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The coronavirus disease 2019 (COVID-19) pandemic has led to severe social and economic disruption worldwide.
Although currently no consent has been reached on a specific therapy that can treat COVID-19 effectively, several
inhalation therapy strategies have been proposed to inhibit SARS-CoV-2 infection. These strategies include inha-
lations of antiviral drugs, anti-inflammatory drugs, and vaccines. To investigate how to enhance the therapeutic
effect by increasing the delivery efficiency (DE) of the inhaled aerosolized drug particles, a patient-specific tra-
cheobronchial (TB) tree from the trachea up to generation 6 (G6) with moderate COVID-19 symptoms was se-
lected as a testbed for the in silico trials of targeted drug delivery to the lung regions with pneumonia alba,
i.e., the severely affected lung segments (SALS). The 3D TB tree geometry was reconstructed from spiral com-
puted tomography (CT) scanned images. The airflow field and particle trajectories were solved using a computa-
tional fluid dynamics (CFD) based Euler-Lagrange model at an inhalation flow rate of 15 L/min. Particle release
maps, which record the deposition locations of the released particles, were obtained at the inlet according to
the particle trajectories. Simulation results show that particles with different diameters have similar release
maps for targeted delivery to SALS. Point-source aerosol release (PSAR) method can significantly enhance the
DE into the SALS. A C++ program has been developed to optimize the location of the PSAR tube. The optimized
simulations indicate that the PSAR approach can at least increase the DE of the SALS by a factor of 3.2x higher
than conventional random-release drug-aerosol inhalation. The presence of the PSAR tube only leads to a
7.12% change in DE of the SALS. This enables the fast design of a patient-specific treatment for reginal lung

diseases.

© 2022 Published by Elsevier B.V.

1. Introduction

Coronavirus disease 2019 (COVID-19) is highly infectious, causing
acute respiratory distress syndrome [1]. The severe symptoms, includ-
ing dyspnea, fever, and acute inflammatory lung injury, have been
reported in approximately 15.7% of patients with COVID-19 [2]. Specif-
ically, SARS-CoV-2 virus can penetrate into the deeper lung, causing
consolidation and ground glass infiltration of lung tissue, resulting in
high mortality rate [3,4]. COVID-19 vaccines can reduce the risk of get-
ting and spreading the virus, and offer life-saving protections by reduc-
ing the death rate caused by SARS-CoV-2 infection [5]. Although COVID-
19 vaccination rates increase around the world, COVID-19 vaccination
progress is only 41.7% for the fully vaccinated population worldwide
as of December 20th 2021 [6]. It is still not close to 60-70% when herd
immunity can be possibly achieved, beside for the resurgence of the
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pandemic because of the COVID-19 Delta variant and Omicron variant
which are more infectious. Therefore, seeking effective treatments for
COVID-19 patients is still of great interest.

Inhalation therapy was considered a standard method of treatment
for various respiratory diseases, especially for chronic obstructive pul-
monary disease (COPD) [7,8]. It delivers drugs directly to the affected
area [9]. This method was also used to treat COVID-19 [10-12]. For ex-
ample, Yu et al. [13] and Sahakijpijarn et al. [14] proposed the treatment
of COVID-19 via inhaling budesonide and remdesivir, respectively.
However, the distribution of affected lung segments in COVID-19 pa-
tient caused by bronchial obstruction and fibrosis showed segmental, ir-
regular, and nodal characteristics [1,15]. Thus, the effective treatment
strategy for COVID-19, tuberculosis and lung cancer is to deliver highly
concentrated drugs to the specific lesion areas [16,17]. Unfortunately,
conventional inhalation drug delivery methods lead to relatively low
drug deposition efficiency in the affected regions due to non-
directional delivery. [18,19]. Meanwhile, the inhalable drugs can also
have systemic side effects on human body [20-22]. Therefore, it is
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Fig. 1. Schematics of the tracheobronchial (TB) tree geometry (trachea to G6) of a patient
with moderate COVID-19.

necessary to develop novel inhalation therapies to improve drug deliv-
ery efficiency in specific lung segments.

In the last two decades, efforts have been made to optimize the de-
livery efficiency of drug aerosols to the lungs. For example, controlling
aerodynamic particle diameter and inhalation pattern [23-25] are ben-
eficial for these whole lung diseases [26]. Therefore, adjusting powder
properties, such as size, density, and composition, for the dry powder
inhalers can improve the overall delivery efficiency of the drug powder
to deeper lung regions [27-31]. Magnetic aerosols were employed to
achieve targeted aerosol delivery to desired lung areas [32,33].
Kleinstreuer et al. [34] proposed a controlled air-particle stream method
to achieve site-specific targeted drug delivery based on changing the
particle release position. Yousefi et al. [35] proposed a smart spacer con-
cept using a one-way valve. Controlled condensational growth can also
achieve site-specific deposition in the airway [36]. Traveling through
the human respiratory system via oral inhalation, particles mainly de-
posited in the pharynx and larynx due to inertial impaction and second-
ary flow dispersion [37-40]. Moreover, turbulent laryngeal jet and the
waked recirculation flows in the trachea were generated as the airflow
passing through the glottis [41,42]. Such flow structures can lead to high
deposition efficiencies of drug aerosols in human upper airway and in-
sufficient deposition of drug aerosols in the lower airways (<25%)
[43-45]. To enhance the drug delivery efficiency to lower airways, cath-
eters or bronchoscopes could be used to instill the drug aerosols in pul-
monary sites that are closer to the lower airways, avoiding the loss of
drugs due to the deposition in upper airways [46,47]. Specifically, Kim
et al. [48] proposes a method to instill microvolume liquid plugs into
the specific bronchial tree through a glass capillary tube, which allows
precise dose control for targeted delivery. Similarly, an intracorporeal
nebulizing catheter was used to deliver chemotherapy drugs to lobe-
specific to improve the targeted deposition of drugs [49,50]. The

Table 1
Details of the meshes used for mesh independence test.

Mesh No. Total number of elements
1 1,095,643

2 (final) 2,921,397

3 5,363,711

4 16,910,282
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Fig. 2. Comparisons of the dimensionless velocity profiles along line M-M' of meshes with
different mesh cell numbers.

Table 2
Airflow and particle parameters.
Parameters Values
Flow rate [L/min] 15
Flow temperature [K] 310.15
Mean velocity at the trachea inlet [m/s] 1.003
Average Reynolds number at the trachea inlet 1027
Air density [kg/m?] 1.139
Air dynamic viscosity [kg/m-s] 2.002 x 1073
Particle density [kg/m?] 1000
Particle diameter [pum] 1to25
Stokes number 0.00016 to 0.09761

effective delivery to specific lung lobes was achieved by a regionally
targeted device in a 3D-printed in vitro lung model [51].

Although there are existing research efforts on targeted pulmonary
drug delivery as mentioned above, the effectiveness of such inhalation
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Fig. 3. Comparison of the deposition fractions in the SALS with different numbers of particles.
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therapy strategies on treating COVID-19 patients has not been dis-
cussed. Therefore, the objective of this study is to numerically explore
the possibility of enhancing the particle delivery efficiency (DE) in spe-
cific lung segments of a patient with moderate COVID-19 infection using
the proposed drug delivery method, i.e., point-source aerosol release
(PSAR). Specifically, the airflow and particle trajectories were solved
by a computational fluid dynamics (CFD) based Euler-Lagrange method
at an inhalation flow rate of 15 L/min. Drug particle release maps, which
record the particle deposition sites, were obtained at the trachea inlet
according to the particle trajectories. A C++ program was developed
to optimize the position of the PSAR tube for enhancing the total DE of
severely affected segments in the left and right lungs. The influence of
the PSAR tube presence on the airflow field and DEs in different lung
segments was also compared with cases without the PSAR tube. This

Particle release
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method is ready to be extended for other targeted drug-aerosol delivery
applications, e.g., inhalation therapy for lung cancer [52,53].

2. Geometry and mesh

The geometry of the patient-specific tracheobronchial (TB) tree was
constructed from spiral computed tomography (CT) scanned images of
a patient with moderate COVID-19. The CT scan was taken when the pa-
tient was being hospitalized.

The TB tree geometry, as shown in Fig. 1, consists of airways from the
trachea up to generation 6 (G6). According to the spiral CT images, se-
vere pneumonia can be found in the superior lingular segment (S4), su-
perior segment (S6) and anterior segment (S8) of the left lung and the
superior segment (S6), lateral basal segment (S9), and posterior basal

Second bifurcation| 5= 7, S '
652 \&; |
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(a) Schematic of the segment of G3-G5 airway selected from the TB tree model
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Fig. 4. Comparison of the deposition efficiency between the patient-specific TB tree and previous published data.
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segment (S10) of the right lung. The severe pneumonia regions which
are colored in red in Fig. 1, are the designated lung sites for the targeted
drug delivery in this study. The segments with mild pneumonia, includ-
ing apicoposterior segment (S1 + 2), lateral basal segment (S9), poste-
rior basal segment (S10) of the left lung, and posterior segment (S2) of
the right lung, are colored in blue in Fig. 1. The rest lung segments,
which had no evident signs of pneumonia, were considered healthy.
To evaluate the effect of the presence of the tube for PSAR on the particle
flow, the inlet of the trachea was extended with a length equal to 5
times the hydraulic diameter of the trachea inlet, which simulates the
catheter of the tracheal intubation.

A Mesh independence test was performed before particle transport
and deposition simulations. Four polyhedron-based meshes with differ-
ent total cell numbers were generated using Ansys Fluent Meshing.
Mesh details can be found in Table 1. Each mesh contained five near-
wall prism layers, as shown in Fig. 1. The dimensionless velocity profiles
along line M-M' across the trachea (see Fig. 1) were compared with the
four meshes at the inhalation flow rate of 15 L/min. The maximum per-
centage difference between the velocity profiles using Mesh 2 and Mesh
4 was less than 5% (see Fig. 2). Thus, Mesh 2 was selected as the final
mesh employed in the simulations.

3. Methodology
3.1. Governing equations for continuous phase

For a patient with a steady-state breathing rate of 15 L/min, the
Reynolds number at the inlet of the trachea is 1027. Therefore, the air-
flow in the TB tree is laminar. Due to the limited pressure variations in
the airway, the flow field was assumed to be incompressible. Accord-
ingly, the governing equations for the conservation of mass and mo-
mentum of the incompressible viscous laminar airflow can be given as:

V-u=0 (1)

Velocity m/s

. 3.0

2.5
2.1

1.7
l 1.3
R

0.0
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ou /- . Vp - AT
W-ﬁ-(u V)uf _F+V {v(Vu-k(Vu) )} (2)

where 1 is the air velocity; t is the time; pis the air pressure; pis the air

A\,
density; vis the kinematic viscosity of air and (Vu) is the transpose of

—

Vu.
3.2. Governing equations for discrete phase

The aerodynamic diameter is a crucial factor affecting the spatial dis-
tribution of particles deposition and drug delivery efficiency. Large par-
ticles (>6 um) are mainly deposited in the upper airways, while
particles with diameters between 2 and 6 um are more suitable for
treating the central and small airways [54]. Thus, this study focuses on
the micrometer particles. Assuming the particle suspension in the air-
way is dilute, the movement and deposition of micrometer particles in
the lower airways are mainly influenced by gravity and drag force
[55]. Thus, the simplified particle translation equation can be given as:

mp% :%npdﬁCDd@ - ﬁp) )ﬂ - ﬁp‘ +myg 3)

where m,, U, and d, are the particle mass, velocity and diameter,
respectively; Cpq, the drag coefficient of the particle, is given as [56]:
aq ay

+
Re Reﬁ

Cpa = + a3 (4)

where a;, a,, az are coefficients determined by the particle Reynolds
number Re,, which is defined as:

Rep=—t—t— (5)

Fig. 5. Velocity distribution of the lower airway of the moderate COVID-19 patient at the inhalation flow rate of 15 L/min.
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3.3. Numerical setup locations on the inlet for the regular case or in the PSAR tube for the

targeted delivery case. As shown in Fig. 3, increasing the number of re-

Steady-state simulations were executed at an inhalation flow rate of
15 L/min. The average velocity at the inlet of the trachea was 1.003 m/s.
In light of dilute particle suspensions, a one-way coupled Euler-
Lagrange model was employed to track the particle transport and depo-
sition. To obtain the correlations between DE and the particle Stokes
number, particles with diameters from 1 to 25 um were simulated.
The details of the airflow and particle parameters are summarized in
Table 2. For each simulation, 10, 000 particles were released at random
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leased particles to 30, 000 at the inlet only leads to a change of 0.89% in
DF in the SALS for 7.5 um particles.

The initial velocity of the particle was assumed to be the same as
the velocity of the local airflow. Considering the existence of the air-
way mucus layer, it was assumed that deposition occurred when par-
ticles contact the airway wall boundaries. Particles that escaped from
the outlets were regarded as delivering into the lung segments ac-
cordingly.

e Unaffected
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Fig. 6. Release maps and final deposition locations of particles with different diameters in the patient-specific TB tree.
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Delivery efficiency parameters for different lung segments with a 4 mm PSAR tube.

Particle diameter (pm) Delivery efficiency (%)

Left lung Right lung

SALS MALS  ULS SALS MALS  ULS
1 5112 29.11 1964 7594 922 14.74
2.5 51.31 28.01 20.43 75.81 8.85 15.16
5 45.36 16.03 37.82 68.84 749 17.41
7.5 42.25 10.11 39.04 6356 599 19.36

4. Results and discussion
4.1. Model validations

The study of particle deposition in the pulmonary airways is quanti-
fied in terms of the deposition fraction (DF) [57]. The DF is defined as:

DF = ™, 100% (6)
m;

where my is the total mass of deposited particles, and m; is the total
mass of inhaled particles.
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Fig. 8. The optimal PSAR tube position for the left and right lungs for different particle sizes.
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To evaluate the importance of particle inertia in pulmonary airflow,
Stokes number (Stk), a dimensionless parameter, can be introduced. In
this study, Stk is defined as [27,58]:

ppdlzy Uin

Stk = 18uD;,

)

where U;, is the average inlet airflow velocity; D;, is the inlet diameter.

To validate the particle transport and deposition model, a segment of
the G3 to G5 (see Fig. 4(a)) airway was selected from current model to
compare the particle deposition efficiencies in the G3 to G5 airway
models [59-61]. In general, the deposition efficiencies of the particles
in the TB tree model showed similar trends at the first bifurcation (see
Fig. 4(b)) and the second bifurcation (see Fig. 4(c)) with previous ex-
perimental and numerical results [59-61]. The discrepancies could be
attributed to the flow rate and the inter-subject variabilities of the pul-
monary airway anatomy. Predictions of particle transport and deposi-
tion in the human respiratory system have been validated in our
previous study [62-64].

4.2, Airflow distributions

The airflow field, including the velocity and pressure distributions in
ideal, obstructed, and realistic pulmonary models, has been analyzed by
numerous previous studies [38,62,65]. The air velocity contours in the
coronal plane and nine cross-sectionals of the COVID-19 patient airway
are shown in Fig. 5. The velocity is higher in the center of the trachea at
cross-sections A-A'. The highest velocity magnitude is 1.28 m/s. The

(a) PSAR tube for the left lung

segments

Powder Technology 405 (2022) 117520

incoming airflow from the inlet splits at the bifurcation of the trachea
resulting in the skewed velocity profile in the main bronchus
(i.e., cross-sections B-B’ and C-C’ in Fig. 5) [66]. The velocity magnitude
increases to 2.25 m/s. Thus, the maximum axial velocity of airflow in-
clines to the inner wall of the main bronchus. The secondary flow
moves along the main bronchus wall from the high-velocity flow region
at the inner wall side to the low-velocity flow region at the lateral wall
side (i.e., cross-section E-E', G-G' and H-H’ in Fig. 5) [67]. Due to the re-
duction of lumen area, the airflow velocity reaches 2.94 m/s and 2.98
m/s at cross-section D-D’ and I-I', respectively.

4.3. The relationship between the final deposition location and the particle
release map

Fig. 6 compares the particle release maps (see the upper left part in
each subfigure) and the final deposition distributions of particles in the
airway (see the right part in each subfigure) for particles with different
diameters, i.e., 1 pm, 2.5 um, 5 um and 7.5 pm. As shown in Fig. 6(a) to
(d), the number of particles deposited enhances with the increase of
particle diameter. It can be found that with the increase in particle
size, concentrated deposition of the particles that occurs near the carina
ridge of the bifurcation becomes more significant due to the enhanced
inertial impaction effect [68,69]. Specifically, induced by the skewed air-
flow velocity distributions and resultant flow separations near the bifur-
cation, higher velocity impingement occurs near the inner side of the
tube wall downstream to the bifurcating point (see B-B’ and C-C’ in
Fig. 5) [70,71]. Therefore, the particles carried by the airflow tend to

PSAR tube

(b) PSAR tube for the right lung

segments

Fig. 9. Geometries of the reconstructed pulmonary airways with PSAR tubes optimized for 2.5 um particles.
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impact and deposit on the inner side of the airway walls downstream to
the bifurcating point.

As shown in the left part of Fig. 6(a) to (d), the deposition locations
of the particles are illustrated in the particle release map using different
colors. The non-deposited particles are grouped into three categories,
i.e., (1) particles (colored dots except the blue and gray ones in Fig. 6)
entering the severely affected lung segments (SALS), (2) blue particles
entering the mildly affected lung segments (MALS), and (3) gray parti-
cles entering the unaffected lung segments (ULS). In general, particles
released from the left and right side of the trachea at the inlet enter
the left and right lung airways, respectively. However, the available re-
gions for drug delivery to SALS in the release maps are highly irregular
and asymmetrical. Furthermore, the void area increases in the release
map with the increase in particle diameter. Such an observation

Velocity m/s Left PSAR tube

w3
25
2.1
1.7
l 13
0.8

-

0.0

A A B B'

(a)

(a) Velocity distributions contours for left PSAR tube

Velocity m/s Right PSAR tube

3.0
m
2.1

1.7

(b) Velocity distributions contours for right PSAR tube

Fig. 10. Velocity distributions of the pulmonary airflow fields with PSAR tube.
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indicates that with larger particle size, more particles deposited in the
TB tree form the trachea to G6 instead of traveling into deeper lung seg-
ments. This observation can also be supported by the comparisons of
particle deposition patterns shown in Fig. 6(a) to (d). It can also be ob-
served from Fig. 6(a) to (d) that the available particle release regions to
achieve targeted drug delivery to SALS and MALS are highly consistent
among particles with different diameters. It indicates that regional
targeted drug release for SALS and MALS by COVID-19 could be
achieved with good tolerance on the particle size. Similar conclusions
were also obtained for lobe-targeted drug delivery in the literature
[34,51].

4.4. Deposition fraction and delivery efficiency

To quantify particles delivered to the specific lung segments, the de-
livery efficiency (DE) is defined as:

DE =™ . 100% )
m

where m, is the total mass of particles entering a specific region.

It is worth mentioning that the abbreviation DE used in this study re-
fers to delivery efficiency rather than deposition efficiency, which is
often used in literature. Even though the inhalation flow rate is fixed
at 15 L/min, the results of this study still cover a wide range of the Stokes
number. Thus, the DE and particle trajectories could be used to estimate
the conditions with different flow rates or transient inhalation in gen-
eral [67,71].

Fig. 7 depicts the variations of DF and DEs for different types of lung
segments, i.e., SALS, MALS, and ULS, as a function of Stokes number
(Stk). The general trend of the DF curve (see the dashed line in Fig. 7)
of the particles is similar to the previous studies [59,67,72]. The DF of
the particles increases with the increase of Stk, and has a steep slope
in Stk ranging from 0.005 to 0.1. Specifically, the increase in inertial im-
paction effect noted by the increase in Stk is the main mechanism that
caused the increase in DF in the TB tree. Such an observation is aligned
with the localized deposition patterns shown in Fig. 6(a) to (d).

DEs (see solid lines in Fig. 7) for different lung segments changed
slightly (<1%) at Stk < 0.0056. It means the light particles could follow
the airflow across the airway to the deeper lung segment. The DEs (see
solid lines in Fig. 7) for different lung segments all decrease with the in-
crease of the Stk due to the inertial impact of the particles. However, the
numbers of particles delivered into different segments are different. For
example, only 15.89% of 2.5 um particles (see the red line with circles in
Fig. 7) and 22.08% of them (blue line with triangles in Fig. 7) successfully
enter the SALS and MALS, respectively. The rest of the 2.5 um particles,
i.e.,, 62.03%, are delivered into ULS, where are not the designated lung
sites for the drug delivery. To enhance the therapeutic effect and reduce
the potential side effect due to the drug deposition on healthy tissues
[22], the transport of that 62.03% of the inhaled drugs could be better
modulated and delivered to SALS and MALs. To enhance the effective
drug delivery to SALS and MALS, the PSAR approach is proposed and fur-
ther analyzed to achieve the targeted drug delivery goal.

Table 4
Average volumetric flow rates for different lung segments without and with the PSAR
tube.

Presence of the PSAR tube Flow rate (L/min)

Lung segment types

SALS MALS ULS
Without PSAR tube 3.203 2.786 9.011
With PSAR tube 3.200 2.792 9.008
Relative error (%) 0.082 0.216 0.038
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Fig. 11. Comparisons of the particle release maps and DEs between the simulations with and without PSAR tube as well as random-release simulation for different particle diameters.

4.5. Point-source aerosol release (PSAR) and optimization

Although lobe-specific pulmonary drug delivery has been studied
and approved feasible [51], it is more challenging to realize the targeted
delivery to smaller designated lung sites, i.e., specific lung segments.
Therefore, it is necessary to systematically investigate and determine
the PSAR tube location to release drugs and target specific lung seg-
ments, i.e., SALS and MALS. Specifically, there are two requirements to
be fulfilled, i.e., (1) the particles released from the PSAR tube need to
cover all SALS caused by SARS-CoV-2 infection either in the left or the
right lung; and (2) the diameter and wall thickness of the PSAR tube

need to be realistic for manufacturing purpose and clinical practice.
The PSAR tube was aligned with the trachea inlet to simulate the case
of the targeted drug-aerosol release in intubated patients.

To optimize the location of the PSAR tube as the drug release posi-
tion, the release maps at the trachea inlet for the particles with different
diameters were obtained first (see Fig. 8). For post-processing, a C++
program was developed to seek the optimal position and diameter of
the PSAR tube based on the release maps. Specifically, the C+ -+ pro-
gram looped through the positions in the XY plane to find the top 10 co-
ordinates that have the highest DE in the SALS for a given PSAR tube
diameter. Coordinates that could cover only one or two SALS were
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discarded. The program also looped through different PSAR tube diam-
eters from 2 mm to 8 mm. The optimized results, as shown in Fig. 8, sug-
gest that a 4 mm PSAR tube can achieve a much higher DE in SALS. DEs
corresponding to the optimal position of the 4 mm PSAR tube (see Fig. 8
(a) to (d)) for different lung segments are summarized in Table 3. In
contrast, DEs of the particles in SALS are lower than 20% (see Fig. 7), if
the particles are randomly released. This optimized PSAR tube location
also has limited change under different particle size conditions. There-
fore, a PSAR tube with a 4 mm inner diameter and a wall thickness of
1 mm was selected for the following analysis. It is worth mentioning
that the effect of the PSAR tube on the airflow field and particle trajecto-
ries are still not considered yet.

4.6. Airflow distributions with the PSAR tube

To evaluate the effect of the PSAR tube presence on the airflow and
particle delivery, the geometry and mesh of the pulmonary airway
with a PSAR tube for the left lung segments was constructed (see
Fig. 9(a)). This configuration was determined according to the PSAR
tube location shown in Fig. 8(a). Similarly, the PSAR tube for the right
lung segments delivery is shown in Fig. 9(b).

The velocity contours in the coronal plane and six cross-sectionals of
the pulmonary airways with left and right PSAR tubes are shown in
Fig. 10. The areas near the cross-section A-A'" in Fig. 10(a) and (b) have
been enlarged to visualize the effect of the PSAR tube on the airflow
field. The PSAR tube generates boundary layer flows surrounding both
inside and outside the tube. The presence of the PSAR tube would re-
duce the flow rate in the airway, if the pressure drops between the air-
way inlet and outlets remained unchanged. Also, considering that the
particles released from the point source should be driven by an external
device, the pressure at the PSAR tube inlet was slightly increased by 3.17
Pa. This setup ensured that the flow rate was maintained at 15 L/min,
which is the same as the tube-free cases. However, the change in the ve-
locity distribution of the airway with the PSAR tube downstream of the
airway (see cross-sections B-B’ and C-C’) is negligible compared with
Fig. 5. The inhalation flow rates of the different lung segments
(i.e., SALS, MALS, and ULS) without and with the PSAR tube are summa-
rized in Table 4. The largest relative change of the flow rate is 0.216% in
MALS after inserting the PSAR tube. Therefore, the presence of the PSAR
tube has negligible effect on the downstream airflow. Nevertheless, the
change in the local airflow near the cross-section A-A' (see the red
dashed box in Fig. 10) would change the trajectories of the particles
and subsequently alter the deposition locations of the particles.

4.7. Effect of the PSAR tube on the DEs of the particles

Fig. 11 shows the effect of the PSAR tube on the DEs of particles with
different diameters, i.e., 1 um, 2.5 pm, 5 um, and 7.5 pm. The histograms
in Fig. 11(a) to (d) visualize the regional DEs of the particles in SALS,
MALS, and ULS with and without the PSAR tube. The influence of the
PSAR tube on the particle release maps has been also presented at the
top of each subfigure in Fig. 11. The random-release cases are also in-
cluded for comparison. The PSAR-free cases assumed that the particles
were ideally released from the circular region as shown in Fig. 8, but
the geometry of the PSAR tube was excluded. For the PSAR cases, parti-
cles were released from the outlet of the PSAR tube.

In general, the presence of the PSAR tube has a limited effect on the
DEs of different lung segments. Taking the delivery of the 2.5 um parti-
cles as an example, the particle release map of the left PSAR tube case
(see Fig. 11(b)) has a negligible change compared with the PSAR-free
case. The PSAR tube for the left lung increases the DE in SALS from
51.31% to 52.91%, and reduces the DE in MALS from 28.01% to 25.19%.
In contrast, the change in the particle release map is noticeable for the
targeted delivery to the right lung. A large portion of the particles on
the left side of the PSAR tube enters the MALS (see the blue dots of
the release map of the right PSAR tube shown in Fig. 11(b)). This results
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in an increase in DE of the MALS from 8.85% to 27.23%. However, the DE
of SALS decreases from 75.81% to 71.01%.

As the particle diameter increases, the number of deposited particles
increases accordingly due to inertial impact. It leads to certain empty
spaces in the particle release map (see Fig. 11(c) and (d)). However,
the DEs of SALS are similar for particle diameters ranging from 1 to 7.5
um in Fig. 11(a) to (d). The largest variation in the DEs of SALS is less
than 7.12% between the cases with or without the PSAR tube.

For a realizable particle size range, e.g., 1 um to 7.5 um, the PSAR ap-
proach with optimized PSAR tube location can at least increase the DE of
the SALS by a factor of 3.2x higher than conventional non-targeted drug
aerosol inhalation. In addition, this approach could be predicted without
considering the geometry of the PSAR tube. Therefore, it enables a rela-
tively rapid assessment for the drug-aerosol delivery targeting specific
lung segments.

The completion of the simulation pipeline can be done in 24 h. The
whole process includes the one-way coupled simulations of air-
particle flow, plotting of the release maps of particles with different di-
ameters, and optimization of the location of the PSAR tube, if the stan-
dard for the mesh generation, e.g., cell size and layers of mesh of
boundary layer, is determined. 3D printing a biocompatible endotra-
cheal tube including the PSAR tube may take only a few hours [73].
Thus, this in silico method is time effective and could be utilized to de-
sign a patient-specific treatment plan, which may prevent the deterio-
ration in moderate patients with COVID-19 in time.

Furthermore, it is ready to be extended for other targeted drug-
aerosol delivery applications, e.g., inhalation therapy to treat lung can-
cer [52,53].

5. Conclusions

In this study, CFD simulations are performed to predict airflow and
drug particles transport and deposition in a patient-specific TB tree
with moderate COVID-19. Targeted drug delivery has been analyzed
and achieved at an inhalation flow rate of 15 L/min. The point-source
aerosol release (PSAR) approach is proposed and evaluated to achieve
the targeted drug delivery to the severely affected lung segments
(SALS) induced by SARS-CoV-2 infection. The optimal PSAR tube loca-
tion was determined by an in-house customized C++ program which
analyzed the CFD simulation results. Effects of the presence of the
PSAR tube on particle release map and particle delivery efficiency
(DE) in SALS have been investigated. Key conclusions are summarized
below, i.e.,

(1) For a realizable particle size range (i.e., 1 um to 7.5 pm), the
change in the optimized particle-release location to the SALS is
limited at a flow rate of 15 L/min. This indicates that segment-
specific targeted delivery of drug therapy is feasible.

(2) The PSAR approach can at least increase the DE of the SALS 3.2
times higher than the conventional random-release approach
for drug-aerosol inhalation.

(3) The presence of the PSAR tube at the inlet only causes 7.12% de-
crease in DEs in SALS. Thus, the PSAR approach could be rapidly
assessed for the drug aerosol delivery targeting specific lung seg-
ments without creating the PSAR tube geometry and mesh for
the simulation.
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