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Abstract

Pulmonary lobectomy is the gold standard intervention for lung cancer removal and consists in the
complete resection of the affected lung lobe, which, coupled with the re-adaptation of the remaining
thoracic structures, decreases the postoperative pulmonary function of the patient. Current clinical
practice, based on spirometry and cardiopulmonary exercise tests, does not consider local changes,
providing an average at-the-mouth estimation of residual functionality. Computational Fluid
Dynamics (CFD) has proved a valuable solution to obtain quantitative and local information about
airways airflow dynamics.

A CFD investigation was performed on the airway tree of a left-upper pulmonary lobectomy patient,
to quantify the effects of the postoperative alterations. The patient-specific bronchial models were
reconstructed from pre- and postoperative CT scans. A parametric laryngeal model was merged to
the geometries to account for physiological-like inlet conditions. Numerical simulations were

performed in Fluent®.
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The postoperative configuration revealed fluid dynamic variations in terms of global velocity (+23%),
wall pressure (+48%), and wall shear stress (+39%). Local flow disturbances emerged at the resection
site: a high-velocity peak of 4.92 m/s was found at the left-lower lobe entrance, with a local increase
of pressure at the suture zone (18 Pa). The magnitude of pressure and secondary flows increased in
the trachea and flow dynamics variations were observed also in the contralateral lung, causing altered

lobar ventilation.

The results confirmed that CFD is a patient-specific approach for a quantitative evaluation of fluid
dynamics parameters and local ventilation proving additional information with respect to current

clinical approaches.
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1. Introduction

Pulmonary lobectomy is the most common surgical intervention for lung cancer removal and consists
in the total excision of an entire lung lobe. It is the only curative and unpreventable treatment for
patients with localized lung tumor. Postoperative consequences include structural modifications in
the thoracic space: the hemithoracic volume on the side of surgery decreases, the hemidiaphragm
rises upward, and the mediastinum shifts towards the lobectomy side [1,2]. Such displacements
determine deformity of the residual structures, which could lead to bronchial kinking and/or
obstruction of the airways in severe cases [2-5]. These alterations could further reduce pulmonary
function, which is already compromised by the permanent loss of respiratory tissue and by possible
existing comorbidities.

Compensatory overinflation in the remaining lobes could help to balance the loss of air volume:
alveolar tissue regrowth, structural remodeling, and progressive functional compensation in the long-
term after surgery are proven [6,7]. Differences are reported among lower, middle, and upper
lobectomy postoperative changes [3,8,9].

The prediction of postoperative pulmonary function is crucial for establishing surgical risk before the
operation, but the current clinical practice relies only on preoperative pulmonary function tests (i.e.
spirometry and cardiopulmonary exercise tests) [10]. Nevertheless, these methods do not consider
volume differences among pulmonary segments and lobes, tissue heterogeneity, and postoperative
alterations of lung and airways anatomy [11,12]. Moreover, the follow-up techniques for monitoring
the patient after surgery do not allow local non-invasive inspection of the airways. Therefore, further
investigations on the impact of lobectomy are needed.

Computational Fluid Dynamics (CFD) represents an attractive tool to overcome the drawbacks of the
current clinical approaches, providing quantitative information on regional ventilation, lobar flow
rate, and local properties at every location in the airways [8,13-15]. The geometrical model of the
airways can be reconstructed from the CT-images of the patient [14-21], allowing to replicate the

anatomical peculiarities of a subject and to study the effects of lung pathologies. Burrowes et al.



modeled the morphological changes due to asthma and chronic obstructive pulmonary disease
(COPD) [22,23], while De Backer et al. showed the fluid dynamic consequences of such pathologies
[14,21]. Bos et al. simulated the deposition of antibiotics in the airways of cystic fibrosis patients
[19]. Qi et al. studied the air flow dynamics in case of congenital anomalies like tracheal bronchus
and left pulmonary artery sling [20,24]. The fluid dynamics effects of pulmonary lobectomy were
also studied by Gu et al. [8], who performed CFD simulations on the airway tree of 18 left-upper-
lobectomy patients.

Usually, most of the clinical CT scan protocols image only the thoracic tract of the respiratory system
to limit the x-ray exposure of the patient's head. Therefore, the geometrical reconstructions from the
images are generally limited to the tracheobronchial tree, deprived of the upper airways.

Lin et al. [25] studied the effects of the upper airways on the downstream flow. The complete CT-
based geometry was compared to the truncated tracheobronchial tree: the fluid flow structures turned
out to be strongly different in the two cases. In the complete model, a high-speed laryngeal jet formed
with the flow passage through the glottis, determining turbulent features and flow rotational motions
in the trachea. On the contrary, the truncated model presented a parabolic velocity profile, typical of
laminar flows. The comparison of flow characteristics in the two models demonstrated that simple
unet boundary conditions do not adequately represent the effects of the upper airways, affecting flow
properties through several generations. Choi et al. [17] deepened the issue by comparing different
levels of truncation of the upper airways, demonstrating that the main responsible structure for
turbulence in the lower airways is the glottal restriction. However, the inclusion of the extra-thoracic
airways in the CT-imaging is an uncommon occurrence. Thus, other authors proposed different
models to replicate the effects of the upper structures in the fluid flow [15,26-29].

Some authors applied patient-specific boundary conditions elaborating CT-image sets recorded at
different lung volumes [14,26,30]. However, the acquisition of more than one CT-image set for the
same subject is unusual, and the greatest part of authors in literature apply uniform and steady

boundary conditions at the outlets [8,15,17,20,25,28,31].



In the present work, a numerical investigation was performed on one patient, who underwent a left-
upper pulmonary lobectomy intervention, to evaluate the postsurgical alterations effects in the airflow
dynamics.

The specific aims were the following: a) simulate the laryngeal jet effects by introducing the artificial
model of the larynx proposed by Miyawaki at al. [26], merged at the superior portion of the trachea;
b) provide a description of specific fluid dynamics parameters (velocity, pressure, wall-shear stress),
in presence of an accurate geometry reconstruction, both in the whole airway tree and in the site of

surgery.



2. Materials and Methods

2.1. Study design
The study involved a 70-years old female patient, who underwent left-upper lobectomy for squamous
cells carcinoma, through video-assisted thoracoscopic surgery (VATS). Chest CT images, acquired
in breath-hold at full-inspiration before and after surgery, were retrospectively collected. The patient
provided written informed consent for using the data for research purposes. All identifying
information was removed from the CT images before the analysis. The CT acquisition parameters are

summarized in Table 1.

2.2. Generation of the airway model
The 3D subject-specific models of the airway tree were segmented from the CT images of the
preoperative and postoperative configurations (Figure 1). First, an automatic segmentation algorithm
based on 3D confidence-connected region growing (CCRG) [32], developed in C++, was applied.
Second, the manual dynamic region-growing segmentation was carried out to complete the geometry

reconstruction in Mimics (Materialise NV, Belgium).

The geometrical reconstructions were processed with 3-Matic (Materialise NV, Belgium) and

~NSYS SpaceClaim.

To reproduce the turbulent airflow features in the trachea, the laryngeal jet model developed by
Miyawaki et al [26] was recreated and merged to the geometries (Figure 2). The dimensions of this
model, shaped as a convergent/divergent pipe, were obtained from a large set of data recorded at end-
inspiration, with the glottis in the fully opened configuration [26]. Five fundamental lengths were
provided as a function of the hydraulic diameter of the trachea Dnt: the hydraulic diameter at the
glottis Dn,g=0.677Dn; the hydraulic diameter upstream the glottis Dngu=1.24Dn; the length of the
larynx upstream the glottis lqu=1.3Dn,; the length of the larynx downstream the glottis lgi=1.3Dn;

and the length of the trachea from the glottis to the carina Ly=8.64Dnt (not shown in figure). The



values obtained for the corresponding models in the preoperative and in the postoperative case are

summarized in Table 2.

The application of such model was meant to simulate a physiological-like boundary condition at the
inlet of the airway tree, replicating the effects of the glottal restriction, which was not included in the

CT-images. The final geometrical domains for numerical simulations are shown in Figure 3.

2.3. CFD Mesh generation
A tetrahedral unstructured grid type was chosen due to the geometrical complexity. To correctly
resolve fluid flow properties in the sub-viscous layer proximal to the wall, 15 inflation layers were
created. The first layer thickness was set equal to 0.01 mm, which correspond to an estimated y* < 1.
The quality of the generated mesh was evaluated through the maximum skewness criterion

(equilateral volume skewness < 0.90).

Three mesh refinements were automatically generated for each geometry in Fluent®, with a total
number of cells of 10.0x108, 12.5x108, and 23.0x10° for the preoperative case, and 6.5x108, 9.0x10°,
and 18.9x10° for the postoperative case. Mesh parameters, including the maximum size of bulk cells

a~d the maximum skewness, are reported in Table 3.

The convergence analysis was conducted considering the relative variations between the meshes in
terms of volume flow rate (VFR) at the outlets, with a tolerance inferior to 0.5%. Moreover, the local
velocity profile was evaluated for the three meshes at a cross-sectional plane at 2 cm distance from
the carina. Three axes, mutually rotated at 60° from each other, were chosen to plot the profiles

(Figure 4). The three meshes did not show significant differences in the velocity profile in both cases.



2.4. Airflow simulation
Given the dynamic nature of breathing, the influence of oscillatory behavior on the flow was
preliminarily investigated. As previously demonstrated, the importance of unsteadiness on the
average flow characteristics, obtained through a steady solution, is modest if the Womersley number
(Wo) is less than 10 and the Strouhal number is less than 1 [33]. The Womersley number, i.e., the

ratio of unsteady forces to viscous forces, is calculated as:

Wo = %(?)O'S 2.1)

The Strouhal number (S), i.e., the ratio of unsteady forces to inertial forces, is calculated as:

21f Dp

u

(2.2)

Where f is the breathing frequency, v is the air kinematic viscosity, Dn is the hydraulic diameter of
the trachea, and  is the average velocity at the corresponding diameter.

In the case under analysis, f=15 breaths per minute and v=1.79x10"° kg/ms, Dn., measured from the
model inlet cross-section, was 1.66 cm and 1.57 cm in the preoperative and postoperative geometry,
respectively. Therefore, in the preoperative case, Wo0=2.45 and S=0.017, whereas in the postoperative
case, Wo0=2.33 and S=0.015. Consequently, a static analysis was performed, considering an averaged

tidal breathing flow rate of 0.5 L/s.

CFD simulations were performed by using the finite volumes method (FVM) for the numerical
solution of the mass conservation and the Navier-Stokes equations in the 3D domain. The effects of
turbulence were modeled using the Shear Stress Transport (SST) k- model with Low Reynolds
Number (LRN) correction, which is considered the most suitable model for predicting low turbulence

flow in the respiratory system, with the available computational resources [8,15,33-35].



A steady inspiratory velocity was set as boundary condition at the larynx inlet. The inlet velocity was
calculated for each geometry as the volume flow rate divided by the inlet cross-sectional area. A value
of 1.5 m/s was obtained for the preoperative case, and a value of 1.7 m/s for the postoperative case.
A turbulent intensity of 5% and a viscosity ratio pr /u of 10 were applied. A uniform reference
pressure was set at each outlet boundary, corresponding to the cross-sectional surface at the terminal
end of each bronchus. A no-slip condition was imposed at the walls, considered rigid, stationary, and
smooth. The air was considered as an incompressible Newtonian fluid, with density p equal to 1.225
kg/m? and dynamic viscosity p equal to 1.79 x 107° kg/ms. This is an acceptable assumption for the
airflow in the human airways, where the Mac number is close to 0.3, and the effects of temperature
and humidity cause negligible variations on the air properties with respect to environmental

conditions [33,36].

The hypothesis of rigid walls with no-slip condition is well documented in literature [16,26,27,33,37].
This can be considered reasonably valid due to the relatively high percentage of cartilage in the airway

tissue up of the central airways [38].

The following numerical methods were chosen: pressure-based solver; second-order upwind scheme
for the momentum equations; Green-Gauss cell-based method for gradients evaluation, and SIMPLE
algorithm for pressure-velocity coupling. Convergence was set as residuals less than 107

Calculations were stopped when the residuals converged, and the solution was evaluated to be stable.

The results were reported in terms of velocity magnitude, wall pressure and wall shear stress, in the
entire tree, with a global and a local point of view. Also, velocity components at specific cross-
sectional planes were reported. The first plane was positioned at the inlet of the trachea, just
downstream the laryngeal model. The second plane was located at a 2 cm distance from the carina.
The remaining cross-sectional planes were positioned at the half of the following branches: on the
right-hand side, the right main bronchus, bifurcating into the right upper bronchus and the

intermediate bronchus, bifurcating into the right middle lateral, the right middle medial, and the right



lower bronchi; on the left-hand side, the left main bronchus, bifurcating into left upper bronchus
(which was missing in the postoperative geometry) and left lower bronchus. Thus, a total of 11 planes
were considered for the preoperative geometry, and a total of 10 planes for the postoperative

geometry.

The regional ventilation was obtained for both cases to reveal the contribution of each lung portion

to the pulmonary functionality and highlight how it changed after lobectomy.

3. Results

Overall, the postoperative configuration showed an increment in the magnitude of velocity, pressure,
and wall shear stress, with the same inlet flow rate as the preoperative case. Peak values of the
variables of interest are reported in Table 4. The maximum value of velocity, located at the inlet of
the tree, was 4.16 m/s in the preoperative configuration and 5.40 m/s in the postoperative one. The
peak value of pressure and wall shear stress, located at the carina bifurcation, was almost doubled in
the postoperative case: a maximum pressure of 11.87 Pa and 22.96 Pa, and a maximum wall shear

stress of 1.03 Pa and 1.69 Pa, were found for the preoperative and postoperative case, respectively.

The velocity streamlines, the wall pressure, and the wall shear stress are shown in Figure 5 for the
preoperative and postoperative cases. Air dynamic conditions worsened in the whole postoperative
tree, with greater velocity values propagating up to the smallest branching generations (Figures 5a
and 5b). Consequently, wider regions of high wall shear stress, corresponding to the areas of high-
velocity gradients, were observed (Figures 5e and 5f). The entire postoperative tree was subjected to
higher pressure (Figures 5c and 5d). The pressure settled down in the vicinity of the outlets in both

geometries, where the uniform boundary condition was applied.

Interestingly, consequences of the lobectomy were also observable on the right side of the tree, where

no surgical intervention was performed, probably due to the increased regional flow rate in the non-



resected lung. Higher velocity, pressure, and wall shear stress values were found with respect to the
preoperative right side, especially in the lower part. The average velocity at the entrance of the
intermediate right bronchus increased from 1.66 m/s to 1.74 m/s. The average wall pressure increased
from 3.99 Pa to 10.85 Pa, with peak values at the bifurcations increasing from 8.85 Pa to 19.77 Pa.

The maximum value of wall shear stress increased as well from 1.03 Pa to 1.27 Pa at the bifurcations.

In Figure 6, the fluid dynamics comparison between the preoperative and postoperative trachea is
shown. In the preoperative situation, smoother gradients of velocity, and more uniform pressure and
wall shear stress values were present. After surgery, the trachea assumed a deformed configuration,
characterized by severe curvatures. Higher velocity peaks of about 4.8 m/s were found at the inner
part of the curvatures (Figure 6b), while important higher-pressure zones were found at the curvatures
outer part and at the carina bifurcation, with peak values in the range of 18.07 — 22.96 Pa (Figure 6d).
Regions of high wall shear stress became wider in the postoperative trachea and at the carina (Figure

61).

In Figure 7, the fluid dynamics comparison is focused on the site of surgery. Before the lobectomy,
the airflow divided among the upper and lower left bronchi with smooth velocity gradients (Figure
7a). After surgery, this zone presented severe distortions as well: the left main bronchus was twisted
upward, and the left-lower bronchus severely bent just downstream the suture zone, shrinking its
lumen. The air entered the left lower lobe with a higher speed with respect to the preoperative case,
with a peak value equal to 4.92 m/s (Figure 7b). This can be explained considering both the lack of
the left-upper bronchus and the restriction of the bronchus lumen, which caused a larger flow rate to
pass through a narrower cross-section. In the suture zone and in the following bifurcations, a peak of
pressure in the range of 16-18 Pa was found. Considerably lower pressure occurred in the same zone
for the preoperative case, in the range of 5-7 Pa and about 10 Pa at the bifurcations (Figures 7c and
7d). In the postoperative situation, higher wall shear stress values up to 1.6 Pa were found, which did

not occur in the preoperative bifurcations at the same generation level (0.6 Pa).



However, for both cases, the peak values of wall shear stress were located at the bifurcations, where
the velocity gradients were steeper (Figure 7e and 7f). This result is coherent with other studies in

literature [15,39].

Axial velocity profiles, of normal direction with respect to the cross-sectional planes, are shown in
Figure 8. In the upper part of the trachea, the peak velocity, of magnitude equal to 5.4 m/s, was shifted
towards the inner part of the tracheal curvature, with a small peak of reverse flow (0.5 m/s) at the
opposite side. Reverse flow was also found at the carina level, which showed a quite irregular profile
in the postoperative case. This result is in accordance with Luo et al. [15], who performed a LRN k-

o simulation including the glottal restriction.

In the airways downstream the following bifurcations, axial velocity profiles showed a skewed peak
towards the inner part of the conduits, as reported by other authors [15,24,25,39,40], with greater
values in all the postoperative planes, especially at the trachea and at the left bronchus restriction. A
strong variation was found at the entrance of the left-lower bronchus: the axial velocity increased

from 2.5 m/s before surgery to 4.5 m/s after surgery.

Axial velocity contours with in-plane velocity components are shown in Figure 9 for the preoperative
(a) and postoperative (b) cases. The axial velocity ranged from -0.50 m/s to 5.40 m/s, while the
maximum value of tangential velocity was 2.04 m/s. In general, the in-plane velocity always
presented a rotational pattern in both cases, with higher magnitude values in the whole tree after
surgery. It was demonstrated that flows in curved ducts exhibit a local imbalance between inertial
(centrifugal) forces and pressure gradients, which causes the velocity peak to shift from the center of
the section and secondary circulations [41]. A similar phenomenon occurred in the curve-shaped
postoperative trachea: at the inlet of the trachea, the axial velocity peak was shifted to the inner side
of the curvature, as can be observed both in Figure 8 and 9, and the tangential velocity vectors

demonstrated the presence of secondary circulation, as can be observed in Figure 9. These results are



coherent with other findings in literature: Lin et al. [25], who performed a Direct Numerical
Simulation (DNS) to study the effects of the laryngeal jet on the downstream flow, found rotational

motions at the level of the trachea.

Close to the carina, the velocity was disturbed as well after surgery, with increased magnitude and
intensified rotational pattern of tangential vectors. A similar behavior was found in all the other plates,
except for the left main bronchus plate, where the postoperative rotational component diminished. As
previously mentioned, at the right side of the tree, the intermediate bronchus plate presented increased

values of velocity components.

The strong variation on the left side of the tree after surgery is clearly visible in the plates of Figure
9: the left-upper bronchus was missing in the postoperative configuration and the left-lower bronchus
presented a significant reduction in the cross-sectional area. Here, the magnitude of the tangential
vectors increased significantly and was comparable to the trachea conditions. The axial vectors

increased too, in accordance with previous observations.

In Figure 10, the regional VFR is reported in percentage values for the following regions: right-upper
lobe (RUL), right-middle lobe (RML), right-lower lobe (RLL), left-upper lobe (LUL), left-lower lobe

—LL), right lung (RL) and left lung (LL).

The regional VFR demonstrated a greater ventilation in the right lung with respect to the left lung.
This was an expected result because the right lung presents a greater volume [33,42,43]. The lower
lobes (RLL, LLL) received the greater portion of inhaled flow rate with respect to the upper lobes
(RUL, LUL). The right middle lobe (RML), which is the smallest lung lobe, received the lowest
amount of flow rate. Airflow dynamics and particle deposition studies also confirmed these findings
[15,28,44]. After pulmonary lobectomy, the different ventilation among the two lungs became more
pronounced: the regional VFR in the RL increased from 55.1% to 64.6%, while in the LL diminished
from 44.9% to 35.4%. Locally, after lung resection, the RUL ventilation was almost unchanged, while

an increased VFR was present in RML and in the RLL. A null VFR occurred at the LUL due to the



missing lobe, and a remarkable ventilation increment occurred at the LLL, from 22.8% to 35.4%.
Analogous study in literature also predicted a comparable redistribution of regional ventilation
towards the contralateral side after surgery [8]. Clinical studies on pulmonary function after

lobectomy evidenced a reduction in volume variation on the side of surgery [45,46].

The regional pressure drops across the lobar bronchi were calculated and reported in Table 5. The
pressure at the entrance of each lobe was obtained as the average value in the cross-sectional area.
The reference cross-sections were indicated in Figure 8 for the RUL, the medial and lateral RML, the
RLL, the LUL and the LLL. Each regional pressure drop was calculated with respect to the outlet
reference pressure. Before surgery, the pressure drops across the lobes ranged from 4.5 to 6.28 Pa,
while after surgery values ranging from 13.41 to 16.36 Pa were reached. The postoperative pressure
drops increased with an almost uniform increment ranging from 8.76 to 10.39 Pa, with the greatest
values for the RUL and the LLL. This was an expected result, considering the wall pressure contours
shown in Figure 5, where a comparable increment was verified in the whole postoperative geometry

upstream the suture zone.

A Discussion

In the present work, a CFD method was proposed to study the postoperative fluid dynamics following
a left-upper pulmonary lobectomy, reconstructing a patient specific geometry from CT images before

and after surgery, and providing a physiological-like inlet boundary condition.

The laryngeal jet caused by the glottal constriction is an important factor to be considered, conferring
turbulence features to the airflow [17,25,26]. The use of the laryngeal model based on Miyawaki et
al. [26] represented a valid and feasible alternative to the missing superior airways in the CT images:
the cross-sectional restriction of the model provided a local acceleration of the airflow, which

replicated the fluid dynamics effects of the glottis. Moreover, involving normalized parametric



dimensions with respect to the trachea hydraulic diameter, it was tailored to the airway trees

proportionally to the anatomical dimensions.

The airflow simulations were performed according to the previously reported approach, in lack of
directly measured data from the patient, CT-imaging of the complete upper airways, and having only
one image-set at a specific volume available [8,17,24,25,27,31]. With respect to Lin et al. and Choi
et al. [17,25], who imposed a fixed outflow, the condition of uniform pressure was set at the outlet
boundaries, to not constrain the airflow partition and the lobar flow rates [15]. The mesh
independence analysis was performed, obtaining improved mesh refinements with respect to

analogous studies in literature [8].

Comparing the two situations, with the same inlet flow rate, increased mechanical stimuli emerged
in the postoperative structure. Our results showed increased velocity, pressure, and wall shear stress
values in the whole airway tree after pulmonary lobectomy, deriving not only from the resection of
an entire lung lobe, but also from the geometrical adaptation of the remaining structures (Figures 5,
6 and 7). Also, the turbulent characteristics of the airflow, related to the tangential component of the

velocity, have shown a worsening (Figure 9).

_.le regional pressure drops reported in Table 5 demonstrated an almost uniform pressure increment
in all the lobar bronchi after surgery, confirming once again that lobectomy consequences affected
the whole structure. In particular, local results at the resection site (Figure 7) suggested that the sudden
narrowing of bronchial lumen just downstream the suture might have caused a high fluid dynamic
resistance to airflow and a consequent driven pressure increase during inspiration [20,47,48]. The
bronchial stenosis, together with the severe bending of the left-lower bronchus, might have impaired
air passage, worsening fluid dynamic conditions at the bifurcations of the left side of the tree. The
higher wall shear stress values, determined by the increase of local velocity in this region represent a
potential risk for endothelial cells of the bronchial tissue [40], especially if higher inlet flow rates

occur, such as in the case of exercise conditions.



The geometrical displacements and deformations are an inevitable consequence of lobar excision,
and normally involve all the surrounding organs of the thoracic space, including the trachea and the
larger bronchi [49,50]. However, very little literature exists on quantitative morphological
characterization, field of research in which further studies are required. The effect of standard
respiratory physiotherapy on long term postoperative complications after lung resection is still an
investigation subject, and the role of each structural modification on postoperative pulmonary

function is not entirely clear [51].

As already mentioned, regional ventilation globally redistributes to the contralateral side after
lobectomy, and the remaining lobes receive a greater flow rate as compensatory response. Clinical
studies reported a decrease in spirometry parameters (FVC and FEV1) after lobectomy, indicating an
overall reduction of pulmonary function [5,7,46,52]. However, poor literature exists about local
alteration of pulmonary function and fluid dynamics consequences. A recent clinical study on
postoperative patients demonstrated the difficulty in measuring lobar ventilation redistribution
through functional imaging (especially for surgery on the left side), due to the mediastinum shifting
and geometry readaptation [45]. Therefore, the computational approach adopted in the present study
may help in revealing local fluid dynamics parameters and in determining lobar ventilation (Figure

10).

Performing a CFD simulation on the anatomy of a particular patient, and analyzing the fluid dynamic
parameters that will emerge, could allow the prescription of a personalized respiratory physiotherapy
for a better postoperative management. In addition, the present study highlights the need for a more
exhaustive research on lobectomy consequences, in order to assess pre- and post-operative

functionality in relation to the structural modifications and to the resected lobe.



4.1. Limitations and future developments
The present work is affected by different limitations deriving from some missing input data and the

computational resources at disposal.

A more complete patient-specific CFD simulation should involve the setting of appropriate boundary
conditions, elaborating CT images at different lung volumes to derive the specific lobar flow rate of
the patient [14,26,30,53]. Unfortunately, the standard clinical practice does not provide the
acquisition of more than one CT-image set for lobectomy patient care. Therefore, as the greatest part
of authors in literature, a uniform pressure at the outlets was applied in the present work. For a better
fluid dynamics evaluation of the patient breathing conditions, the CT recording of, at least, two
different lung volumes would be preferable to estimate a more realistic lobar ventilation. Also, a
future development could be the validation of the numerical solution through reliable measured data

derived, for example, from functional imaging techniques [14,15,21].

A more comprehensive study could be obtained involving more pulmonary lobectomy patients. The
postoperative consequences may change depending on the resected lobe and on the anatomical
characteristics of the subject. Therefore, patients undergoing different kind of surgery should be
evaluated in a sufficient number, so to obtain a statistically affordable study. A morphometric
evaluation of the geometrical adaptation due to surgery could be performed to characterize each kind

of pulmonary lobectomy.

In the present study, a static inspiratory flow rate was analyzed. The choice of the inspiration
condition is related to the fact that it is the respiratory phase generally analyzed during preoperative
evaluation and postoperative follow up for oncological patients. Moreover, higher mechanical stimuli
occur in the airway walls, with respect to the expiratory condition [54,55]. A relevant outcome is the
situation at the resection site shown in the results, where higher wall pressure and wall shear stresses
emerged at the suture and at the bifurcations (Figure 6). To further complete the analysis, it would be

of interest to study the expiratory condition as well. However, in a computational context, this results



in a high degree of approximation: to provide an inlet condition for exhalation, hypothesis on the
fluid dynamic conditions at each bronchial ending, or on lobar ventilation should be assumed, in lack

of a second CT-image set, or functional imaging data.

A more realistic simulation should involve a dynamic inlet flow rate, adopting a physiological-like
breathing waveform [31,54]. However, the static assumption is a reasonable simplification
considering the Womersley number and the Strouhal number for the problem of interest. Therefore,
similar outcomes could be expected by performing a dynamic simulation. The present analysis was
performed at the same tidal breathing conditions among pre- and postoperative situations. A recent
study measured the thoraco-abdominal volume variation in a cohort of lobectomy patients through
opto-electronic plethysmography, comparing two surgery kind: open thoracotomy and VATS [46].
During quite breathing, it was shown that the minute ventilation, which is a measure of the breathing
flow, did not undergo changes after lung resection with respect to the preoperative one. A slight
variation occurred in respiratory rate and tidal volume in case of open thoracotomy, but, interestingly,
in VATS patients these differences were almost imperceptible. Since relevant differences in minute
ventilation were not reported, and since the patient in our study was subjected to VATS lobectomy,
the same volume flow rate was reasonably imposed as inlet condition for the preoperative and
postoperative models in the present study. To better understand the real conditions of the patient, the
volume variation with respect to time, registered before and after surgery, could be applied as input
variable for the models. The investigation should be further deepened considering different breathing
conditions, as happens during exercise or mechanical ventilation, including the real breathing wave

form of the patients or flow rate data from literature [46].

To date, a complete reconstruction of the airway tree cannot be achieved due to the intrinsic
limitations of the CT-imaging resolution and the segmentation techniques. Despite this, particular
attention was given to the extraction of all the visible bronchi in their entire length and cross-sectional

dimensions. Some authors, like Tawhai and co-workers completed the airway tree by using a volume-



filling algorithm to generate airway centerline locations within lungs volume [53,56]. Nonetheless, a
good compromise must be found between numerical method feasibility and geometry complexity

[54].

Although most of the approaches presented in literature do not comprise or model the effects of the
superior airways, their presence would be preferable to replicate physiologic conditions in CFD
simulations. A solution to the simplified model adopted in this study could be the application of more
realistic models [27,28], or better, the acquisition of the patient upper airways in clinical CT scan

protocols.

The hypothesis of rigid walls, although being acceptable for the central airways, is less appropriate
for the peripheral airways, where the cartilage content diminishes. Unfortunately, fluid-structure
interaction computation is prohibitive for an extended airway tree model, considering also the
anisotropic and hyperelastic nature of the tissue [57]. Moreover, in this study, a static analysis at a
specific inspiratory lung volume was conducted, justifying the choice of not modeling the

inflation/deflation behavior during breathing.

The effects of temperature and humidity on air properties were not modeled in this work, despite
_..anges in density and viscosity can occur passing through the upper airways. These effects should

be included in the numerical model to perform a more detailed analysis.

A turbulence model was adopted to predict the solution, implicitly admitting the fluid flow to be
statistically stationary in its average properties. The process of breathing, however, presents an
oscillatory behavior and regions of different fluid dynamic conditions: turbulent in larger airways,
transitional, and laminar in the peripheral segments. This could lead to uncertainty in the solution at
local level. The choice of using a Reynolds-Averaged Navier Stokes (RANS) model was determined
by the computational resources. However, the SST k-o model was adopted by many authors,
demonstrating to be affordable in predicting the flow properties in the respiratory system, although

its model constants were not originally determined for the fluid flow inside the airways



[8,15,24,33,35,58]. A previous study successfully demonstrated the appropriateness of the model in
predicting average quantities, by comparing it with DNS results in normal airways [55]. The present
study evidenced turbulence instabilities in the larger airways, due to the laryngeal model
[15,17,25,26], and to geometrical distortions, especially after surgery. These considerations
demonstrated that the adopted SST k- model with LRN correction can predict fluid behavior in the
airway tree, at least in an average sense. Despite this, a future investigation using LES or DNS should
be performed to ensure the accuracy of the RANS model in presence of pronounced deformations of

the airways [59].

5. Conclusions

A CFD methodology to study the consequences of anatomical post-surgery alterations on airflow

dynamics, in a patient-specific airway tree model, was proposed.

The effects of the laryngeal jet, which is responsible of flow characteristics in the trachea, were

reproduced, providing a physiological-like inlet condition to the model.

The airflow disturbances derived not only from the resection of an entire lung lobe, but also from the
aeometrical adaptation of the remaining structures, were quantified. Turbulent instabilities increased
in the highly distorted postoperative configuration. Higher maximum values were found in pressure,
wall shear stress, axial and tangential velocity, even if an averaged tidal flow rate was simulated. The
local results showed a dramatic restriction of the bronchial cross-section in the site of surgery, where
worsening fluid dynamics conditions were found. The trachea of the patient was also subjected to

surgery outcomes, indicating that possible complications could indirectly affect other regions.
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TABLE 1: Acquisition parameters for preoperative and postoperative Computed Tomography (CT) images

Parameter

CT Preoperative

CT Postoperative

Contrast medium

No

Yes

Scanner

GE Medical System Optimact660

Siemens Somatom Definition

Slice thickness

0.625 mm

1.500 mm

Voxel size

0.7285%0.7285%0.6250 mm/voxel

0.8359%0.8359%1500 mm/voxel

Reconstruction kernel

B31f

B40f




TABLE 2: Fundamental dimensions of the laryngeal model. In the left column, the model parameters
proposed by [26], as a function of the trachea hydraulic diameter, are stated. In the second and the third
column, the dimensions of the reconstructed models for the preoperative and the postoperative geometry are

reported, respectively

Model parameter

Preoperative [cm]

Postoperative [cm]

Dn.t 1.66 1.57

Dh,g = 0.677 Dn; 1.12 1.06
Dh,gu=1.24 Dn 2.06 1.95
lgu=1.3 Dn¢ 2.16 2.04
lgt=1.3 Dnt 2.16 2.04
Lg=8.64 Dnt 14.34 13.56




TABLE 3: Preoperative and postoperative mesh refinements for the mesh independency analysis of the

results
Preoperative Postoperative
Max bulk N° N°
cell size N° cells nodes | skewness | N°cells nodes | skewness
Mesh 1 1.5 mm 10.0x108 | 4.2x10° 0.83 6.6x10° | 2.7x10° 0.72
Mesh 2 1.3 mm 12.5x10° | 5.2x10° 0.83 9.0x10% | 3.7x10° 0.73
Mesh 3 1.2 mm 23.2x10°% | 9.5x10° 0.83 18.9x10°% | 6.7x10° 0.72




TABLE 4: Maximum values of the variables of interest for the preoperative and the postoperative
geometries. The maximum velocity is found at the inlet of the trachea. The maximum wall pressure and wall
shear stress are found at the Carina bifurcation. The percentage increment in the postoperative geometry is

also reported

Maximum values Preoperative Postoperative Increment
Velocity (m/s) 4.16 5.40 23 %
Inlet pressure (Pa) 16.42 31.08 47 %
Wall pressure (Pa) 11.87 22.96 48 %
Wall shear stress (Pa) 1.03 1.69 39 %




TABLE 5: Regional pressure drop for each lobe before and after surgery, calculated as the pressure
difference between the pressure at an upstream section at the lobe entrance and the outlet pressure. The
postoperative pressure shows an increment at the entrance of each lobe

Lobe Preoperative pressure (Pa) | Postoperative pressure (Pa) | Increment
RUL 5.57 15.97 10.39
RML medial 4.5 13.55 8.76
RML lateral 4.9 13.66 9.05
RLL 4.57 13.41 8.84
LUL 6.02 - -
LLL 6.28 16.36 10.08




FIGURE 1 Geometry reconstruction from Computed Tomography (CT) images of the studied patient before
(a) and after (b) surgery. The green part of the trachea and main bronchi is obtained through the automatic
segmentation algorithm by Park et al. [30]; the different colored regions are obtained by manual
segmentation process. The consequences of lobe resection and mediastinum shifting were recreated and
consisted in the tracheal and bronchial bending, the presence of the suture zone, and the restriction of the
left-lower bronchial lumen
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FIGURE 2 Reconstruction of the laryngeal model proposed by Miyawaki et al. [25]. In the section view at
the top of the figure, the model parameters are defined: the hydraulic diameter of the trachea Dy ¢; the
hydraulic diameter at the glottis Dy, g=0.677Dp t; the hydraulic diameter upstream the glottis
Dh,gu=1.24Dn,¢; the length of the larynx upstream the glottis lgy=1.3Dp t; and the length of the larynx

downstream the glottis Ig=1.3Dp t. The resulting CAD model at the bottom of the figure was merged to the
patient airway models
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FIGURE 3 Geometrical CAD models for the preoperative case (a) and for the postoperative case (b). The
tracheobronchial tree reconstructed from the CT images of the patient was merged with the laryngeal
artificial model at the top part of the trachea
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FIGURE 4 Mesh independence for preoperative configuration (on the left) and postoperative configuration
(on the right). The velocity profiles were plotted along three axes (mutually rotated at 60 degrees from each
other) located in a cross-sectional plane at 2 cm distance from the carina bifurcation. No significant
differences were found among the profiles
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FIGURE 5 Overall fluid dynamics behavior in the preoperative and postoperative geometries. Comparing the
two cases, the postoperative tree presented worsening air dynamic conditions, even on the right side, where
no surgery was performed. The velocity streamlines (a, b) evidenced regions of higher air speed propagating
from the trachea up to the smallest bronchi. The wall pressure (c, d) increased dramatically in the entire
tree after surgery, with regions of peak values in the trachea and in the carina bifurcation. Regions of higher
wall shear stress (e, f) were present in the trachea and in the left lower bronchus after lobectomy
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FIGURE 6 Fluid dynamics comparison of the preoperative and postoperative trachea. The parameters of
velocity magnitude (a, b), wall pressure (c, d), and wall shear stress (e, f) are shown. The preoperative
trachea presented smoother gradients of velocity, and more uniform pressure and wall shear stress values.
After surgery, structural modifications due to mediastinum shifting and hemidiaphragm rising led to tracheal
curvatures, with a completely different fluid dynamics: local velocity and pressure peaks occurred due to
bending, and regions of higher wall shear stress expanded
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FIGURE 7 Zooming on the site of surgery: fluid dynamics comparison of left side of the tree. Velocity
streamlines (a, b) show the abrupt change of air passage through the left lower bronchus after surgery,
where a severe bending and a lumen restriction were found. In the suture zone and in the following
bifurcations, a peak of pressure was found (c, d), and the wall shear stress contours (e, f) evidenced higher
values at the bifurcations after surgery
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FIGURE 8 Plot of the axial velocity component, along the preferential direction of the flow in different cross-
sectional planes, for the preoperative case (a) and for the postoperative case (b). A better visualization of
the velocity at local level is given. At the trachea and at the left lower bronchus, the profile evidenced a
worsening situation after surgery. In both geometries, reverse flow was revealed close to the carina
bifurcation, and the maximum values along the following bronchi are shifted towards the inner side of the
lumen, with greater values in all the postoperative planes
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FIGURE 9 Axial velocity contours with the vectors of the in-plane velocity components (black arrows) for
the preoperative (a) and postoperative (b) cases. Letters indicate the plate orientation inside the airway
tree: posterior (P), anterior (A), right (R), left (L), top (T), bottom (B). The velocity can be observed in all
its components and in relation to the cross-section. At the trachea, the in-plane velocity components
intensified after lobectomy, determining a strongly different air transport in this zone. The situation in the
right side of the tree is better discernible: the intermediate bronchus plate and its following branches
presented increased values of velocity components. The left upper bronchus is missing, while the area
restriction at the left lower bronchus entrance is remarkable, as the increments of velocity magnitude
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FIGURE 10 Regional Volume Flow Rate (VFR) in percentage values for the preoperative case (blue) and for
the postoperative case (orange): right-upper lobe (RUL), right-middle lobe (RML), right-lower lobe (RLL),
left-upper lobe (LUL), left-lower lobe (LLL), right lung (RL), and left lung (LL). In the preoperative case the
ventilation of the right lung is greater with the respect to the left lung. This gap increased due to surgery.
Locally, after surgery, the RUL ventilation was almost unchanged, while an increased VFR was present in
RML and in the RLL. After lung resection, a null VFR occurred at the LUL, while a remarkable ventilation
increment occurred at the LLL
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