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Deformable image registration is an important tool for image-guided radiotherapy. Physics-model-
based deformable image registration using finite element analysis is one of the methods currently
being investigated. The calculation accuracy of finite element analysis is dependent on given
boundary conditions, which are usually based on the surface matching of the organ in two images.
Such a surface matching, however, is hard to obtain from medical images. In this study, we
developed a new boundary condition to circumvent the traditional difficulties. Finite element
contact-impact analysis was employed to simulate the interaction between the organ of interest and
the surrounding body. The displacement loading is not necessarily specified. The algorithm auto-
matically deforms the organ model into the minimum internal energy state. The analysis was
performed on CT images of the lung at two different breathing phases~exhalation and full inhala-
tion!. The result gave the displacement vector map inside the lung. Validation of the result showed
satisfactory agreement in most parts of the lung. This approach is simple, operator independent and
may provide improved accuracy of the prediction of organ deformation. ©2004 American Asso-
ciation of Physicists in Medicine.@DOI: 10.1118/1.1774131#
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I. INTRODUCTION

Deformable image registration~DIR! or nonrigid image reg-
istration provides voxel-voxel matching information betwe
mono- or multi-modality medical images. It is of importan
for adaptive radiotherapy or image-guided radiotherapy1–6

Currently DIR may be classified into two categories: ima
based and physics-model-based. Image-based DIR use
age information, such as landmarks or intensities, to find
best voxel matching between two images. Physics-mo
based DIR considers the organ as an elastic object and
ies its deformation by finite element analysis~FEA!.7–11 The
accuracy of physics-model-based DIR is determined by h
well the model simulates the real situation.

A finite element model includes material properties, g
ometry, and loadings. For DIR purposes, usually displa
ment loadings are applied directly to the surface or at in
feature point positions. Displacements of anatomical la
marks, such as blood vessel bifurcations and organ sur
corners, can be measured directly from the CT images. H
ever, the number of well-defined landmarks that can be
tinguished from medical images is limited. An insufficie
number of loading points in the model may lead to unc
tainties in the results. Some studies deform a surface el
cally first in order to match the surfaces, then use the sur
displacement to deform the body.10,11This approach does no
accurately simulate the actual physics of organ deforma
and may lead to errors even if the accurate elasticity in
mation is provided.

In this study, we used finite element contact-impact ana
sis to circumvent the difficulty of obtaining matched featu
points. This work is similar to a study by Lianget al. who
used an iterative algorithm to search for the minimum int
nal elastic energy state while maintaining the organ sha8
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However, our method is straightforward and does not requ
special FEA programming.

II. MATERIAL AND METHODS

A. Principle

During normal breathing, the pleural cavity volume i
creases by the downward movement of the diaphragm
outward movement of the ribs. The pleural cavity press
decreases whereas the inside lung pressure remains the
as outer atmosphere. Lung volume expands under the n
tive surface pressure. The lung tightly occupies the pleu
cavity all the time.

This process is simulated using finite element conta
impact analysis.12 Contact between the lung and thorac
wall is modeled using contact elements. Figure 1 shows
diagram of the contact element and the solid element.
contact surfaces are meshed with contact source elem
and contact target elements. The rigidity of the surface
adjusted by the parameters of the contact elements. Sur
contact is detected via penetration of the contact eleme
and pressure is applied on the surface based on the pen
tion. As the surface pressure gradually decreases, the
volume expands until it fully occupies the volume enclos
by the contact target surface. The voxel displacements
interpolated from the displacements of the nodes.

B. Image acquisition

Lung images at the exhalation phase and deep inspira
phase were obtained by breath holding CT scans. A spir
eter ~Medgraphics Corp, St. Paul, MN! was used to record
breathing signal during the CT scans. Using a GE Lig
Speed CT scanner with four row detectors~GE Medical Sys-
tem, Waukesha, WI!, the scan at deep inspiration phase to
24121„9…Õ2412Õ4Õ$22.00 © 2004 Am. Assoc. Phys. Med.
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about 20 s with 0.8 s gantry rotation speed. Holding breat
exhalation phase was extremely difficult for the patients. T
scan at exhalation phase was scanned with 0.4 s gantry
tion speed and finished within 10 s. Figure 2 shows the
tient’s breathing curve during CT scans.

C. Finite element model

The lungs were contoured from the CT images at t
phases using Pinnacle™ commercial treatment planning s
ware ~Philips Radiation Oncology Systems, Madison, W!.
The surfaces were reconstructed from the point clouds u
FastRBF software~Farfield Technology, Christchurch, Ne

FIG. 1. Diagram of solid and contact elements used in this study~ANSYS
Inc.!. ~a! Ten node tetrahedral solid element.~b! Contact elements.

FIG. 2. Breath holding lung CT images were obtained at two differ
breathing phases, exhalation and deep inspiration phases. The pa
breathing was monitored by a spirometer. With calibration, the spirom
signal reflects the total lung volume changes.
Medical Physics, Vol. 31, No. 9, September 2004
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Zealand!. Figure 3 shows a reconstructed lung surface rep
sented by a triangle mesh. The lung surfaces were t
imported to the finite element analysis software ANSY
~ANSYS Inc., Canonsburg, PA!. The solid lung model was
created using the surface of the lung at exhalation phase
meshed with ten-node tetrahedral solid elements. The sur
of the solid model was then meshed with contact source
ements and the lung surface at inspiration phase was me
with the contact target surface. A total of 9085 tetrahed
solid elements, 2584 contact source elements and 1692
tact target elements was used in creating the model.

The constitutive equation of lung tissue elasticity can
found in Refs. 12–16. There is no consensus in the value
the literature. In this pilot study, for simplicity reasons, th
lung was modeled as linear isotopic elastic material w
Young’s modulus E54 kPa and Poisson’s ratiog50.35. Nu-
merous options and parameters are available for contact
ments. Standard contact without friction was used in t
study. An important factor affecting the solution convergen
rate is the normal contact stiffness factor FKN. After seve
trials, we found a FKN value in the range of 0.1–1 was a
to give the optimal convergence rate and acceptable pen
tion.

D. Solution

For contact-impact analysis of models with compl
shape such as the lung, the ANSYS large displacem
solver, which uses an iterative algorithm, offers the fast
solution. Without using the large displacement solver,
solution sometimes fails to converge even if the deformat
is small.

Zero-displacement constraints were assigned on the n
of the contact target elements. Negative surface pressure
gradually applied to the solid lung surface. Lung volum
expanded due to the negative surface pressure until it fi
the space enclosed by the contact target surface.
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FIG. 3. A lung surface reconstructed from CT images.
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III. RESULTS

Figure 4 shows the initial and ending states of this p
cess. At the initial state, empty space existed between
inner solid lung surface and outer contact target surface
the ending state, most of the space was occupied by
expanded lung model. A small amount of space was still
at the edge of the lung, which was most likely caused
segmentation uncertainties.

FEA gave the displacements at nodal positions, and
voxel displacements were interpolated from the results
surrounding nodes. Figure 5 shows the displacement ve
map of the lung. The magnitude of motion varied for diffe
ent anatomical positions. The largest displacement of
lung from exhalation to deep inhalation occurred at the low
lobe with a magnitude as large as 6 cm.

For the purpose of validation, an image of the lung
exhalation phase was also obtained by 3-D image warp
using the displacement maps and the lung image at inh
tion phase. In principle, the image obtained from ima
warping should be the same as the image obtained dire

FIG. 4. The initial state~a! and ending state~b! of finite element contact-
impact analysis. The transparent mesh is the contact target surface ext
from the images of the lung at inhalation phase; the inner mesh is the
lung model created from the exhalation lung images. After simulation,
solid lung model occupied the space enclosed by the surface of the lu
inhalation phase.
Medical Physics, Vol. 31, No. 9, September 2004
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from the CT scan. Figure 6 shows the overlay of the t
images. Good agreement is obtained, especially at the lo
lobe of the lung. A small amount of discrepancy can be o
served at the top of the lung.
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FIG. 5. The displacement vectors given by finite element analysis. The
sults of DIR show the voxel displacement changing with anatomical p
tion. The lower lobe of the lung exhibits the largest displacement.

FIG. 6. The validation of DIR results by image warping:~a! Compares the
images of the lung at inhalation phase and exhalation phase. Both ar
rectly obtained from CT scans and~b! shows the images of the lung a
exhalation phase obtained by image warping and direct CT scan.
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IV. DISCUSSION

Contact-impact analysis mimics the interaction betwe
an organ and surrounding body parts. It potentially provid
more accurate prediction of organ deformation. This meth
may also be applied to other anatomical sites such as
liver and prostate. Only organ boundary image information
needed for such physics-model-based DIR, so this met
has the fewest requirements on image quality and can
employed with other imaging modalities, such as ultrasou
and PET, for which image noise makes image-based D
difficult.

Besides boundary conditions, the material elastic
model is an important factor that determines the accura
Living tissue usually shows complex elasticity properties16

For small deformations, nonlinear material properties may
approximated by a linear isotropic elasticity model. Ho
ever, the simplified material model may lead to errors
modeling of large deformation.

After flow calibration,17 the spirometer measures the to
volume change of both lungs, which was about 2l for this
particular case. The volume of the studied lung was ca
lated using the surface mesh by

V5
1

6 (
n

xWn13xWn2•xWn3 , ~1!

whereV is the volume of the lung;n is the number of tri-
angle facets; andxWn1 , xWn2 , xWn3 are the vectors to the triangl
vertices.xWn1 , xWn2 , xWn3 are in right-hand order with norma
pointing out of the volume. The lung volume changed fro
3.2 to 4.0l and increased by about 25%. For this range
deformation, lung tissue may exhibit nonlinear properti
This may be the reason for the observed discrepancy se
the top of the lung in Fig. 6. ANSYS has the capacity
simulate nonlinear hyperelastic or viscoelastic materi
which may better model the living tissues.

Finite element contact-impact analysis is a computati
ally expensive process. In this study, modeling took abou
to 4 h on adual 1.8 GHz Intel CPU Dell workstation. In spit
of the drawback, finite element analysis with the contact
ement boundary is easy to use, and it will be a valuable
in developing new treatment techniques that require defo
able image registration.
Medical Physics, Vol. 31, No. 9, September 2004
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