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ABSTRACT

Obstructive lung diseases are slowly progressing diseases that are characterized by a narrowing
of airway diameter and make it harder to breathe. Although obstructive lung diseases have a
high mortality rate, there are many clinical methods for early diagnosis such as impulse oscil-
lometry, thorax computed tomography scans, and pulmonary function tests. The objective of
this study is to investigate the effects of obstructions in main bronchitis on the airflow pattern
and provide a better understanding to flow characteristics in healthy and obstructed (bronchi-
al obstructions) human airways throughout a tidal breathing pattern. Seven-generation lung
airway model of a healthy person was reconstructed from computed tomography (CT) images
and additional models were created artificially for investigation of how obstructed airways
affect flow characteristics, flow rate, tidal volumes, and air distributions. A person-specific
non-uniform pressure inlet boundary condition for 12 breaths per minute was created as a
time-dependent pressure profile and implemented in FLUENT software as a macro for dis-
tal airways and atmospheric pressure outlet boundary condition defined at the trachea exit.
Numerical simulations were carried out in SST k-w turbulence model and validated with an
experimental study. Various flow properties such as lobar distribution rates, maximum flow
rate changes, and airflow characteristics at different flow rates (quiet breathing-15 L/min and
intense activity level-60 L/min) in the carina region, mid-trachea and sagittal section of the
trachea were obtained in the human respiratory tract by computationally. The results show
that regardless of flow rate, the airflow characteristics are similar for healthy models and mod-
els with various stenosis grades during inhalation. In terms of maximum flow rate drop, for
both inspiration and expiration phases 16%, 45%, and %80 decreases were observed in OM-I,
OM-II, and OM-III, respectively. In line with the decrease in maximum flow rate similar drop,
percentages were obtained for tidal volumes. Besides, with the increase of stenosis grade, the
inhaled air volume distribution to the right and left upper lobes decreased between 15%-95%.
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INTRODUCTION

With the increase in average life expectancy due to
the developing diagnosis and treatment methods, there
has been an increase in respiratory system diseases in the
context of chronic diseases. Lung diseases are among one
the most serious health problems in the world, as it causes
about one-sixth of the deaths in the world today [1].

Intensive use of tobacco products, genetic factors, and
air pollution are considered important etiologic factors that
lead to the development of lung diseases There are three
main types of lung diseases including airway, parenchymal
and circulatory disorders. Among them, airway diseases
such as asthma, COPD, and bronchiectasis affect the respi-
ratory tract directly and cause bronchial obstruction. Since
this group of diseases could have fatal consequences, sim-
ple and early diagnosis is very crucial. Among the target
receptors of an inhaled agent, beta-adrenergic receptors are
mainly located in distal airways [2], whereas muscarinic
receptors were in proximal airways [3]. In line with that,
the localization of the obstruction is also important for cli-
nicians to decide on the appropriate inhaled agent. Impulse
oscillometry has been used to detect the localization of the
obstruction by measuring the resistance [4]. However, this
diagnostic tool has not commonly used in many outpatient
clinics. Instead, the localization of the obstructed airways
could be detected by using thorax computed tomography
scans. In addition to the clinical methods, CFD simulations
are potentially useful tools to support clinical predictions
and there has been extensive application of CFD techniques
in biomedical applications [5] as in other fields [10]. Many
experimental and numerical studies have been carried out
for the treatment of lung diseases, to determine the points
where inhaled drugs can affect the respiratory system, and
to observe the effects of various respiratory tract disorders
on the current flow characteristics in the bronchi and bron-
chioles. However, since the human airway tree includes a
complex asymmetric branching pattern, it is very difficult
to obtain and study a fully realistic lung model. In many pre-
vious studies, mathematical-anatomical models developed
by Weibel, Kitaoka, and Schmidt have been used due to the
complex lung structure and technological deficiencies [11-
13]. The Weibel model, which is symmetrical and has spe-
cific measures for each branch and bifurcation angle, is one
of the most used mathematical models in numerical stud-
ies. [14,15]. To simulate airflow in the entire lung geometry,
a combination of the Weibel and Kitaoka truncated model
has been used by Tena et al. [16].

In addition to the Weibel model, the asymmetric
Horsfield and Schmidt models have also been used in
several studies [17,18]. With the development of medical
imaging methods (Computed Tomography-CT, High-
Resolution Computed Tomography-HRCT, and Magnetic
Resonance Imaging, MRI) and computer technology,
patient-specific models obtained by segmentation of CT
images and CT-based airway models and hybrid models

(mathematical model plus CT-based airway model) took
place in numerical and experimental studies [19-20].

In this study, we investigated the effects of bronchial ste-
nosis on the human respiratory tract which has not been
studied in detail in previous studies.

Unlike many studies in the literature, realistic
patient-specific transient pressure inlet boundary condi-
tions were used in numerical simulations. With this respect,
a healthy model was reconstructed from 58-year-old
Caucasian male CT images which were in DICOM (Digital
Imaging and Communications in Medicine) format, then
seven more models with grade I (25 % obstruction), grade
IT (50 % obstruction) and grade III (%75 obstruction) ste-
nosis [21] on the bronchus were created.

MATERIALS AND METHODS

Healthy Model Construction

To create a real human respiratory tract model, the
medical software package Mimics 21 and 3D Modeling
software 3-Matic (Materialise, Leuven, Belgium) were used
to segment CT images of the 58 years old male adult (BMI:
23.5 kg/m?) without any history of respiratory disease. 223
CT scans were obtained in the axial plane and one slice is
512 pixels with a pixel spacing of 0.45 mm. After the seg-
mentation of CT images, the CAD model is imported into
3-Matic software to smooth the surface and create a sur-
face mesh. The resulting seven-generation CT-based fluid
domain (right) which consists of 25 outlets and lung lobes
at total lung capacity (TLC) with respiratory tract (left) is
depicted in Figure 1.

Figure 1. Lung lobes and respiratory tract after segmenta-
tion.
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Center Line Mean Mean Cross Circularity Hydraulic Perimeter
Gen. Length Diameter Sectional Area (€n Diameter )
(mm) (mm) (mm2) (mm)

Trachea 0 142 19,8 308 0,94 19 66
RMB 1 21,14 17,4 240 0,96 17 57
LMB 1 59 14,9 175 0,98 15 47,8

2 29,2 9,6 73 0,94 9 32
3 24,3 5,86 27 0,92 5 20
B 17,85 7,7 47 0,93 7 26
5 18,4 3,74 11 0,90 3 13
6 12,8 4,06 13 0,91 4 14

Figure 2. Physical specifications of the model.

Figure 2 demonstrates the physical dimensions of an
obtained model like circularity ratio, center line length,
perimeter, and mean dimensions of each generation.

Construction of Obstructed Models

There are different types of airway stenosis such as
tracheal stenosis, bronchial stenosis, tracheobronchial
stenosis, subglottic stenosis, etc. Stenosis can be defined
as the permanent narrowing of the airway tubes which
are made of muscle and connective mucus membranes.
Although there is no adequate classification in the litera-
ture regarding airway stenosis, the classification created
by Freitag et al. [21] was used. Within the scope of this
study, we created obstructed models from a healthy per-
son (fluid domain) to simulate bronchial stenosis. To
obtain grade I, grade II, and grade III stenosis models, we
decreased both main bronchi diameters by %25, %50 and
%75 respectively. Figure 4 presents the obstruction levels
that created both main bronchi. HM, OM-I, OM-II and
OM-III abbreviations are used for the healthy model, a

Figure 3. Grade [, II, and III stenosis on the healthy model.

model with grade I stenosis, a model with grade II stenosis,
and a model with grade III stenosis, respectively.

Mesh Generation and Independency Test

The fluid domain which was prepared for numerical
simulations is exported to FLUENT format and imported
into ANSYS Fluent-Meshing (ANSYS, Inc., Canonsburg,
PA) where tetrahedral surface meshes were converted
to polyhedral volume meshes. Polyhedral volume mesh
type was used to obtain exceptional mesh quality leading
to improved numerical stability and lower cell size to get
a more accurate solution. Mesh refinement is increased at
the trachea inlet, distal bronchioles outlet, and obstructed
regions and the mesh quality is evaluated by the skewness
value. The maximum skewness value is assumed to be
lower than 0.7 for all models. The five inflation layers with a
growth rate of 1.2 were applied to the respiratory tract walls
to capture the boundary layer region accurately. Figure 4
shows the computational domain at the sagittal section of
the trachea.

To obtain reliable and accurate numerical results, inten-
sive mesh independence tests have been performed with
constant pressure inlet and outlet boundary conditions for
all models. The simulations were carried out for the seven

Figure 4. The polyhedral mesh and boundary layers in the
trachea.
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Figure 5. Mesh independency test.

different meshes and mass flow rates at the trachea exit and
wall Y+ were studied.

As can be seen from Figure 5, mesh number 5 points
0,23 for wallY+ and 0,000618 kg/s for mass flow rate and
there is no significant change in these values after this
point. Therefore, a 1.7 M mesh size was selected for numer-
ical simulations. The mesh independence tests for the other
models were conducted in the same conditions.

Boundary Conditions

Two important parameters affect the airflow in the
respiratory tract in numerical simulations, model geom-
etry, and boundary conditions. To obtain more accurate
results we used patient-specific transient pressure bound-
ary conditions instead of traditional uniform velocity and
pressure boundary conditions. For sedentary activity level
(15 L/min) airway resistance was calculated by using Ohm’s
law (1).

R.. — Patm —Pav (cmH0)
airway V(t/s) 1)

For quiet breathing also known as eupnoea, alveolar
pressure was taken to be 1 cm H,O at the expiration phase
and -1 cm H,O at the inspiration phase [22].

After specifying the required pressure drop between
trachea inlet and distal airway outlets for the desired vol-
umetric flow rate, time-dependent pressure inlet boundary
conditions for a respiratory cycle of 5 s (12 breaths per min-
ute) were created as a time-dependent profile and imple-
mented in FLUENT software as a pressure profile macro
for distal airways. Time-dependent pressure profiles for

——Wally+

— & —Mass Flow Rate (kg/s)

2500000

inhalation and exhalation phases are given in Eqs 2 and 3 as
4™-degree polynomial equation form.
0s < Current time<2s

P=24xt"-857+t3+129+t2-108+t+02 (2)
2 s < Current time < 5s

P=-04+594+t3-332+t2+8L,1+t—70,1 (3)

The obtained profile had an inspiration/expiration ratio
of 1:1,5. Figure 7 shows pressure boundary conditions for
two respiratory cycles (inhalation and exhalation) at the
distal airways for various flow rates (15, 30 and 60 L/min.).
These boundary condition graphs were obtained by using
equations (2) and (3). Meanwhile, atmospheric pressure
outlet boundary conditions were defined at the trachea exit
and no-slip conditions were implemented at the wall.

In the current study, for quiet breathing, the subject’s
tidal volume ranges between 462-616 mL (6-8 mL per kg)
[23] and 509 mL tidal volume obtained with the created
pressure profile. All simulated OM models used the same
inlet pressure (25%-75% obstruction). Reynolds, Strouhal,
and Womersley numbers are three dimensionless num-
bers that can be used to describe the flow characteristic.
Reynolds number is the ratio of inertial forces to viscous
forces within a fluid and is given by
_ oD

R
¢ @)
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Model Re
Trachea Distal Airways
HM 2315 280
oM-I 1917 215
OM-IlI 1362 177
OoOM-lll 463 148

Figure 6. Re numbers in the trachea and distal airways at a
peak flow rate.

where U (m/s), p (kg/m?), D (m), and g (Pa s) are veloc-
ity, fluid density, characteristic length (diameter), and
dynamic viscosity respectively.

Figure 6 shows the mean Re numbers both in the tra-
chea and distal regions for all models. With the increasing
obstruction degree significant decrease in Re numbers, both
in the trachea and distal regions can be seen in Figure 6.

Strouhal number is the ratio of inertial forces due to the
acceleration of the flow to the inertial forces. U, D, and f
are velocity (m/s), characteristic length (m), and frequency
(1/s) in Eq. 3, respectively

St

D
u

(5)

The Womersley number (a) indicates the relative
importance of inertial and viscous forces and is used to
determine the significance of the unsteadiness in the flow.

In case a is less than 1, the flow has time to become
fully developed during each cycle and there is a parabolic

Pam

15 Limin
30 Limin
60 L/min

Pressure (Pa)

velocity profile. At higher values of a (around 10), inertial
forces begin to influence the flow, and this causes a flat or
plug velocity profile. Since the maximum Womersley and
Strouhal numbers are 5.88 and 0.01 respectively, the flow
can be assumed as quasi-steady [24]. A workstation with
32 Gb RAM, 3.4 GHz CPUgs, and 16 processor cores was
utilized for the CFD calculations.

Numerical Methods
The airflow was assumed to be fully developed and
incompressible. So, for incompressible flow

and Newtonian fluid, conservation of mass, and
time-dependent Navier-Stokes equations were denoted by

equations (6) and (8) respectively.

= 6p_
VpV +2£=0

(6)
d [é] =0
V—l$+]5+k£ )
DV =
p— =pg—Vp+uviv ®)

where P,V and g are pressure, velocity vector, and grav-
ity vector, respectively.

Even during quiet breathing, the airflow characteristics
in the respiratory tract are very complex due to flow insta-
bilities caused by asymmetrical patterns and morphological

Expiration

Inspiration

Figure 7. Pressure boundary conditions at different flow rates.
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Figure 8. The velocity profiles at the CS05 section.

irregularity. Since the blending function (F1) equals “1” near
the wall and gives a better understanding of near-wall behav-
ior of flow, numerical simulations were carried out in SST
k-w turbulence model. Shear Stress Egs. for the SST k-w
model are [25]:

2 2 9 ok
T (pk) + 2% (pku;) = ax; (T a—x]_) ©)

+Gp — Y + S, + Gy
and

d 0 a w
E(Pw) +a—xi(Pwui) = a_xj(r“’ a_x]-) (10)

+Gy =Yy + Sy + Dy + Gyp

In equations 9 - 10, G, represents the TKE produc-
tion and G, is the generation of w. T} and T, stand for the
effective diffusivity of k and w, Y, and Y, represent the
turbulence dissipation rate of k and w. D, symbolizes the
cross-diffusion term, S;-S,, are user-defined source terms,
and G- represents the buoyancy effects. The solver algo-
rithm was selected COUPLED which is preferred for tran-
sient flow simulations to obtain accurate results. A residual
of 107 is taken as the convergence criterion of continuity
and momentum equations. The continuity and momen-
tum equations have been discretized using second-order
upwind schemes. For the transient simulations, time step
size and time step number were selected as 0.001s and 5000,
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respectively. The working fluid, the air is assumed to be a
Newtonian and the density and viscosity of air are 1.225 kg/
m?*and 1.7984x107° kg/m-s respectively.

Validation of Fluid Domain

To validate our model, velocity profiles that resulted
from CFD simulations at the CS05 (bifurcation point
of right main bronchi) section, were compared with the
profiles obtained by De Rochefort et al. using Magnetic
Resonance Imaging (MRI) technique on a human respi-
ratory tract model. The same boundary conditions (flow
rate of 269 mL/s) were adopted in the numerical study as in
Rocheford et al. [26].

Figure 8 illustrates velocity profiles at the right main
bronchi along the anterior to posterior and along the right
to left positions. As can be seen in Figure 8, the velocity
profiles obtained in the CS5 cross section are consistent
with the MRI measurement, but the velocity values at cer-
tain locations are higher (maximum velocity points devia-
tion is 6% for both AP and RL directions) in the CFD study.
This difference comes from individual morphological vari-
ations of the two different models. Since the diameter of
the CS05 section in the current model is smaller than De
Rocheford’s model, the decreased cross-section area at the
constant volumetric flow rate increases the average velocity
value in that section. So, we used the Re analogy to reduce
obtained velocity values.

RESULTS AND DISCUSSION

In the present study, numerical simulations were per-
formed on one healthy and seven artificially obstructed
models with grade I-II-III bronchial stenosis. First of all the
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numerical analyses were performed on the healthy model,
after, the effects of the obstructions on the respiratory
tract were investigated at different flow rates. Tidal volume
changes, lobar distribution of inspired air, and changes in
airflow characteristics were compared. Effects of tracheal
inclination and glottis region constriction at the mid-tra-
chea section for 15 L/min and 60 L/min flow rates can be
seen in Figure 9.

The characteristic of the airflow pattern is similar in
both flow rates. Owing to the angle of the trachea slope,
inhaled air flowed along the anterior wall of the trachea and
a secondary flow pattern appeared on the posterior side of
the respiratory tract during inhalation. The airflow was less
disturbed because of the lower airway resistance, and this
led to a more uniform flow field, so the maximum veloc-
ity was smaller during exhalation than that during inhala-
tion. Figure 10 shows the maximum flow rate changes in
obstructed models according to the healthy model. As can
be seen from graph bars in Figure 10, the inspiration max
flow rate decreased more than the expiration max flow rate
due to the grade I stenosis only in the LMB and the models
with 50% and higher stenosis grades while it occurred vice
versa in the RMB and both OM-I models.

With the increase of flow rate of 15 L/min to 60 L/min,
airflow became more complicated and the drop percent-
ages of maximum flow rates at inspiration and expiration

were increased prominently for all models. At 60 L/min
flow rate, the inspiration max flow rate decreased more
than the expiration max flow rate for all models except
the model with grade I stenosis only in the RMB. It was
observed in the study that has been conducted by Lin et
al. [27] that with the 50 % decrease at the cross-section
area due to the stenosis, the airway resistance increased by
about 45 % which is in line with this study, it can be seen
from Figure 10 that in the OM-II (50 % obstructed) model
max flow rates at both inhalation and exhalation dropped
by about 50 %.

Figure 11 gives inhaled air volumes for two differ-
ent flow rates, 15 L/min, and 60 L/min respectively. For
both flow rates, tidal volumes decreased by doubling with
increasing stenosis grade and it was seen that the least
decrease occurred in the model with grade I stenosis only
in the right main bronchus in Figure 12. The distribution of
inhaled air rates throughout the lung lobes for each model
was given in Figure 13.

With an increased obstruction ratio more air near the
tracheal wall with a slow velocity is inhaled into the right
and left upper lobes, while the central flow enters the right
middle, lower, and left lower lobes. This phenomenon
caused the amount of air inhaled into the RUL and LUL
to decrease while more air flow to the RML, RLL, and LLL.
Main lobar distribution rates between the right lung and

Time/ n— — o
Model Inspiration- 1 sec Expiration- 3 sec End of respiration- 5 sec
Velacity Magritude velatity Magnitude Walocity Magnitude
) ;-irmm,,q""--..
it 1\-
/
15 L/min
[mis | [ mvide: | [mis]
Welocity Magnitude ‘elooity Magnitude Welocity Magnitude
4 500 1.200
60 L/min

0000

| ms )

0.000

[ mis |

Figure 9. The velocity contours and vectors at the mid-trachea section for HM.
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Figure 10. Max flow rate drop rates for all models.
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Figure 11. Inhaled air volumes at different flow rates.
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Figure 12. Tidal volumes for all models at 15 L/min flow
rate.
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the left lung are almost equal for the healthy model (49.2
% RL, 50.8 % LL), but there is an increase in the amount of
inhaled air moving to the right lung (60.7 % RL, 39.3 % LL
for OM-III) proportional to the stenosis level.

Figure 14 demonstrates velocity contours with velocity
vectors in the mid-trachea region at different time points.
For the profiles of velocity distribution, especially for the
area covered by maximum velocity, similar trends are found
across all the models at peak inhalation time (1s). At inspi-
ration, the main streamlines located anterior (front side
of the tracheal tube) walls of the trachea regardless of the
occurrence of bronchial stenosis due to the morphological
nature (natural slope) of the respiratory tract. At expiration,
with the occurrence and increase of stenosis, the secondary
flow velocity vectors appear near the left wall. The second-
ary flow is directed from the left side to the right side of the
trachea and pushed the center streamlines toward to right
wall.

While the air coming from daughter branches of the tra-
chea (right and left main bronchus) mixed prominently in
the HM carina region, the air streamlines from main bron-
chial tubes formed two separate center flows in the models
with stenosis as can be seen in Figure 15. Due to the steno-
sis regions on the main bronchi, the airflow passing con-
stricted zone was accelerated, entering the trachea region
through carina, and then mixed each other. So, the jet-like
flow caused by the stenosis region made the airflow struc-
ture more complex and the flow can be described as chaotic
at peak expiratory flow rate for obstructed models. Also,
with increasing stenosis grade, the area covered by strong
streamlines moved from the inner wall of the carina to the
center of each main bronchus. Figure 16 shows recircula-
tion zones that appear posterior wall of the trachea where
the velocity was almost equal to zero, for all models during
inhalation. But during the expiration condition, clear dif-
ferences are visible in the axial-flow velocity patterns for
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Figure 13. Inhaled air lobar distribution rates for all models.

Time/
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End of Respiration-

Inspiration- 1 sec Expiration- 3 sec 5 sec

Figure 14. The velocity contours and vectors at the mid-trachea section (15 L/min).
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Time/
Model

Inspiration- 1 sec

Expiration- 3 sec

End of Respiration- 5 sec

(ms) 000

Figure 15. The velocity contours at the carina section (15 L/min).

all models. In HM, high-speed airflow in the sagittal plane
appeared in the center of the trachea but no obvious air-
flow patterns in the axial direction appeared for obstructed
models.

When the results are examined in terms of maximum
velocities, for HM the flow velocity near the anterior wall
is higher than that in the center and posterior walls at peak
inhalation, furthermore, the positions of the streamlines are
switched to the center and the maximum velocity decreased
about % 30 at peak expiration. Higher flow velocity appears
mostly above the carina region due to the jet-like flow,
where two main bronchi streamline mix. Maximum veloci-
ties at inspiration and expiration decreased in the mid-tra-
chea region while the maximum velocity at expiration
increased by about 36 % in OM-I, 60 % in OM-II, and 80 %
in OM-III at the carina region. Figure 17 shows Reynolds
number and Strouhal number variations through each gen-
eration for all models using velocity data obtained from
simulation results with a 15 L/min flow rate. Reynolds num-
ber at the trachea of HM is about 2315 and the transitional

or turbulent flow regime appeared within the trachea and
low level of turbulence through the generations.

In contrast, the Re numbers at the trachea and first
two generations are higher than the critical Re value and
the flow is assumed to be in a transitional or turbulent
regime through these generations for obstructed models.
A relatively higher Re number due to the stenosis region
decreased promptly after the stenosis region through the
next generations. The lowest Re number appeared in the
grade III stenosis model as expected.

The inverse relation between Reynolds and Strouhal
numbers can be seen clearly in Figure 17. With decreasing
hydraulic diameter along the respiratory tract, both inertial
forces due to the local acceleration and inertial forces due to
the convective acceleration decrease. As convective accel-
eration is related to spacial gradients of velocity, inertial
forces induced by convective acceleration decreased much
more with higher stenosis levels; hence the unsteadiness of
the flow is higher through each generation after the con-
traction point even in low Re values.
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Effects of various lung diseases, such as tracheal bron-
chus, tracheal stenosis, subglottic stenosis, cystic fibrosis,
and left artery sling, on the respiratory tract, were inves-
tigated numerically by using CT-based models or disease
simulation models [28-30]. Presented here is the work
on the human respiratory tract which was reconstructed
from healthy, 58 years old non-smoking Caucasian male
CT images. Seven models with various stenosis grades
were obtained and airflow patterns, lobar air distribution
rates, and max flow rates were compared to healthy and
obstructed airways for quiet and intense activity levels. The
computational simulations on healthy and obstructed fluid
domains were performed at the transient flow rates of 15 L/
min and 60 L/min for a full respiratory cycle, by using the
SST k—w model which has good accuracy in the treatment
of the viscous near-wall region and explaining the effects
of adverse pressure gradients [31]. This model was chosen
in many previous numerical studies due to its close predic-
tions to experimental results [32,33].

It was shown that with appropriate boundary condi-
tions, CFD simulations can yield information that is similar
to that obtained with experimental studies [34]. Qi et al.
compared simulation results on flow patterns and air dis-
tributions by using both transient velocity profile and pres-
sure profile and found no obvious discrepancies between
the results [35]. Yin et al. [36] indicated that subject-spe-
cific boundary conditions give more accurate results than
simple uniform boundary conditions compared to exper-
imental results. Therefore, to obtain a better understand-
ing of the airflow characteristics in the respiratory tract,
numerical simulations were carried out with subject-spe-
cific pressure boundary conditions instead of traditional
uniform boundary conditions in the current study. For the
transient pressure profile, we calculated the airway resis-
tance of the segmented model and maximum pressure drop
value (about 4 Pa for 15 L/min flow rate) by using Ohm’s
law for the desired flow rate.

Turbulent laryngeal jet flow is another point to con-
sider which is induced by the airway constriction at the
glottis region. Since many numerical and experimental
studies have been conducted to show the glottis effects on
airflow in the tracheal tube [37,38], the position of true
vocal cords is vague during breath-holding while having a
CT scan [39]. Due to this obscurity, we included the only
end of the glottis region in our segmented model and this
part of the glottis was sufficient to accelerate the inhaled
air.

At inspiration, main streamlines are located anterior
walls of the trachea regardless of the occurrence of bron-
chial stenosis due to the morphological nature of the
respiratory tract, which coincides with previous studies
[40,41]. Additionally, a recirculation zone appeared on
the upper posterior wall of the trachea where flow sepa-
ration occurred due to the circulating backflow like the
work of Heenan et al. [42]. Another factor to consider is
lobar distribution rates which have an important role in

drug aerosol dynamics. To obtain a better understanding
of the distribution and deposition of aerosol particles in
the respiratory tract, airflow characteristics have also been
investigated in many numerical studies. Lambert et al. [43]
concluded that there is a linear relation between the dis-
tribution of the particles and the inhaled air to the lung
lobes. De Backer et al. [34] found that a large percentage of
inhaled air flowed to the lower lobes than the upper lobes.
Concordantly we found both the right and left lower lobes
receive about 25-30 % of inhaled air while 20 % flowed to
the upper lobes. With increasing stenosis grade on the main
bronchi inhaled air volume to the upper lobes decreased
dramatically and hence the air inhaled to the right middle
and both lower lobes increased. It can be seen in Figure 12
that the least decrease occurred in the model with grade I
stenosis only in the right main bronchus. It was evaluated
that this was because the RMB had a larger diameter than
the LMB and the same stenosis grade at the RMB did not
affect the amount of inhaled air as much as LMB. In HM,
the expiration flow was more uniform than the inspiration
condition. But with the occurrence and increase of stenosis
grade, the airflow mixed above the carina and jet-like flow
induced by stenosis region turned the uniform flow struc-
ture into a more complex one. So more than one recircula-
tion zones appeared on the sagittal section of the tracheal
tube. Although the airflow characteristics and lobar dis-
tribution rates in both healthy and obstructed models are
explained well in this study, there are still some limitations.
We used only one healthy subject CT image and additional
models with various simulated stenosis were created, large
case numbers and real patient models are needed for conse-
quential work. A complete airway model could not be seg-
mented and used, due to the medical imaging technology
limitations in the numerical simulations so the flow pat-
tern may be influenced by the lack of distal airways. In this
retrospective study, we used predicted values for transient
pressure boundary conditions of this subject, usage of a
complete personalized respiration waveform and measured
values can give more realistic results. In future studies, cre-
ating a hybrid complete respiratory tract model and form-
ing subject-specific forced expiration pressure boundary
conditions to obtain important PFT (Pulmonary Function
Test) parameters like FEV1, FEV3, PEEF, etc. in CFD studies
and comparing with real PFT results would be more useful
in clinical applications.

CONCLUSION

To improve our understanding of the airflow character-
istics in the respiratory tract, numerical simulations were
carried out with subject-specific pressure boundary condi-
tions while most previous investigations have used tradi-
tional uniform boundary conditions. Results of numerical
studies, which were performed under different flow rates,
show that;
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o Velocity profiles in the respiratory tract depend on the
airway geometry far more than the Re number.

o Hence obtained airflow characteristics in the respira-
tory tract had similar patterns during inhalation for all
models.

« Airway resistance increases with various stenosis grades
and patients with bronchial stenosis disease have short-
ness of breath due to increased airway resistance and
difficulty exhaling the inhaled air from the lungs.

o Because of stenosis on the main bronchi, exhaled air
gets weaker and comes out more slowly in obstructed
models.

o Inhaled air distribution to the upper lobes decreases
with the increasing stenosis grade and the air that flows
to the upper lobes gets very thin at above 50 percent
obstruction.

In conclusion, we conclude that when airway stenosis
increases, the upper lobes are poorly ventilated. Based on
this statement, if we will plan a lung volume reduction sur-
gery in a patient with lower lobe dominant hyperinflation,
we may not get an expected respiratory function increase
in pulmonary function test and clinical improvement.
Because residual predominantly upper lung lobes do not
contribute as much as we expected in these patients. In line
with this, thoracic surgery for this patient should be consid-
ered regarding this study’s results.

NOMENCLATURES

D Diameter (m)

f Frequency (1/s)

m Mass flow rate

P Pressure (cmH,0)

U Velocity (m/s)

A% Volume (mL)

|4 Volumetric flow rate (L/min)
Greek symbols

p Density (kg/m?*)

i Dynamic Viscosity (kg/m.s)
Abbreviations

CT Computed Tomography
CFD Computational Fluid Dynamics

CPU Central Process Unit
FEV Forced Expiration Volume
GHz Giga Hertz

HM Healthy Model

LL Left Lung

LLL Left Lower Lobe

LUL Left Upper Lobe

LMB Left Main Bronchi

OM Obstructed Model

PEF Peak Expiratory Flow
PFT Pulmonary Function Test
RAM Random Access Memory
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RLL Right Lower Lobe
RML Right Middle Lobe
RMB Right main Bronchi
RUL Right Upper Lobe
RL Right Lung
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