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Abstract. Numerical simulation of the motion and deformation of a tumor embedded
into the liver during respiration can help locate a tumor for radiotherapy. Here, a 3D
Finite Element (FE) model is presented to simulate the behavior of the human liver during
respiration. First, the point cloud data according to Computed Tomography (CT) image
data was imported into CATIA software. Then, a spherical tumor was embedded into
di�erent segments of liver tissue in ABAQUS. A quasi-linear hyper-viscoelastic constitutive
model and elastic behavior were considered to de�ne the liver and tumor properties,
respectively. Boundary conditions were de�ned based on the di�erence between end-exhale
and end-inhale states of liver tissue. The deformation and motion of the liver tumor were
then determined in the intermediate states of breathing. Finally, the new position and the
deformed shape of the tumor were investigated, considering the increase of tumor sti�ness.
The results showed that the tumor located in the segment VII experienced maximum
displacement in the y-direction. Similarly, maximum z-displacement was observed for the
tumor embedded into segment VI, while the tumor embedded into segments II and V
experienced maximum displacement in the x-direction. Moreover, the maximum motion
took place for the tumor in segment VI.

© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

After skin, liver is the second largest gland in the living
body. It is the only organ that is able to regenerate,
or renovate, itself by producing new cells. The liver
performs many vital functions such as storing iron,

*. Corresponding author. Tel.: +98 021 61114807;
Fax: +98 21 88013029
E-mail addresses: z.matin@alumni.iut.ac.ir (Z. Matin
Ghahfarokhi); tehrani@cc.iut.ac.ir (M. Salmani-Tehrani);
mahdimoghimi@ut.ac.ir (M. Moghimi Zand)

doi: 10.24200/sci.2019.51926.2427

drug metabolism, maintaining the hormonal balance,
and producing bile to help with food digestion [1{
3]. On the other hand, liver cancer and chronic
liver disease are the leading causes of death for more
than 15000 Americans annually [3]. These impor-
tant features and high mortality rates are convincing
enough to include the liver in many biomechanical
studies.

Nowadays, the use of computer-aided surgery
technology is a signi�cant progress in surgical planning
for treating the diseases [4]. Computer-aided surgery,
known as a minimally invasive method, results in
small operative trauma in the human body, less pain,
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less blood, shorter hospitalization time, and lower
cost [5,6]. Nevertheless, a surgeon may experience some
di�culty without a direct vision of the organs. Medical
image methods, e.g., Computed Tomography scan (CT
scan), Magnetic Resonance Image (MRI), and so on,
play a major role in this technology [7]. However,
the accuracy of image-guided therapy is considerably
a�ected by tissue motion and deformation.

The breathing process is an important factor in
the movement of tissues. During breathing excursions,
the volume of the chest cavity increases, and the posi-
tions of organs close to the diaphragm are more a�ected
than structures around the lung apices [8]. Hence, the
liver deformation by breathing is a crucial factor, since
liver is in connection with diaphragm [9]. Therefore,
to precisely locate the tumor within the liver during
interventional procedures is a challenging research sub-
ject [10]. To overcome this problem, several techniques
have been used such as breath holding or taking into
account a safety margin around the tumor [11]. In such
cases, most of the patients who endure liver diseases
are old and weak and, therefore, cannot cooperate
well with the physician [12]. Therefore, considerable
studies have been conducted to help physicians improve
the treatment accuracy. Among these, Finite Element
(FE) simulation is one of the most favorite methods
that has been extensively used [13].

Nutu et al. [14] proposed and described a method-
ology to obtain the Finite Element Method (FEM)
of the lung. The proposed method is based on
the boundary condition of the lung's outer surface.
Therefore, through the application of the method, the
displacement of di�erent points within the organ during
the breathing process can be predicted. Zehtabial et
al. [15] studied the feasibility of creating a fast 3D
model for simulating respiratory lung deformation. A
similar study was also performed to provide infor-

mation on the lung-tumor motions due to breathing.
The interested readers can refer to [16] for more
information. Moreover, Lorente et al. [7] modeled the
biomechanical response of the liver tissue in real time
using the machine learning technique.

Only few studies have reported FE modeling
and simulation of organs for facilitating targeting.
Reviewing these studies reveals that none of them was
focused on studying deformation and displacement of
tumor within the liver. In this paper, a 3D FE model is
developed to simulate the behavior of the human liver
as a whole using CT image data. The main goal of this
study is to investigate the motion and deformation of a
tumor embedded into the liver during respiration. The
results of this study are important for guiding surgeons
during interventional procedures, when the liver tumor
is to be located for radiotherapy treatment.

For this purpose, four di�erent segments II, V, VI,
and VII of the liver tissue were separately considered
and studied as the tumor locations (Figure 1). The
reason for choosing these segments is that segments II
and VII are located under the diaphragm. Then, these
segments endure much displacement. Then, the tumor
motion in segments II and VII can be more than other
segments. On the other hand, segments V and VI are
located on the gallbladder and intestines, respectively.
Moreover, the boundaries of segment V are adjacent
to other parts, and we guess this proximity will cause
less tumor shape in this segment. However, it is
expected that the tumor located in segment VI will
take more shapes because this segment is compressed
by the upper parts of the intestines.

In Section 2, the biomechanical modeling and
FE simulation of the human liver are described in
detail. The results of simulations are illustrated in
Section 3. In Sections 4 and 5, the simulation results
and concluding remarks are presented, respectively.

Figure 1. Segmental anatomy of the liver [17].
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2. Materials and methods

This section is divided into two subsections. First, the
biomechanical modeling for predicting the mechanical
behavior of a human liver tissue is introduced in Sec-
tion 2.1. Next, the method used for the FE simulation
of liver is described in Section 2.2.

2.1. Biomechanical modeling of a human liver
tissue

In this paper, the quasi-linear hyper-viscoelastic model,
previously proposed by Fung [18], was adopted to
model the mechanical response of the human liver
tissue. In this model, the hyperelastic part is described
as the reduced polynomial form of the strain energy
function [19]:
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Furthermore, the time-dependent material parameters
are used to describe the viscoelastic part of the tissue
behavior. For this purpose, relaxation function, g(t),
is de�ned and introduced in Eq. (2) [19]:
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In Eq. (1), c10 (i=1,2) stand for the elastic material
parameters; I1 and J denote the �rst invariant of right
Cauchy-Green deformation tensor and the determinant
of the deformation gradient tensor, respectively. More-
over, K is the bulk modulus that characterizes the
compressibility of the soft tissue. The parameters �k
and gk in Eq. (2) indicate the times and relaxation
coe�cients, respectively.

2.2. Preparing modeling the geometry
In order to demonstrate the displacement of the tumor
in the liver tissue during the breathing process, the
whole FE model of a tumor embedded into the human
liver was created. First, the liver geometry was
obtained from the point cloud according to CT image

Figure 2. A point cloud of Computed Tomography (CT)
image data for the normal human liver.

data, represented by Suwelack et al. [20], as shown in
Figure 2.

By importing this point cloud into CATIA soft-
ware, the curved surfaces have been constructed on
the point cloud using the automatic surface option.
Then, the closed surface option was used to convert the
surface into a solid volume (Figure 3). The geometrical
model was then imported into ABAQUS software. The
mechanical properties were assigned to the FE model
of the liver, as mentioned in Table 1.

The tumor was modeled as an elastic sphere of
diameter 10 mm in the FE simulations. Table 2
presents the tumor location zone within the liver
parenchyma. The values of 8 kPa and 0.49 were
assigned to Young's modulus and Poisson's ratio of the
tumor, respectively [21,22].

In the next step, the liver was meshed using 4-
node linear tetrahedron, hybrid element (C3D4H), and
the model of the tumor consists of 1242, the 8-node
linear brick, hybrid elements. The mesh of the tumor
within the liver is shown in Figure 4.

The boundary conditions were de�ned based on
the di�erence in the position of the liver regions
in the end-exhale and end-inhale states [23]. Both
the displacement and deformation of the tumor with

Figure 3. Geometry of the �nite element model for the human liver.
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Table 1. The material parameters of the liver [19].

c10 (kPa) c20 (kPa) g1 �1 (s) g2 �2 (s)

9.85 26.29 0.51 0.58 0.15 6.89

Figure 4. The meshed Finite Element (FE) model of the
tumor within the human liver.

di�erent sti�nesses were evaluated and determined to
provide the data that can help improve the accuracy of
image-guided procedures.

3. Results

Table 3 reports the position of the tumor at the end of
the breathing period. The results show that the initial
range of x, y, and z coordinates of the tumor within the
left lobe is (71.127 to 81.127 mm), (20.3 to 30.3 mm),
and (95 to 105 mm), respectively. These coordinate

Figure 5. The displacement of the liver parenchyma in a
breathing cycle.

ranges have changed to (67.8259 to 78.0354 mm),
(3.41504 to 13.2503 mm), and (106.152 to 112.303 mm)
at the end of the breathing period.

The e�ect of tumor sti�ness is shown in Table 4.
In this table, the location of the tumor in segment VI is
investigated when the tumor sti�ness increases by a fac-
tor of 6.25. This result suggests that the tumor moves
by a value of 2.09 mm at Young's modulus of 8 kPa.

Figure 5 plots the displacement of the liver
parenchyma in a breathing cycle. As is seen, the
upper surface of the liver endures higher displacement
than other sections because of being placed under
the diaphragm. Among segments II and VII, the

Table 2. The position of the tumor within the liver.

Model no. Location in liver X(mm) Y (mm) Z (mm)

1 Segment VII �21:464 to �31:464 26.748 to 36.748 95 to 105
2 Segment VI �69:816 to �79:816 �45:887 to �55:887 95 to 105
3 Segment II 71.127 to 81.127 20.3 to 30.3 95 to 105
4 Segment V �25:802 to �35:802 �57:132 to �67:132 95 to 105

Table 3. The �nal position of the tumor within the liver.

Model no. X (mm) Y (mm) Z (mm)

1 �29:4616 to �40:4237 4.9948 to 13.8333 109.281 to 119.865
2 �71:4393 to �81:0651 �61:0469 to �70:0071 100.578 to 112.36
3 67.8259 to 78.0354 3.41504 to 13.2503 106.152 to 112.303
4 �28:5048 to �38:1829 �75:892 to �86:61464 98.1535 to 108.203

Table 4. The position of the tumor in segment VI for di�erent sti�ness rates.

Young's modulus
(kPa)

X (mm) Y (mm) Z (mm)

8 �71:4393 to �81:0651 �61:0469 to �70:0071 100.578 to 112.36
10 �71:4165 to �81:0768 �61:0249 to �70:0274 100.567 to 112.363
20 �71:3475 to �81:1072 �60:9565 to �70:0895 100.541 to 112.362
50 �71:12724 to �81:1187 �60:8723 to �70:1571 100.548 to 112.307
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Figure 6. Displacement map of the deformed tumor in
(a) segment VII, (b) segment VI, (c) segment II, and (d)
segment V.

Figure 7. Displacement of the tumor during the
breathing process.

former is highly constrained due to its contact with the
stomach and is slower in motion. Moreover, segment
VI experiences lower displacement rather than segment
V due to its location on the intestines. However, the
shape of the tumor in segment VI is large because of its
compression between segment VII and the intestines.
Moreover, Figure 6 represents the displacement map
of the deformed tumor in di�erent locations of the
liver parenchyma. In order to assess the motion
planning of the tumor, the displacement below the
tumor point located in segment VI is displayed in
Figure 7. Moreover, stress distribution through the
liver tumor is illustrated in Figure 8. In addition,
Figure 8 shows that stress is uniformly distributed.

Figure 8. Stress distribution through the liver tumor.

4. Discussions

Computer-aided technology is recognized as a signi�-
cant progress in treating liver diseases, especially for
the image-guided therapy, in which tumor motion and
deformation are required. The respiratory process is
an important challenge in locating the tumor.

In this paper, a 3D model of the tumor within
the human liver tissue was simulated using CT image
data to assess the displacement of the tumor and its
relation to breathing stages. The primary purpose is
to demonstrate how the liver tumor moves and takes
shape during the breathing process. The secondary
purpose is to investigate how the shape of the tumor
changes the increasing tumor sti�ness.

The results of this study showed that for the
tumor located in segment VII, maximum displacement
was observed in the y-direction. However, maximum
displacement for segment VI was recorded in the z-
direction and, also, occurred for segments II and V
in the x-direction. Moreover, the maximum shape
value of the liver tumor was found in segment VI.
Additionally, the tumor sti�ness did not signi�cantly
a�ect the magnitude of motion and deformation. In
the breathing stages, the tumor was displaced on a plan
based on the �rst order.

The validity of the obtained results is di�cult
because of the lack of a similar research task. However,
this method can be the basis of the 4D dynamic model
development using intermediate positions of the tumor
calculated from end-inhale to end-exhale. Knowing
this information, a physician can better determine how
tumor motion a�ects the required dose during radiation
therapy and, thus, surgeons are able to demonstrate the
tumor location.

5. Conclusions

In this work, the whole �nite element model of the
human liver tissue was simulated to target the tumor
embedded into the liver during respiration. The
tumor was located in di�erent positions of the liver
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parenchyma. This model provided a prediction of the
tumor displacement map using only one Computed
Tomography (CT) image data in the breathing stages.
This investigation can potentially help surgeons im-
prove the accuracy of targeting in the image-guided
therapy of liver cancer patients.

Nomenclature

Ci0 Material parameter, kPa
I1 First invariant of right Cauchy-Green

deformation tensor
J Determinant of the deformation

gradient tensor
K Bulk modulus
w Strain energy function
g Relaxation coe�cient

Greek letters
� Relaxation coe�cient, s
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