tissues; this can be 
achieved by taking skin, muscle and fat from 
elsewhere on the patient’s body. The limitations of 
the surgical techniques available mean that only 
certain parts of the face are amenable to surgery. In 
order to plan surgery for these patients it is 
important to appreciate the exact deformity of the 
underlying skull as well as the soft tissues (skin, fat, 
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muscle etc.). To visualize the hard and soft tissue 
deformities patients currently undergo spiral CT 
(computed tomography) scans. From these scans it 
is possible to reconstruct a virtual model of the 
skull and soft tissues.  
 
To plan a reconstruction it is not enough to know 
precisely where the deformity and distortion exist, 
it is also important to know how much tissue is 
required, where it is required, what shape it needs 
to be and what existing deformed tissues need 
restructuring. To answer all these questions 
mathematical modeling and warping will be used to 
simulate a virtual endpoint of surgery. When 
comparing this virtual endpoint with the initial 3D 
image of the patient the amount and shape of tissue 
required can be estimated. 
 
 
THE AIMS OF THE PROJECT 
 
The aim of surgery is to reduce the psychological 
distress of disfigurement. To achieve a satisfactory 
endpoint of surgery, the virtual model needs to be 
anatomically correct and the most aesthetically 
pleasing solution for the patient. The virtual 
endpoint also needs to be something that is 
achievable surgically. As yet there has not been a 
mathematical model for the aesthetically pleasing 
face, however it has been suggested that attractive 
faces have certain proportions which relate to the 
golden ratio [Danikas & Panagopoulos 2004].  
 
 
At present we have concentrated on modeling the 
underlying facial bones. Eventually both hard and 
soft tissues will be modeled and warped. The warp 
will be translated to a sliding scale which can be 
operated by an observer. The observer will then be 
able to choose how much warping is required to 
produce an aesthetically pleasing result. The results 
from the modeling process will then be used by the 
surgeon to plan the surgical procedure. 
 
 
THE TECHNOLOGY AVAILABLE 
 
Current scanning technology allows the synthesis 
of accurate 3D images of the patient’s hard and soft 
tissue. The scans of 10 patients were taken using a 
16 slice Siemens Somatom Sensation Spiral CT 
scanner set to 0.75mm collimation. The scanner 
stores the data in DICOM (Digital Imaging and 
Communications in Medicine) files. The DICOM 
files were converted into a UCL proprietary format 
and loaded into a 3D voxel imaging software. 
Different Hounsfield levels were used to 
reconstruct the hard tissues and the soft tissues. For 
comparison with normal skulls of similar age 
groups, 10 scans from the Bosma collection were 

used [Shapiro & Richtsmeier 1997]. Craniometric 
measurements taken from 3D CT scans have been 
tested as being an accurate representation of the 
actual hard and soft tissue distances [Cavalcanti, 
Rocha & Vannier 2004].  
 
 
DATA ANALYSIS 
  
Geometric morphometrics is a useful tool used for 
comparing biological shapes. This requires 
landmarks to be placed on biologically homologous 
points on the 3D images. The landmarks are then 
used to compare shapes. Each landmark 
corresponds to the same point on each scan. 
Landmarks need to be tested carefully to ensure 
that they are both repeatable and reliable. The 
mathematical analysis which is possible through 
geometric morphometrics will only be credible if 
the landmarks are accurate. The difficulty in 
choosing landmarks in the patient population being 
studied is that some anatomical structures are 
missing on the affected side, therefore 
corresponding landmarks become meaningless. 
This was overcome by limiting landmarks to well 
defined structures. 
 
75 facial and 46 skull landmarks were located on 
each data set, and their variation calculated. In 
order to calculate the variation amongst patients 
and the variation in a normal population principal 
component analysis using a Point Distribution 
Model (PDM) was used. The PDM is a form of 
deformable model that has been shown to be a 
robust method for capturing the variation in shape 
exhibited by a set of example shapes [Cootes, 
Cooper et al 1992]. 
 
When looking at the variation amongst the patient 
population it is important to remove the 
components of rotation and translation which were 
introduced by the positioning of the patient in the 
CT scanner. Having done this, the PDM is used to 
demonstrate variations in shape within the patient 
population. The model was constructed from the 
given set of landmarks from each member of the 
population. The shapes were then analysed by 
eigenvector analysis of the covariance matrix 
formed from the deviations of the point locations 
from their mean positions. The eigenvectors are of 
the form of a list of deviations in the point locations 
from their mean positions for each independent 
mode of variation, and the eigenvalues are the 
variances associated with each mode of variation, 
as exhibited in the training set.  
 
The PDM provides a new location, for each of the 
landmarks, based upon the chosen mode of 
variation and the desired magnitude of change. In 
order to warp the 3D volume, an interpolated 



A. PONNIAH et al.: PLANNING RECONSTRUCTION FOR FACIAL ASYMMETRY 

I.J. of SIMULATION Vol. 7 No 4-5                                                         ISSN 1473-804x online, 1473-8031 print 34

transformation is required for each data location.  A 
3D thin-plate spline [Bookstein 1989] is used to 
perform this smooth interpolation. The end result of 
this is a new, warped, object which fits the warped 
landmarks. In the results section images are shown 
to demonstrate the outcome of warping data that 
landmarks generated by the PDM. 
 
Initially a PDM derived from the normal Bosma 
datasets was used to guide the warping of the face 
globally to demonstrate variations within the 
populations studied. As it has already been stated, it 
is not possible to surgically alter a face globally; 
therefore a new PDM was developed that only 
allowed variation in the landmarks for the region of 
the face undergoing surgery. 
 
In order to generate this new PDM, firstly a patient 
was selected for analysis. The landmarks in the 
region where surgery was proposed were then 
removed.  The removed landmarks will be referred 
to as free landmarks and the remaining landmarks 
will be referred to as fixed landmarks. The second 
stage of the process was to take landmark sets from 
the normal population and warp them each by turn 
to the fixed patient landmarks. Having warped the 
normal set of landmarks to the fixed landmarks, a 
new set of free landmarks are generated. These 
newly generated free landmarks were created for 
each set of landmarks in the normal population. The 
third stage was to use these newly generated free 
landmarks to create the new PDM. In the results 
section the mean shape from this PDM has been 
used to demonstrate potential endpoints of surgery 
in this region. 
 
The shapes of the original and warped objects can 
then be linearly interpolated over a number of steps 
(e.g. 32) to produce a movie sequence that can be 
viewed to visually assess the effect of the warp.  
The aim is to provide the user with a slider control 
so that they can pick the image, from the provided 
sequence, which is aesthetically best. If different 
observers can agree upon an optimal target, then  

this shape can be used to develop the plan of the 
clinical procedure.  
 
 
RESULTS 
 
To demonstrate the warping process, a scan of the 
soft tissue of a normal subject was warped to the 
dimensions of a patient with facial asymmetry (fig 
1). This reveals that in the patient with asymmetry 
there is excess tissue on the “normal” side (the right 
cheek looks fuller). This is important as it shows 
that it is not only the affected side which is 
abnormal, but there is compensatory overgrowth on 
the other side. The process was repeated on a scan 
of a normal skull (fig 2).  
 
Using the PDM created using data from the 
asymmetric population, new landmarks were 
generated 2 standard deviations along the first 2 
modes of variation. This is demonstrated by 
warping the asymmetric skull to the newly 
generated landmarks (fig 3.). The first mode of 
variation accounts for 35% of the overall variation 
within this population. It appears from the images 
in fig 3 that the components of this mode of 
variation are size and a warp along a diagonal axis. 
The second mode of variation accounts for 23% of 
the overall variation and appears to represent 
deviation of the chin towards the affected side.  The 
same process was applied to the data from the 
normal population (fig .4). In this PDM, the first 
mode accounts for 61% of the total variation in the 
normal population. The first mode appears to be 
mainly size and changes around the maxilla which 
would be consistent with the group as ages ranged 
from 4 years to adult. The second mode of variation 
accounts for 12% of the overall variation and 
appears to be only subtle changes around the 
maxilla. Looking at the first two modes of variation 
in the asymmetric and normal populations, there 
appears to be greater variation in the asymmetric 
population.  

 

                                               
 
Fig 1. On the left is a soft tissue scan of a normal subject, on the right they have been warped to the dimensions 
of a patient with facial asymmetry.  
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Fig 2. On the left is a scan of a normal skull, on the right it has been warped to the dimensions of a patient with 
facial asymmetry. 
 
 

 
 

Mode 1 
 
 

 
 

Mode 2 
 

Fig 3. Asymmetric skull warped along the first 2 modes of variation in the asymmetric population (from the 
original dimensions on the left to 2 standard deviations of the warp on the right). 
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Mode 1 
 
 

 
 

Mode 2 
 

Fig 4. Normal skull warped along the first 2 modes of variation in the normal population (from the original 
dimensions on the left to 2 standard deviations of the warp on the right). 
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Fig 5. Relative significance of the 9 modes of variation; the 1st mode of variation in the normal population 
contributes a large amount to the total variation whereas in the facial asymmetry population the higher order 
modes are more significant. 
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Fig 6a. The fixed landmarks.          Fig 6b. The free landmarks. 
 
 

    
   
Fig 7. The part of the skull selected for surgery has been warped locally to the mean shape of the PDM. (front 
view) 
 
 

     
 
Fig 8. The part of the skull selected for surgery has been warped locally to the mean shape of the PDM. (side 
view) 
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The process has been adapted to show what would 
happen if a region of the skull was selected for 
surgery. Fig 6a shows the landmarks which will 
remain fixed (not to be surgical altered). Fig 6b 
shows the landmarks which were allowed to be free 
(for surgical reconstruction). Figs 7 and 8 
demonstrate warps between the original patient 
scan and the mean landmarks generated by the 
PDM from that region (derived from warped 
normal data). From these images it can be seen that 
the parts which are not for surgery are not altered 
and there is a smooth transition between the fixed 
area and the proposed endpoint of surgery. In the 
views from the front and side, the most striking 
change is the lowering of the jaw into a more 
symmetrical position. 
 
 
DISCUSSION 
 
The results of this project show the process of 
warping a 3D reconstructed image from normal to 
abnormal based on a set of landmarks. This process 
is then adapted to warp 3D reconstructed images 
along principal components (or modes) of variation 
within a population. This process relies heavily on 
accurate placing of landmarks and as yet each 
individual landmark has to be placed by a clinician 
which is a time consuming process. By looking at 
Figures 3 and 4 it can be seen that the variation in a 
population of patients with facial asymmetry (Fig 
3) is greater than that seen in a normal population. 
Only the first 2 modes of variation are shown, in 
total 9 modes are required to describe the variation 
in 99% of the facial asymmetry population and 9 
modes to describe the variation in 99% of the 
normal population.  
 
The limitations of this project were that the 
individuals were of different ages therefore age 
variation interferes with the results. To overcome 
this, when greater numbers of scans are collected, 
smaller age ranges will be analysed.  
 
Using the PDM to model normality in the region 
proposed for surgery has allowed generation of a 
virtual result of surgery in this region. This can now 
be manipulated by altering the amount of warp and 
warping along principal components of variation. In 
order to test whether these mathematical processes 
have produced aesthetically pleasing end points of 
surgery, the results generated can be judged by both 
surgeons and non-surgeons. Having decided on the 
most aesthetically pleasing end point for surgery, 
the software can provide information on which 
direction and by how much tissue needs to be 
moved. 
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