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Purpose: To find and verify the optimum sliding characteristics and material compressibility that
provide the minimum error in deformable image registration of the lungs.
Methods: A deformable image registration study has been conducted on a total of 16 lung cancer
patients. Patient specific three dimensional finite element models have been developed to model left
and right lungs, chest �body�, and tumor based on 4D CT images. Contact surfaces have been
applied to lung-chest cavity interfaces. Experimental test data are used to model nonlinear material
properties of lungs. A parametric study is carried out on seven patients, 20 conditions for each, to
investigate the sliding behavior and the tissue compressibility of lungs. Three values of coefficient
of friction of 0, 0.1, and 0.2 are investigated to model lubrication and sliding restriction on the
lung-chest cavity interface. The effect of material compressibility of lungs is studied using Pois-
son’s ratios of 0.35, 0.4, 0.45, and 0.499. The model accuracy is examined by calculating the
difference between the image-based displacement of bronchial bifurcation points identified in the
lung images and the calculated corresponding model-based displacement. Furthermore, additional
bifurcation points around the tumor and its center of mass are used to examine the effect of the
mentioned parameters on the tumor localization.
Results: The frictionless contact model with 0.4 Poisson’s ratio provides the smallest residual
errors of 1.1�0.9, 1.5�1.3, and 2.1�1.6 mm in the LR, AP, and SI directions, respectively.
Similarly, this optimum model provides the most accurate location of the tumor with residual errors
of 1.0�0.6, 0.9�0.7, and 1.4�1.0 mm in all three directions. The accuracy of this model is
verified on an additional nine patients with average errors of 0.8�0.7, 1.3�1.1, and 1.7�1.6 mm
in the LR, AP, and SI directions, respectively.
Conclusions: The optimum biomechanical model with the smallest registration error is when fric-
tionless contact model and 0.4 Poisson’s ratio are applied. The overall accuracies of all bifurcation
points in all 16 patients including tumor points are 1.0�0.7, 1.2�1.0, and 1.7�1.4 mm in the LR,
AP, and SI directions, respectively. © 2009 American Association of Physicists in Medicine.
�DOI: 10.1118/1.3218761�
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I. INTRODUCTION

The high demand to improve the quality of radiation delivery
while sparing healthy tissues has intensified the need for ac-
curate knowledge on the position and shape of the target.
Intensity-modulated radiation therapy requires the exact lo-
cation and 3D shape of the target to be identified. Stereotac-
tic body radiation therapy, where a single or a few high-dose
fractions are delivered, involves a high degree of precision in
identifying the target. The development of imaging modali-
ties such as CT, MRI, and PET has enabled improvements in
target definition at treatment planning. Further advancement
is also attributed to the emergence of image-guided radio-
therapy, where patient alignment is performed in each treat-
ment. Image registration is the common requirement in these
techniques.

Image registration is used for diagnosis, planning, deliv-
ery, and post-treatment response evaluation.1 It also adds

value to images by combining anatomical �CT, MR, and ul-
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trasound� and functional �PET, SPECT, and fMRI� image
modalities in one coordinate system.2 Rigid image registra-
tion has been commonly used in clinical applications3 where
the segmentation task is performed with low computational
complexity. Rigid registration is suitable in sites with a little
change in geometry and position. However, most human tis-
sues experience a large deformation and movement, making
them unsuitable for rigid registration.2 Therefore, deformable
image registration is required to account for tissue deforma-
tion.

A number of techniques have been used for deformable
image registration4 including biomechanical modeling which
is based on the continuum mechanics theory. As a part of
biomechanical modeling, finite element modeling is proven
to be “a promising approach”5 that has been used in deform-
able image registration of different anatomical sites.6–10 The
lung is one of the challenging organs that requires deform-

able image registration due to its large respiration movement.
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The potential benefits of understanding the biomechanical
behavior of the lung and its interplay with the surrounding
tissues are increasing as image guidance techniques at the
time of radiation treatment provide information about the
complex and changing environment of the lung. Although
several deformable image registration techniques are capable
of deforming the lung from exhale to inhale including thin
plate spline,11 B-spline,12 and Demons,13,14 and potentially
accommodating the sliding interface, the understanding of
the biomechanics of the lung may aid in understanding and
modeling the tumor response or progression and normal tis-
sue changes in the lung. Prior to investigating the changes in
the biomechanical models of the lungs as a result of thera-
peutic intervention, a comprehensive and accurate under-
standing of the biomechanics of the lung must be obtained.
Once this is achieved, investigations into the effect of tumor
response, increasing fibrosis, and pneumonitis can be ex-
plored. Initial investigations have indicated the potential ben-
efits of biomechanical based deformable modeling of the
lungs.

Great attention has been paid to the investigation of the
solid mechanics of the lung15–23 including finite element
models.24–29 Realistic simulation of the interaction between
the lungs and the surrounding tissues and the material prop-
erties can play a major role in the accuracy of the model.

Since lungs and chest cavities are surrounded by a pleural
membrane lubricated by a thin layer of pleural liquid,30 slid-
ing of the lungs is important for their functionality.31,32 An
experimental investigation found that the average coeffi-
cients of friction on the lung surface are 0.045 and 0.078 at
high and low sliding speed, respectively.32 This aspect has
been often ignored in lung models by segmenting out the
lung prior to deformable registration or accepting errors at
the boundary, such as unrealistic motion of the ribs. Recent
investigations have pursued methods to modify geometric,
intensity based deformable image registration algorithms,
such as B-splines and Demons, to handle the sliding between
the lungs and the ribs. Wu et al.33 demonstrated the feasibil-
ity of segmenting the lungs from the surrounding anatomy
and performing a two-step registration that is then matched
at the boundary on using Demons and B-splines. Contact
surfaces in lungs were used by Zhang et al.27 to find the
projection of the inhale and exhale position where only the
lung is considered in the model.

Realistic mechanical material properties are required for
an accurate simulation of the lung using finite element mod-
eling. One of these properties is Poisson’s ratio representing
the degree of compressibility of the tissue. Different values
of Poisson’s ratio have been reported in literature. Lia-Fook
and Hyatt34 found that Poisson’s ratio was between 0.41 and
0.45, depending on age and transpulmonary pressure with a
tendency of the lung to become incompressible with a Pois-
son’s ratio of 0.5 as the age increased. This variation in the
Poisson’s ratio has been reflected on its value used in the
finite element modeling of the lung ranging from 0.2 to 0.4,24

0.35,27 0.45,9,25 0.25, 0.3, and 0.35 values.26

Recently, the authors of this study investigated the effect

of the sliding of the lungs inside chest cavities on the accu-
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racy of modeling lung’s motion due to respiration for seven
patients. A preliminary report of the investigation was pro-
vided elsewhere.29 Inhale and exhale images from 4D CT
scans were used to determine the optimal material param-
eters and coefficient of friction between the lung and the
pleural surface. The optimization was based on minimizing
the residual error of the predicted superior-inferior �SI� mo-
tion of bronchial bifurcations identified on the images. The
accuracy of the model was improved by including the con-
tact model with a frictionless surface.

In this study, these results are expanded by including the
residual errors in the left-right �LR� and anterior-posterior
�AP� of the bronchial bifurcations as well as the residual
errors in predicting the motion of the tumor in all directions.
In addition, the optimal parameters are validated on addi-
tional nine patients.

II. METHODS AND MATERIALS

II.A. Patient data and model configuration

Patient specific finite element models have been devel-
oped using the image data of a total of 16 nonsmall cell lung
cancer patients, 10 female and 6 male, with an average age
of 74 yr �range from 58 to 89 yr�. The average size of the
tumor is 13.73 cm3 �range from 0.08 to 78.03 cm3�. In one
case �P6� the tumor is in the mediastinal region. Patient’s
data including comorbidity are listed in Table I.

Respiration correlated 4D CT images were collected
using a Varian RPM system on a GE Medical Systems CT
scanner �GE Medical Systems, Milwaukee, WI�. The 3D
images are reconstructed to a matrix of 512�512
� �between 112 and 160 slices� with a voxel size of
0.98�0.98�2.5 mm3. The inhale �0%� and exhale �50%�
breathing phases are imported into a treatment planning sys-
tem �PINNACLE version 7.6, Philips Medical Systems, Madi-
son, WI�. The contours of the body, left and right lungs, and
tumor are constructed using the treatment system and ex-
ported as a binary mask image.

Triangulated surfaces of the manually contoured body,
lungs, and tumor are created for inhale and exhale breathing
phases. Using the triangulated surfaces of the inhale repre-
sentation of the body, left and right lungs, and tumor, a volu-
metric mesh is created using a finite element preprocessor
�HYPERMESH, version 8.0, Altair Engineering, Troy, MI�, as
shown in Fig. 1. Four-node tetrahedral elements are used for
all components. The contact surfaces are added using
ABAQUS/CAE �ABAQUS version 6.7, ABAQUS, Inc., Paw-
tucket, RI�. The model is analyzed using ABAQUS finite ele-
ment package. More details of the development of image-
based models have been described elsewhere.9

II.B. Surface interaction and boundary conditions

Sliding of lungs inside the chest cavities is simulated us-
ing a contact model. A surface based contact model is ap-
plied on the surface of each lung and its corresponding cav-
ity. Since each lung is surrounded by a pleural sac made of

30
two layers with a gap filled with a pleural liquid, viscosity
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of the liquid in addition to surface asperties may restrict the
lung from sliding. This can be modeled as a friction. An
experimental investigation found different values of friction
on this interface.32 During normal breathing, the value of
friction on the pleural surface is independent of the sliding
velocity, making it similar to Coulomb friction.35 Therefore,
three values of coefficient of Coulomb friction of 0, 0.1, and
0.2 are applied in this study to investigate its effect on the
accuracy of the models.

The application of boundary conditions is illustrated in
Fig. 2 using a cross section of the model that passes through
the right lung and body �Fig. 2�a��. The difference in geom-
etry between the inhale and the exhale phases, as shown in
Fig. 2�b�, can be characterized by a set of displacements.
These displacements are applied to the surface of the ex-
panded body and lung to deform them to exhale configura-
tions. This process is conducted by projecting the triangu-
lated surface nodes of the inhale lungs and body onto the
surfaces of the exhale phase. A surface projection program
HYPERMORPH �Hypermesh, Altair Engineering� is used.

TABLE I. Patient’s data.

Patients Gender Tumor location

P1 F RML
P2 F LLL
P3 F RLL
P4 M RUL
P5 M LLL
P6 M Mediastinum
P7 M LUL
P8 F LLL
P9 M RML
P10 F RUL
P11 M LUL
P12 F RUL
P13 F RUL
P14 F LUL
P15 F LLL
P16 F LUL

aCHF: Congestive heart failure, COPD: Chronic obst
cardial infarction �heart attack�, PMR: Polymyalgia r

Tumor
FIG. 1. Model components including body, lungs, and tumor.
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These boundary conditions are applied directly to the surface
nodes of the body and the chest cavities. The lung nodes are
attached to the cavity nodes in the models without contact
surface, as shown in Fig. 2�c�. However, in the contact mod-
els, the nodes of the lungs are separated from those of the
chest cavities �Fig. 2�d��, allowing them to slide inside the
chest cavity in the same way that they move inside the body
during breathing.

II.C. Material properties

Nonlinear hyperelastic material properties are used for the
lungs where the stress-strain plot is based on the experimen-
tal investigation on human lung tissues conducted by Zeng et
al.36 This stress-strain relationship is evaluated using
ABAQUS/CAE to find the best strain energy form fitting the
test data. Although both van der Waals and Marlow models
match the test data,28 the Marlow model is used in this study,
as shown in Fig. 3. Poisson’s ratios of 0.35, 0.4, 0.45, and
0.499 are used for lungs. For a comparison purpose, an elas-
tic model without contact surface is investigated using elastic
material properties of the lungs with a modulus of elasticity
of 3.74 kPa. This value represents the tangent of the linear
segment of the stress-strain relationship. The tumor is mod-
eled as an elastic material with modulus of elasticity of 7.8
kPa and Poisson’s ratio similar to that used with the lung.
Elastic material properties are used for the body material
with an elastic modulus of 6.0 kPa and Poison’s ratio of 0.4.
Early study shows that it has a little effect on the lung’s
performance since the boundary conditions are applied by
the adjacent nodes of the body around the lung.24

II.D. Model accuracy

Bifurcations of vessels and bronchi are identifiable in the

or size
cm3� Comorbid illnessa

1.51 CHF, MI, colon cancer
1.57 COPD, psoriasis
4.63 N/A
0.82 COPD, HTN
5.24 N/A
8.03 N/A
0.14 COPD, CHF, MI, HTN
2.63 AtrialFib, PMR, hyperthyroidism
4.14 Asthma, tonsillar cancer, H/N cancer
0.67 Breast cancer, colon cancer
0.08 CHF, MI, COPD, HTN, PVD
2.83 COPD
9.33 None
2.05 COPD, CHF, MI, PMR
5.3 HTN
0.76 Rectal/colon cancer

e pulmonary disease, HTN: hypertension, MI: Myo-
atica, PVD: Peripheral vascular disease.
Tum
�

2

1
2
7

5

ructiv
images and used as landmarks to evaluate the accuracy of the
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model. The average distance of all bifurcation points and the
number of the points at 5, 10, 15, and 20 mm distances from
the chest wall are listed in Table II. These bifurcation points
are located in the primary image of the lung �inhale� and
tracked in the secondary image �exhale�. The number of
these points varies from 53 to 113, depending on the bron-
chial structure in the lung. Our experience has shown that the
bronchial structures visible on CT images are different
among patients. This variation is likely due to the lung dam-
age caused by diseases.

Exhale Phase

Cross Section

b) Inhale and Exhale Locations

c) No Contact Model d) Contact Model

Inhale Phase

a) Cross Section Location

FIG. 2. Boundary conditions on �a� a model cross section where �b� the
geometry differences between inhale and exhale phases are applied in a
form of displacements to the body and chest cavity. In the model without the
contact surface �c� these displacements are applied to the lung’s nodes di-
rectly since they are attached to those of the chest cavities. However, in the
contact model �d� the boundary conditions are applied to the chest cavity
nodes, not to the lungs, allowing sliding of lungs inside chest cavities. Note:
The gap between the lung and chest cavity in �d� is magnified for the sake of
clarity.

TABLE II. The distribution of bifurcation points relat

Patient
Average distance

�mm� �5 mm

P1 15.4 2
P2 15.9 0
P3 13.5 12
P4 17.4 2
P5 20.7 1
P6 17.4 3
P7 15.5 0
Average 17.0 3
Medical Physics, Vol. 36, No. 10, October 2009
The difference in coordinates between inhale and exhale
location of each point represents the image-based displace-
ment of that point. This displacement is compared to the
calculated value using the finite element model. The differ-
ence between two displacements represents the error. The
average of the absolute errors and the standard deviation are
found in the LR, AP, and SI directions.

Although displacements vary between patients as a result
of physiological differences, the average maximum vector
displacement of all lungs’ nodes among patients is
21.1�3.6 mm. Figure 4 shows the average bifurcation dis-
placement of points in the seven patients of the parametric
study in the LR, AP, and SI directions. The largest displace-
ment generally occurs in the SI direction, making it a critical
factor in the analysis.

III. RESULTS

III.A. Parametric study

Table III illustrates the model matrix that includes the
type of material, Poisson’s ratio, and contact surface condi-
tion investigated in each model. Only Poisson’s ratio is con-
sidered in the elastic and hyperelastic models where no con-
tact surface is applied. In the subsequent models, the contact

-0.4 0 0.4 0.8

0.

4.

N
om
in
al
St
re
ss
(k
Pa
)

-4.

-8.

Marlow
Test Data

Nominal Strain

FIG. 3. Experimental test data of human lung tissue represented by a nomi-
nal stess-strain relationship. The data are verified using the Marlow model
for hyperelastic material properties.

their distance to the chest wall.

umber of point at different distances

�10 mm �15 mm �20 mm

14 28 40
15 36 39
18 26 30
4 22 35

10 31 58
12 29 48
10 28 49
12 29 43
ive to

N
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surface is applied �ContFr=0, ContFr=0.1, ContFr=0.2� us-
ing hyperelastic material with all values of Poisson’s ratio
��� in addition to coefficients of friction �0.0, 0.1, and 0.2�.

Table IV shows the average absolute error and the average
standard deviation in the LR, AP, and SI directions in the
seven patients using the five models. The smallest errors of
1.1�0.9, 1.5�1.3, and 2.1�1.6 mm are found in the LR,
AP, and SI directions, respectively, when applying a friction-
less contact surface model with a Poisson’s ratio of 0.4. Al-
though, the errors increase slightly as the Poisson’s ratio and
coefficient of friction increase, only models with Poisson’s
ratios of 0.35 and 0.4 and frictionless contact surface have an
average absolute error of less than 2.5 mm in the SI axis in
all seven patients �100% success rate�. Of a particular inter-
est is the case of P6 where the tumor is attached to the
pleura. The performance of the contact model is similar to
the rest of the patients where the errors are 1.1�0.9,
1.8�1.3, and 1.9�1.6 mm in the LR, AP, and SI directions,
respectively.

t-test has been conducted to investigate the statistical dif-
ference between the average absolute error using optimum
model �frictionless surface with 0.4 Poisson’s ratio� and
other models. It is shown that the average absolute error of
optimum parameters is statistically significantly different in
comparison to that of the elastic and hyperelastic models
�using a Poisson’s ratio of 0.4� in the AP and SI directions
but not in the LR direction. The p values in the SI direction
are 0.01 and 0.03 when it is compared to the elastic and
hyperelastic models, respectively, while it is not significantly
different in comparison to the average of the model with
frictions of 0.1 �p=0.31� and 0.2 �p=0.12�. Similarly in the
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FIG. 4. Average bifurcation displacement in the seven patients of the para-
metric study.

TABLE III. Model matrix of the parametric study.

Model Material P

Elastic Elastic 0.
Hyperelastic Hyperelastic 0.
ContFr=0 Hyperelastic 0.
ContFr=0.1 Hyperelastic 0.
ContFr=0.2 Hyperelastic 0.
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AP direction, the p values of the optimum model in compari-
son with the elastic and hyperelastic models are 0.05 and
0.02, respectively, while it is higher in friction models of 0.1
�p=0.15� and 0.2 �p=0.08�. In the LR direction, there is no
statistically significant difference between elastic, hyperelas-
tic, 0.1 and 0.2 frictions models with p values of 0.12, 0.16,
0.70, and 0.35, respectively.

In addition, the accuracy of the model has been validated
using additional points around the tumor and its center of
mass. Using frictionless contact model with Poisson’s ratio
of 0.4, the residual errors in the LR, AP, and SI direction are
reduced to 1.0�0.6, 0.9�0.7, and 1.4�1.0 mm, respec-
tively �Table V�. Although the error decreases in all three
directions using the optimum parameters, the reduction is
noticeable in the SI direction where the largest deformation
is expected.

III.B. Model verification

The optimum parameters �Poisson’s ratio of 0.4 and fric-
tionless surface� found in the study are tested using an addi-
tional nine lung cancer patients. Hyperelastic material prop-
erties and contact surface models are applied. Similar to the
parametric study, bifurcation points are used to check the
accuracy of the analytical results. The average absolute er-
rors in the LR, AP, and SI directions in addition to the stan-
dard deviation ��SD� in all patients are listed in Table VI.
The average errors of all nine patients are 0.8�0.7,
1.3�1.1, and 1.7�1.6 mm in the LR, AP, and SI directions,
respectively. As a result, the frictionless contact surface
model with a Poisson’s ratio of 0.4 provides the least dis-
placement error.

IV. DISCUSSION

IV.A. Effect of material compressibility

As shown in Table IV, the effect of Poisson’s ratio is more
pronounced in the elastic and hyperelastic models without
contact surfaces. In the elastic model, the average error in the
SI axis ranges between 3.4 and 2.6 mm with Poisson’s ratios
of 0.35 and 0.499, respectively. Similarly, the average error
decreases from 3.0 to 2.5 mm in the hyperelastic model. On
the contrary, the error increases as the Poisson’s ratio in-
creases in the contact models. This is mainly related to the
sliding of the lungs inside the chest cavities, which makes
the lungs move with relative independence to the applied
displacement by the surrounding body. On the other hand,

n’s ratio ��� Contact model conditions

, 0.45, 0.499 No contact surface
, 0.45, 0.499 No contact surface
, 0.45, 0.499 Contact with 0.0 friction
, 0.45, 0.499 Contact with 0.1 friction
, 0.45, 0.499 Contact with 0.2 friction
oisso

35,0.4
35,0.4
35,0.4
35,0.4
35,0.4
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the lungs are attached to the chest cavity in the elastic and
hyperelastic models without contact surfaces.

The vector displacement of the tumor surface is shown in
Table VII using Poisson’s ratios of 0.35 and 0.499 in the
elastic model. This displacement, which includes rigid move-
ment �translation and rotation� and deformation, is compared
to the original position, shown as a gray shadow in the table.
In most cases, the tumor moves more with the higher Pois-
son’s ratio of 0.499. However, in patient P6, where the tumor
is on the surface of the lung, the tumor moves a little more
with a Poisson’s ratio of 0.35. The vector displacement error
of using bifurcation points around the tumor is calculated for
each patient. In general, the error decreases as the Poisson’s
ratio increases. However, the error slightly increases in the
case of patients P1 and P7 which may be related to the tumor
size and location.

IV.B. Effect of coefficient of friction

The average error increases slightly as the coefficient of
friction increases �Table IV�. The largest error increase is 0.3
mm when the coefficient of friction increases from 0.0 to 0.2.
This indicates that within the investigated range of coeffi-
cient of friction, it has little effect on the lung’s behavior. The
results also show that the actual coefficient of friction is very
low demonstrating the lubricating effect of the pleural fluid.
This agrees with the experimental findings of 0.045 and
0.078.32

Table VIII illustrates the effect of increasing the coeffi-
cient of friction from 0.0 to 0.2 on the tumor displacement in

TABLE IV. Average absolute error in the LR, AP, and SI directions of the
seven patients in the parametric study.

Model

Average absolute error ��SD�
�mm�

�=0.35 �=0.4 �=0.45 �=0.499
LR direction

Elastic 1.3�1.0 1.3�1.0 1.2�1.0 1.2�1.0
Hyperelastic 1.3�1.0 1.2�1.0 1.2�1.0 1.2�1.0
ContFr=0 1.2�0.9 1 .1�0 .9 1.1�0.9 1.3�1.0
ContFr=0.1 1.1�0.9 1.1�0.9 1.2�0.9 1.3�1.0
ContFr=0.2 1.2�1.0 1.2�1.0 1.2�1.0 1.3�1.0

AP direction
Elastic 1.9�1.5 1.8�1.5 1.8�1.4 1.7�1.4
Hyperelastic 1.9�1.4 1.7�1.4 1.7�1.4 1.8�1.4
ContFr=0 1.5�1.3 1 .5�1 .3 1.5�1.3 1.8�1.4
ContFr=0.1 1.6�1.4 1.6�1.3 1.6�1.3 1.8�1.5
ContFr=0.2 1.7�1.4 1.6�1.3 1.7�1.4 1.9�1.5

SI direction
Elastic 3.4�2.7 3.2�2.6 2.9�2.3 2.6�2.0
Hyperelastic 3.0�2.5 2.6�2.1 2.5�1.9 2.5�1.9
ContFr=0 2.1�1.7 2 .1�1 .6 2.2�1.7 2.5�1.9
ContFr=0.1 2.2�1.8 2.2�1.8 2.4�1.8 2.8�2.1
ContFr=0.2 2.4�2.0 2.4�1.9 2.5�1.9 2.8�2.2
the contact models with a Poisson’s ratio of 0.35. As ex-
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pected, the tumor moves more in the frictionless surface as a
result of low sliding restriction. In addition, similar move-
ment pattern of the tumor is observed with both coefficients
of friction in most patients, as shown by the displacement
distribution on the surface of the tumor. This is mostly re-
lated to the small effect of friction on the movement of the
lungs within the range of friction investigated in this study
�Table IV�.

The vector displacement error included in the table using
the absolute average error in all three directions of the sur-
rounding points of the tumor and its center of mass increases

TABLE V. Average absolute error of the points surrounding the tumor in the
LR, AP, and SI directions of the seven patients in the parametric study.

Model

Average absolute error ��SD�
�mm�

�=0.35 �=0.4 �=0.45 �=0.499

LR direction

Elastic 1.3�0.7 1.3�0.7 1.2�0.7 1.0�0.7
Hyperelastic 1.3�0.7 1.3�0.7 1.1�0.7 1.1�0.8
ContFr=0 1.0�0.6 1 .0�0 .6 1.0�0.6 1.1�0.8
ContFr=0.1 1.1�0.6 1.1�0.6 1.0�0.6 1.0�0.8
ContFr=0.2 1.2�0.7 1.0�0.6 1.0�0.7 1.1�0.8

AP direction
Elastic 1.2�0.9 1.1�0.9 1.1�0.8 1.3�1.0
Hyperelastic 1.2�0.9 1.1�0.8 1.2�0.9 1.4�1.2
ContFr=0 0.9�0.7 0 .9�0 .7 1.0�0.8 1.4�0.9
ContFr=0.1 0.9�0.7 1.0�0.7 1.2�0.9 1.6�1.0
ContFr=0.2 1.0�0.8 1.0�0.7 1.3�1.1 1.7�1.1

SI direction
Elastic 2.6�1.8 2.4�1.7 2.1�1.7 1.8�1.4
Hyperelastic 2.4�1.7 1.9�1.6 1.6�1.3 1.8�1.3
ContFr=0 1.4�1.1 1 .4�1 .0 1.5�1.2 1.8�1.4
ContFr=0.1 1.4�1.2 1.4�1.1 1.6�1.1 1.7�1.3
ContFr=0.2 1.7�1.4 1.6�1.3 1.6�1.2 1.8�1.4

TABLE VI. Average absolute error of bifurcation points in lungs in the LR,
AP, and SI directions.

Patient

Average absolute error ��SD�
�mm�

LR AP SI

P8 0.8�0.7 1.1�0.9 2.2�2.9
P9 0.5�0.4 0.7�0.8 0.9�0.8
P10 0.9�0.9 1.8�1.8 2.1�1.7
P11 0.9�0.6 1.9�1.6 2.2�1.9
P12 0.7�0.6 1.2�0.9 1.3�0.9
P13 0.9�0.7 0.8�0.8 2.0�2.0
P14 0.8�0.6 1.0�0.6 1.0�0.7
P15 1.0�0.7 1.6�1.3 1.3�1.1
P16 1.1�1.4 1.4�1.4 2.5�2.2
Average 0.8�0.7 1.3�1.1 1.7�1.6
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slightly as the coefficient of friction increases from 0.0 to
0.2. The largest error increase is in the case of P6 where the
tumor is attached to the surface of the lung.

V. CONCLUSIONS

Parametric and verification studies are conducted to find
the accuracy of deformable image registration of the lungs
using three dimensional finite element models. Hyperelastic
material properties of human lungs based on experimental
data are applied with different Poisson’s ratios of 0.35, 0.40,

TABLE VII. The surface deformation of the tumor �U
model with Poisson’s ratios of 0.35 and 0.499 witho

Patient Tumor Location in
Lungs

ν = 0.35

P1

P2

P3

P4

P5

P6

P7
2.5
2.4
2.3
2.2
2.0
1.9
1.8
1.7

U(mm)

6.4
5.4
4.6
3.8
2.9
2.1
1.2
0.4

U(mm)

5.2
4.9
4.7
4.4
4.2
3.9
3.7
3.4

U(mm)

2.2
1.9
1.6
1.3
1.0
0.8
0.5
0.2

U(mm)

6.2
5.9
5.7
5.4
5.1
4.9
4.6
4.3

U(mm)

1.4
1.4
1.3
1.2
1.1
1.0
0.9
0.8

U(mm)

2.7
2.5
2.2
2.0
1.8
1.5
1.3
1.0

U(mm)
0.45, and 0.499. Sliding of the lungs inside the chest cavities
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is modeled using contact surfaces with different friction co-
efficients of 0.0, 0.1, and 0.2. Bronchial bifurcations are used
to check the accuracy of the model.

Frictionless contact surface with a Poisson’s ratio of 0.4 is
found to be the optimum model with minimum absolute er-
rors of 1.1�0.9, 1.5�1.3, and 2.1�1.6 cm in the LR, AP,
and SI directions, respectively. Similarly, minimum residual
errors of the tumor points are also attained using the opti-
mum model. All of the seven patients of the parametric study
have a residual error of less than 2.5 mm �slice thickness� in

well as the vector displacement error using elastic
tact surfaces �all dimensions in mm�.

stic Model (No contact surface)

ν =0.499

14.3
13.5
12.6
11.8
10.9
10.1
9.2
8.4

U(mm)

Error = 3.0

5.2
4.8
4.4
4.0
3.6
3.2
2.8
2.4

U(mm)

Error=1.5rror=1.8

Error=2.7

6.0
5.2
4.5
3.8
3.1
2.4
1.6
0.9

U(mm)

Error=2.6

ror=5.3

Error=3.1

4.0
3.5
3.0
2.5
2.1
1.6
1.1
0.6

U(mm)

ror=4.5

Error=2.5

9.8
9.4
9.0
8.6
8.2
7.8
7.4
6.9

U(mm)

rror=3.0

3.0
2.8
2.5
2.3
2.0
1.7
1.4
1.0

U(mm)

Error=2.1ror=2.7

8.6
7.9
7.1
6.4
5.6
4.9
4.1
3.4

U(mm)

Error=2.8r=2.5
�, as
ut con

Ela

E

Er

Er

E

Er

Erro
the SI direction using this optimum model. These results are
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verified using nine additional patients where the average ab-
solute errors are 0.8�0.7, 1.3�1.1, and 1.7�1.6 cm in the
LR, AP, and SI directions, respectively.

It is interesting to note that the error slightly increases as
the Poisson’s ratio and coefficient of friction increase in the
models with contact surfaces. However, the error decreases
as the Poisson’s ratio increases in models without contact
surfaces where the lungs are attached to the chest cavity.

TABLE VIII. The surface deformation of the tumor �U
ratio of 0.35 and coefficients of friction of 0 and 0.2

PoiPatient

Friction=0

P1

P2

P3

P4

P5

P6

P7
4.6
4.4
4.2
4.1
3.9
3.7
3.6
3.4

U(mm)

Error=1.5

Error=1.6

6.7
5.8
4.9
4.0
3.1
2.2
1.3
0.4

U(mm)

9.9
9.6
9.3
9.0
8.7
8.4
8.1
7.8

U(mm)

Error=2.6

Error=2.4

4.9
4.6
4.2
3.9
3.6
3.3
2.9
2.6

U(mm)

8.2
7.8
7.5
7.2
6.8
6.5
6.2
5.8

U(mm)

Error=2.3

5.4
5.3
5.1
5.0
4.8
4.6
4.4
4.3

U(mm)

Error=2.2

Error =1.4

5.1
4.6
4.2
3.8
3.3
2.9
2.4
2.0

U(mm)
The parameters investigated have shown improvement in

Medical Physics, Vol. 36, No. 10, October 2009
the registration. Future work will evaluate additional im-
provements in registration using heterogeneous materials for
different lung structures �i.e., bronchial tree� and the effect of
the pluera in the biomechanical model.
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Error=1.5
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2.0
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Error=2.5
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