Technical note: Creating a four-dimensional model of the liver
using finite element analysis
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Finite element analysis and two liver CT scans were used to construct a four-dimer(@iDpal
model of the liver during breathing. A linear elastic, small deformation mechanical model was
applied to one patient to obtain intermediate organ position and shape between exhale and inhale.
Known transformations between anatomically defined subsections of the exhale and inhale liver
surfaces were applied as constraints to the exhale CT liver model. Intermediate states were then
calculated and time weighted to determine a 4D model of the liver as it deforms during the
breathing cycle. This model can be used to calculate a more accurate dose distribution during
radiotherapy. ©2002 American Association of Physicists in Medicine.
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The potential for tumor tracking as well as ventilatory ning system(UMPLAN, University of Michigan, Ann Arbor,
gating of radiotherapy requires an improved understandingl).
of dose deposition in organs that move and deform due to The liver was assumed to undergo linear, elastic, small
breathing. Both of these types of systems operate with th@eformations only. The assumed isotropic elastic model re-
use of tolerance windows, permitting some residual moveguires two material properties, the elastic modulus and Pois-
ment of organs during irradiatiol? The magnitude of per- son’s ratio. The elastic modulus of a material represents the
mitted movement is inversely proportional to the length ofrelative stiffness of the material within the elastic range and
treatment time, and also impacts the accuracy of modelef@n be determined in a lab setting by calculating the ratio of
dose. Furthermore, it may be possible to optimize radioStress to strain. Poisson’s ratio is lateral contraction per unit
therapy plans so that they are less sensitive to breathin@[-readth divided by the _Iongitudinal extensio_n per unit Iengt_h.
induced geometric variations. Toward these ends, it is useful e value for the elastic modulus was obtained from studies
to generate models of organs describing realistic changes fione by Kruseetal” The elastic modulus was calculated
position and shape, and which can be used for dose calcul°M the median shear stifiness, 3 kPa, obtained at a fre-
tions using radiotherapy treatment planning systems. Finitdu€ncy of 100 Hz. The elastic modul() is related to the

: s
element modeling and analysis tools, in routine use for engi§hear modulugG) by the relationshifE =G* 2*(1 +). The

. e . - elastic modulus was assigned a value of 7.8 kPa. Poisson’s
neering applications, may serve as a mechanism for prowae- 9

ing these model.This example case demonstrates the de_ratlo was assigned a value of 0.3, to allow for a small amount

velopment of a four-dimension&D) model of the liver that of compression,

d i | ch . h I . The exhale CT data were first converted into stereolithog-
undergoes temporal changes in organ shape as wefl as po?é'phy data that represent surfaces using triangular facets. The
tion, and could potentially be integrated with dose calcula

. ; . ‘surface facet data were then imported into a finite element
tion for radiotherapy treatment planning. , modeling software packagélypermesh, Altair Computing,
Two CT scans were acquired from the same patient undgpc Troy, MI). A tetrahedral mesh with ten node connectivity
active breathlng.contr(fl.(.)ne scan was at end-exhale and,yas created that spanned the space encompassed by the liver
one was at end-inhale. Six regions of the liver were used tQrface. Material properties were then assigned to all ele-
determine an initial estimate of the deformation between inyents in the mesh. Regions of the mesh were selected cor-
hale and exhale. Four of these I’egionS labeled Segments “, }a@sponding to the six regions of the liver described previ-
IVB, and VIl were defined from a standard anatomic refer-ously. Each region was then initially assigned a constraint
ence system Two additional regions were used to define theequal to the transformation of that region, calculated from
posterior medial and superior aspects of the liver as thesge difference in position between exhale and inhale. This
regions were observed to undergo substantial relative diszonstraint was then used as a starting point to determine the
placements. The magnitude of displacements at these regiongtimal transformation to create a model of the inhale posi-
were determined using a three-dimensional treatment plartion that most closely matched the actual patient inhale po-
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Fic. 2. Modeled inhale position shown in white, actual patient liver at inhale
shown in black.

inhale to generate its intermediate position. Six intermediate
states are shown he(Eig. 4). A 4D model of the liver was
determined by weighting the intermediate states of the liver
according to measured free-breathing time coufsts.the
liver deforms from the exhale state to the inhale state, the top
of the liver moves caudally toward the bottom of the liver.
The top of the liver, specifically region VIII, flattens as the
liver moves from exhale to inhale. This is due to the contri-
butions of the diaphragm that contracts during inhale and
acts as a driving force and the apparent elasticity of the liver
in this patient. The liver also increases in medial-lateral
width as the top of the liver moves in the cranial-caudal
direction. The volume of the liver was reduced by 0.93%

Fic. 1. (a) AP view of the liver at end-exhale with regions and displace- from exhale to inhale.
ments.(b) Lateral view of the liver at end-exhale with regions and displace-
ments.

sition. After several iterations, final transformations were de-
termined for the six regiongFigs. 1(a)and 1(b)]. Finite
element analysiFEA) software(Abaqus, Hibbitt, Karlsson,

and Sorensen, Inc, Pawtucket, Rlas used to determine the
displacements, stresses, strains, and reactive forces at each
node in the mesh, essentially completing the modeling of
displacement of foci that were not directly measured for in-
put.

The modeled inhale liver created from FEA and the actual
inhale liver from the CT data were qualitatively compared
(Fig. 2). Both the shape and position were evaluated to en-
sure sufficient information was provided for the transforma-
tion. A displacement map was constructed to display the
transformation of all liver points, including those not prede-
termined by the constraint&ig. 3).

Intermediate states of the liver were then constructed us-
ing the finite element modeling software. Each node wags. 3. pisplacement map of end exhale liver to modeled end inhale posi-
moved fractionally along its predicted path from exhale totion. Displacements are vector magnitudes and are reported in centimeters.
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adjacent normal organs during radiation therapy. It is also
possible that the bounded states of inhale and exhale may be
used to solve for the elastic modulus of subsections of the
liver, thus permitting more accurate modeling of individual
patients who may have varying disedaad elasticity of the

liver (e.g., cirrhotic livers). Using standard engineering tools
such as FEA software not only allows for rapid generation of
deformable models, it also permits investigation of more
complex biomechanical behavior, such as viscoelasti€ity.
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FiG. 4. Six intermediate states of the liver from end exh@leto end inhale ) ) ) ]
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