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Abstract: Breathing motion is a ma-
jor problem in radiotherapy of lung tu-
mors. The development of techniques to ad-
equately account for respiratory motion re-
quires detailed knowledge about breathing
dynamics. Thus, computer aided modeling
of respiratory motion gains in importance.
In this paper we present an approach to
model respiratory lung model. Main aspects
of the process of lung ventilation are formu-
lated as a contact problem of elasticity the-
ory; the corresponding boundary value prob-
lem is solved by COMSOL Multiphysics.
The influence of biomechanical parameters
on the modeling process is analyzed. Model-
ing accuracy is evaluated using 4D(=3D+t)
CT data of lung tumor patients. Differences
of inner lung landmark motion amplitudes
observed within the CT data and motion
amplitudes predicted model based are in the
order of 3 mm; the impact of the elastic con-
stants is fairly small. Results show that FE-
modeling is an adequate strategy to model
aspects of the physiology of breathing.
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ratory lung motion, 4D CT, radiotherapy

1 Introduction

Respiratory motion is main problem in ra-
diation therapy (RT) of lung tumors. To
achieve high local tumor control and low
normal tissue complication probabilities the
dose applied should be focused on tumor tis-
sue while avoiding organs at risk (normal tis-
sues influencing treatment planning and/or
prescribed dose [2]) like the lungs. This be-
comes challenging in case of lung tumors
as organs and tumors move due to respi-
ration. In recent years methods have been
developed to explicitly account for respira-
tory motion in RT such as real-time tumor-
tracking [4, @] or gated radiation therapy

[7,3]. However, the clinical use of these tech-
niques is still controversial; various authors
emphasize that further detailed analysis of
respiratory dynamics is needed [5].

A main issue within this field of research
is the process of lung motion modeling. On
the one hand it helps to to get a deeper un-
derstanding of respiratory motion itself. Re-
sulting simulations, on the other hand, can
be applied to problems of direct clinical im-
portance, e. g. to investigate the impact of
respiratory motion on the dose distribution
in organs at risk and target volumes. We
propose to use COMSOL Multiphysics to
model respiratory lung motion as a contact
problem of elasticity theory taking the phys-
iology of breathing as starting point of mod-
eling. Our study consists of two parts: First,
we analyze the impact of biomechanical pa-
rameters on the modeling process. This is
accomplished by means of a mathematical
lung phantom. The modeling approach pro-
posed allows for patient specific modeling.
Thus, as the second part of the study, we
use 4D(=3D+t) CT data of lung tumor pa-
tients to generate patient specific models in
order to evaluate the modeling accuracy.

2 Methods and Materials

2.1 Modeling approach and
governing equations

Macroscopic lung motion is mainly driven by
the process of lung ventilation. The lungs
are not moving actively. They are located
in the pleural cavity built up by the pari-
etal pleura (adherent to the internal surface
of the thoracic cavity and the diaphragm)
and the visceral pleura (adherent to the lung
surface). Both pleurae are joined together
at the root of the lung. The space enclosed
is filled with a liquid and it is subjected to
a negative pressure called intrapleural pres-
sure. Contraction of breathing muscles (di-



aphragm, outer intercostals) causes the tho-
racic cavity to expand. This in turn changes
the intrapleural pressure which acts as a sur-
face force upon the lung surface. Thus, lung
expands. During lung expansion the visceral
pleura is, due to the liquid within the pleu-
ral cavity, sliding down the internal surface
of the thoracic cavity frictionlessly.

Based on a modeling idea by Zhang et
al. [14] we model the process of lung ventila-
tion as a contact problem of elasticity theory.
A uniform negative pressure Pintrapl Tepre-
senting the intrapleural pressure is applied
to the surface I'; of an initial lung geometry
Q1 (except for the area I's of the root of the
lung which is assumed to be fixed). The ini-
tial lung geometry represents the lung at the
phase of end-expiration (EE). Intrapleural
pressure magnitude is increased gradually
starting with a zero pressure. This causes
Q1 to expand. Expansion is limited by a
geometry (o representing the shape of the
lung at a final state of breathing ({22 and
corresponding surfaces I's an I'y are consid-
ered to be fixed); in this study we choose the
final state to be end-inspiration (EI). Princi-
ple and nomenclature are illustrated in Fig-

ure [l

r limiting
F1 = geometry Q,
? initial E, >0
geometry Q, v, > 0.5
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Figure 1: Illustration of the contact problem
considered: €21 represents a lung at end-
expiration which expands due to a negative
pressure applied to the lung surface. Lung
expansion is limited by a second geometry 2
representing the lung shape at end-inspiration.

We assume lung tissue to be isotropic,
homogeneous, and linear elastic. This as-
sumption is a simplistic one but it enables
to model lung elasticity by means of general-

ized Hooke’s law. Thus, the contact problem
to be solved is given by:

Governing equations:
Vo=0 inQ
=1 (Vu+Vul +vVu'Vu) in Q
S=Ce inQ

whereas
o= (1/detF)FSFT
F=Vu+1I

Boundary conditions:
u=20 inF1UF3UF4
on= (pjntrapl + Peontact) 0 in I'

Contact conditions on T'y:

g<0

Peontact = 0
Peontact * 9 =0

where Q0 = ) U2, represents the domain in
its undeformed state,  is the domain after
deformation, u states the displacement field
which represents the estimate of the inner
lung motion field between EE and EI, and
C = C(E,v) is the elasticity tensor depend-
ing on Young’s modulus F and Poisson’s
ratio v. The contact conditions are given
by the Signorini conditions, i. e., in case of
contact between I's and I's compressive con-
tact forces peontact N are introduced in or-
der to prevent penetration (g: normal gap,
distance between I'; and I's). Large defor-
mations are considered to be possible (lung
volume changes due to respiration are in the
order of 20 % of the lung volume at EE);
thus, we consider Green-Lagrange strain e
and 2nd Piola-Kirchhoff stress S where S
and Cauchy stress ¢ are linked by the de-
formation gradient F'.

2.2 Implementation

The contact problem of elasticity theory
is solved by means of the Augmented La-
grangian method provided by the Struc-
tural Mechanics Module of COMSOL Mul-
tiphysics. The modeling process aims at
the state where the surface fg of the de-
formed initial geometry and the surface I's
of the limiting geometry nearly match. In
our study we define a volume ratio of 0.995
between Ql and 9 as the success criterion,
i. e., the intrapleural pressure is increased



until a volume ratio of 0.995 is reached. As
element type we use tetrahedrons with linear
with linear shape functions.

In previous literature there is no consen-
sus on values of the elastic constants when
modeling lung tissue to behave linear elasti-
cally [14] 12, [d]. In the first part our study
we analyze the influence of different F and v
values on the modeling process (i. e., the in-
trapleural pressure needed to reach a volume
ratio of 0.995) and resulting motion field es-
timates u. Therefore we adapt a mathemati-
cal lung phantom given by Staniszewska [10]
who proposes to represent the lung shapes
as a modification of quarters of an ellispoid.
Lung shapes are defined by the build-in CAD
tool of COMSOL Multiphysics. E and v val-
ues are varied within the scope of literature
values (E values between 0.25 and 1.0 kPa,
v ranges from 0.1 to 0.45).

To evaluate modeling accuracy we gen-
erate patient specific models. This second
part of the study is based on 4D CT data
of lung tumor patients. Given the CT data
at EE and EI we segment the lungs and
generate lung surface models by means of
the Marching Cubes algorithm [6]. After
smoothing the surface models by a Laplacian
smoother the surface models are imported to
COMSOL Multiphysics via STL files serv-
ing as geometry descriptions €27 and €.
The elastic constants are chosen according
to the results of the phantom study. Mod-

Left lung at EE (i.e. the initial, the
undeformed geometry)

eling accuracy is evaluated by comparing
simulated patient specific motion patterns
of inner lung landmarks (prominent bifur-
cations of bronchial and vessel trees within
the lungs) with corresponding motion pat-
terns as observed in the 4D CT data.

3 Results

Increasing Young’s modulus E and/or Pois-
son’s ratio v produces stiffer response to ex-
ternal forces. Thus, higher F and v val-
ues require higher values of the intrapleural
pressure to fulfill the volume ratio of 0.995
(i. e., to get the deformed initial and the
limiting geometry in close contact). Besides,
the influence of different £ and v values on
the motion field estimate u can be shown to
be fairly small: Based on the mathematical
lung phantom mean differences between cor-
responding displacement vectors are in the
order of 0.2 mm (max. differences < 1 mm).
Results are based on FE meshes consisting of
approx. 25 000 tetrahedrons; corresponding
displacement vectors are obtained by vox-
elization of ;.

Based on the results of the phantom
study the elastic constants are chosen to be
E=0.5 kPa and v=0.3 when generating the
patient specific models. In Figure [2] a pa-
tient specific lung shape at EE and the cor-
responding shape at simulated EI are shown.

Deformed left lung (i.e. lung at the final
situation, the predicted lung shape at EI)

Figure 2: Surface mesh for a left lung at EE (left) and simulated EI (right). The arrows indicate the
direction of motion. The small pictures in each right upper corner show the gap distance (red: distance
up to 20 mm; blue: almost no distance). Figure taken from [I3].
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Figure 3: Color coded visualization of the
distance of the surface points with respect to
their initial positions as simulated model-based
(in mm).

Figure 4: Visualization of inner lung
displacement vector amplitudes as given by the
FEM model, shown for a coronal view (same
color bar as in Figure [3).

In Figure [3] and [] corresponding motion
field estimates between EE and EI are visu-
alized. Discretized lung geometries of the
patient specific models consist of between
60 000 and 170 000 tetrahedrons; solving
times are between 15 and 70 min (two In-
tel Xeon dual-core processors, 16 GB RAM)
where the increment in intrapleural pressure
has been chosen to 5 N/m2. Our results
are based on a total of 12 lung tumor pa-
tients. To evaluate modeling accuracy we
identified 20 landmarks in the middle of the
lung, 15 landmarks near the lung borders
(which are the information bearing struc-
tures of the modeling process), and 10 land-
marks close to the lung tumor (if existent)
for each lung. Mean landmark motion am-
plitude is 6.6+5.2 mm (max. landmark mo-
tion is >30 mm); intraobserver variability in
landmark detection is 0.9£0.8 mm.

No systematic over- or underestimation
of landmark motion prediction is apparent
in lateral, anteroposterior, or craniocaudal
direction. The registration residual (= dif-
ference of predicted landmark motion am-
plitude and the landmark motion amplitude
as observed by manual landmark motion de-
tection) is 3.3+£2.1 mm. Only small differ-
ences in motion prediction quality appear
for landmarks in the middle of the lung and
landmarks close to lung border. This also
holds for landmarks close to the tumor and
else landmarks — except for the case of big
lung tumors (see table . As a general ten-
dency the modeling accuracy seems to de-
crease with increasing tumor size.

Registration residual in mm

Landmarks no tumor small tumor midsize tumor big tumor
in the middle of the lung | 2.8+1.5 29+1.6 4.1+£26 4.2+26
near the pleura 29+1.8 3.3+£1.7 44422 42423
close to the tumor — 3.0+15 414+2.2 6.3+3.1
mean 2.8+ 1.6 3.1+1.6 42+24 4.6 £2.7

Table 1: Registration residual values listed according to tumor size and landmark location (small
tumor: tumor volume < 14 c¢m?®; midsize tumor: tumor volume between 14 cm?® and 65 cm?®; big
tumor: tumor volume > 65 cm?; classification based on [8]).

4 Conclusions

Outcomes show that, on the one hand, the
modeling approach allows estimating lung

motion in a reasonable way: Registration
residuals obtained for the patient specific
models are in the order of corresponding val-
ues published by other authors and other



modeling approaches (see e. g. [I1]) when fo-
cusing on the lung models containing only a
small lung tumor or without tumor. On the
other hand, decreasing modeling accuracy
with increasing tumor size indicates that as-
suming lung tissue to be linear elastic, ho-
mogeneous, and isotropic could be an over-
simplifying assumption. Thus, the influence
of tumorous tissue within the lung on elastic
properties of the lung should be analyzed in
more detail on both global and local scale.
Corresponding results could be integrated
into the modeling approach proposed.
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