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Abstract

Both accuracy and efficiency are critical for the implementation of biomechanical model-based
deformable registration into clinical practice. The focus of this investigation is to evaluate the
potential of improving the efficiency of the deformable image registration of the human lungs
without loss of accuracy. Three dimensional finite element models have been developed using
image data of fourteen lung cancer patients. Each model consists of two lungs, tumor, and external
body. Sliding of the lungs inside the chest cavity is modeled using a frictionless surface based
contact model. The effect of type of element, finite deformation and elasticity on the accuracy and
computing time are investigated. Linear and quadrilateral tetrahedral elements are used with linear
and nonlinear geometric analysis. Two types of material properties are applied namely: elastic and
hyperelastic. The accuracy of each of the four models is examined using a number of anatomical
landmarks representing the vessels bifurcation points distributed across the lungs. The registration
error is not significantly affected by element type or linearity of analysis with an average vector
error of around 2.8 mm. The displacement differences between linear and nonlinear analysis
methods are calculated for all lungs nodes and a maximum value of 3.6 mm is found in one of the
nodes near the entrance of the bronchial tree into the lungs. The 95 percentile of displacement
difference ranges between 0.4 and 0.8 mm. However, the time required for the analysis is reduced
from 95 min in the quadratic elements nonlinear geometry model to 3.4 min in the linear element
linear geometry model. Therefore using linear tetrahedral elements with linear elastic materials
and linear geometry is preferable for modeling the breathing motion of lungs for image guided
radiotherapy applications.

1. Introduction

1.1 General

Radiotherapy is a widely used method for cancer treatment. The quality of the treatment is
measured by its accuracy to treat the target while sparing the surrounding healthy tissues.
Radiotherapy has advanced with the introduction of image guided radiotherapy (IGRT),
where alignment of the patient is performed at each treatment session. This process requires
image registration to relate the current treatment image to the diagnostic quality planning
images. Rigid image registration is typically used in the process. However, most organs
experience different sources of deformation (Langen and Jones 2001). As an example, lungs
are subjected to deformation caused by breathing, gravity, and acceleration body force
(Lambert and Wilson 1973). Therefore, deformable image registration is required to ensure
a high level of accuracy. Biomechanical based computational modeling has the potential to
improve diagnostics, treatment, planning and interventions (Holzapfel 2004) while offering
a practical solution to the complexity of material, geometry and structure of biological
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tissues (Humphery 2003). Finite element modeling is a popular method used in the field
(Carter et al 2005). It was described as the most suitable procedure to solve the complex
elasticity problem of the lungs (Lee and Frankus 1975). Its potential stems from the unique
features that encompass the realistic physical material properties of tissues, geometry, and
applied loads. Since biomechanical modeling of lungs was introduced by Mead et al 1970,
finite element modeling has been widely used to study the lungs (Matthews and West 1972,
Sundaram and Feng 1977, Villard et al 2005, Zhang et al 2004, Brock et al 2005, Al-Mayah
et al 2008, Werner et al 2009).

Although a detailed model with a number of modeling features can provide an accurate
representation of the soft tissue, it imposes a practical restriction of its clinical applications
as longer computing time is required to reach the solution. These features include nonlinear
geometry (finite deformation), nonlinear material properties (finite elasticity), nonlinear
boundary condition (contact models), and heterogeneity.

1.2.Nonlinear material properties

Describing the mechanical properties of soft tissues, Humphrey 2003 concluded Roy 1880
findings that “most soft tissues exhibit a nonlinear, inelastic, heterogeneous, anisotropic
character that varies from point to point, from time to time and from individual to
individual.” Soft tissues possess mechanical characteristics which are similar to that of
rubber material as a result of the long-chain, and cross linked polymer existing in both
materials. Therefore, the typical stress strain relationship of soft tissues under loading is
nonlinear under large strains which requires the application of finite elasticity. Details and
reviews of the theory can be found in Holzapfel 2000, Martins et al 2006, and Boyce and
Arruda 2000. However, the simplicity of linear elasticity has led to its popularity in the area
of modeling of soft tissues. This raises the question of the importance of including the
nonlinearity in modeling lungs under breathing motion, especially as the suitability of the
theory depends on the applied strain and not only on the intrinsic tissue behavior. Chabanas
et al 2004 stated that under low strains the performance of the linear and nonlinear material
properties is the same. Wittek et al 2009 concluded that the simple constitutive material
model is sufficient for modeling the brain deformation instead of the previously used
hyperviscoelastic model.

1.3. Nonlinear geometry analysis

On the other hand, the large deformation experienced by most human organs, including the
lungs, may require nonlinear geometry (finite deformation) analysis as opposed to the linear
geometry (infinite deformation) required for small deformation. In infinitesimal deformation
analysis, the displacement of the current position at a specific time from the initial position
is assumed to be smaller in comparison with the dimensions of the body. Hence geometrical
changes are ignored and a linear relationship between the reference and deformed geometry
can be applied. However, in large deformation problems, the kinematic (the study of motion
and deformation without reference to the cause) relationships become nonlinear and
elements are distorted from their original shapes to the point that these elements become
unsuitable for the analysis. Therefore, the deformation between the initial configuration at
the beginning of the loading step and the deformed configuration at the end of the step
cannot be ignored as in the case of linear geometry analysis. This feature is normally
included in modeling a number of anatomical sights including brain (Miller et al 2010),
breast (Samani et al 2001), and lungs (Al-Mayah et al 2008).

1.4. Nonlinear boundary conditions

Most organs are sliding relative to each other creating a third source of nonlinearity related
to boundary conditions. In fact, sliding is an important feature for organs’ physiological
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performance in order to perform normally and without any distortion or abrasion on the
surface (D'Angelo et al 2004, Loring et al 2005, Widmaier et al 2006). The effect of
boundary conditions on the accuracy of the finite element modeling of soft tissues is more
pronounced than the material properties (Miller et al 2010, Tanner et al 2006). Sliding has
proved to be important for the accuracy of the deformable image registration of the lungs
(Al-Mayah et al 2008), hence it is included in all models investigated in this study.

1.5. Heterogeneity

Heterogeneity is a scale dependent assumption. For example, the analysis of lungs on the
scale of alveolus requires a heterogeneous model, however, a homogeneous model is
sufficient for a larger scale analysis (Lia-Fook 1981). This was demonstrated by the
experimental investigation conducted by Tai and Lee 1981, where the inclusion of the
bronchial tree in the lung samples did not affect the mean deformation of the sample.
Similar conclusions can be drawn from (Lia-Fook and Kallok 1982) where the deformation
of adjoining bronchial and arterial tubes is limited to the adjacent space. A detailed
biomechanical modeling of lungs and bronchial tree developed by the authors reached
similar conclusion where 96% of the nodes are within 2.5 mm displacement differences
resulting in an average dose difference of 0.35 Gy between models (Al-Mayah et al. 2010).

Furthermore, the irregular geometry of the lungs requires a smaller number of elements that
encompass the entire volume in order to obtain a smooth surface. Tetrahedral elements offer
a good choice over hexahedral elements to achieve this requirement (Carter et al 2005).
However, linear tetrahedral elements are sensitive to locking and may not be suitable to
model soft tissues. Therefore, higher order elements such as quadratic tetrahedral may
become necessary to overcome this challenge. However, longer computation time is
expected as the size of the model increases.

This study concentrates on the significance of type of elements, assumption of deformation
(finite or infinite) and material properties on the modeling of lung motion between inhale
and exhale phases. The speed of the analysis and the accuracy of the registration will be
measured.

2. Method and Materials

2.1.General

Image data of fourteen non-small cell lung cancer patients with different tumor sizes and
locations were acquired at inhale and exhale positions using 4DCT (time+3D) with a voxel
size of 0.98 x 0.98 x 2.5 mm3. Patients’ data include tumor location, tumor size, diaphragm
movement, and volume difference (and percentage) between inhale and exhale, as listed in
Table 1. Diaphragm movement and volume difference are of a particular interest since they
provide an indication of the type of applied deformation upon which the finite and infinite
deformation assumption will be decided.

Three dimensional finite element models have been developed. Each model consists of both
lungs, tumor, and body, as shown in Figure 1. The primary model is based on the contoured
lungs, tumor, and body of the inhale images. Both lungs and body are also contoured on the
exhale images. These surfaces are used to find boundary conditions on the external body and
lungs represented by the displacement difference of the node locations between the two
breathing phases. Four-node linear and ten-node quadratic tetrahedral elements are
investigated. The average volume of the elements used in the lungs and tumor model is 0.17
cm3. However, smaller elements are required in some regions with complex geometry
features to cover the entire volume.
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The details of the model’s development processes are illustrated in Figure 2. After
contouring the lungs, tumor and body in both inhale and exhale images, a surface mesh of
each of the components is created using a finite element preprocessor (HyperMesh, Altair
Engineering, Troy, MI). Using the surface mesh, a volumetric mesh is created for the inhale
breathing phase which is considered the primary representation of the model. The surface
meshes of the exhale lungs are used to find the location difference between inhale and
exhale positions and these differences are applied as displacement boundary conditions.
Contact surfaces are applied to the surface of the lungs allowing sliding between them and
the corresponding chest cavity. A finite element package (ABAQUS, v 6.8, Providence, RI)
is used for the analysis. Further details of the finite element model development can be
found in Brock et al 2005.

For each type of element, nonlinear (NLG) and linear geometry (LG) analyses are applied
representing the finite and infinite deformation assumptions respectively, as illustrated in
Table 2. In the nonlinear geometry, hyperelastic material properties are applied based on the
experimental data reported by Zeng et al 1987 using the following relationship (Al-Mayah et
al 2008b):

> 2.5 5 2.5 > 2.4
ajextare;+2a48,8, ajextares+2age,8, | ares+are;+2a48.8, )

+e +e

p(,Wzéc(e

where c, a1, ay, and a4 are experimental-based constants with mean values of 11.8 g/cm,
0.43, 0.56 and 0.32, respectively, poW is the strain energy/volume, and &;j are strain
components in a x, y, or z direction.

In the linear geometry analysis, elastic material properties of the lungs are used with a
modulus of elasticity of 3.74 kPa representing the slope of the linear portion of the nonlinear
stress-strain relationship (Al-Mayah et al 2008). In both linear and nonlinear elastic models
Poisson’s ratio of 0.4 is applied based on the findings of a previous study conducted by the
authors (Al-Mayah et al 2009). In all models, elastic material properties are applied for the
external body with modulus of elasticity and Poisson’s ratio of 6 kPa, and 0.4, respectively.

2.2. Boundary conditions and contact surfaces

The boundary conditions are applied at the inhale representation of the external body and the
chest cavity surfaces in contact with lungs. Using the exhale images as the final position of
the deformation, the difference in location between the inhale and exhale position of the
surface nodes of the body and the chest cavities are calculated and applied as displacement
boundary conditions. A surface projection program (HyperMorph, Altair) is used for the
process.

Surface-to-surface contact models are applied on the lung-chest cavity interfaces in order to
simulate the sliding of the lungs during breathing. Frictionless contact surfaces are used to
simulate the lubrication effect of the pleural liquid on the surface of the lungs. This value of
friction is proved to be realistic as it results in a minimum registration error (Al-Mayah et al
2009).

2.3. Accuracy test

An average of 48 bifurcation points per patient are used to evaluate the accuracy of the
model. These points represent anatomical landmarks of the vessel bifurcations distributed in
both lungs, as shown in Figure 3. Their positions are identified in the inhale image of the
lungs. The corresponding anatomical points are then identified in the exhale images. The
difference between the position of the point on the inhale and exhale image represents the
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image-based displacement of the points. The displacement of the points is then calculated
using the finite element model to obtain the model-based displacement. The difference
between the image-based and model-based displacement is the registration error.

Using bifurcation points, the accuracy of image registration are evaluated using the 4
modeling themes, as reported for each type of element. The average absolute error and the
standard deviation are reported in the left right (LR), anterior-posterior (AP), and superior-
inferior (SI) directions in addition to the vector values, as listed in Table 3. It is interesting to
note that there is no significant difference between the four models and the error in the three
directions is less than the radiation dose gird size of 2.5 mm. It is worth mentioning that the
results are within the range of the accuracy of different deformable image registration
techniques reported by a multi-institution deformable registration study where the average
vector magnitude is ranging between 1.0 and 3.0 mm (Brock 2010).

Although a considerable effort was made to ensure a uniform distribution of the bifurcation
points around the lungs, a perfectly representative distribution of the bifurcation points is
hard to achieve. Therefore, all nodes of the lungs are used to calculate the displacement
differences between linear geometry and nonlinear geometry models for each type of
element. The absolute maximum, the average 95 percentile, and the average differences in
the LR, AP, and Sl directions are reported in Table 4. The 95 percentile shows a value of
less than 1mm difference in all directions. In addition, a small average difference of
displacement of all nodes of 0.1 mm is found. However, the absolute maximum difference is
2.4 mm in the AP direction in the case of the linear tetrahedral elements and 3.6 mm in the
case of quadratic tetrahedral elements. The location of the maximum difference is at the
entrance of the bronchial tree into the lungs. Since this location is expected to experience
little deformation during breathing, the error is not associated with the value of deformation
that necessitates the use of nonlinear geometric analysis. Since the surface nodes are near the
applied boundary conditions and these boundary conditions are the same in all four model
types in each patient, the calculation of the displacement difference of all nodes may be
affected by the surface nodes. Therefore, the surfaces nodes are removed and the
displacement differences of the internal nodes are calculated. As illustrated in Table 4,
removing the surface nodes has insignificant effect on the calculated differences. This is
mainly attributed to the fact that the boundary condition displacement is not applied directly
to the external lungs’ nodes but through the contact pressure that is calculated using the
contact models. In other words, the contact models allow the lungs to slide inside the chest
cavities.

In addition to the need for accuracy, there is also a need for practical considerations when
implementing a finite element model-based algorithm into a radiotherapy application. The
average computation time required for running the model is 3.4, 7.7, 19.7, and 95 minutes
for linear elements with linear and nonlinear geometry, and quadratic tetrahedral elements
with linear and nonlinear geometry, respectively. The percentage of computation time
relative to the quadratic elements and nonlinear geometry are listed in Table 5. As expected,
the fastest process is the case of linear geometry model and linear tetrahedral elements with
an average of 3.4 min. The longest running time is the case of nonlinear geometry analysis
and quadratic tetrahedral elements with an average of 95 min. It is worth mentioning that the
computational time is measured only when the solution converges. If the solution does not
converge with nonlinear geometry and quadratic tetrahedral elements the program is stopped
and the quality of the mesh is improved. The same model is used for rest of the analysis to
ensure consistency among the models for comparison of the results.
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In order to find the effect of element size on the accuracy and the running time, the patient
with the largest breathing motion (P9) is selected for the investigation, as listed in Table 1.
Six element volumes are investigated with an average volume ranging between 0.33 to 0.05
cms3 for both linear and quadratic tetrahedral elements. The average vector value of the error
using 71 bifurcation points is found to be 2.8 (+1.8) mm. The element volume is shown to
have no effect on the accuracy of the model. However the computation time increases from
1.3 to 9 min using linear elements, and from 4.1 to 79.1 min using quadratic elements, as
shown in Figure 4. This is in an agreement with previous study on 21 prostate cancer
patients where the accuracy of the location of implanted markers was not affected by the
size of the elements (Brock et al 2008).

4. Discussions and conclusion

In order to use the finite element modeling for deformable image registration an efficient
and accurate model is required. Efficiency of the modeling requires a fast and easy-to-use
model. Unlike hexahedral elements, linear tetrahedral elements are widely used in a number
of commercially available meshing softwares. This is an essential step for integrating
modeling procedures with medical applications. However, their accuracy is challenged by
the locking properties of the linear tetrahedral elements when modeling the nearly
incompressible materials of the soft tissues. Therefore, a comparison between nonlinear
tetrahedral elements is conducted in the registration of human lungs with cancer. A previous
study by Carter et al 2005a on using quadratic and linear tetrahedral elements for breast
models for surgical application using the MR image data of two volunteers has shown little
difference between the models of two types of elements regardless of the compressibility of
the material. Although lungs experience different deformation and have different material
properties and geometry from the breast, the current study reaches the same conclusions.
This may be attributed to the fact that deformation of the lungs due to breathing motion is
small thus linear tetrahedral elements are sufficient.

The deformation pattern of the lungs between inhale and exhale breathing phases can
provide better understanding of the significance of material and geometric nonlinearity
considerations. Lung deformation is considered as nonhomogeneous and can be analyzed
using finite or infinite elasticity (Lai-Fook 1981). Different approaches have been adopted in
describing lung deformation. Matthews and West 1972 assumed a large deformation that
requires a nonlinear stress strain law. Another approach assumed resistance of the inflated
lungs to the deformations that change the shape (Wilson 1983). This deformation can be
divided into a uniform and a superimposed nonuniform deformation (Lambert and Wilson
1973). However, it is considered to be an infinite elasticity problem when the nonuniform
deformation is small. This small deformation assumption was also reflected in the linear
geometry approach adopted by Lee et al 1976.

The deformation distribution inside the lung has been well addressed by investigating the
lung’s tumor motion during the breathing cycle. In a comprehensive study on 152 lung
cancer patients, Liu et al 2007 has shown that the tumor motion is associated with the tumor
location, where the higher motion occurs at the lower lobes of the lungs and is highly
correlated with the diaphragm motion. In addition, this motion is mainly in the SI direction.
This is also shown in the current study as illustrated in Figure 5. However the relationship
between the tumor motion and its location in the Sl direction is not linear since most of the
motion is absorbed in the lower lobes. This is as a result of the “sponginess” of the tissues
(Liu et al 2007). Similar behavior is observed in this study as demonstrated in Figure 6. The
deformation map (vector values in cm) of patient P9 is shown since it experiences the largest
diaphragm motion of 2.0 cm. Most of the deformation is concentrated in the lower lobes of
the lungs and it is absorbed quickly within a small distance from the diaphragm-lung
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interface. This is also indicated by a relatively small percentage of volume change (average
of 7.4%) between the inhale and exhale phases of the lungs. Therefore, it is expected that
even if a large deformation is applied to the lung, most of the lung will experience little
deformation leading to the fact that linear geometry and linear material properties can
provide accurate results similar to the nonlinear geometry and material properties regardless
of the type of elements.

Furthermore, the constitutive modeling of soft tissues has little effect on the accuracy of
deformable image registration (Carter et al 2005) which helps to overcome the material
variability of soft tissue between different locations in one organ and between individuals
(Miller et al 2010). Wittek et al 2009 emphasized this fact by comparing the accuracy of
viscohyperelastic material properties of the brain to a simple linear elastic model and finding
no significant changes between the two. A similar conclusion can be drawn from the current
study where the constitutive model has little effect on the deformation. However, as the
current study is conducted with the sliding model of the lungs, it was observed in a previous
study that the material properties of the lungs do have an effect on the accuracy of the model
when no contact surface is applied (Al-Mayah et al 2008).

The importance of the boundary conditions and the contact surface sliding of the lungs have
been reported in a number of studies including the brain (Miller et al 2010), breast (Tanner
et al 2006), and lungs (Al-Mayah et al 2008). In addition, the sliding is an important feature
for normal function of the lungs (D'Angelo et al 2004, Loring et al 2005, Widmaier et al
2006). Therefore, the boundary nonlinearity (contact surface) is applied in the four modeling
themes adopted in this study. An interesting observation confirmed that the using of contact
does not affect the speed of the analysis.

Although the breathing motion of the lungs considered in this study is within the range of
9.1+2.4 mm reported by Balter et al 1998, the results should be considered with caution
when the lungs experience larger deformation as in the case of image guided surgery or deep
breathing scenario due to the difference in the magnitude of deformation experienced by the
lungs.
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Figure 1.
Patient specific finite element model based on the CT image data. Each model consists of
both lungs, and the tumor (in red) surrounded by the external body (in green).

Phys Med Biol. Author manuscript; available in PMC 2012 August 7.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Al-Mayah et al.

Inhale Image

}

Contoured lungs,
tumor and body

|

Surface mesh
(triangular

1 — 4

Page 11

Exhale Image

|

Contoured lungs,
tumor and body

|

v

Surface projection (lungs,

Surface mesh

Volumetric mesh
(tetrahedral

Contact surfaces

(triangular
Boundary

Figure 2.

Finite element model development procedures of human lungs.
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Figure 3.

The difference in location between the inhale and exhale bifurcation point represents the
image-based displacement which is compared to the displacement of the same point
calculated from the finite element model. The difference between the image-based and
model-based displacement is the registration error.
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Figure 4.

Element volume effect on computation time in the patient (P9) that experiences the largest
breathing motion.
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Inhale Exhale

Figure 5.

Breathing motion of the lungs represented by the difference of lung position between inhale
and exhale positions. Most of the deformation occurs in the lower portion of the lobes in the
Sl direction. No significant deformation is observed in the upper portion of the lungs.
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Deformation distribution (a) in the right lung and (b) its cross section in the region of the
largest deformation.
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Table 1

Page 16

Patient information including tumor location and volume, diaphragm movement in the superior-inferior (SI)
direction, and volume change between inhale and exhale

Patient  Tumor Location Tumor Size  Diaphragm Mov. Vol. change
(cm3) (cm) (vol%o) cm?
P1 LLL 2.63 1.25 202 (6%)
P2 RML 21.51 1.25 190 (5%)
P3 LLL 1.57 1.25 306 (8%)
P4 RML 4.14 1.00 267 (6%)
P5 RLL 4.63 0.75 289 (13%)
P6 RUL 0.67 1.25 396 (11(%)
P7 LUL 0.08 0.25 50 (1%)
P8 RUL 2.83 1.00 230 (10%)
P9 RUL 59.33 2.00 442 (9%)
P10 LLL 25.24 1.25 357 (5%)
P11 LUL 20.5 0.5 207 (6%)
P12 Mediastinum 78.03 0.5 336 (7%)
P13 LLL 53 0.5 276 (9%)
P14 LUL 0.76 0.75 168 (7%)

*
LUL=left upper lobe, LLL=Left lower lobe, RUL=right upper lobe, RML=right middle lobe, RLL=right lower lobe
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Table 2
Study matrix
Element Type Analysis Material Boundary
Linear geometry (LG) Linear elastic ~ Contact surface

Linear Tetrahedral

Quadratic Tetrahedral

Nonlinear geometry (NLG)  Hyperelastic ~ Contact surface
Linear geometry (LG) Linear elastic ~ Contact surface

Nonlinear geometry (NLG)  Hyperelastic ~ Contact surface
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Table 3

Average absolute bifurcation error in LR, AP, Sl, and vector values (Dimensions in mm).

Average absolute error (mm) + SD

Linear Tetrahedral Quadratic Tetrahedral

LGEOM NLGEOM LGEOM NLGEOM

LR Direction  0.91 (+0.76) 0.94 (+0.78) 0.91 (+0.74) 0.94 (+0.77)
AP Direction  1.34 (+1.14) 1.34(+1.14) 1.35(x1.13) 1.36 (+1.15)
S| Direction  1.89 (+1.64) 1.84(+1.65) 1.88(x1.64) 1.85(+1.69)
Vector 281 (+171) 2.82(x173) 283(x172) 2.83(+181)
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The percentage of the computation time relative to nonlinear geometry model with quadratic tetrahedral

elements

Table 5

Computation time relative to NLGEOM of quadratic tetrahedral %

Patient Linear Tetrahedral Quadratic Tetrahedral
LGEOM NLGEOM LGEOM NLGEOM

P1 4 8 17 100
P2 9 22 52 —
P3 4 6 19 —
P4 3 4 22 —
P5 4 1 13 —
P6 2 3 1 —
P7 21 30 87 —
P8 3 4 11 —
P9 9 60 61 —
P10 2 3 14 —
P11 4 10 31 —
P12 5 12 30 —
P13 4 6 26 —
P14 3 5 17 —
Average 6 13 29
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