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Purpose: To investigate the effect of the bronchial tree on the accuracy of biomechanical-based
deformable image registration of human lungs.
Methods: Three dimensional finite element models have been developed using four dimensional
computed tomography image data of ten lung cancer patients. Each model is built of a body, left
and right lungs, tumor, and bronchial trees. Triangular shell elements are used for the bronchial
trees while tetrahedral elements are used for other components. Hyperelastic material properties
based on experimental investigation on human lungs are used for the lung parenchyma. Different
material properties are assigned for the bronchial tree using five values for the modulus of elasticity
of 0.01, 0.12, 0.5, 10, and 18 MPa. Lungs are modeled to slide inside chest cavities by applying
frictionless contact surfaces between each lung and corresponding chest cavity. The accuracy of the
models is examined using an average of 40 bronchial bifurcation points identified on inhale and
exhale images. Relative accuracy is evaluated by comparing the displacement of all nodes within
the lungs as well as the dosimetric difference at the exhale position predicted by the model.
Results: There is no significant effect of bronchial tree on the model accuracy based on the
bifurcation points analysis. However, on the local level, using an average of 38 000 nodes, there is
a maximum difference of 8.5 mm in the deformation of the bronchial trees, as the modulus of
elasticity of the bronchial trees increases from 0.01 to 18 MPa; however, more than 96% of nodes
are within a 2.5 mm difference in each direction. The average dose difference at the predicted
exhale position is less than 35 cGy between the models.
Conclusions: The bronchial tree has little effect on the global deformation and the accuracy of
deformable image registration of lungs. Hence, the homogenous model is a reasonable assumption.
Since there are some local deformation differences between nodes as the material properties of the
bronchial tree change that may affect the accuracy of dosimetric results, heterogeneity may be
required for a smaller scale modeling of lungs. © 2010 American Association of Physicists in
Medicine. �DOI: 10.1118/1.3471020�
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I. INTRODUCTION

The advancement of radiation therapy techniques such as
SBRT and IMRT requires a precise location of the target
while sparing the healthy tissues and avoiding organs at risk.
Image guided radiotherapy �IGRT� has addressed this re-
quirement by aligning the patient in each treatment session.
An essential part of the IGRT technique is image registration.
There are two types of image registration, namely, rigid and
deformable. Rigid registration may be sufficient for organs
experiencing little deformation such as the brain. However, it
is not suitable for organs with large deformation, such as
lungs.

A number of deformable image registration techniques
have been used including intensity-based and biomechanical
models. Although intensity-based models such as B-spline,1

thin plate spline,2 and demons3–5 have accurately modeled
the breathing motion of lungs, registration errors “are prone
to appear in regions with low image gradients” as shown by
Zhong et al.6 in addition to the changing image intensity

caused by blood circulation variation as a result of breathing
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motion.7 These points can be addressed using finite element
models,6 which “allow more principled control of localized
deformations.”8

Different finite element models have been developed to
investigate the effect of lung weight,9 material proper-
ties,10–12 and boundary conditions.13–15 These studies mod-
eled the lung as a homogeneous material. The lung paren-
chyma contains branching tubes of the bronchial tree that
have different material properties from the rest of the
tissues.16 As one of the main parts of the lung, bronchial tree
geometry and biomechanical properties may affect the defor-
mation of the lung.

Tai and Lee17 conducted an experimental study on the
effect of heterogeneity and isotropy on the lung deformation.
Samples were taken from different locations, some of which
included large airways in the middle of the parenchyma. It
was found that the mean deformation is not affected by the
large airway.

Lai-Fook and Kallok18 studied the interaction between the

bronchus, artery, and parenchyma at the local level using a
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2D finite element model with the bronchus adjoining the
artery. The airway and its location have a pronounced effect
on the deformation of the surrounding tissues. Also, the
shape of bronchial tree affects the airway flow resistances.
This effect is large in the central airway.

This study investigates the effect of heterogeneity on the
deformation of the lungs by including the bronchial tree.
Unlike previous studies,17,18 the complete lung is examined
in order to reach a realistic model that simulates lung’s ge-
ometry, material properties, and its interaction with sur-
rounding tissues. The lung parenchyma is modeled using hy-
perelastic material properties based on experimental
results.19 The lungs are allowed to slide relative to the chest
cavities using frictionless contact surface. Frictionless sur-
face is proved to be effective in improving the accuracy of
the lungs’ model based on a previous investigation conducted
by the authors.11 This model will facilitate further investiga-
tion of the effect of diseases, radiation toxicity, and compli-

TABLE I. Patients’ data including tumor location an
volume change between inhale and exhale, bronchial

Patient

Tumor Breathing

Location Size �cm3�
Motion
�mm�

Volume cha
�%�

P1 LLL 2.63 12.5 6
P2 RML 21.51 12.5 5
P3 RML 4.14 10.0 6
P4 RUL 2.83 10.0 10
P5 RUL 0.67 12.5 11
P6 LLL 1.57 12.5 8
P7 RLL 4.63 7.5 13
P8 LUL 0.08 2.5 1
P9 RUL 59.33 20 9

P10 LUL 2.05 5.0 6

aCHF: Congestive heart failure, COPD: Chronic obstr
cardial infarction �heart attack�, PMR: Polymyalgia r
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tumor, body
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cations. Comparisons between the different material models
are evaluated using �1� the accuracy of the deformable reg-
istration based on bifurcation points, �2� a relative compari-
son of each model using all bronchial tree nodes in the
model, and �3� a dosimetric comparison comparing the dose
calculated to the predicted exhale position for each model.
The purpose of the relative comparison is to ensure that the
limited number of bifurcation points is not influencing the
outcome of the evaluation �using bronchial tree nodes in the
model simulates having an anatomical point at each position;
however, this is only a relative comparison, as the “truth” is
not available for each point�. The purpose of the dosimetric
comparison is to evaluate the clinical impact of the discrep-
ancies from the different modeling techniques. The deforma-
tion algorithm deforms the inhale position to the exhale po-
sition; therefore, the dose that would be delivered to each
predicted exhale position is compared. This is also a relative
comparison, as the truth is unknown for each position.

e, diaphragm breathing motion in the SI direction,
e percentage to lung volume, and comorbid illness.

Bronchi �vol %� Comorbid illnessa

4 AtrialFib, PMR, hyperthyroidism
3 CHF, MI, Colon cancer
2 Asthma, tonsillar and H/N cancer
5 COPD
3 Breast and Colon Cancer
5 COPD, psoriasis
6 N/A
6 CHF, MI, COPD, HTN, PVD
3 None
5 COPD, CHF, MI, PMR

e pulmonary disease, HTN: Hypertension, MI: Myo-
atica, and PVD: Peripheral vascular disease.

le Image

rface FIG. 1. Model development starts by acquiring CT im-
ages for both exhale and inhale phases. 3D surface
meshes are created and used for the projection of the
inhale and exhale surfaces to find the boundary condi-
tions. The inhale surface mesh of all components,
except the bronchial tree, is tetrameshed, leaving the
bronchial trees as shell structures. After applying con-
tact surface on the lungs, finite element analysis are
conducted.
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II. MODEL DESCRIPTION AND MATERIALS

II.A. General

Ten nonsmall cell lung cancer patients are investigated in
this study. Patients’ details are listed in Table I including the
tumor size and location, diaphragm motion during normal
breathing, volume change between inhale and exhale, vol-
ume percentage of the segmented bronchi, and comorbidi-
ties. Using four dimensional computed tomography �4DCT�
data of ten lung cancer patients, three dimensional �3D� finite
element models have been developed. Each model consists
of a body, both lungs, bronchial tree of each lung, and tumor.
In the literature, a number of techniques have been used to
segment the bronchial tree, namely, knowledge based, region
growing, centerline extraction, and mathematical morphol-
ogy, as classified by Sluimer et al.,20 where an extensive
review is provided. For the purpose of this preliminary study,
the bronchial tree is constructed by setting a contrast thresh-
old on the 4DCT images with a value ranging from �700 to
�600 HU. Three nodes surface shell elements are used for

TABLE II. Bifurcation points distribution relative to their position to the lung
of points within a distance of 5, 10, and 15 mm from the lungs’ edge and b

Patient

Point location relative to lungs’ edge

Average minimum distance �max�
�mm�

�5 mm
�%�

�10 mm
�%�

�1

P1 17.4�36.4� 4.7 16.3
P2 14.9�28.7� 7.0 24.6
P3 16.6 �29� 0.0 9.3
P4 15.7�39.4� 2.2 24.4
P5 16.5�30.5� 0 16.7
P6 19�37.7� 0 10.8
P7 17.3 �29� 0 4.7
P8 17.7 �28� 0 5.6
P9 16�41.2� 0 19.7

P10 18.7�33.8� 83.3 81.0 1
Average 17.0(30.2) 9.7 21.3

Exhale

FEM

Inhale Image Exhale Image

Inhale Bifurcation Points Exhale Bifurcation Points

Error between calculated and exhale

FIG. 2. Bifurcation points in inhale and exhale images. The error in the
location of bifurcation points represents the difference in location between
the estimated FEM location and the image-based location in the exhale
breathing phase.
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the bronchial tree with an average surface area of 1.5 mm2.
Volumetric four nodes tetrahedral elements are used for the
body, lungs, and tumor.

II.B. Model development

The model is created by contouring lungs, body, and tu-
mor using the 4DCT images. A surface mesh is created for
each component at both the inhale and exhale phases, as
shown in Fig. 1.21 Using a finite element preprocessor �HY-

PERMESH, Altair Engineering, Troy, MI,� the bronchial tree is
created by including its surface mesh inside the lung surface
mesh. The volume of the lung outside the bronchial tree, in
addition to the body and tumor, is tetrameshed, leaving the
bronchial tree as a shell structure interconnected to the lungs
parenchyma.

A surface based contact model is then applied to each
lung by selecting the face of each tetrahedral element on the
external boundary of the lung using a finite element package
�ABAQUS, v 6.8, Providence, RI�. Similarly, the surface of the
tetrahedral elements that create the chest cavity representing
the internal surface of the body is selected. This procedure is
performed for each lung and its corresponding cavity. A
value of zero friction is assigned for the lung-chest cavity
interface to simulate the lubrication of the pleural liquid.11

II.C. Boundary conditions

The inhale phase of the body and lungs is used as the
initial representation at time zero of the simulation. The ex-
hale position is considered the final position of the deforma-
tion onto which the lungs and body are deformed from the
inhale position. In other words, the boundary conditions ap-
plied in the model are the location differences between the
inhale and exhale positions of surface nodes of the lungs and
body. These differences are found using the surface projec-
tion technique HYPERMORPH �Altair Engineering, Troy, MI�.

e and bronchial tree represented by the average distance and the percentage
ial tree surface.

Point location relative to bronchial tree

Average minimum distance �max�
�mm�

�5 mm
�%�

�10 mm
�%�

�15 mm
�%�

4.4�26.7� 65.1 86.1 95.4
3.4�13.6� 71.9 86.0 100
7.6�22.1� 34.9 67.4 93
3.4 �37� 80 91.1 95.6
4.4�18.2� 64.3 78.6 97.6
1.8�13.2� 89.2 97.3 100
1.0�5.7� 97.7 100 100
3.4�18.9� 77.8 83.3 94.4
5.5�24.5� 49.3 84.5 94.4
2.5�11.2� 83.3 94.4 100
3.7(19.1) 71.4 86.9 97.0
s’ edg
ronch

5 mm
�%�

41.7
50.9
44.2
57.8
45.2
40.5
41.9
38.9
57.7
00
51.9
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The boundary conditions can be divided into two groups,
namely, external and internal. The external boundary condi-
tion is the set of displacements derived from the projection
of the body external surface between inhale and exhale po-
sitions. The internal set is the displacement applied to the

TABLE III. Average absolute bifurcation error in LR,
bronchial tree �Eb� and homogeneous lungs �dimensi

Patient

Ave

Homogeneous Eb=0.01 MPa Eb=0.1

LR
P1 0.8�0.7 0.8�0.7 0.8
P2 0.8�0.6 0.9�0.7 0.9
P3 0.5�0.4 0.5�0.4 0.5
P4 0.7�0.6 0.7�0.6 0.6
P5 0.9�0.9 0.9�0.9 0.9
P6 1.3�1.1 1.4�1.1 1.4
P7 1.0�0.7 0.8�0.6 0.8
P8 0.9�0.6 1.0�0.7 1.0
P9 0.9�0.7 1.0�0.7 1.0
P10 0.8�0.6 0.8�0.6 0.8

AP
P1 1.1�0.9 1.1�0.9 1.1
P2 0.9�0.6 0.8�0.7 0.8
P3 0.7�0.8 0.9�0.8 0.9
P4 1.2�1.0 1.4�1.0 1.3
P5 1.8�1.8 1.7�1.6 1.8
P6 2.0�1.7 2.0�1.6 2.0
P7 0.9�0.5 1.0�0.8 1.0
P8 1.9�1.6 1.8�1.5 1.8
P9 0.8�0.8 0.9�0.8 0.8
P10 1.0�0.6 1.1�0.6 1.0

SI d
P1 2.2�2.9 2.2�2.9 2.2
P2 2.1�1.5 2.3�1.6 2.2
P3 0.9�0.8 0.9�0.9 0.9
P4 1.3�0.9 1.5�1.0 1.4
P5 2.1�1.7 2.1�1.7 2.1
P6 2.3�2.0 2.3�2.1 2.3
P7 1.6�1.3 1.4�1.4 1.5
P8 2.2�1.9 1.9�1.7 1.9
P9 2.0�2.0 2.1�2.1 2.1
P10 1.0�0.7 0.9�0.7 1.0

Vec
P1 2.8�2.9 2.8�2.9 2.8
P2 2.7�1.3 2.8�1.5 2.8
P3 1.6�1.0 1.6�1.0 1.6
P4 2.2�0.9 2.4�0.9 2.3
P5 3.3�2.1 3.2�2.1 3.3
P6 3.8�2.2 3.8�2.2 3.9
P7 2.3�1.1 2.2�1.1 2.2
P8 3.4�2.1 3.1�2.0 3.1
P9 2.7�1.9 2.8�1.9 2.8

P10 1.8�0.8 1.8�0.8 1.8
nodes of chest cavities in direct contact with lungs. Since a
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contact surface is applied between the chest cavity and the
lung, the boundary conditions are applied indirectly to the
lung surface in a form of contact pressure through the sur-
rounding nodes of the chest cavities. In order to simulate this
contact pressure on the lungs and avoid any separation be-

I, and vector values with different elastic moduli of
n mm�.

absolute error
� �SD

Pa Eb=0.5 MPa Eb=10 MPa Eb=18 MPa

ion
0.8�0.7 0.8�0.7 0.8�0.7
0.9�0.7 0.8�0.7 0.8�0.7
0.5�0.4 0.6�0.5 0.6�0.5
0.7�0.5 0.7�0.6 0.7�0.6
0.8�0.9 0.9�0.9 0.9�0.9
1.2�1.1 1.4�1.2 1.4�1.2
0.8�0.5 0.9�0.6 0.9�0.6
1.0�0.7 1.0�0.7 1.0�0.7
1.1�0.7 1.3�0.9 1.3�0.9
0.8�0.6 0.8�0.6 0.8�0.7

ion
1.1�0.9 1.2�1.0 1.2�1.0
0.9�0.8 1.1�0.8 1.1�0.8
0.7�0.8 0.9�0.9 0.9�0.9
1.2�0.9 1.2�1.0 1.3�1.0
1.8�1.9 1.7�1.9 1.7�1.9
1.9�1.5 1.9�1.4 1.9�1.4
0.9�0.7 0.9�0.7 0.9�0.8
1.8�1.4 1.7�1.3 1.7�1.3
0.8�0.8 1.1�0.9 1.1�0.9
1.0�0.6 1.0�0.7 1.0�0.7

ion
2.2�2.9 2.2�2.9 2.2�2.9
2.1�1.6 2.1�1.6 2.1�1.5
0.9�0.9 0.9�0.9 0.9�0.8
1.3�0.9 1.2�0.9 1.2�0.9
2.1�1.7 2.3�1.9 2.4�1.9
3.3�2.5 3.5�2.6 3.5�2.6
1.6�1.4 1.7�1.6 1.9�1.7
1.8�1.7 1.7�1.6 1.7�1.6
2.1�2.0 2.2�1.8 2.3�1.8
1.1�0.8 1.3�0.8 1.3�0.8

lue
2.8�2.9 2.8�3.0 2.9�3.0
2.7�1.4 2.8�1.4 2.8�1.4
1.6�1.0 1.7�1.0 1.7�1.0
2.2�0.9 2.3�0.9 2.3�0.9
3.3�2.1 3.5�2.1 3.6�2.2
4.3�2.6 4.6�2.6 4.6�2.5
2.2�1.1 2.2�1.1 2.2�1.0
3.1�1.8 2.9�1.7 2.9�1.7
2.8�1.9 3.1�1.7 3.2�1.7
1.8�0.9 2.0�0.9 2.1�0.9
AP, S
ons i

rage
�mm

2 M

direct
�0.7
�0.7
�0.4
�0.5
�0.9
�1.1
�0.5
�0.6
�0.7
�0.6

direct
�0.9
�0.7
�0.8
�1.0
�1.8
�1.6
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irect
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tween contacting surfaces, the inhale breathing phase is used
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as a primary state subjected to contact pressure that com-
presses it to the smaller volume at the exhale phase.

II.D. Material properties

Hyperelastic material properties of the lung parenchyma
are applied using experimental test data reported by Zeng et
al.19 A nearly incompressible parenchyma is also character-
ized by a Poisson’s ratio of 0.4 that provides a minimum
registration error based on previous study conducted by the
authors.11 The body is modeled as linear elastic with a modu-
lus of elasticity of 6.0 kPa and Poisson’s ratio of 0.4.

Different values of modulus of elasticity of the airway
have been reported in the literature including 0.01, 0.12,16,18

0.13,22 and 5.8 MPa.23 Experimental studies on the bronchial
trees that relate the wall thickness to diameter23 and
pressure-diameter relationship25 of human airways have
shown a value of modulus of elasticity within the proximity
of 0.12 MPa at a transpulmonary pressure of 20 cmH2O.
The highest value of modulus of elasticity of 18 MPa is
reported for tracheal rings.26 In order to find the effect of
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mechanical properties of the bronchial tree, different values
of modulus of elasticity are investigated in this study includ-
ing 0.01, 0.12, 0.5, 10, and 18 MPa.

II.E. Model accuracy

An average of 40 landmarks in the form of bifurcation
points are used for the accuracy check of each model. Previ-
ously, intraobserver study was conducted at the institute
where the observer was asked to identify the bifurcation
points once a week over a period of 4 weeks. The average
error was less than 1.0 mm in all directions.21

The coordinates of each bifurcation point are located in
the inhale image. The same anatomical point is also located
in the exhale image, as illustrated in Fig. 2. The difference
between the coordinates of the point on the inhale and exhale
images represents the image-based displacement. The same
procedure is conducted with each bifurcation point using the
finite element model where the displacement of each point is
calculated by finding the difference in location of the point
between original and deformed positions. The registration

P10

og
0.01 MPa
0.12 MPa
0.5 MPa
10 MPa
18 MPa

FIG. 3. The percentage of bifurcation points with abso-
lute registration error less than 2.5 mm in the LR direc-
tion using different elastic modulus of the bronchial tree
�Eb� and compared to the homogeneous model.

P10

og
0.01 MPa
0.1 MPa
0.5 MPa
10 MPa
18 MPa

FIG. 4. The percentage of bifurcation points with abso-
lute registration error less than 2.5 mm in the AP direc-
tion using different elastic modulus of the bronchial tree
�Eb� and compared to the homogeneous model.
P9

Hom
Eb=
Eb=
Eb=
Eb=
Eb=
P9

Hom
Eb=
Eb=
Eb=
Eb=
Eb=
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error is the difference between the image-based and finite
element displacements. Average absolute errors in the LR,
AP, and SI directions are reported in this study.

The bifurcation point distribution inside the lung plays an
important role on their validity in representing the lung de-
formation. Specifically, the registration errors tend to be
small near the boundary.27 Furthermore, since sliding of the
lungs relative to the chest cavity is modeled, the location of
these points relative to the sliding interface becomes essen-
tial. Therefore, the distance between each point and the edge
of the lung in contact with the chest cavity is calculated, as
listed in Table II. It is shown that few points �an average
percentage of 9.7%� are located within the 5 mm distance
from the edge and increases to 51.9% as the distance in-
creases to 15 mm.

As part of the bronchial tree, the distribution of the bifur-
cation points around the bronchial tree can provide a rough
estimation of the performance of the segmentation of the tree
�Table II� where smaller airways may not be included by the
threshold segmentation. It can be concluded that a significant
number of bifurcation points �an average of 71.4% of points�
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are within the 5 mm distance from the bronchial tree and
97% of the points are within a distance of 15 mm from the
tree.

II.F. Dose calculations

The clinical impact of the variation in displacement based
on the material properties of the bronchial tree is evaluated
by comparing the dose that would be delivered at the predi-
cated exhale position using each deformation map �from
each of the material properties tested�. As this is a relative
comparison, since the truth at the exhale position of the
model is not known, one of the parameters must be chosen as
a reference with which to compare the other values. A value
of 0.12 MPa is chosen as the reference, as it represents the
most reported value within the literature. The dose calcula-
tions are conducted using a commercially available planning
system �Pinnacle3 v6.2–8.1, Philips Medical Systems, Madi-
son, WI� with a grid resolution of 2.5�2.5�2.5 mm3. The
bronchial tree nodes and their deformation from inhale to
exhale are interpolated onto the exhale dose grid from Pin-

P10

og
0.01 MPa
0.1 MPa
0.5 MPa
10 MPa
18MPa

FIG. 5. The percentage of bifurcation points with abso-
lute registration error less than 2.5 mm in the SI direc-
tion using different elastic modulus of the bronchial tree
�Eb� and compared to the homogeneous model.

7.5

LR
AP
SI

FIG. 6. Histogram of displacement difference between
bronchial tree with modulus of elasticity of 18 and 0.01
MPa in the LR, AP, and SI directions.
P9

Hom
Eb=
Eb=
Eb=
Eb=
Eb=
5
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nacle to obtain the dose at the predicted exhale position.
Details of dose calculations using deformable model are pre-
sented elsewhere.28

III. RESULTS

III.A. Bifurcation analysis

Using bifurcation points, the accuracy of each model is
examined. The average absolute error of displacement is
found for each patient in LR, AP, and SI directions, in addi-
tion to the vector value, as listed in Table III. Heterogeneous
models with different modulus of elasticity of the bronchial
tree �Eb� of 0.01, 0.12, 0.5, 10, and 18 MPa are used in the
analysis and compared to the homogeneous model. It is in-
teresting to note that no significant difference is found be-
tween the errors using homogenous and heterogeneous mod-
els in all directions. The t-test shows an average p value of
0.39 with a minimum value of 0.08 found in two cases. This
is in an agreement with the experimental findings of Tai and
Lee,17 where mean deformation is not affected by including

FIG. 7. Displacement of the bronchial tree in the SI direction relative to its
position in the SI direction using modulus of elasticity of the bronchial tree
Eb tree of 0.5 and 10 MPa, in addition to the displacement difference using
these two moduli.
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an airway in the sample of the lung. The average vector
value of the error in the homogeneous and the model with
bronchial tree with stiffness of 0.01, 0.1, and 0.5 MPa is
around 2.66 mm and increased to 2.83 mm for bronchial tree
with 18 MPa. This is within the range of accuracy error of
3.3�2.1 mm reported by Werner et al.15 using homoge-
neous biomechanical modeling of the lungs.

The effect of changing the modulus of elasticity of the
bronchial tree on the bifurcation error is also negligible with
the largest difference of 1 mm in patient P6 in the SI direc-
tion as the stiffness increases from 0.12 to 0.5 MPa and
higher. This is likely related to the lower role of mechanical
properties of the bronchial tree on the deformation in com-
parison to the role of bronchial geometry.29

The percentage of bifurcation points with an absolute reg-
istration error less than the dose grid of 2.5 mm for each
patient is also calculated in order to find the potential of
including the bronchial tree in reducing the registration error
as shown in Figs. 3–5 in the LR, AP, and SI directions,
respectively. There is no significant difference between the
homogenous and heterogeneous models. This is an indication
that the accuracy of the model using the bifurcation points
has not been affected by including the bronchial tree in the
model.

III.B. Effect of modulus of elasticity on local
deformation

For a clear illustration of the effect of Eb, the extreme Eb

values of 0.01 and 18 MPa are applied to find the displace-
ment difference between nodes of the bronchial tree as
shown in Fig. 6, where the histogram of the displacement
difference is illustrated for patient P5. Although there is a
large displacement difference as much as 8.5 mm in a few
nodes in the LR direction, most of the bronchial nodes ex-
perience an insignificant displacement difference. In a per-
centage form for patient P5, 95.2%, 99.9%, and 89.3% of the
bronchial nodes have a displacement difference within the
dimension of the dose grid, 2.5 mm, in the LR, AP, and SI
directions, respectively. Similarly, considering all patients,

P10

- ∆Eb=0.01
- ∆Eb=0.5

FIG. 8. Minimum and maximum displacement differ-
ences in the LR direction using different modulus of
elasticity of the bronchial trees of 0.01, 0.5, and 18
MPa.
P9

Eb=0.5

Eb=18
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the average percentage of nodes of the ten patients with dis-
placement differences within the grid size are 98.5�2.1,
99.3�0.9, and 96.1�3.6 in the LR, AP, and SI directions,
respectively.

At the local level, the displacement of all nodes of the
bronchial tree is examined in all three directions using dif-
ferent values of modulus of elasticity of the bronchial tree
�Eb�. The displacement of the bronchial tree nodes with dif-
ferent modulus of elasticity �Eb� of 0.5 and 10 MPa in the SI
direction is shown in Fig. 7 for patient P9 where the largest
diaphragm motion is experienced. The displacement differ-
ences and the locations of minimum and maximum differ-
ences are also illustrated in the figure. As expected, the larg-
est displacement is in the bronchial tree near the diaphragm
which is corresponding to the largest deformation experi-
enced by the lung. This displacement decreases near the top
of the lung. Similarly, the displacement difference is more
pronounced in the part of the lung near the diaphragm. The
extreme positive differences are in the area near the dia-
phragm. Few nodes experience negative differences at the
entrance of the bronchi into the lung, although the average
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difference at this specific location is near zero. This is likely
related to the deformation of the large tube in the radial
direction at the entrance while the smaller tubes near the
diaphragm experience more of translation movement than
deformation.

To further investigate the effect of the material properties
of the bronchial tree on the deformation at the local level, the
maximum and minimum differences in displacement in the
LR, AP, and SI directions for all patients are illustrated in
Figs. 8–10, respectively. The displacement difference ��� is
found by subtracting the displacement of the bronchial nodes
with Eb of 0.01 MPa ��Eb=0.01� from that of the same nodes
using Eb of 0.5 MPa ��Eb=0.5� and by subtracting �Eb=0.5

from �Eb=18.
Patients with a minimum breathing volume change be-

tween inhale and exhale exhibit the lowest displacement dif-
ferences as the stiffness changes. This is clearly observed in
patients P1, P2, P3, P8, and P10 regardless of the diaphragm
motion. The largest displacement difference is shown in case
of P5 in the LR and SI directions where a large diaphragm
motion is combined with large breathing volume change. Pa-

P10

- ∆Eb=0.01
- ∆Eb=0.5

FIG. 9. Minimum and maximum displacement differ-
ences in the AP direction using different modulus of
elasticity of the bronchial trees of 0.01, 0.5, and 18
MPa.

P10

5 - ∆Eb=0.01
- ∆Eb=0.5

FIG. 10. Minimum and maximum displacement differ-
ences in the SI direction using different modulus of
elasticity of the bronchial trees of 0.01, 0.5, and 18
MPa.
P9

Eb=0.5

Eb=18
P9

∆Eb=0.
∆Eb=18
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tient P6 exhibits uniform displacement difference in three
directions despite the fact it has large diaphragm motion in
the SI direction. Although, the largest diaphragm motion is
experienced by patient P9, it has a displacement pattern simi-
lar to that of P6 but with a lower displacement difference. It
can be concluded that the most of the extreme displacement
differences �minimum and maximum� are within the proxim-
ity of 2.5 mm gird size especially for the case of Eb changing
between 0.01 and 0.5 MPa. These differences increase for
the case of the hard bronchi with Eb of 18 MPa. However,
most of the nodes experience displacement differences
within the dimension of the dose grid as reported earlier
�98.5�2.1%, 99.3�0.9%, and 96.1�3.6% in the LR, AP,
and SI directions, respectively�.

The effect of the bronchial tree stiffness on the tumor
deformation is investigated in patients P1 and P6 based on its
position relative to the bronchial tree. The tumor in P1 is
away from the bronchi while it is surrounded by the tree in
P6, as shown in Fig. 11. Patients P1 and P6 are selected for
their similar breathing characteristics including the breathing
motion and volume change from inhale to exhale, in addition
to the similar tumor size but different tumor motion. The
average displacement difference in tumor nodes is measured
between the softest �Eb=0.01 MPa� and the hardest �Eb

=18 MPa� bronchial tree. The average difference in P1 is
0.2, 0.2, and 0.0 mm in the LR, AP, and SI direction, respec-

P1: Tumor away from bronchi P6: Tumor near bronchi

FIG. 11. Tumor location relative to the bronchial tree.

TABLE IV. The average �SD and maximum differen
nodes for different moduli �Eb� compared to Eb=0.1

Patient

Average dose difference �SD �m

Eb=0.01 MPa Eb=0.5 MP

P1 2�12 �292� 1�6 �
P2 19�31 �478� 14�27 �
P3 5�12 �135� 4�7 �
P4 7�19 �211� 6�16 �
P5 16�33 �293� 13�30 �
P6 10�27 �478� 10�24 �
P7 24�55 �1362� 24�50 �
P8 4�11 �274� 3�9 �
P9 17�31 �409� 13�21 �

P10 13�32 �442� 13�31 �
Average 12�26 (437) 10�22 (
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tively, with a maximum difference of 0.3 mm. As for case of
P6, the average differences are �0.3, �0.5, and �0.1 mm in
the LR, AP, and SI directions, respectively, with a maximum
absolute difference of 0.9 mm. Therefore, the tumor sur-
rounded by the tree is more affected by the change of bron-
chial material. However, the overall difference, and therefore
the difference in the center of mass motion of the tumor, is
very small. This is in agreement with the minor nodal dis-
placement difference illustrated earlier.

III.C. Effect of modulus of elasticity on dose
distribution

Since some local displacement differences are observed as
a result of changing the modulus of elasticity of the bron-
chial tree, dose distribution may also be affected. Therefore,
the dose delivered to the bronchial tree at the predicted ex-
hale position for each modeled modulus of elasticity is in-
vestigated. The results are compared to the dose calculated
when a modulus of elasticity of 0.12 MPa is used. The dose
distribution is compared to this modulus of elasticity as it is
the most reported property as indicated in Sec. II D. The
average, standard deviation, and maximum dose differences
at each node within in the bronchial tree between the four
moduli of elasticity and that of 0.12 MPa are listed in Table
IV. The average and maximum dose differences are at the
lowest level when compared to 0.01 and 0.5 MPa. The aver-
age percentages of the bronchial nodes with dose difference
greater than 100 cGy, a potentially clinically significant
value, are 1.9%, 1.5%, 8.3%, and 9.2% in case of Eb of 0.01,
0.5, 10, and 18 MPa, respectively. When increasing this to a
200 cGy threshold, the nodes with difference exceeding this
value decreases to 0.4%, 0.2%, 3.1%, and 3.7% in case of Eb

of 0.01, 0.5, 10, and 18 MPa, respectively. This is an indica-
tion that modulus of elasticity of the bronchial tree has little
effect on the dose distribution for the modulus of elasticity
between 0.01 and 0.5 MPa.

breathing dose accumulation of the bronchial tree
a.

between Eb=0.12 MPa and other Eb values
�cGy�

Eb=10 MPa Eb=18 MPa

3�14 �280� 3�13 �280�
43�80 �945� 49�89 �980�
14�32 �411� 16�37 �537�
19�54 �908� 21�57 �921�

44�105 �974� 50�119 �1105�
29�62 �941� 32�66 �1104�
66�132 �1839� 72�144 �1829�
8�23 �436� 9�26 �481�
52�94 �1094� 58�107 �1245�
33�74 �927� 37�83 �1035�
31�67 (876) 35�74 (952)
ce in
2 MP

ax�

a

158�
455�
116�
251�
282�
419�
834�
158�
267�
373�
331)
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IV. DISCUSSION

Modeling lungs as homogeneous or heterogeneous mate-
rial depends on the scale of deformation. In other words, if
deformation is required on the scale of alveolus, the hetero-
geneous model is required while the homogeneous model
may be sufficient for the larger scale of deformation.16 To
verify the importance of the bronchial tree on the deforma-
tion of the lung, this study is conducted using the full lung
and bronchial tree instead of segments of the airway that was
used by Tai and Lee17 and Lai-Fook and Kallok.18

The biomechanics and geometry of the bronchial tree
have been the subjects of many research projects. These
projects have investigated the bronchial tube
thickness,24,30–33 material properties,25,26,34,35 geometry,36 and
interaction with the parenchyma.37,38

The interdependence of the bronchial tree and lung paren-
chyma has attracted attention since its introduction by Mead
et al.39 The main goal is to estimate the effect of the bron-
chial tree on the overall behavior of the lung or vice versa.
Hughes et al.36 studied the relationship between the airway
deformation and rest of the lung. It is reported that the air-
way length changed by the cube root of the lung volume. The
change in length and any distortion are resisted by the paren-
chyma with different levels of force depending on the
branching angle of the tree.40 These forces are transferred by
the shear stresses at the interface between the bronchial tree
and the parenchyma where the shear modulus of the paren-
chyma is the main factor while the Poisson’s ratio of the
parenchyma has little effect.37 This gives the parenchyma a
greater role than the bronchus in controlling the compliance
of the intact bronchi.38

This role of parenchyma on the deformation of the bron-
chi may be the reason behind the conclusion made by Tai and
Lee17 where the large airway has no effect on the mean de-
formation of the sample. A similar observation may be found
in Lai-Fook and Kallok18 in the modeling of the adjoining
bronchial and arterial tubes. It is reported that although the
tubes are deformed, their deformation is limited within a
small space, as if they are competing to occupy the same
space as stated by Hogg et al.41

In light of these conclusions, the results of this study
show no significant effect of the bronchial tree on the global
deformation of the lungs, as shown in the bifurcation point
analysis. This may be related to the combined effect of re-
sponse of the parenchyma to applied deformation, and the
bronchi geometrical configurations. The effect of paren-
chyma can be seen by its ability to absorb the applied dis-
placement within a smaller distance from the diaphragm
where the largest displacement is applied. This is shown in
Fig. 12 for patient P9 with a large diaphragm breathing mo-
tion of 20 mm. On the other hand, the bronchi geometrical
configuration, such as bifurcation, can also play a role in the
deformation of the airways as mentioned by Kamm.42 In
fact, the mechanics of expanding airways inside the lungs are

“highly dependent on geometry” and not solely dependent on
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the elastic properties of the structure.29 Therefore, the bron-
chial material properties have little effect on the lung me-
chanical properties.

However, on a local level where the nodes of the elements
of the bronchial tree �an average of 38 000 nodes� are con-
sidered, there is some difference in the displacement of few
nodes associated with large increase of the modulus of elas-
ticity of the tree. This can also be found in the earlier results
of deformation of the bronchial tree at a very local level as
indicated by Lai-Fook and Kallok.18

These local displacement differences may affect the dose
distribution since few nodes experienced displacement dif-
ference larger than the dose grid of 2.5 mm. Since the per-
centage of these nodes with large difference is very low, the
dose distribution is not affected by the modulus of elasticity
of the bronchial tree.

Building on these results and experimental investigation
reported in the literature, it can be concluded that the bron-
chial tree has little effect on the overall deformation of the
lungs and, consequently, dose distribution. However, in order
to minimize the local deformation differences experienced
by few nodes, a realistic value of modulus of elasticity of the
bronchial tree is needed. Although a large range of modulus
of elasticity values are investigated in this study �0.01–18
MPa�, the most reported value for the bronchial tree is within
the proximity of 0.12 MPa,16,18,22,24,25 while the highest value
of 18 is reported for the tracheal rings.26

V. CONCLUSIONS

Effect of heterogeneity of the lungs is investigated by
including the bronchial tree attached to the parenchyma. The
lungs, including the internal tree and tumor, are allowed to
slide relative to the chest cavities by applying frictionless
surfaces. The effect of modulus of elasticity of the bronchial
tree on the deformation is examined using five values of

FIG. 12. Lung deformation from inhale to exhale for P9. The deformation is
more confined to the area near diaphragm �dimensions in cm�.
modulus of elasticity: 0.01, 0.12, 0.5, 10, and 18 MPa.
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Using bifurcation points for the model accuracy evalua-
tion, the bronchial tree has no global effect on the model
accuracy, regardless of the modulus of elasticity used for the
bronchial tree. However, the modulus of elasticity affects the
deformation of the bronchial tree on the local level which
can be reflected on the dose distribution on the tree. There-
fore, dose distribution is calculated using different values of
modulus of elasticity.

As the most reported value of modulus of elasticity of the
tree, 0.12 MPa is used to compare the dose distribution on
the tree to other values modulus of elasticity of 0.01, 0.5, 10,
and 18 MPa. In contrast to the tree with 10 and 18 MPa, a
relatively larger dose difference is found in trees with modu-
lus of elasticity between 0.01 and 0.5 MPa.

In general, the gross approximation of homogeneity of the
lungs is sufficient for deformable image registration purpose.
However, if more detailed local analysis at a smaller scale is
required, the heterogeneity may play a significant role in the
investigation.
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