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Abstract

Background: Pulmonary lobectomy has been a well-established curative treatment
method for localized lung cancer. After left upper pulmonary lobectomy, the upward
displacement of remaining lower lobe causes the distortion or kink of bronchus, which
is associated with intractable cough and breathless. However, the quantitative study
on structural and functional alterations of the tracheobronchial tree after lobectomy
has not been reported. We sought to investigate these alterations using CT imaging
analysis and computational fluid dynamics (CFD) method.

Methods: Both preoperative and postoperative CT images of 18 patients who under-
went left upper pulmonary lobectomy are collected. After the tracheobronchial tree
models are extracted, the angles between trachea and bronchi, the surface area and
volume of the tree, and the cross-sectional area of left lower lobar bronchus are inves-
tigated. CFD method is further used to describe the airflow characteristics by the wall
pressure, airflow velocity, lobar flow rate, etc.

Results: Itis found that the angle between the trachea and the right main bronchus
increases after operation, but the angle with the left main bronchus decreases. No
significant alteration is observed for the surface area or volume of the tree between
pre-operation and post-operation. After left upper pulmonary lobectomy, the cross-
sectional area of left lower lobar bronchus is reduced for most of the patients (15/18)
by 15-75%, especially for 4 patients by more than 50%. The wall pressure, airflow
velocity and pressure drop significantly increase after the operation. The flow rate to
the right lung increases significantly by 2-30% (but there is no significant difference
between each lobe), and the flow rate to the left lung drops accordingly. Many vortices
are found in various places with severe distortions.

Conclusions: The favorable and unfavorable adaptive alterations of tracheobronchial
tree will occur after left upper pulmonary lobectomy, and these alterations can be
clarified through CT imaging and CFD analysis. The severe distortions at left lower lobar
bronchus might exacerbate postoperative shortness of breath.

Keywords: Pulmonary lobectomy, Lung cancer, Tracheobronchial tree, CT,
Computational fluid dynamics, Bronchial distortion, Pressure drop
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Background

Lung cancer has been the most common cancer worldwide in terms of both incidence
and mortality. In 2012, there were 1.82 million new cases accounting for about 13.0% of
the total number of new cases, and 1.56 million deaths representing 19.4% of all deaths
from cancer [1]. Pulmonary lobectomy, especially Video-assisted thoracoscopic surgery
(VATS) lobectomy, is a well-established curative treatment method for localized lung
cancer [2, 3].

Pulmonary lobectomy results in a permanent loss of pulmonary function. Normally,
this loss is proportional to the volume of resected lung, but it is also affected by the
adaptive remodeling of the remaining lung. In the upper lobectomy, the upward dis-
placement of the diaphragm and the remaining lobe will make the ipsilateral bronchus
distort anatomically in a sigmoidal form, thereby resulting in the bronchial angulation.
If the resultant stenosis is higher than 80%, a bronchial kink occurs [4]. The stenosis will
result in lower postoperative functional lung volume (FLV) and postoperative forced
expiratory volume in 1 s (FEV,), which will lead to some complications characterized by
the shortness of breath and persistent cough.

The high-resolution computed tomography (CT) images are used for the anatomic
alterations and postoperative complications [5-7]. Ueda et al. initially reported that
bronchial kink was found in 42% (21/50) of the patients and bronchial kink may exac-
erbate the postoperative deterioration of lung function [4]. It has been proved that CT-
based bronchography can help to screen the bronchial kink without additional invasive
study. Seok et al. found that the increased angle of the bronchi is associated with the
decline of pulmonary function [8]. Sengul et al. demonstrated that the changes of post-
operative lung volume depend on the resected lobe [9]. Specifically, for the lower lobec-
tomy, the reduction of the total lung volume is less than that of the upper lobectomy.
However, the general pattern of structural alterations of the tracheobronchial tree, spe-
cifically for the left upper pulmonary lobectomy (estimated to account for one-third of
all cancer [10]) has not been reported.

The changes of postoperative pulmonary functions are measured by the spirometry-
based pulmonary function tests (PFTs) [11]. The expansion of both the contralateral
lung and the remaining ipsilateral lung contributes to the postoperative compensation
of pulmonary function [9]. This kind of compensation depends on the resected lobe and
is more robust after lower lobectomy [12]. However, the postoperative pulmonary func-
tion can be underestimated by only the measure of FEV, through PFTs [13]. Moreover,
postoperative PFT is not routinely performed for all patients, it needs the cooperation of
the patients and it is not suitable for the patients with breathlessness. For example, only
60 among 202 patients who underwent lobectomy had PFT in the study by Ueda et al.
[12].

Depending on the individualized structural models of the tracheobronchial tree
extracted from CT images, the computational fluid dynamics (CFD) simulation can
provide physiologically significant ventilation information including the airflow
velocity, wall pressure, wall shear stress, pressure drop and lobular airflow rate, which
may complement the results of anatomy and pulmonary function [14—17]. Walters
et al. proposed to use the reduced geometry model to reduce the complexity [18].
Oakes et al. investigated the effect of age on the airflow pattern and airway resistance
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[19] and Sul et al. assessed the airflow sensitivity on the lobar flow fraction [20]. Tur-
bulent characteristics have been observed downstream of the glottis by Calmet et al.
[21]. It has been reported that the obstructions in the lower airway caused bronchial
tumor or other lesion can alter airflow patterns in the central airway [22, 23]. In our
previous work, CFD simulations have been done to study airflow characteristics in
subjects with left pulmonary artery sling, the tracheal bronchus and chronic obstruc-
tive pulmonary disease [24—28]. Besides the studies on the flow in the airway tree
models with asthma and severe stenosis, CFD has also been used to facilitate vari-
ous treatments, such as acute bronchodilation in asthmatics, tracheobronchial stent
placement, vascular ring surgery and antibiotic treatment with cystic fibrosis [29-32].
It should be noted that the results of CFD simulation have been validated by both
in vitro experiments and in vivo SPECT/CT images [33, 34].

The contributions of this work are summarized as follows. First, the structural alter-
ations of the tracheobronchial trees after left upper pulmonary lobectomy for lung
cancer are investigated through various quantitative measures including the angles
between trachea and bronchi, the surface area and volume of the tree, and the cross-
sectional area of the left lower lobar bronchus. Second, the alterations of the airflow
are characterized by CFD-based measures of the wall pressure, airflow velocity, pres-
sure drop, lobar flow rate, and local flow features at the left lower lobar bronchus.
Third, the relationship between alterations of airway structure and ventilation func-
tion is illustrated. To the best of our knowledge, this is the first systematic study
which combines quantitative CT images and CFD analysis to clarify the structural
and functional alterations of the tracheobronchial tree caused by left upper pulmo-
nary lobectomy.

Results

Structural alterations of the tracheobronchial tree

Postoperatively, the global alterations (deformation) of the tracheobronchial tree can be
found in Fig. 1a. It is in agreement with previous observation that the left main bronchus
distorts in a sigmoidal form [4], as a result of the upward displacement of diaphragm
and the remaining left lower lobe. In addition, the trachea seems to slant to the left and
the stenosis occurs at the left lower lobar bronchus, but not at the left main bronchus.
However, neither for the volume nor the surface area, there is no significant difference
between preoperative and postoperative tracheobronchial trees, as shown in Fig. 1c.

Compared with the preoperative models, the angle between the trachea and the left
main bronchus (0L) decreases significantly in the postoperative models (p <0.01), by
the mean of 13.4°. Nonetheless, 0 increases significantly by the mean of 10.5 degrees
as shown in Fig. 1b. These alterations are thought to be associated with the upward
displacement of diaphragm and the remaining lobe.

The cross-sectional area growth rate (R) is given for each patient in Fig. 2a. It
is found that R is negative for most patients (15/18), indicating that the left lower
lobar bronchus becomes narrow (15-75%) after lobectomy. For four patients (LCP7,
LCP12, LCP14 and LCP16), the stenosis is higher than 50%. The location and cross
section of the stenosis are given in Fig. 2b.
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Fig. 1 Structural alterations of tracheobronchial trees after the left upper pulmonary lobectomy. a The global
appearances. b The angles between the trachea and the main bronchus. ¢ The volume and surface area

Alterations of airflow in the tracheobronchial tree

Wall pressure and flow velocity distribution

The wall pressure distribution is given in Fig. 3a for LCP7 and LCP8 as examples. It
can be seen that the wall pressure at the trachea and the main bronchi increases sig-
nificantly after the lobectomy. The maximum wall pressure in LCP7 reaches 65.0 Pa
for the stenosis higher than 50% at the left lower lobar bronchus. For LCP8 with a
stenosis of 21.95%, the maximum wall pressure is only about 7.0 Pa. After the left
upper lobectomy, the average wall pressure in 17 patients is higher than that before
the surgery, with an increase ranging from 0.1747 to 5.7243 Pa. One patient (LCP15)
had a decrease of 0.7506 Pa.

Figure 3b presents the flow velocity within the tracheobronchial trees for LCP7
and LCP 8 as examples. The air flow velocity in the left lower lobe increases signifi-
cantly after lobectomy. Preoperatively, the velocity at the left lower bronchus of LCP7
and LCP8 is 3.00 m/s and 1.50 m/s, respectively; the velocity in postoperative model
increases to 4.50 m/s and 2.25 m/s, respectively. The maximum velocity in LCP7
(6.00 m/s) is higher than that in LCP8 (3.00 m/s) due to higher stenosis. After the
lobectomy, the maximum airflow velocity within the tracheobronchial tree increases
significantly by 0.09-4.26 m/s in 16 patients. For the remaining patients, it has a slight

decrease of about 0.76 m/s.
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Fig. 2 Alterations of the left lower lobar bronchus induced by the left upper pulmonary lobectomy. a The
cross-sectional area growth rate for all patients. b The alterations of the left lower lobar bronchus

Pressure drop

The pressure drop can be calculated as the difference between the mean pressure at
the inlet of the trachea and the average pressure of the outlet (the atmospheric pres-
sure). According to Eq. (8), the relationship between the pressure drop and the inlet
area can be presented in Fig. 4a. After the left upper lobectomy, the pressure drop
(AP) increased in 16 patients with a range of 0.81-10.37 Pa. In the remaining two

Page 5 0of 18



Gu et al. BioMed Eng OnLine (2019) 18:105 Page 6 of 18

Pressure a
Wall Pressure

65.00
I 58.50
52.00

45.50
39.00
32.50
26.00
19.50
13.00
6.50

0.00
[Pa]

: 7 5
svr:lfglrlersesure Preoperative } igllzs { Postoperative

7.00
I 6.30
5.60

4.90
4.20
3.50
2.80
2.10
1.40
0.70

0.00
[Pa]

Velocit;
Flow Ve};ocity b
6.00

 4.50

3.00

1.50

0.00

et) Preoperative = =
Velocity LCP8
Flow Velocity }

H 3.00

1225

1.50

0.75

0.00

[m s*-1]
Fig. 3 The wall pressure and flow velocity in preoperative and postoperative tracheobronchial trees. a LCP7
with a 51.64% stenosis at the left lower lobar bronchus. b LCP8 with a 21.95% stenosis at the left lower lobar

bronchus




Gu et al. BioMed Eng OnLine (2019) 18:105

a 40 r
© P :
reoperative
35 + - Postoperative
30
23 I
“—
£
Lt
=
©
15 + % -
-
10
5 -
O 1 1 1 1 1 1 1 ]
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Ss(mlo)
80 *n=9.44e-06
b = Preoperative T
Il Postoperative
70
60
= Fpy= =
£ 50 '0=9.08¢-06
<]
8 B
s i p=0.08 *p=0.01
e .
+~ =
B
2 30
s
p=0.58
20
. I
0
RU RM RL LU LL RightT Left_l_
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patients, AP decreased by 3.90 and 1.62 Pa, respectively. The slopes of the fitting line
before and after the lobectomy are roughly the same, indicating that the relationship
between the pressure drop and the inlet area remains unchanged. Meanwhile, the
postoperative fitting line is above the preoperative one.
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Airflow rate distribution

The airflow rate for each lobe and left and right lung is given in Fig. 4b. Though the
flow rate to the right upper lobe, right middle lobe, and right lobe increases after the
lobectomy, no significant difference is available (p>0.01). The postoperative flow
rate to the left lower lobe is significantly higher than that before lobectomy (p <0.01)
by 6.36% (0.6211 x 10~* kg/s). The postoperative flow rate to the right lung is signifi-
cantly higher than that before lobectomy (p <0.01) by 10.97%. Preoperatively, the ratio
of the airflow rate to the right lung to that to the left lung is 58.67%/41.32%. It turns into
69.65%/30.35% postoperatively.

Local alterations

Local alterations of the structure, velocity, wall pressure, and wall shear stress are given
in Fig. 5 for LCP7 and LCP8 as examples. For LCP7, there is an increase in the flow
velocity at the stenosis of the left lower lobar bronchus and the occurrence of turbu-
lence. A clear vortex appears in the remnants of the left lower lobe, and the streamline
is distorted. The wall pressure and wall shear stress increase at the stenosis after lobec-
tomy. For LCP8, the lower stenosis corresponds to the relatively smooth streamlines,

small increase of wall pressure and wall shear stress.

Discussions

The present study characterized the structural and functional alterations of the tra-
cheobronchial tree after left upper pulmonary lobectomy for lung cancer using the
preoperative and postoperative CT images of 18 patients. These alterations firstly and
comprehensively describe the adaptive remodeling of the remaining respiratory system
after the left upper lobectomy. The favorable remodeling includes the increased angle
between the trachea and right main bronchus and the significant growth of flow rate
ratio to the right lung. The unfavorable remodeling are the decrease of the angle between
the trachea and left main bronchus, the sigmoidal distortion of the left main bronchus,
and the decrease of sectional area (narrowing) of the left lower lobar bronchus. The nar-
rowing of bronchus, the severe stenosis in particular, increases the flow velocity, the wall
pressure, the wall shear stress, the possibility of vortex and the pressure drop; while the
inlet boundary condition is the steady constant flow rate for our present simulation. The
favorable and unfavorable remodelings lay a foundation for understanding the “com-
pensatory lung adaption” and etiology of postoperative breathless, persistent cough and
inflammation. The main findings, the methodological advantages and their significance
will be presented as follows.

The first main finding of this study is about the favorable adaptive remodeling of
the remaining respiratory system after the left upper lobectomy. 6r increases signif-
icantly from 142° to 152° and the flow rate ratio increases from 58.67 to 69.65%. The
increase of 6y facilitates the ventilation of the right lung, resulting in the increase of the
flow rate ratio. It partially contributes to “compensatory lung adaption’, one phenom-
enon that postoperative pulmonary function is better than the estimated one [4]. Sen-
gul et al. reported that after the left upper lobectomy, the ipsilateral and contralateral
lung volumes decrease by 39.31% and 2.72%, respectively [9]. For the lower lobectomy,
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a 21.95% stenosis at the left lower lobar bronchus

postoperative compensation is obtained by the expansion of both contralateral lung and
remaining ipsilateral lung. It is noted that the statistical power of the study by Sengul

et al. [9] is low for only five patients with left upper lobectomy are included.

The second main finding of this study is about the unfavorable alterations induced
by lobectomy. These alterations include the decrease of the angle between the trachea
and left main bronchus, the sigmoidal distortion of the left main bronchus, and the
stenosis of the left lower lobar bronchus (the degree of stenosis is greater than 50% in
some cases). Despite of these unfavorable alterations, the increased flow rate ratio to
the remaining left lower lobe (from 23.98 to 30.34%) demonstrates that the pulmonary

Page 9 of 18
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function of the left lower lobe is augmented, contributing to the “compensatory lung
adaption”. The observations of this study have two aspects different with previous study.
Firstly, the bronchial kink (80% stenosis) is not found for the present model. However,
according to Ueda et al. [4], the bronchial kink was observed in up to 42% of the patients
who had undergone the upper lobectomy. Secondly, the stenosis is not at the left main
bronchus, but at the left lower lobar bronchus. These differences are not related to the
operation procedure because it is the same in two studies. The specific reason has been
unknown up to now.

The third main finding is about the alterations of global and local measures of airflow
in the tracheobronchial tree. The narrowing of the left lower lobar bronchus increases
the low velocity, the wall pressure, the wall shear stress, the possibility of vortex, and the
pressure drop while the inlet boundary condition is the steady constant flow rate for our
present simulation. The long-term increase of these local airflow measures may result in
trauma of the airway, mucosa and inflammatory response [27, 35]. With the same airflow
rate, the higher pressure drop is required after lobectomy, indicating that the postopera-
tive patients have smaller airflow rate, while the pressure drop is constant [32].

For the methodological advantages, the morphological analysis of tracheobronchial
trees extracted from CT images and further CFD simulation of airflow characteristics
within the trees are combined in the present work. Hence, it enables us to illustrate the
relationship between alterations of airway structure and ventilation function, besides
the respective ones. Via high and isotropic resolution CT images (with the voxel size of
about 1 x 1 x 1 mm) and extracted tracheobronchial tree, the distortion of bronchus can
be presented and bronchus kink can be diagnosed [14]. The routine postoperative fol-
low-up CT examination does not expose patients to the additional invasive study, unlike
bronchoscopy. Traditional CT and dual-energy CT applications should be expanded to
image the anatomic changes and related complications for post-lobectomy patient [5, 7].

Based on the realistic and individualized tracheobronchial trees extracted from CT
images, CFD provides with rich local and global information including flow velocity,
wall pressure, wall shear stress, and pressure drop and flow rate ratio to the pulmonary
function [14, 15]. Through strict and standard operation flow and quality control, such
as the grid independence and validation, the CFD accuracy and reliability can be guar-
anteed. The pulmonary function test by spirometry is still the golden standard to study
the changes in pulmonary function in lung cancer patients after VATS [11]. However,
the concern of unnecessary risk and complex cooperation requirements for the patients
limit the application of spirometry. Moreover, the changes of forced vital capacity (FVC)
vary with time in the period of 3—12 months, and it reaches the maximum between 6
and 12 months [13, 36].

Regardless of the above-mentioned great advantages and findings of our study, it pre-
sents the following limitations. First, the flow rate ratio is determined according to CFD
simulation without considering the CT-based lobar volume. Measuring lobar volume
will help to confirm whether the ventilation and volume match well. Hyperpolarized *He
magnetic resonance (MR) phase-contrast velocimetry is another way of accurately meas-
uring the airflow velocity in human airways in vivo [33]. Second, postoperative PFTs can
not be collected for the concern of unnecessary risk. The scores on the cough, pain, and
shortness of breath are not available, which makes it impossible to correlate our findings
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with these scores. The direct cause of the symptoms and guide to the patient care could
not be obtained. Third, most studies on CFD simulation of airflow in human airway trees
including our current study have adopted the steady flow condition for the simplifica-
tion of numerical calculation and further analysis [15]. Even for the transient CFD sim-
ulation, the sine curve of the respiratory cycle is usually used as a simplified method
for representing the natural respiratory cycle [26, 32]. More advanced models with the
realistic boundary conditions measured by PFTs are needed. Fourth, only the patients
after the left upper lobectomy are included; therefore, the comparison between different
lobectomy is not achievable. It has been reported that the compensatory response after
lower lobectomy is more robust than that after upper lobectomy [12], and more bron-
chial kinkings happen after upper lobectomy [13]. Changes in pulmonary function after
right-side lobectomy are different from those after left side [11]. Finally, only the inspira-
tory phase CT is scanned in the current study to reduce the radiation dose and whether
the inspiratory and expiratory flow will affect 6y, is still unknown. These limitations actu-
ally point out some issues for the further in-depth study.

Conclusions

After left upper pulmonary lobectomy for lung cancer, the tracheobronchial tree will
take adaptive remodeling, resulting in various structural and functional alterations.
These alterations or remodelings can be favorable and unfavorable. The increase of the
angle between the trachea and right main bronchus, and the resultant increase of airflow
rate to the right lung are the favorable compensations of residual lung. The decrease of
the angle between the trachea and left main bronchus, the sigmoidal distortion of the
left main bronchus, and the stenosis of the left lower lobar bronchus are the unfavorable
structural alterations. These structural alterations lead to the abnormal increase of the
flow velocity, the wall pressure, the wall shear stress, the possibility of the vortex and the
pressure drop, which might be associated with the realistic shortness of breath, persis-
tent cough, and inflammation after lobectomy. Based on the morphological analysis of
tracheobronchial trees extracted from CT images and further CFD simulation of airflow
characteristics within the trees, all those structural and functional alterations of the tra-

cheobronchial tree can be clarified.

Methods
Participants and CT images acquisition
The high-resolution CT images in DICOM format of 18 patients who underwent upper
left pulmonary lobectomy for lung cancer are randomly selected out of a database of
the Affiliated Zhongshan Hospital of Dalian University (Dalian, China) for a retrospec-
tive study. After anonymization, the data of each patient were given one index (LCP1-
LCP18). Of the 18 patients, 12 (66.7%) were female and 6 (33.3%) were male. The mean
age was 61.5 (range 50—71) years. The surgery was carried out in the period from April
2014 to October 2017. The VATS lobectomy procedure was the same as that introduced
by Ueda et al. [4].

Preoperative CT images were scanned within 1 week before the lobectomy and post-
operative images at 1-12 months after the lobectomy. For all acquired CT images, the
tube voltage was set to 100 kV, the slice thickness was 1.0 mm, and the reconstruction
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matrix size was 512 x 512. The tube current, the pixel size and the number of slices were
in the range of 275-673 mAs, 0.59-0.81 mm and 251-468, respectively. This study was
approved by the Medical Ethics Committee of the Affiliated Zhongshan Hospital of
Dalian University. Informed consent was waived because it was a retrospective review
study.

Overview of the analysis procedure

The whole analysis procedure of the present study is illustrated in Fig. 6. Using preopera-
tive CT images, the tracheobronchial tree of each patient is extracted, and the structural
measures including critical angle, surface area and volume are calculated. By CFD simu-
lation, the measures of wall pressure, wall shear stress, flow velocity, lobar flow rate and
pressure drop are obtained. After the postoperative measures are gotten similarly, the
comparison between preoperative and postoperative groups produces the structural and
functional alterations. The relationship between the structural and functional alterations
is illustrated in coming sections.

Structural analysis of the tracheobronchial tree

The tracheobronchial tree is extracted from the CT images using the algorithm of deep
segmentation embedded in a medical imaging process software called Mimics (Material-
ise Corp, Belgium), and exported in the STL format. The 3D model is subsequently input
into Geomagic Studio to reduce the complexity of the model. After the format of STL is
converted into the X_T entity format using SolidWorks (SOLIDWORKS Corp, Waltham,
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USA), the tracheobronchial tree model is imported into ANSYS Workbench 15 (ANSYS
Inc., Pennsylvania, USA) for CFD simulation.

As shown in Fig. 6, the angles between the trachea and the left and right main bronchus
are defined as 0;, and 6, respectively. These angles in the preoperative and postoperative
models are measured and compared. The cross-sectional area growth rate is defined as

R = (Spost — SPre)/SPren (1)
where Spost is the cross-sectional area of the left lower lobar bronchus in postopera-
tive model and Spye is that in preoperative model. The volume and surface area of all the
models are also measured for analysis.

CFD analysis of the tracheobronchial tree

An advanced meshing technique is used to generate the unstructured tetrahedral elements
for the highly asymmetric tracheobronchial model and path independent algorithm is used
as the meshing method. The quality of the generated mesh is evaluated by the skewness and
the values of skewness are found in the range of 0.8616—0.95, which eventually indicates
that the mesh of the present study is acceptable. A steady breathing state with the tidal vol-
ume of 500 mL is considered as the normal adult inhalation tidal volume.

In the current study, the steady inlet velocity is set as the inlet boundary condition (BC)
and the constant outlet pressure of the atmospheric pressure is set as the outlet BC [25]. As
done in our previous studies [26, 27], FLUENT 16.0 is utilized to solve the governing equa-
tions of the airflow.

)

o +div(pv) = 0, @
v - . 7} =

i oF — gradp + nAU + ggrad(dlvv), 3)

where p is the fluid density, ¢ is time, v is the flow velocity, U is the velocity vector, Eis the
force vector, p is the pressure vector, i is the viscosity of fluid. In Reynolds association
numerical simulation (RANS), the above unsteady governing equations are averaged

temporally.
ap d _
L4+ 2 (piy) =0,
0 ony ooy P8 [ (0w Bui\\_ 98 ¢ o\ 20 ( (0w ,
at(p”’)Jrax,(p”l”’)_ ax,»+axj<“<ax,-+ax,-)) ax,(p”"”f) 3ax,(“(ax,>)+pg“

where #; is the temporally averaged flow velocity, b_t;- and it}/ are turbulent fluctuations,
j=1, 2, and 3. &; is the spatial coordinate and g; is the gravity. pi;ii; is Reynolds stress.
Many turbulent models have been proposed to calculate Reynolds stress, including
Eddy-Viscosity Models, Reynolds Stress Model, and Algebraic Stress Model. Here, we
adopt one Eddy-Viscosity Model, i.e., the standard Low Reynolds number (LRN) k-w tur-
bulence model, where k and w denote the turbulent kinetic energy and the specific dis-
sipation rate, respectively. Meanwhile, the low-Re correction and shear flow correction
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are taken into account. For the inlet velocity, the turbulent intensity (/) is set as 5% and
the turbulent viscosity ratio (w1 /) is set as 10 [37, 38]. I and the turbulent viscosity pr
are defined as

[ =V + 92 + 2 thayg, (6)

pr = pCuk?/e, (7)
where C;, = 0.09 and ¢ is the rate of dissipation of turbulent energy.

The material settings and the details of the algorithm for solving the governing equa-
tions include: (1) The air is set as a Newtonian fluid with a constant density of 1.225 kg/
m? and a viscosity of 1.7984 x 10 °kg/m s. (2) A steady pressure-based solver is used. (3)
The SIMPLE scheme is adopted for the pressure—velocity coupling. For the spatial dis-
cretization, the gradient is set as “Green-Gauss Cell Based’; the pressure is set as “Second
Order” and the moment is set as “Second Order Upwind”. (4) The convergence criterion
is set as a residual of < 107°.

The relationship between the pressure drop and inlet area in straight tubes can be rep-
resented as

_ApQ7L 1

AP = PR (8)

where / is the resistance coefficient along the course, p is the density of the fluid, Q is the
inlet flow, L is the length of the straight pipe, d is the inner diameter of the round pipe
and S is the inlet cross-sectional area [39, 40]. Equation (8) is adopted to the tracheo-
bronchial tree model for simplification purpose. Since there is no significant change in
surface area and volume before and after lobectomy, the Eq. (8) can be simplified as

c

where C is the constant. It means that the magnitude of pressure drop is inversely pro-
portional to the inlet cross-sectional area to the power of 2.5.

For the comparison of all the above structural and functional measures, two-sample
t-test is performed to determine whether there is a significant difference between preop-
erative and postoperative groups (p<0.01).

Convergence analysis

To study the independence of the CFD method in grid density, three different grid sizes
(374,593, 412,555, and 453,954 nodes) are used to mesh all the tracheobronchial tree
models. Figure 6a presents the meshes of one tracheobronchial tree model as an example
where 412,555 nodes exist. The meshing quality is reasonable according to visual inspec-
tion. All other settings are the same except the grid size and we calculate and compare
the airflow velocity profile along one line in the model. Specifically, two key sections
(CS1 and CS2) are defined in the model (Fig. 7b). The velocity profile along Y at CS1 is
calculated and compared. As shown in Fig. 7c, no significant difference in air flow veloc-
ity was observed at the three grid sizes. Comprehensively considering the calculation
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Fig. 7 Grid independence and validation of CFD accuracy. a The meshes of one tracheobronchial tree model
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X.eThe velocity simulated by CFD and the results of MR gas velocity measurement at the section CS2 along
Y. f The lobar distribution of airflow rate (RU right upper, RM right middle, RL right lower, LU left upper, LL left
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Gu et al. BioMed Eng OnLine ~ (2019) 18:105 Page 16 of 18

speed and stability, we used 412,555 nodes to mesh the model and used the same mesh
density control scheme for all models.

To verify the accuracy of the CFD method, two studies were conducted and the
obtained CFD simulation results were compared with the published experimental data.
First, the velocity simulated by CFD at the section CS2 was compared with the results of
magnetic resonance gas velocity measurement [33]. The results are shown in Fig. 7d, e,
and the CFD simulation velocity along the X and Y directions of the profile are consist-
ent with the MRI measurement flow velocity. The difference in the magnitude of the air
flow velocity may be caused by the geometric differences in the model. Then, the dis-
tribution of air flow in each lobe at the same flow velocity (7.5 L/min) was studied, as
shown in Fig. 7f, which is also consistent with the previous results [41-43]. The findings
of the present model along with the published literature indicate that the present model
is sufficiently accurate to predict the structural alterations phenomenon of the tracheo-
bronchial model.

Abbreviations

BC: boundary condition; CFD: computational fluid dynamics; CT: computed tomography; FEV;: forced expiratory volume
in 1s; FLV: functional lung volume; LCP: lung cancer patient; LRN: low Reynolds number; PFTs: pulmonary function tests;
VATS: video-assisted thoracoscopic surgery.

Acknowledgements
The authors would like to thank Mr. Patrice Monkam for his valuable help in the writing of this manuscript.

Authors’ contributions

QG and SQ: proposed the idea, performed experiments, analyzed the data, made discussions and composed the manu-
script together with YY, JS, BZ, WS, and MSI. WQ, SCS and JW: directed the experiments and made discussions. All authors
read and approved the final manuscript.

Funding
This study was supported by the National Natural Science Foundation of China under Grant (Grant numbers: 81671773,
61672146) and the Fundamental Research Funds for the Central Universities (N172008008, N180719020).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from the corresponding author on reasonable
request.

Ethics approval and consent to participate

This study was approved by the Medical Ethics Committee of Affiliated Zhongshan Hospital of Dalian University (Dalian,
China) and was in accordance with the 1964 Helsinki declaration and its later amendments or comparable ethical stand-
ards. All subjects gave written informed consent in accordance with the Declaration of Helsinki.

Consent for publication
All subjects gave written informed consent in accordance with the Declaration of Helsinki.

Competing interests
The authors declare that they have no competing interests.

Author details

! Sino-Dutch Biomedical and Information Engineering School, Northeastern University, Shenyang, China. 2 Key Labora-
tory of Medical Image Computing of Northeastern University (Ministry of Education), Shenyang, China. > Department
of Radiology, Shengjing Hospital of China Medical University, Shenyang, China. * Department of Radiology, Affiliated
Zhongshan Hospital of Dalian University, Dalian, China. 5The Graduate School, Dalian Medical University, Dalian, China.
5 College of Engineering, University of Texas at El Paso, El Paso, USA. ” School of Mechanical and Mechatronic Engineer-
ing, Faculty of Engineering and Information Technology, University of Technology Sydney, Brisbane, Australia.

Received: 20 February 2019 Accepted: 15 October 2019
Published online: 25 October 2019

References
1. TorreL, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal A. Global cancer statistics, 2012: global cancer statistics,
2012. CA Cancer J Clin. 2015;65(2):87-108.



Gu et al. BioMed Eng OnLine (2019) 18:105

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Rueth NM, Andrade RS. Is VATS lobectomy better: perioperatively, biologically and oncologically? Ann Thorac
Surg. 2010;89(6):52107-11.

Mun M, Nakao M, Matsuura V, et al. Video-assisted thoracoscopic surgery lobectomy for non-small cell lung
cancer. Gen Thorac Cardiovasc Surg. 2018. https://doi.org/10.1007/511748-018-0979-x.

Ueda K, Tanaka T, Hayashi M, Tanaka N, Li TS, Hamano K. Clinical ramifications of bronchial kink after upper
lobectomy. Ann Thorac Surg. 2012;93(1):259-65.

Alpert JB, Godoy MCB, Degroot PM, Truong MT, Ko JP. Imaging the post-thoracotomy patient: anatomic changes
and postoperative complications. Radiol Clin N Am. 2014;52(1):85-103.

Bommart S, Berthet JP, Durand G, Ghaye B, Pujol JL, Marty-Ané C, Kovacsik H. Normal postoperative appearances
of lung cancer. Diagn Interv Imaging. 2016;97(10):1025-35.

Choe J, Lee SM, Chae EJ, Lee SM, Kim YH, Kim N, Seo JB. Evaluation of postoperative lung volume and perfusion
changes by dual-energy computed tomography in patients with lung cancer. Eur J Radiol. 2017;90:166-73.
SeokY, Cho S, Lee JY, Yang HC, Kim K, Jheon S. The effect of postoperative change in bronchial angle on post-
operative pulmonary function after upper lobectomy in lung cancer patients. Interact Cardiovasc Thorac Surg.
2014;18(2):183-8.

Sengul AT, Sahin B, Celenk C, Basoglu A. Postoperative lung volume change depending on the resected lobe.
Thorac Cardiovasc Surg. 2013;61(2):131-7.

. Watanabe S-1, Asamura H, Suzuki K, Tsuchiya R. The new strategy of selective nodal dissection for lung cancer

based on segment-specific patterns of nodal spread. Interact Cardiovasc Thorac Surg. 2005;4:106-9.

. Kim SJ, Lee YJ, Park JS, Cho YJ, Cho S, Yoon HI, Kim K, Lee JH, Jheon S, Lee CT. Changes in pulmonary function in

lung cancer patients after video-assisted thoracic surgery. Ann Thorac Surg. 2015;99(1):210-7.

. Ueda K, Tanaka T, Hayashi M, Li TS, Kaneoka T, Tanaka N, Hamano K. Compensation of pulmonary function after

upper lobectomy versus lower lobectomy. J Thorac Cardiovasc Surg. 2011;142(4):762-7.

. Ueda K, Hayashi M, Tanaka N, Tanaka T, Hamano K. Long-term pulmonary function after major lung resection.

Gen Thorac Cardiovasc Surg. 2014;62(1):24-30.

. Burrowes KS, De Backer J, Smallwood R, Sterk PJ, Gut I, Wirix-Speetjens R, Siddiqui S, Owers-Bradley J, Wild J,

Maier D, Brightling C. Multi-scale computational models of the airways to unravel the pathophysiological mech-
anisms in asthma and chronic obstructive pulmonary disease (AirPROM). Interface Focus. 2013;3(2):20120057.

. Kleinstreuer C, Zhang Z. Airflow and particle transport in the human respiratory system. Annu Rev Fluid Mech.

2010;42(1-4):301-34.

. Burrowes KS, Doel T, Brightling C. Computational modeling of the obstructive lung diseases asthma and COPD. J

Transl Med. 2014;12(Suppl 2):S5.

. Burrowes KS, De Backer J, Kumar H. Image-based computational fluid dynamics in the lung: virtual reality or

new clinical practice? Wiley Interdiscip Rev Syst Biol Med. 2017;9(6):e1392.

. Walters DK, Burgreen GW, Lavallee DM, Thompson DS, Hester RL. Efficient, physiologically realistic lung airflow

simulations. IEEE Trans Biomed Eng. 2011;58(10):3016-9.

. Oakes JM, Roth SC, Shadden SC. Airflow simulations in infant, child, and adult pulmonary conducting airways.

Ann Biomed Eng. 2018;46:498-512.

Sul B, Oppito Z, Jayasekera S, Vanger B, Zeller A, Morris M, Ruppert K, Altes T, Rakesh V, Day S, Robinson R, Reif-
man J, Wallgvist A. Assessing airflow sensitivity to healthy and diseased lung conditions in a computational fluid
dynamics model validated in vitro. J Biomech Eng. 2018;140(5):051009.

Calmet H, Gambaruto AM, Bates AJ, Vazquez M, Houzeaux G, Doorly DJ. Large-scale CFD simulations of the
transitional and turbulent regime for the large human airways during rapid inhalation. Comput Biol Med.
2016;69:166-80.

Xi J, Kim J, Si XA, Corley RA, Kabilan S, Wang S. CFD modeling and image analysis of exhaled aerosols due to a
growing bronchial tumor: towards non-invasive diagnosis and treatment of respiratory obstructive diseases.
Theranostics. 2015;5(5):443-55.

Hariprasad DS, Sul B, Liu C, Kiger KT, Altes T, Ruppert K, Reifman J, Wallgvist A. Obstructions in the lower airways
lead to altered airflow patterns in the central airway. Respir Physiol Neurobiol. 2019. https://doi.org/10.1016/j.
resp.2019.103311.

Qi S, Li Z, Yue Y, Van Triest HIW, Kang Y. Computational fluid dynamics simulation of airflow in the trachea and
main bronchi for the subjects with left pulmonary artery sling. BioMed Eng OnLine. 2014;13:85.

Qi S, Li Z, Yue Y, Van Triest HIW, Kang Y, Qian W. Simulation analysis of deformation and stress of tracheal and
main bronchial wall for the subjects with left pulmonary artery sling. J Mech Med Biol. 2015;15(6):1540053.

Qi S, Zhang B, Teng Y, Li J, Yue Y, Kang Y, Qian W. Transient dynamics simulation of airflow in a CT-scanned
human airway tree: more or fewer terminal bronchi? Comput Math Methods Med. 2017;2017:1969023.

Qi S, Zhang B, Yue Y, Shen J, Teng Y, Qian W, Wu J. Airflow in tracheobronchial tree of subjects with tracheal bron-
chus simulated using CT image based models and CFD method. J Med Syst. 2018;42(4):65.

Zhang B, Qi S, Yue Y, Shen J, Teng Y, Qian W, Wu J. Particle disposition in tracheobronchial tree of sub-

jects with tracheal bronchus, COPD simulated by CFD. BioMed Res Int. 2018;2018:7428609. https://doi.
org/10.1155/2018/7428609.

De Backer JW, Vos WG, Devolder A, Verhulst SL, Germonpre P, Wuyts FL, Parizel PM, De Backer W. Computational
fluid dynamics can detect changes in airway resistance in asthmatics after acute bronchodilation. J Biomech.
2008;41(1):106-13.

Ho CY, Liao HM, Tu CY, Huang CY, Shih CM, Su MY, Chen JH, Shih TC. Numerical analysis of airflow alteration in
central airways following tracheobronchial stent placement. Exp Hematol Oncol. 2012;1(1):23.

. Chen FL, Horng TL, Shih TC. Simulation analysis of airflow alteration in the trachea following the vascular

ring surgery based on CT images using the computational fluid dynamics method. J X-Ray Sci Technol.
2014,22(2):213-25.

Page 17 of 18


https://doi.org/10.1007/s11748-018-0979-x
https://doi.org/10.1016/j.resp.2019.103311
https://doi.org/10.1016/j.resp.2019.103311
https://doi.org/10.1155/2018/7428609
https://doi.org/10.1155/2018/7428609

Gu et al. BioMed Eng OnLine (2019) 18:105 Page 18 of 18

32.

33.

34

Bos AC, Van Holsbeke C, De Backer JW, Van Westreenen M, Janssens HM, Vos WG, et al. Patient-specific modeling of
regional antibiotic concentration levels in airways of patientswith cystic fibrosis: are we dosing high enough? PLoS
ONE. 2015;10(3):e0118454.

De Rochefort L, Vial L, Fodil R, Maitre X, Louis B, Isabey D, Caillibotte G, Thiriet M, Bittoun J, Durand E, Sbirlea-Apiou G.
In vitro validation of computational fluid dynamic simulation in human proximal airways with hyperpolarized *He
magnetic resonance phase-contrast velocimetry. J Appl Physiol. 2007;102(5):2012-23.

De Backer JW, Vos WG, Vinchurkar SC, Claes R, Drollmann A, Wulfrank D, Parizel PM, Germonpre P, De Backer W. Vali-
dation of computational fluid dynamics in CT-based airway models with SPECT/CT. Radiology. 2010;257(3):854-62.

35. Baldshazy I, Hofmann W. Deposition of aerosols in asymmetric airway bifurcations. J Aerosol Sci. 1995;26(2):273-92.

36. FunakoshiY, Takeda S, Sawabata N, Okumura Y, Maeda H. Long-term pulmonary function after lobectomy for
primary lung cancer. Asian Cardiovasc Thorac Ann. 2005;13:311-5.

37. Launder BE, Spalding DB. The numerical computation of turbulent flows. Comput Method Appl M. 1974;3:269-89.

38. Lin CL, Tawhai MH, Hoffman EA. Multiscale image-based modeling and simulation of gas flow and particle transport
in the human lungs. Wiley Interdiscip Rev Syst Biol Med. 2013;5(5):643-55.

39. Luo HY, LiuY, Yang XL. Particle deposition in obstructed airways. J Biomech. 2007;40(14):3096—104.

40. Potter MC, Wiggert DC, Ramadan BH. Mechanics of fluids, Chapter 11. 5th ed. Stamford: Cengage Learning Engi-
neering; 2016. p. 514-31.

41. Islam MS, Saha SC, Sauret E, Yang IA, Gu YT. Ultrafine particle transport and deposition in a large scale 17-generation
lung model. J Biomech. 2017;64:16-25.

42. Horsfield K, Dart G, Olson DE, Filley GF, Cumming G. Models of the human bronchial tree. J Appl Physiol.
1971;31(2):207-17.

43, Cohen B, Sussman R, Morton L. Ultrafine particle deposition in a human tracheobronchial cast. Aerosol Sci Tech.
2007;12(4):1082-91.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Structural and functional alterations of the tracheobronchial tree after left upper pulmonary lobectomy for lung cancer
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Results
	Structural alterations of the tracheobronchial tree
	Alterations of airflow in the tracheobronchial tree
	Wall pressure and flow velocity distribution
	Pressure drop
	Airflow rate distribution
	Local alterations


	Discussions
	Conclusions
	Methods
	Participants and CT images acquisition
	Overview of the analysis procedure
	Structural analysis of the tracheobronchial tree
	CFD analysis of the tracheobronchial tree
	Convergence analysis

	Acknowledgements
	References




