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Abstract. The aim of our work is to provide maxillofacial surgeons with an in-
tegrated osteotomy planning system for complex bone relocations, facilitating a
preoperative assessment of functional as well as aesthetic rehabilitation. On this
account we try to establish a robust modeling approach based on a histomechani-
cal soft tissue model that reliably predicts the postoperative facial appearance. For
two patients with distinct midfacial hypoplasia a maxillary advancement has been
exactly reproduced from postoperative CT data, and applied to a 3D planning
model derived from preoperative CT data. The resulting tissue deformations have
been computed with a finite element approximation on a tetrahedral discretization
of the patients’ soft tissue. Isotropic, homogeneous as well as inhomogeneuos tis-
sue models are investigated. The simulation results are quantitatively compared
to the true postoperative outcome.

1 Motivation

In maxillofacial surgery, physicians are often faced with complex bone relocations due
to skeletal dysmorphisms, that require extensive preoperative planning. Especially for
severe dysgnathia or hemifacial microsomia, where multiple bone segments are to be
mobilized and relocated simultaneously and in relation to each other, the aesthetic out-
come, i.e. the postoperative facial appearance, at present can only be estimated by
surgical experience. On this account, a preoperative planning of different therapeutic
strategies under consideration of soft tissue deformation, based on patient specific 3D
models, tissue mechanics and a robust and reliable numerical simulation is highly de-
sired by maxillofacial surgeons [1]. The determination, verification and optimization of
representative histomechanical soft tissue models for surgery planning and simulating
is subject of current research [2,3].

2 Patients and Data

For two patients with distinct midfacial hypoplasia and class Il dysgnathia, as shown
in Figure 1, corrective maxillofacial surgery has been performed. In both cases the
designated therapy was a midfacial distraction osteogenesis using the Leipzig retention
plate technique [4]. A thorough preoperative planning and preparation is indispensable.
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Fig. 1. Patients with midfacial hypoplasia andN&LE class Il dysgnathia

The complete therapy planning, including osteotomy selection, bone cutting, max-
illary advancement, assessment of the dental occlusion as well as 3D soft tissue predic-
tion was performed with our surgery planning and simulation environment [5,6,7]. In
both cases, approximately two weeks after removal of the retention system, a second
CT was acquired for postoperative follow-up (F2y. For the pre- and the postoperative
scans the same imaging systems, a Siemens Somatom Plus 4, resp. a Siemens Volume
Zoom have been used, with special attention to a minimum dose distribution [8]. The
scan parameters were equally chosen, solely the field of view was slightly different.

Fig. 2.top) preoperative, bottom) postoperative CT-data for the 2 patients il Fig.
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3 Material and Methods

On the basis of pre- and postoperative CT data, the performed surgery was accurately
reproduced with regard to the exact bone relocation, and the resulting soft tissue defor-
mation was simulated to compare the prediction with the true postoperative outcome.

Thus, we are able to assess the quality of our simulation, and to determine suitable
histomechanic parameters for improving our modeling approach [7].

3.1 Pre- and Postoperative 3D Model

To get a comparable reconstruction of bone with regard to thickness and volume, a
suitable segmentation threshold has to be identified in both data sets. These values
were determined by comparison of the volume of the hyoid. In one case a threshold
of 195 HouNsFIELD units (HU) has been chosen for the preoperative data set with a
voxel size of 041x 0.41x 1 mm, resulting in a volume of 471cn?. For the postopera-

tive data a threshold of 180 HU lead to a comparable volume43tn? with a voxel

size of 044 x 0.44 x 1 mm. The reconstruction for the second patient has been per-
formed accordingly. In a subsequent segmentation step, metal artifacts were eliminated
and thin bone structures, that got lost due to partial volume effects, were reconstructed.

3.2 Alignment of the Pre- and the Postoperative Skull Model
triangle count
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Fig. 3. a) color coded alignment error for the neurocranium, b) histogram of the devia-
tion, ¢) color coded deviation on top of the preoperative skull surface

After 3D surface reconstruction the pre- and the postoperative skull models were
registered using an iterative closest point (ICP) algorithm [9]. The alignment has been
performed for the skull base only, because this region wasn't affected by the operation
(Fig. 3a). The corresponding regions consisted of approx. 400 000 triangles (200 000
vertices) each. The two-sidedadspoRFrdistanceD; = argmaxd(S;,S),d(S,S1)
has been minimized, with the postoperative model as a reference [10]. The iterative
alignment stopped with a relative deviation of the mean squared distance between two
iteration steps below I6. The mean distances between the aligned surfaces wate 0.
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and 0.19mmrespectively, with a standard deviation of appro0nm. For only (6%

of the surface the deviation was aboverh (Fig. 3b). The resulting rigid transfor-
mation was finally applied to the entire preoperative model (Big), giving a mean
distance of 2mmuwith a standard deviation of Ammand a median of 88mm. The
maximum deviation for the relocated maxilla was3&mmin one case, and 12mm

in the other case. Mobile bones like the mandible, the hyoid and the spine exhibited a
maximum deviation of up to Bm.

3.3 Osteotomy and Bone Relocation

For being able to compare the soft tissue prediction with the postoperative result, the
osteotomy as well as the maxillary advancement must be reproduced as accurate as
possible. The osteotomy lines were precisely traced on top of the preoperative bone
surface, guided by the color coded deviation of the aligned pre- and postoperative skull,
with an appropriately chosen color map (F3g:). Afterwards, the maxillary regions of

the preoperative models have been mobilized for both patient models [6].
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Fig.4. a) postoperative skull reconstruction, b) osteotomized preoperative model,
¢) maxillary advancement and mandible rotation for the preop. model according to the
postop. situation with color coded deviation for the entire skull modell

For the maxillary advancement suitable corresponding landmarks were chosen, i.e.
prominent points on and between the teeth, as well aspia nasalis anterior, for
instance. In a similar manner anatomical landmarks for the mandible have been spec-
ified to compensate the different positions within the pre- and the postoperative scans.
A landmark based rigid transformation of the maxilla and the mandible finally lead to
a configuration that accurately mimics the postoperative situation {figoue to a
less accurate segmentation, there are still some discrepancies at the orbita walls of the
postoperative model that can admittedly be neglected. However, for the patient model
depicted in Fig4, an obvious difference can be seen at the infra-orbital rim, where a
piece of bone fractured during surgery. This area, having no counterpart on the preoper-
ative model, must remain in place for the simulation. For all other regions the deviation
between modified pre- and postoperative model was belom1
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3.4 Soft Tissue Prediction

On the basis of the modified skull models, the resulting soft tissue deformation has
been computed via a finite-element approach on an unstructured tetrahedral grid of the
entire head. Soft tissue, is modeled as isotropic and linear elasti@Bar¢—Kirchhoff
material, having only two independent elastic constants, ic@sS$ONs ratio v and

Y OUNG's modulusk. Strains are described with the linearizedu€HY strain tensor

g(u) = 2(Ju+(Ou)7) [5].

Patient 1 Patient 2

Fig. 5. Postoperative results and comparison with the prediction for the two patients.
Bottom and right: left— prediction, right— postop. result

3.5 Quantitative Assessment of the Simulation Results

In a first investigation, where l@omogeneous, almost incompressible tissue model was
assumed, the value forldPsSONSs ratiov was varied within the range ¢.3...0.5[[7],

andthe two-sided HusDORFFdistanceD;(v) between the predicted and the postop-
erative facial skin surface has been computed. Since the best correspondence between
the simulation and the postoperative result was found with decreasing vatuex3,

we extended the range {0.0...0.5[ (Tab.1). In that case a minimum was found for

v = 0, being definitely in contradiction to the assumption of incompressibility. The in-
spection of the soft tissue’s volume showed that the patient significantly lost weight due
to his reduced chewing capabilities, so a model with higher compressibility partially
compensated this difference. For the other patient a best correspondence was achieved
for 0.43 < v < 045 (Fig.6), that nicely coincides with the literature values [11,12].
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Table 1. Parameter study: Deviation between predicted skin surface and postoperative
result for ahomogeneousssue model with varying ®ssoNratio for two patients

mean [mm] | dev [mm] rms [mm] Dy >05mm Dy >1mm
v Py P Py P Py P Py P Py P |-
0.00]1.517{1.073| 1.341| 0.975| 2.025| 1.450| 76.87% | 66.98% | 56.19% | 38.84% | - - -
0.01]1.517 1.340 2.024 76.86% 56.18 %

0.10| 1.514] 1.089] 1.339[ 0.991| 2.021] 1.472] 76.82 %] 66.99 %[ 56.12 %] 39.36 %) - - -

0.20 1.513[ 1.107 1.338[ 1.011 2.020[ 1.499| 76.81 %[ 67.49 %| 56.07 %[ 39.75%)| - -

0.30| 1.509] 1.130] 1.336] 1.035| 2.016| 1.532] 76.87 %] 67.76 %[ 56.19 %] 40.28 %) - - -

0.40 1.506[ 1.158 1.336[ 1.063 2.013[ 1571 76.76%[ 68.02 % 55.85%[ 40.95%) - - -

0.43] 1.506 1.336 2.013 76.76% 55.87%
0.44] 1.506 1.336 2.013 76.73% 55.84%
0.45] 1.507| 1.164| 1.336| 1.071| 2.014| 1.618| 76.73% | 68.56% | 55.77% | 41.43% | - - -
0.46] 1.507 1.337 2.015 76.69% 55.77%
0.47] 1.509 1.339 2.018 76.69% 55.80%
0.48| 1.514 1.342 2.023 76.72% 55.88%
0.49]1.524 1.349 2.035 76.88% 56.07%

O D TP TP T t
L e T Y

- wcl
E b U
E s
= ———
8 w~ioy
P Y e SR e S e P TR e PR N S e OB L T ey L P S R e W - R TP R R e TR el (TR
R
o
.
i
B T e
T R
14% +—r—r—"r—r—r—"rr—-r—rr-rrrrr—rrrrrrr-r—TTrT—rrrrr-rrer—rrrrrr-rrr-rr——
o 0.1 1} 02 0,25 3 X o4 045

Poigson Ratio

Fig. 6. Deviation between predicted and postoperative skin surface in dependence on
PoissoNSs ratiov for soft tissue with no significant volume change
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The mean distance between simulated and postoperative skin surface of the entire head
was 132mmin one case and belowmmin the other case (Ammor 1.1mmrespec-

tively for the facial skin only), with a standard deviation in the same order and a median
value of 115mmor 0.79mmrespectively. For more than 50 % of the entire skin surface
(44 % of the face) in one case, and more than 70% (60%) in the second case, the pre-
diction error was below thm, and for almost 80 % (75 %) and 90 % (85 %) belowi.

10% (12%) and 3% (5%) of the surfaces show a deviation larger than(&ig. 7).

Fig. 7. Color coded deviation between prediction and postoperative result for an
isotropic, homogeneous linear elastic tissue model

In a second study we investigated imhomogeneoutissue model. Theoretically, for

each tetrahedron appropriate histomechanic parameters have to be assigned. Therefore,
a relationship between #LUNSFIELD values and mechanical properties is needed. To

our knowledge such a relationship isn't available yet, and the determination of appro-
priate values for different tissue types is subject of ongoing research in biomechanics
and elastography. In the literature we found some values, that are derived from exper-
iments (Tab2). For a first parameter study we differentiated between muscle and em-
bedding tissue, since muscle can easily be segmented within a rajpg@100] HU.

Table 2. Elastic properties of soft tissuesp¥NG's modulusE (1 Pa = 1 N/m)

Source | Skin[MPa] [ SoftTissue [kPa]| Fat [kPa] [ Muscle[kPa] |

Reihsner1989 [13] 4...15 - - 300
Holzapfel,2000 [14]| 0,1...2... - - -
Elden,1973 [15] 3,43...157 - - -

Azar, 2001 [16] - - 45...120 -
Duck, 1991 [11] - - - 6,2...300
Maass, 1999 [17] - - 20...60 15...264
Krouskop, 1998 [18] - 6,8...110 20 -
Ophir, 1999 [19] - - 20 -

Levinson, 1995 [20] - - - 50...150
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Table 3. Parameter study for patient 2: Mean prediction error foirdlomogeneous
tissue model with varying ®ssonratios and elastic moduli

D, Em|50000 100000 ---[450000

vm|0.00 |0.05 |---{0.45 |0.00 [0.05 |---|0.45 |---]0.00 [0.05 |---|0.45

Es Vg
50000 0.0001.0731.075 1.0881.067/1.070 1.084 1.057/1.059 1.073
0.05(1.086/1.089 1.1021.0801.083 1.097 1.0691.071 1.086

0.45]1.1441.144 1.158/1.137/1.140 1.153 1.1241.127 1.141

100000 0.00]1.0791.081 1.0911.0731.075 1.088 1.0621.064 |1.079
0.05]1.0931.099 1.10611.086/1.089 1.102 1.0741.077 |1.092

0.45]1.1501.151 1.16211.1441.146 1.158 1.1301.133 |1.147

450000 0.00[1.0921.093 1.0991.0851.087 1.095 1.0721.075 1.088
0.05]1.107/1.108 1.1141.0991.10% 1.109 1.0861.088 1.102

0.45]1.1641.165 1.1711.1571.159 1.166 1.1441.146 1.158

In order to keep the initial unstructured soft tissue grid for comparison, we relabeled
the tissue elements (tetrahedra) according to the meawNdFIELD values, using a
barycentric sampling with selectable refinement. The resulting tissue grid then consists
of two different tissue types that can be assigned individual valuesdadE. In a first

study for each tissued?sSoNs ratio v was varied within the range ¢0...0.5[, and

Y OUNG's modulusk within [50...450]kPa (Tab3). For each combination an FE sim-
ulation of the tissue deformation has been conducted in the same way as for the homo-
geneous model. The deviation between the resulting skin surface and the postoperative
result was again measured via the two-sided)BDORFFdistanceDs(Vs, Es, Vin, Em).
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Fig. 8. Prediction quality of an inhomogeneous tissue model in dependence on
Y OUNG's moduli E and RoISSONratiosv
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Starting with a coarse increment, the limits of the simulation have been determined, to
avoid unnecessary computation. All results are lying in-between the two colored planes,
being depicted in Fig8. These two planes border all combinations g&ndv,, within

the given rangg0...0.5[. The mean deviation between prediction and true postopera-
tive outcome varies in dependence of the elastic moduli between 12mail.Indepen-

dent of the choice of ®1SSONS ratio, an optimum was found for YUNG's modulus

Emn > 300 kPa for muscle anBls < 100 kPa for fatty or connective tissue. In a second
run the tissue deformation has been computed with optimally chosessBNratios,
varying the elastic moduli within the range]6f500]kPa at a higher resolution (Fig).
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Fig. 9. prediction quality of an inhomogeneous tissue model in dependence on
Y OUNG's modulusE, with optimally chosen BissoNratiov

4 Results and Discussion

Although the resulting variation was only small in comparison to the homogeneous
tissue model, the inhomogeneous model performed slightly better@Big.The best
correspondence was found with18.< vy, < 0.45 andEy, > 300 kPa for muscle as well

as with 044 < vg < 0.47 andEs < 50 kPa for the embedding tissue. In contrast to our
first investigation [7], the analysis of a second data set lead to a more plausible result,
since the soft tissue volume remained almost constant. However, the net improvement
of using inhomogeneous tissue models, or of fine tuning the elastic parameters does not
significantly influence the prediction quality. These values rather have an effect on inner
regions of high strains, that are typically located at the bone-tissue boundary. Other
sources of error, like motion artifacts, reconstruction problems due to tightly closed
lips and swelling are prevailing in our quantitative evaluation. Despite these factors and
from a surgical point of view, a mean prediction error of 1 terhimis quite acceptable

for the assessment of bone relocations with regard to the sesthetic outcome. Two other
pre- and postoperative data sets are available and will help us to further improve our
volumetric modeling approach.
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Fig. 10.Difference between soft tissue prediction and true postoperative outcome: a) us-
ing a homogeneous, and b) an inhomogeneous tissue model

A too coarse discretization of the tissue volume in combination with linear elements
lead to an increasing approximation error, too. Instead of using higher order elements or
choosing a discretization that is too fine, adaptive refinement techniques based on local
error estimators can be used [21]. In Fid. such a refinement is shown in the cheek
regions where higher strains occur at the bony ridges. However, the improvements are
very localized, and in view of long term tissue remodeling processes rather neglectable.

Fig. 11.difference between linear elements and adaptive refinement

The simulation results in general are already helpful for surgery planning. More
pre- and postoperative data sets are to be compared for validation. A prospective study
is targeted, to postoperatively investigate tissue deformation. Skin surface data are to
be acquired for a period of 12 months after surgery, either with MRI or with surface
digitizers. Thus, skin surface development can be recorded and quantified.
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