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Abstract

In this work, we proposed a novel computer modeling and simulation technique for motion tracking of lung bronchi (or
tumors) under respiration using 9 cases of computed tomography (CT)-based patient-specific finite element (FE) models
and Ogden’s hyperelastic model. In the fabrication of patient-specific FE models for the respiratory system, various organs
such as the mediastinum, diaphragm, and thorax that could affect the lung motions during breathing were considered. To
describe the nonlinear material behavior of lung parenchyma, the comparative simulation for biaxial tension-compression
of lung parenchyma was carried out using several hyperelastic models in ABAQUS, and then, Ogden’s model was adopted
as an optimal model. Based on the aforementioned FE models and Ogden’s material model, the 9 cases of respiration
simulation were carried out from exhalation to inhalation, and the motion of lung bronchi (or tumors) was tracked. In addi-
tion, the changes in lung volume, lung cross-sectional area on the axial plane during breathing were calculated. Finally,
the simulation results were quantitatively compared to the inhalation/exhalation CT images of 9 subjects to validate the
proposed technique. Through the simulation, it was confirmed that the average relative errors of simulation to clinical
data regarding to the displacement of 258 landmarks in the lung bronchi branches of total subjects were 1.10%~2.67%.
In addition, the average relative errors of those with respect to the lung cross-sectional area changes and the volume
changes in the superior-inferior direction were 0.20%~5.00% and 1.29~9.23%, respectively. Hence, it was considered
that the simulation results were coincided well with the clinical data. The novelty of the present study is as follows: (1)
The framework from fabrication of the human respiratory system to validation of the bronchi motion tracking is provided
step by step. (2) The comparative simulation study for nonlinear material behavior of lung parenchyma was carried out
to describe the realistic lung motion. (3) Various organs surrounding the lung parenchyma and restricting its motion were
considered in respiration simulation. (4) The simulation results such as landmark displacement, lung cross-sectional area/
volume changes were quantitatively compared to the clinical data of 9 subjects.
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Introduction

The number of patients with lung diseases has been increas-
ing rapidly in recent years due to the aging population,
COVID-19, viruses, and air pollution. In addition, the
development of medical devices has led to the widespread
adoption of minimally invasive surgery (MIS) using endo-
scopes such as bronchoscopy and thoracoscopy. One of the
most important aspects of minimally invasive surgery is
to accurately identify where the lung lesion moves during
patient breathing (during bronchoscopy) and lung contrac-
tion (during thoracoscopy) [1, 2].

Various studies have been proposed to accurately identify
the location of lung lesions that change frequently. Radio-
active chemical injection and water-soluble chemical injec-
tion are the representative examples. These are very useful
methods, but there are some fatal disadvantages. That is,
in the case of the former, excessive radiation exposure to
patients and medical staff is caused by the need to use CT
frequently during surgery [3, 4]. In addition, in the case of
the latter, there is a high possibility of missing the location
of the lung lesion during surgery due to the high diffusion
speed of the injected material [5-9].

Alternatively, studies have been conducted on tracking
the location of lung lesions using computer modeling and
simulation [10-17].

The studies used CT or MRI data to model the lungs
using various programs, such as Insight Toolkit, Mesh-
Mixer, Mimics, and 3D Slicer. Then, the parameters of the
lung material were selected using elastic and hyperelastic
materials for each organ. The finite element mesh was cre-
ated using tetrahedral and hexahedral elements with Hyper-
Mesh, IA-FEMESH, Ansys Mesh, and TetGen software.

Both contact conditions between the lung parenchyma
and surrounding organs were used, and boundary conditions
were applied to various locations of the trachea, lung, and
rib. Loads were defined by applying PV curves or negative
pressure during lung inhalation and exhalation [18]. The
analysis conditions were linear, nonlinear finite element
models, inverse finite element models, and inverse nonlin-
ear finite element models. Finally, the verification method
was to create landmarks on the target organs using 3D-CT
and FEM, 4D-CT and FEM, and to qualitatively and quanti-
tatively clinically verify the deformation distance, position,
movement, vector error, and volume error.

However, their papers mainly analyzed the behavior of
the lung parenchyma. The contact conditions with the sur-
rounding organs (diaphragm, ribs, mediastinum, and pulmo-
nary vessels) were not considered. The material properties
of the lungs were assumed to be elastic and hyperelastic.
And the results and clinical verification were not described
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in detail step by step, from the modeling of the human respi-
ratory system to the verification of bronchial movement
tracking.

Therefore, in this paper, we propose a new computer
modeling and simulation technique for tracking the move-
ment of the lung bronchi (or tumor) during breathing using
patient-specific finite element (FE) models based on CT
scans and hyperelastic models. This technique is designed
for successful minimally invasive surgery (MIS). We also
validate the accuracy of FEM by comparing it with clinical
data.

The originality of this study is summarized as follows:
(1) early diagnosis of lung diseases, (2) accuracy of lung
tissue behavior, (3) consideration of more factors, (4) details
on each step and validation. This is a new approach that has
not been seen in other similar studies.

First, we developed a biomechanical model of the human
lung by predicting the changes in respiratory motion of the
bronchi (or tumor). This model can be used to early diag-
nose lung diseases. It can be quickly diagnosed and imple-
mented at the patient’s bedside. In other words, it will be
used as a diagnostic tool [19].

Second, we performed respiratory simulation of the
human body lung based on a hyperelastic constitutive model
and compared the results with clinical data. That is, in order
to simulate the material behavior of the human lung, which
exhibits hyperelastic material properties, we used various
hyperelastic constitutive models, such as the Mooney-Riv-
lin, Ogden, Van der Waals, neo-Hooke, Yeoh, polynomial,
and reduced polynomial models. Based on this, we deter-
mined the material parameters by adopting a constitutive
model that best simulates the biaxial tension-compression
diagram of the body lung reported in the literature [20].

Hyperelastic material models were used based on the
experimental test data made by Zeng et al. Fifteen models,
including experimental data, were evaluated as the strain
energy (Fig. 2). In this paper, we used the Ogden N6 model,
which is most satisfactory for stability and the least squares
method.

Third, a model that considers all contributing factors,
including the patient’s specific material properties, shape,
load, and boundary conditions, is needed for accurate track-
ing of lung deformation [21]. In this study, a model that
included all of the following organs, which had not been
considered previously, was considered. Among the factors
involved in pulmonary respiration, this study considered
the rib, mediastinum, and diaphragm and the heart, vari-
ous tissues, and blood vessels and applied transpulmonary
pressure that had the greatest effect, that is, the differential
pressure between the bronchi and alveoli. Considering these
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Fig. 1 (a) Computational framework patient-specific modeling procedure of three-dimensional (3D) geometries and finite element validation
method for human respiratory system; (b) Schematic of the inhalation and exhalation procedure in the human respiratory system
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Fig. 2 15 cases hyperelastic material models were evaluated for strain energy, including simulated experimental data

factors, results of lung deformation were presented as quan-
titative values for each location through the comparison of
computed tomography (CT) and FEM results.

Fourth, using CT data, a 3D model was extracted during
inhalation and exhalation. The model was created using the
surface interpolation technique, which enabled numerical
analysis within the actual and minimal error ranges. Physical
property values were defined based on the results of existing
tensile experiments on the human lung and bronchi [20].
Fifteen types of isotropic hyperelastic models of the lung
parenchyma and elastic properties of the bronchi were used.
The data model that most consistently matched the stabil-
ity and curve-fitting results was selected. Each element was
created as a four-node linear tetrahedron C3D4. To ensure
the accuracy of the boundary conditions and loads, transpul-
monary pressure, which is the largest measure for specific
patient classification and an important index of pulmonary
respiration, was defined as a time load condition according

to respiratory pressure. The analysis method was the inverse
nonlinear FEM method. This method was used after over-
lapping the CT data and simulation results of real human
lungs [22]. The accuracy of the lung deformation simulation
was verified by comparing the area, volume, and specific
person’s lesion bronchi trajectory with landmark points and
plane slices for quantitative and qualitative errors during the
inhalation and exhalation phases of the lungs [Fig. 1(a)].
Therefore, we further verified the usefulness of this tech-
nique for predicting the location of lung lesions through
a mathematical model-based finite element analysis that
predicts the physical behavior of lung respiration. Finally,
through clinical verification, we attempted to perform a
rapid and accurate minimally invasive surgery using lesion-
location tracking.
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Table 1 Nine Selected patient models from Segment Statistics at the End of Exhalation [23]

End of Exhalation (EE) Image dimension Number of voxels [voxels] Surface area [mm?]
Subject no. Gender 512x512 pixels, CT FEM CT FEM
Casel M 0.7657%0.7657 mm 3,276,836 3,656,222 154,015 171,507
Case2 F (In-plane pixel) 1,373,182 1,502,589 107,703 116,509
Case3 M 2,787,532 3,115,214 215,985 176,705
Case4 M 1,467,890 2,018,560 162,462 153,770
Case5 M 1,755,663 1,624,783 180,655 144,746
Case6 M 3,628,030 3,121,571 286,269 214,621
Case7 F 2,454,117 2,483,207 186,080 139,919
Case8 M 1,272,570 1,398,171 166,262 148,465
Case9 M 154,521 1,425,773 161,453 125,472
Methods Table 2 Material Properties of respiratory system [25-29]
Hyper-elastic Lungs

In general, soft tissues under loading have a nonlinear ~ Ogden M1:2.801 Al: 1.827 D1:0.289
stress-strain relationship related to the application of finite N=6 MI: -3.480 Al:2.393 DI:0
elasticity. Previous studies by Carter et al. and Werner et al. MI: 1.135 Al:2.918 D1:0
have shown that the physical material elastic properties of MI:1.396 Al:-3.631 D10

. . . . s MIl: -1.304 Al:-6.082 DI1: 0
lung tissue can be mainly modeled using the linear Hooke’s

. . . . . MI1:0.167 Al:-7.007 DI1: 0
Law, which describes the linear relationship between force . . .
. R . Elasticity Trachea Mediastinum Rib

(stress) and deformation (strain). Howe.:ve.r, Pinart, Freed et 5 kPa 5.87% 103 5000
al. recently reported that the Mooney—Rivlinmodel (Mooney | 044 04 04

1940) is appropriate for describing the viscoelasticity of the
lungs [12]. In their study of 14 lung cancer patients, they
found that almost all of the deformations were concentrated
in the lower and middle lobes of the lungs, and quickly dis-
sipated within a short distance from the border surface of
the diaphragm and lungs. A similar deformation pattern was
also observed in a study of 152 lung cancer patients [18].
In this study, simulations were conducted from inhala-
tion to contraction during exhalation. A large deformation
occurred during contraction from inhalation to exhalation.
The sex, image dimensions, number of voxels, and surface
area of the CT image of nine selected patients at the end of
exhalation are shown in Table 1. There were two women and
seven men. The image dimensions were 512 mm X 512 mm.
The 3D segments of the CT image before simulation and
FEM after simulation were compared and quantified. The
CT and FEM data showed similar values proportionally,
without significant differences. Hyperelastic material mod-
els were used based on the experimental test data made by
Zeng et al., with a Poisson’s ratio (v) of 0.43 [21]. Data
curve fitting was performed using finite element software
package (Abaqus 2020, Dassault Systems, USA) to evaluate
the hyperelastic material behavior with strain energy. Fif-
teen models were evaluated for strain energy. These models
included experimental data. (Fig. 2). There were 11 unstable
models. Four stable models matched the curve-fitting results
with experimental values: Polynominal N=1 (Mooney—
Rivlin), Ogden N=1, Ogden N=2, and Ogden N6. Addi-
tionally, when the nominal strain value of each graph was
0.5 or higher, the most consistent models for curve fitting

@ Springer

with the test data in the curve where the nonlinearity rapidly
occurs were Ogden N=3, Ogden N=4, Ogden N=35, and
Ogden N=6.

As aresult of the calculation by the least squares method,
the Ogden N =6 model had the smallest least squares value.
Therefore, in this paper, we used the Ogden N6 model,
which is most satisfactory for stability and the least squares
method. Additionally, the elastic modulus and Poisson’s
ratio were used as elastic materials for the properties of the
bronchus on the basis of previous studies (Table 2) [21].

Anatomy and physiology of lung respiration

Breathing is divided into inhalation and exhalation. Inhala-
tion is called active movement because it is based on muscle
contraction (diaphragm) involved in the inhalation move-
ment, and exhalation is called passive movement because it
occurs during the relaxation of the external intercostal con-
traction during exhalation.

The diaphragm, which has the greatest influence on
breathing, has the main role of repeating contraction and
relaxation to control the size of the thoracic cavity and
change its internal pressure to enable breathing. During inha-
lation, it contracts and moves down, increasing the volume
of the thoracic cavity and reducing internal pressure. This
inflates the lungs where atmospheric pressure acts. On the
other hand, during exhalation, it relaxes and moves upward.
As aresult, the volume of the thoracic cavity decreases and
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the internal pressure increases, which is higher than atmo-
spheric pressure. This pressure is called transpulmonary
pressure, and it forces air out of the lungs [Fig. 1 (b)] [24].

Implementation of lung biomechanical modeling

To obtain accurate results for finite element analysis, a 3D
model of the lungs, bronchi, mediastinum, and ribs in the
chest is required. A 3D model was extracted with 420 slices
using a CT image processing program (3D Slicer Image
Computing Software, USA) from nine experimenters before
and after respiration using a medical image storage system
(Picture Archiving and Communication System, Siemens).
Images were collected and exported in accordance with the
Digital Imaging and Communication in Medicine (DICOM)
protocol. The parameter configuration for the CT scan was
as follows: 18 s scan, 100 kV tube voltage and automatic
tube current of 128 mA. The generated Stereolithographic
file (STL) was loaded into the Autodesk Meshmixer to
recover the non-dimension geometry [30, 31]. The extracted
3D model had a rough surface and was sporadically abnor-
mal due to low image resolution. To solve this, we filled the
holes and smoothed the surface. For the finite element anal-
ysis, the 3D models must be converted into finite element
meshes (FEMs). Because mesh elements have a significant
effect on the accuracy, convergence, and speed of calcu-
lations, a more appropriate number of elements and non-
uniform rational B-spline (NURBS) models are required. A
3D geometrically simplified shape with an anatomical form
is also needed to prevent an overlapping area of elements
[32]. Figure 3(a) shows a representative FE mesh element
model among the experimenters. A 3D model was created
using a program for mesh element work (Meshmixer 2017,

Fig. 3 (a) Load, boundary,

and contact conditions of the
respiratory system, including
the rib, lung, mediastinum, and
diaphragm; (b) Transpulmonary
pressure measurement curve
using spirometry experiment;
Exhalation (0-2 s), Inhalation
(2-55s)
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Autodesk, USA) and (HyperMesh 2019, Altair, USA). Con-
sidering the many curvatures of the lungs and bronchi, the
type and number of elements most suitable for the shape
were applied. As a result of referring to many biomechanical
simulation studies, tetrahedral elements were determined to
be more appropriate than hexahedral elements [Fig. 1(a)]
[33, 34].

Loading and boundary conditions

Among the factors involved in pulmonary respiration, this
study considered the rib, mediastinum, diaphragm, heart,
various tissues, and blood vessels, and applied transpulmo-
nary pressure, which had the greatest effect, that is, the dif-
ferential pressure between the bronchi and alveoli. The goal
was to verify the amount of deformation applied to the lung
by applying a load to the external surface and understand
the movement of the lung bronchi (or tumors).

In Fig. 3(a), using Abaqus 2020 (Dassault Systemes,
USA), a finite element commercial program, the X, Y, and
Z axes were restricted from rotation and translation in the
BC-1, which is the upper part of the trachea. In the BC-2
region, contraction and relaxation, similar to small cym-
bals, were observed on CT imaging. The Z-axis rotation and
translational motion were constrained to be possible, and
the X and Y axes were constrained to prevent rotation and
translational motion.

Contact conditions were imposed on the mediastinum
and lungs, and between the rib cage and lungs, with friction-
less contact conditions, so that the movement of the rib cage
and mediastinum during respiration can be known. As in the
surface of the lungs in Load-1, when the load on the lungs
is fully inflated, a maximum of 10 (0.98 [kPa]) pressure is
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applied to the entire outer surface except the diaphragm for
a total of 5 s under the assumption of normal breathing as
in Fig. 3(a) and (b), exhalation for 0-2 s, and inhalation for
2-5 s. In Load-2, the load on the part with the diaphragm
was applied by acquiring the displacement of the diaphragm
in the exhaled state on the CT scan of each experimenter.

The full Newton static analysis, which is a numerical
analysis method, was used to obtain the Abaqus/Standard
nonlinear equilibrium equation solution, and because the
lung has a large deformation, a nonlinear large deformation
model was used. Elements of the trachea were smaller than
those of the lung parenchyma, therefore, they were desig-
nated as master and slave surfaces, respectively. The simu-
lation took 43 min of analysis time on a workstation with 64
cores and 128 threads.

Results

The clinical data CT model and simulation analysis results
of the FEM were quantitatively and qualitatively verified.
After constructing an FEM as [Fig. 4(a)] using the end-
exhalation (EE) and the end-inhalation (EI) lung CT of nine
experimenters, the volume of the lung and mediastinum was
deformed according to the transpulmonary pressure, the
ribs supporting the lung by the diaphragm, and the surface
pressure. The lungs were also deformed by contact with the
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Fig. 4 (a) Result of specific human biomechanical finite element
method simulations; lung and mediastinum deformations during the
whole respiratory breathing for Cases 2, 4, and 8; (b) Lung FEM simu-
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mediastinum. In addition, the exhalation state was imple-
mented, and the change in displacement resulting from time
and lesion tracking was evaluated. Furthermore, to verify
the proposed method, the simulation results of the series
were quantitatively and qualitatively compared with the
exhaled state and lung CT images. Several landmarks were
placed on the lung lesion bronchi to indicate the movement
of the lesion during lung respiration [35].

Finite element analysis results (displacement and
vector field)

The simulation results obtained by inputting the mate-
rial properties, load, and boundary conditions were ana-
lyzed using the finite element discretization equation and
expressed as a displacement vector (U). The displacement
field and amount of deformation could be viewed quanti-
tatively. Figure 4(b) shows the human lung in Case. 3. The
displacement of the vector field result can be seen, with
the arrows indicating the final positions and directions of
all nodes of the finite elements after the simulation was
completed. The length of the arrows is proportional to the
displacement vector coefficient. When exhalation was com-
plete (complete contraction), the upper lobe of the lung
hardly moved, and deformation occurred mainly at the bot-
tom of the diaphragm. As a result of the FEM simulation
analysis by creating landmarks (RL: right lower, LL: left

Superior- Inferior (SI) view

(b)

Magaitude

Anterior-Posterior (AP) view

Magaitude

——

!
L]
E
.

-

Step 1 Step 2 Step 3 Step 4

Magaitude

—— -

—- -

—

Step § Step 6 Step 7 Step 8
Case. 7

(c)

lation vector field result of Case 3; (¢) Qualitative analysis of human
specific biomechanical simulation; lungs bronchi (tumor) landmark
deformations during the Os ~2s of breathing for human case. 7



Physical and Engineering Sciences in Medicine (2023) 46:1741-1753

1747

Table 3 Lung Lobes of the specific patient, the number of landmarks,
element number and simulation time result

Subject no Number of Element Com-
landmarks putation
time
Casel RL 29 246,783 20 min
Case2 RL 28 1,045,295 60 min
Case3 RL 31 868,267 51 min
Case4 LL 30 403,689 28 min
Case5 LL 28 596,615 31 min
Case6 RL 33 499,492 30 min
Case7 LL 29 511,069 30 min
Case8 LL 28 741,115 42 min
Case9 LL 22 615,616 38 min

lower) in the lungs of nine humans, the number of land-
marks and nodes (triangles), computation time, and supe-
rior-inferior direction mean displacement of the diaphragm
are shown in Table 3. The maximum displacement of the
diaphragm can be confirmed on the right-posterior (RP) and
left-posterior (LP) sides. It is also possible able to notice RP
side movements that are slightly larger than LP side move-
ments, consistent with physiological anatomy.

Landmarks evaluation at end of inhalation (El) and
the end of exhalation (EE)

The proposed FEM biomechanical simulation model was
validated in eight steps between the EI and EE states for the
location of bronchi (or tumor) and lung deformation by the
mediastinum and diaphragm. Among the numerical analysis
conditions of the nine human models, the tumor location of
Cases 1, 2, 3, and 6 was right lower (RL) and that of Cases 4,
5,7, 8, and 9 was left lower (LL). The number of landmarks
was 22~33 points; elements, 4,036,890~ 1,045,295; and
the calculation time of each model was at least 20 ~ 60 min
(Table 3). As shown in Fig. 4(c), a region in which tumors
are likely to occur is indicated in Case 7’s model. The results
of the expiratory finite element method (FEM) analysis
were subjected to CT and compared with the coordinates

Table 4 Average landmark lung error analysis result

of the lung bronchi. As a result, as shown in Table 4, the
three-direction (left/right [L/R], superior/inferior [S/I], and
anterior/posterior [A/P]) displacements and errors of the CT
and FEM simulations of all case models were calculated. In
particular, Fig. 5(a) show the displacement in the L/R, S/I,
and A/P directions of how much the FEM-simulated tumor
in the EE state moved from the existing tumor coordinates
on the CT in the EI state of Case 7. Therefore, as a result of
evaluating the nine cases in a similar manner, the displace-
ment in the S/I direction was the largest, followed by A/P
and L/R. The error was the lowest in the S/I direction, fol-
lowed by the L/R and A/P directions. In conclusion, the CT
model and FEM simulation model were consistent between
1.1 and 2.67%.

Overlap of 3D model results of CT and FEM

The results of the FEM 3D model overlapped with the CT
3D model and quantitative verification method are as fol-
lows: Fig. 5(b) shows the cross-sectional view (L/R, S/I, and
A/P) of the 3D model results of the CT and FEM simula-
tions of the contractions to the end of exhalation from Case
1 of 9 cases. The 3D models were overlapped and offset by
28.6 mm in a total of five layers to the upper and lower parts
of the lung.

Figure 5(c) shows the superior-inferior cross-sectional
area of C1 through C5. The left ellipse of each figure is the
right human lung, the right is the left lung of the ellipse, and
the small circle between them is the bronchus. The measured
results showed the sex of each case, volume at full inspec-
tion (L), volume at full expiration (L), and volume error (%)
(Table 5). The CT and FEM models before the simulation
had identical volumes, with a mean (standard deviation) of
4.83 (0.68). The volumes of the FEM and CT models after
the simulation (standard deviation) were 2.33 (0.56) and
0.48, respectively. Finally, the volume error of the CT and
FEM overlap models was between 1.29 and 9.23%, with an
average of 6.14% and standard deviation of 2.83.

Subject no. CT mean Simulation Error

Displacement (mm) Mean displacement (%)

L/R A/P S/T L/R A/P S/1 L/R A/P S/1
Case 1 RL 3.38 8.59 38.70 3.40 8.62 38.00 0.5 0.3 1.8
Case 2 RL -14.80 0.48 27.39 -14.50 0.50 28.01 2.0 4.1 22
Case3 RL -5.93 15.10 27.90 -5.91 15.55 27.6 0.3 29 1.0
Case4 LL 0.42 9.50 35.89 0.40 9.35 34.95 4.7 1.7 2.6
Case5 LL 13.74 -1.27 23.7 13.57 1.22 23.6 1.2 3.9 0.4
Case6 RL 8.84 11.65 31.59 8.74 12.01 31.52 1.1 3.0 0.2
Case7 LL 6.35 16.25 39.82 6.42 16.55 39.99 1.1 1.8 0.4
Case8 LL -5.89 3.52 35.23 -5.59 3.42 34.97 5.0 2.8 0.7
Case9 LL -4.66 10.36 78.59 -4.52 9.98 78.05 3.0 3.6 0.6
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Fig.5 (a) Comparison and measurement of biomechanical finite element simulation results in the exhalation state and CT in the inhalation state;
(b) CT and FEM 3D Model Overlap; (¢) L/R, A/p, S/I direction slice view

Table 5 Volumetric analysis result

Subject no. Gender Volume at full inspiration (L) Volume at full expiration (L) Volume error (%)
CT/FEM CT FEM CT/FEM

Casel M 5.33 3.10 3.14 1.29
Case2 F 3.57 1.64 1.78 8.53
Case3 M 5.44 2.72 2.87 5.51
Case4 M 5.51 1.95 2.13 9.23
Case5 M 4.92 2.48 2.30 7.25
Case6 M 4.92 3.29 3.10 5.77
Case7 F 3.99 222 2.25 1.35
Case8 M 5.53 1.95 2.12 8.71
Case9 M 425 1.70 1.83 7.64
Mean (SD) 4.83(0.68) 2.33(0.56) 2.39(0.48) 6.14(2.83)

Quantitative and qualitative validation
Histogram of landmark relative error distributions

To evaluate the effect of the rib, mediastinum, and diaphrag-
matic kinematics on lung bronchi (or tumor) movement, CT
images of two selected individuals (Cases 2 and 4) were
verified according to the modeling procedure in Fig. 1. Bio-
mechanical model Cases 2 and 4 took landmarks in the EI
state, simulated them in the EE state, and verified them with
the CT images. Figure 6(a) and (b) show the simulation
results for the individuals in Cases 2 and 4, respectively,
taking 28 and 30 landmarks in the right lower (RL) and left
lower (LL) lobes. After comparing the CT mean displace-
ment (mm) of Cases 2 and 4 in Table 4, it was possible to
calculate the error (%) values in the left/right (L/R), ante-
rior/posterior (A/P), and superior/inferior (S/I) directions.

Specific pulmonary parenchymal trajectory

To confirm the location of the lung bronchi (or tumor) at
each step of the simulation, the landmark coordinates on the
branch of the bronchioles on the CT scan were moved to
the node coordinates in the FEM program. Changes in lung
bronchi (or tumor) motion were also assessed. Figure 7(a),

@ Springer

(b), and (c) showed the displacement motion of a 29-node
lung bronchi (or tumor) in the left/right (L/R), anterior/
posterior (A/P), and superior/inferior (S/I) directions. As
shown in Table 4, the average displacements of the simula-
tion results were L/R: -5.91, A/P=15.55, and S/I: 27.6 mm.
Compared with the CT mean displacement data, the errors
were 0.3%, 2.9%, and 1.0%, respectively. When the lungs
contracted, due to transpulmonary pressure (EE), the dis-
placement in the A/P direction was the most inaccurate, fol-
lowed by the S/I and L/R directions.

Volumetric and relative error (cross-sectional area)

CT and FEM 3D overlap models showed that the volumes
at full inspiration (L) and expiration (L) were measured in
Table 5. To quantitatively verify the superior-inferior cross-
section, cross-sections were made and quantified as (C1-5)
in Fig. 5(b). The correlation between the volume data in
Table 5 and the area data in Fig. 5(c) was identified. As a
result of the calculation in Fig. 8(a) and Table 5 (Case 1), the
volume at full expiration (L) of the CT model was 3.1 L and
the simulated FEM model was 3.14 L, which had the most
accurate error of 1.29%.

The area errors of the upper lobes (C1-2) of the left lung
were 22.18% and 6.51%, respectively. The middle lobe (C3)
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was 3.61%, and the lower lobes (C4-5) were 4.23% and
17.25%, respectively. The upper lobe of the right lung (C1-
2) showed 16.75% and 6.52% errors, the middle lobe (C3)
showed 3.17% errors, and the lower lobes (C4-5) showed
6.67% and 10.20% errors, respectively. The total mean rela-
tive area error was 8.66% and 10.75% for the right and left
lungs, respectively.

As a result of the calculation in Fig. 8(b) and Table 5
(Case 4), the volume at full expiration (L) of the CT model
was 1.95 L and the simulated FEM model was 2.13 L, which
was the most inaccurate error of 9.23%. The area errors of
the upper lobes (C1-2) of the left lung were 8.78% and

2.17%, respectively. The middle lobe (C3) was 10.63%, and
the lower lobes (C4-5) were 0.54% and 17.73%, respec-
tively. The upper lobe of the right lung (C1-2) showed
10.45% and 0.66% errors, the middle lobe (C3) showed
4.68% errors, and the lower lobes (C4—5) showed 1.49% and
1.61% errors, respectively. The total mean relative error was
3.77% and 7.97% for the right and left lungs, respectively.

As a result of the calculation in Fig. 8(c) and Table 5
(Case 6), the volume at full expiration (L) of the CT model
was 3.29 L and the simulated FEM model was 3.1 L, which
had a median error of 5.77%.
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The area errors of the upper lobes (C1-C2) of the left
lung were 9.79% and 6.65%, respectively. The middle lobe
(C3) was 5.70%, and the lower lobes (C4-5) were 10.43%
and 15.72%, respectively. The upper lobe of the right lung
(C1-2) showed errors of 7.39% and 1.68%, the middle lobe
(C3) was 1.43%, and the lower lobes (C4-5) were 0.98%
and 4.45%, respectively. The total mean relative error was
3.18% and 9.65% for the right and left lungs, respectively.

Therefore, the relative error of the left lung was larger
than that of the right lung. This indicates that deformation
occurs as the lungs contract with boundaries and support,
owing to the influence of the heart and liver. The relative
error showed a significant difference in the upper and lower
lobes of the lung, with the largest error observed in the upper
lobe. Additionally, the trachea deforms as the lungs expand,
and accordion-like elongation and contraction phenomena
were also identified in the CT and FEM results. Finally,
regarding the correlation between the cross-sectional data
of the lung and volume data, it was found that the larger the
error of the volume, the larger the relative error of the area.
It was found that a proportional relationship exists.

Discussion

In this study, it was difficult for clinicians to determine
the location of lung lesions that perform complex breath-
ing movements during minimally invasive surgery [36].
Therefore, to predict in advance, a specific model from CT
was taken, the physical properties of the human lung were
applied, and the FEM based on the analysis results was
compared and verified with CT data to define the landmark
relative error distribution, specific person’s lesion trajectory,
and volumetric relative errors.

The results of these simulation data can be used to extract
3D models of the pulmonary anatomical structure that are
suitable for decision-making and preoperative simulation
in various lung disease surgical procedures [37]. It is also
possible to predict the movement of the area of interest.
Recently, dynamic 3D-CT technology (Synapse Vincent,
Fuji Film Co., Ltd., Tokyo, Japan) has been developed and
introduced in the field of thoracic surgery [38]. This technol-
ogy provides high-speed, high-quality 3D images that help
surgeons to more accurately understand the lung structure
and plan the surgery. In addition, 3D navigation tool can be
used to accurately segment structures, preserve interlobar
veins, remove target tissue, and secure surgical margins dur-
ing the surgery [39].
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The following are clinical cases that have successfully
used this technology to guide surgery or treatment of lung
diseases:

e Lung cancer resection: The journal of Thoracic Disease
in 2017, Duilio Divisi et al. used 3D MIS to guide the
resection of lung tumors in 10 patients. The research-
ers found that the 3D MIS technique was able to accu-
rately identify the location and extent of the tumors, and
it allowed the surgeons to perform the resections with
greater precision and less risk of complications [40].

e [Lung nodule ablation: The journal of Thoracic Disease
in 2022, Dazhi Pang et al. used 3D MIS to guide the
ablation of lung nodules in 120 patients. The research-
ers found that the 3D MIS technique was able to accu-
rately identify the location and size of the nodules, and
it allowed the surgeons to perform the ablations with
greater precision and less risk of complications [41].

e Emphysema treatment: The Chest journal in 2021,
Karin Klooster used 3D MIS to guide the implantation
of endobronchial valves in 5 patients with emphysema.
The researchers found that the 3D MIS technique was
able to accurately identify the location of the target air-
ways, and it allowed the surgeons to implant the valves
with greater precision and less risk of complications
[42].

e Pulmonary fibrosis treatment: The Clinical Respiratory
Journal in 2023, Megyesfalvi Zsolt used 3D MIS to
guide the treatment of pulmonary fibrosis with photody-
namic therapy. The researchers found that the 3D MIS
technique allowed them to deliver the therapy more pre-
cisely to the affected areas of the lung, and it resulted in
better clinical outcomes for the patients [29].

e [Lung transplant: The journal General Thoracic and Car-
diovascular Surgery in 2017, Chen-Yoshikawa Toyo-
fumi F used 3D MIS to guide the transplantation of
lungs from living donors. The researchers found that the
3D MIS technique allowed them to perform the trans-
plantations with greater precision and less risk of com-
plications [43].

The development of minimally invasive surgery (MIS)
using these 3D models is expected to help improve the suc-
cess rate of lung disease surgery and shorten the recovery
period for patients after surgery.

Conclusion

For a successful and accurate minimally invasive surgery,
we performed a comparative analysis of lung deformation
simulations during human respiration based on CT. Based

on the biomaterial analysis, the Ogden N =6 model, among
the 15 lung mechanical property models, was the most con-
sistent with the data of the biaxial experiment, and the simu-
lation results were also very accurate [44]. Compared with
the CT and FEM models, the most deformed lobe among the
upper, middle, and lower lobes during pulmonary respira-
tion was the lower lobe, involving the diaphragm of the left
lung. The lobe with the least deformation was the upper lobe
of the right lung, and the error between the upper and middle
lobes of the lungs was insignificant. In particular, in the S/I
direction, which is the largest deformation, the lungs of the
nine experimenters had large deformations from 23.60 to
78.05 mm, followed by A/P and L/R, and the relative error
was the lowest in the S/I direction, followed by L/R and A/P.

The nine experimenters had a higher left lung error than
a right lung error. We confirmed that the landmark relative
error of the L/R, S/I, A/P direction of the lung lesion was
well matched within the range of 1.1-2.67%. Finally, the
volumetric relative error of the CT and FEM overlap models
was between 1.29 and 9.23%, with an average of 6.14% and
a standard deviation of 2.83%.

Human lungs make complex movements while in con-
tact with many organs, bones, diaphragms, and blood ves-
sels when breathing. In order to simulate these movements,
the loads and boundary values applied to the lungs were
analyzed separately as transpulmonary pressure and bound-
ary conditions. In order to overcome this, the mediastinum,
ribs, trachea, and diaphragm, which have a large impact on
displacement and deformation due to boundaries and sup-
ports, were added to the simulation for higher accuracy than
previous studies. In addition, 9 cases were taken using the
data that fit best among 15 hyperelastic material properties
based on the curve fitting results of the existing experimen-
tal literature. However, it is difficult to perfectly understand
the nonlinear biomaterial and mechanical properties of the
lungs. Additionally, some errors occur during the lung seg-
mentation and modeling process. In addition, it takes a lot
of computational cost and time to predict lesions using the
finite element model. Nevertheless, it has value in that it can
be used as a tool for doctors to find the location of lesions
during surgery. It also has a high potential for development
into interdisciplinary research between thoracic surgery
(human big data through machine learning) [45]. Therefore,
in future studies, we will conduct research combining the
finite element method and artificial intelligence. We will
code the image segmentation, boundary and load condi-
tions, etc., and verify them with clinical data. By doing so,
doctors in the medical field will be able to treat patients
more quickly than with the finite element analysis method
by getting the computational results from the processor in a
short time.
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