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Abstract

Knowing the deposition rate and distribution of administered pharmaceuticals in
the human respiratory tract is crucial to establish dose-response relationships and
optimize therapeutic outcomes. Recent advances in imaging technology have
made it practical to generate respiratory tract models with great details and
anatomical accuracy. Pharmaceutics and inhalation drug delivery can benefit
from such image-based computer-generated airway models by making available
detailed information on airflow, particle motion, and wall interactions. In this
chapter, we will introduce image-based computational methods to better under-
stand respiratory aerosol dynamics. Specifically, the mouth-throat, mouth-lung,
and nasal airway will be discussed. In the mouth-throat (MT) models, we will
illustrate the importance of realistic airway morphologies on the accuracy of
predictive inhalation dosimetry. In the mouth-lung models, experimental studies
using 3D-printed hollow casts will be presented to cross-validate the predictive
dosimetry models. Numerical techniques of hyper-morphing, probability analysis
(including input sensitivity analysis and output uncertainty quantification), and
statistical shape modeling will be introduced along the way. In the nasal model,
experimental studies will be presented with different sprays, nebulizers, and
delivery techniques (normal and bidirectional). New techniques that use ferro-
magnetic particles and pulsating flows for targeted delivery to the olfactory region
and maxillary sinus will also be discussed.

Keywords

Inhalation dosimetry · CFD · Inhalation drug delivery · Respiratory dynamics

Chapter Objectives
• Demonstrate how the respiratory airway models (mouth-throat, nose, and lung)

were developed.
• Explain the physics underlying pharmaceutical delivery and the numerical

methods to simulate respiratory aerosol dynamics.
• Introduce the computational software and solvers used for pharmaceutical

research and development, such as ANSYS Fluent and COMSOL.
• Demonstrate the computer-aided testing of the morphological effects of the upper

airway on particle deposition in the mouth-throat region.
• Optimize pulmonary drug delivery using both computational modeling and

in vitro experiments.
• Develop and test the nose-to-brain (N2B) drug delivery using both modeling and

experimental testing.
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25.1 Introduction

25.1.1 Significance of Airway Models in Pharmaceutical
Development

The delivery efficiency of inhalation delivery of pharmaceutical aerosols is generally
low (5–30%) and can be complicated by many factors. The human pharynx is an
approximately 90� bend changing from a horizontal oral cavity to a vertical trachea.
Large particles cannot maneuver through this 90� bend well very well due to their
large inertia, and a large portion of them will impact onto the back wall of the
pharynx and are wasted [1]. Likewise, 90% of nasal sprays will be lost in the anterior
nose due to the constriction of the nasal valve as well as the large inertia of nasal
spray droplets [2]. Besides the respiratory anatomical effects, inhalers and patient
compliance can also affect the delivery efficiencies. In this chapter, we will focus on
the effects of respiratory anatomy on inhalation drug delivery, and specifically on the
effects of the flow-limiting regions such as the nasal valve, pharyngeal curvature,
and glottis. In doing so, respiratory models of the nasal airway, mouth-throat model,
and mouth-lung model were developed based on medical images (CT or MRI) and
in vitro casts, which was explained in detail in Sect. 25.1.2.

An important factor in inhalation drug delivery is knowing where administered
pharmaceuticals deposit and whether sufficient doses reach the target tissue. Both the
total and locally delivered doses can be crucial to the therapeutic outcomes of the
inhalation drug deliveries. Thus, it is critical to characterize aerosol deposition
distributions in various respiratory regions. However, the airways are inaccessible
to standard quantification and visualization instruments except for the radiological
imaging approaches. However, radiological imaging also surfer from setbacks such
as radioactive risk, availability, cost, and operation complexity [2, 3]. Computational
predictions nowadays can approximate the in vivo conditions to high accuracies
while providing tremendous details of the airflow and particles which are usually
laborious to acquire in experiments. In recent years, computational simulations have
gained more popularity in the design/optimization of inhalation devices and assess-
ment of environmental health risks [4–7]. Nonetheless, drug delivery to the human
respiratory tract is a complex phenomenon, which can be further compounded by
numerous causes, such as patient health, respiration, device, and drug property.
Large numbers of assumptions are needed to make numerical modeling feasible.
As a result, many factors have to be excluded or neglected, which might have
remarkably modified the transport and deposition of particles if retained otherwise.
Also note that previous in vitro deposition experiments regularly used casts that were
not transparent, nor could be opened apart, rendering it impractical to visualize the
deposition patterns on the inner airway surfaces. It is thus highly desirable to develop
techniques that can visualize and quantify the inhalation dosimetry inside the
respiratory airways both accurately and simply.

The current in vitro testing of orally inhaled drug products (OIDPs) often uses a
USP IP (United States Pharmacopeia induction port) followed by a cascade impactor
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or a multistage liquid impinger [8]. There are attempts to quantify lung dosimetry
directly from in vitro measurements. But estimations of regional dosimetry of
pharmaceutical agents with the USP IP shape limited success mainly due to their
underestimation of the doses in the oropharyngeal region and the subsequent
overestimation in the lungs. There exists an urgent need for a new generic mouth-
throat (MT) geometry in place of the USPIP to characterize the OIDP dosimetry. The
USP IP has been implemented as a standard for comparison of different OIDPs and
filters out the majority of large, high-speed aerosols. However, dosimetry tests with
the USP IP are not satisfactory, which generally underestimates the complementary
in vivo deposition data [9–11]. For the DPIs (i.e., dry powder inhalers) and pMDIs
(i.e., pressurized metered-dose inhalers), mouth-throat deposition composes a large
portion of the deposited dose in the human respiratory tract [12, 13]. The simple
structure of the USP IP (a 90� bend with uniform circular cross-sections) fails to
capture the intricate morphology of the mouth-throat airway, whose cross-sections
are highly irregular in shape with variable areas. As a result, generic upper airway
models with improved physical realism are needed that can predict inhalation
dosimetry in the MT and lung similar to in vivo measurements. The selection of
the best MT model will simulate the mean value of aerosol deposition in adult
volunteers. The results will provide improved in vitro testing results for the pharma-
ceutical industry. A realistic human MTmodel will also be useful in the laboratory to
study inhaled toxic particles for exposure assessment in ambient and occupational
environments.

To successfully develop a generic upper airway model that is sufficiently repre-
sentative of the population, we need to know the oropharyngeal factors that most
affect the behavior and fates of orally inhaled drug products (OUDPs) and rank these
factors according to their relative importance. However, it is inconsistent in the
literature regarding such factors and their importance. Key morphological factors
proposed for OIDPs include the airway volume (or the mean equivalent diameter)
[14], minimum cross-sectional area [1, 15], total airway surface area [1, 16], average
cross-sectional area [15, 17], airway axial length [16, 17], and oral airway curvature
[1, 15, 18]. Concerning submicron aerosols, two more factors were suggested, that
is, the average hydraulic diameter and the average airway perimeter of the airway
[19]. Clearly, it will be ideal to know the relative importance of each factor in
determining the deposition of particles of varying sizes in hope that the resultant
generic airway model can capture the most important dosimetry features in most
drug delivery scenarios. However, the success of inhalation drug delivery depends
on the interactions between the respiratory physiology, breathing activities, medical
devices, and pharmaceutical agents. Even though extensive works have been done to
understand these interactions, a clear picture is still missing.

25.1.2 Previous Works

Inhalation dosimetry of orally inhaled agents can be affected by many factors, such
as aerosol properties, breathing conditions, devices, and the respiratory physiology,
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as demonstrated in many previous works [20–32]. Efforts in developing
anatomically accurate human MT models have been undertaken based either on
dental impression or medical imaging [9, 14, 17, 33–36]. Cheng et al. [33] evaluated
the deposition rate of micrometer aerosols in a hollow oral cast that was
reconstructed from a dental impression in a human volunteer, and the detailed
dimension of these models, such as the perimeter and cross-sectional area along
the main flow direction, was reported and referred to as LRRI model since then
[15]. This model has been widely employed in studying the delivery efficiencies of
the DPI [37] and pMDI [38]. Stapleton et al. [34] put forward an alternative but
simplified mouth-throat model by retaining several physiological features like the
epiglottis, variable oral size, and MT airway curvature. With this model, airflow and
deposition for 3–5 μm aerosols were measured by Heenan et al. [18], revealing a
strong association between the local flow characteristics and regional deposition
distributions. Grgic et al. [17] demonstrated significant intersubject variability in
both average and subregional depositions of OIDPs in seven MT models
reconstructed from MRI scans. Efforts to quantify the intersubject variability also
included Golshahi et al. [16], who tested CT-based MT and nose replicas of 6–14-
year-old children. CT-based lung models were also proposed that retained lung
bifurcations from G2-G9 [22, 23, 25, 39–46].

Computational fluid-particle dynamic (CFPD) simulations have been extensively
used to investigate inhalation dosimetry in human upper airway models, which have
been evolving from idealized, simple structures to anatomically accurate, highly
sophisticated ones. Kleinstreuer and Zhang [47] developed an idealized MT model
featured by a 180� bend and circular cross-sections consistent with the hydraulic
diameters of the LRRI model [15]. A much higher deposition was predicted in this
idealized model than the USP IP, and it is suggested that the USP IP might be
inadequate to simulate in vivo dosimetry of OIDPs [48]. Xi and Longest [1] studied
the effects of geometrical complexity on particle deposition using four MT models
with decreasing physical realism (i.e., realistic, elliptic, circular, and constant-
diameter) and demonstrated that the realistic model matched the measurements by
Cheng et al. [15] better than the three idealized models. Furthermore, large
discrepancies in the local or cellular-level deposition were predicted among MT
models with varying levels of complexities, which could be one order of magnitude
higher in the realistic MT model than in the idealized geometries. The triangular
glottal aperture and the dorsal-sloped trachea were found to significantly enhance the
deposition in the realistic model. Geometrical details are needed to assess the
formation of deposition hot spots that are essential in accurately estimating the tissue
response at the cellular level. Considering that the elliptic model retained key
geometrical factors and can reasonably capture the deposition variations, it has
been applied to investigate the deposition of DPI aerosols in the upper airway and
was later labeled as the VCU (Virginia Commonwealth University) model [49, 50].

Validated methods exist for the measurement of inhalation dosimetry in respira-
tory airway hollow casts [51, 52]. By contrast, methods to visualize and quantify
regional or local deposition fractions have rarely been reported. Dye-based approach
with methylene blue can visualize the regional drug bioequivalence in terms of the

25 Computer-Aided Development and Testing of Human Extra-Thoracic Airway. . . 729



intensity of the blue stain [53]. However, this method cannot quantify the dosage and
the deposited dye can drip and diffuse. Gamma scintigraphy using technetium-99m
(99m Tc) agents have been used to envisage drug distributions in the human noses
both in vivo [54–56] and in vitro [57–59]. One setback of this method is that the
gamma rays attenuate quickly in the human body and up to 50% energy can be
scattered by the body tissue [60]. Such energy scattering can also distort the resultant
images and give rise to biased dosimetry [61]. Besides, scintigraphy images are 2D
and cannot distinguish deposition in different depths. Kundoor and Dalby [62, 63]
demonstrated the utility of a simple, effective method to visualize droplet deposition
patterns using Sar-Gel, a water-sensitive paste (Sartomer Arkema Group, Exton, PA)
that turns into red upon water contact. Sar-Gel is highly sensitive to liquid water and
can detect deposited water as low as 0.5 μL in volume, which is about the size of the
smallest droplets in nasal sprays. Moreover, color spreading occurs only when the
volume of a single droplet exceeds 25 μL. In light of other advantages like short
reaction time, safe, and easy cleanup, Sar-Gel is well suited for the visualization of
particle deposition.

Variability in the pulmonary drug delivery efficiency can result from different
factors such as patient airway structure, respiration condition, device usages, and
drug properties [64, 65]. Certain sources can be hard to control and will considerably
alter drug delivery efficiency and therapeutic outcome consistency. Unfortunately,
deterministic models cannot take into account the inherent uncertainties of the inputs
directly [66–68]. Considering the increasing demand for reliable quantification of
inhalation dosimetry, alternative models are needed that can determine the output
uncertainty but are still numerically efficient. To meet these challenges, we com-
bined two distinct methods, that is, the deterministic models [69–71] and the
probabilistic analyses including the sensitivity analysis and uncertainty quantifica-
tion [72, 73]. Valuable information can be yielded regarding the reliability
(or confidence level) of the estimated dosimetry [74].

Most previous studies have excluded the input probability distributions in
estimating the intersubject dosimetry variability; instead, variability was considered
by comparing different input parameter values or between different airway
geometries, and thus was still deterministic. One exception was Guo et al. [75],
who used Monte Carlo simulations to estimate the propagation of input uncertainties
in nasal sprays. They concluded that the regression approach and resulting standard
deviations overestimated the output uncertainty, and Monte Carlo simulations could
predict statistically significant confidence levels. The setback of the Monte Carlo
method required prohibitive computational resources to solve the fluid-particle
dynamics in a large number of test cases for statistical analysis. There exist more
efficient sampling methods, such as the response surface method (RSM) and the
algorithm of most probable point (MPP) [74]. Probabilistic analysis for the dosime-
try of pulmonary drug delivery has been scarce.

The objective of this chapter is to introduce the fundamental theory and principles
behind the inhalation drug delivery, as well as the latest advances in the computer-
aided development of human upper airway models and their applications in aerosol
inhalation dosimetry. Both numerical simulations and in vitro experiments will be
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presented. It is hoped that this chapter will provide a comprehensive introduction to
respiratory aerosol dynamics for the general audience and at the same time provide a
review of state-of-the-art techniques for active practitioners in this field. Specific
objectives include:

1. Demonstrate how the respiratory airway models (mouth-throat, nose, and lung)
were developed.

2. Explain the physics underlying pharmaceutical delivery and the numerical
methods to simulate respiratory aerosol dynamics.

3. Introduce the computational software and solvers used for pharmaceutical
research and development, such as ANSYS Fluent and COMSOL.

4. Demonstrate the computer-aided testing of the morphological effects of the upper
airway on particle deposition in the mouth-throat region.

5. Optimize pulmonary drug delivery using both computational modeling and
in vitro experiments.

6. Develop and test the nose-to-brain (N2B) drug delivery using both modeling and
experimental testing.

25.2 Methods

25.2.1 Computer-Aided Development of Airway Models

25.2.1.1 Mouth-Throat Model
We will use three examples to demonstrate the methods to reconstruct surface
geometries of the human airway from either preexisting casts or on-shelf medical
images (i.e., CT or MRI scans). Figure 25.1 illustrates the procedures of developing
a mouth-throat model. The oral airway was developed from a dental impression with
a half-way mouth opening. Detailed dimensions of the slices along the airway
(second panel in Fig. 25.1a) such as cross-sectional shapes, perimeters, areas, and
hydraulic diameters were provided in Cheng et al. [33]. The shape and dimension of
the contours followed those measured in Cheng et al. [33]. These contours were then
connected with smooth lines, and faces were built to cover the entire mouth cavity,
giving rise to the realistic model as shown in the third panel of Fig. 25.1a. The throat
model was developed from the CT images of a healthy adult that was acquired at a
resolution of 1 mm. The software package MIMICS (Materialise, Leuven, Belgium)
was applied to convert CT scans to a solid body model. The combined mouth-throat
(MT) model was then imported as an IGES file into the software ANSYS ICEM
CFD (ANSYS, Inc., Canonsburg, PA) for meshing. Geometric surface smoothing
was conducted to remove artifacts or unnecessary anatomical details to avoid
excessive grid elements. Major characteristics retained in this realistic MT model
include a half opening mouth, a realistic MT airway curvature, a triangular glottal
aperture, and a sloped upper trachea (Fig. 25.1a). Landmark structures like the
mouth opening, larynx, and trachea were scaled to match the reported data in
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previous deposition studies, leading to a mouth opening diameter of 2.2 cm, a glottal
area of 0.87 cm2, and a tracheal area of 2.0 cm2 (Fig. 25.2a).

In the first step of simplification, the cross-sections of the realistic model were
replaced with ellipses of the same hydraulic diameters (Fig. 25.1). The resulting
elliptic model is much simpler by removing the anatomical details of the cheek-teeth
lumen and replacing the triangular glottis using an oval glottal aperture. This elliptic
model has evolved into the current VCU model, as widely accepted in pharmaceuti-
cal industries [49, 50]. Further simplifications were made to generate the circular and
constant-diameter models, as illustrated in the right panel of Fig. 25.1a. In the
circular model, all cross-sections are circular with equivalent hydraulic diameters
to those in the realistic and elliptic models. The constant-diameter model consists of
a 180� bend (curvature radius: 3.2 cm) of a constant-diameter tube (area: 4.43 cm2).

Fig. 25.1 Airway model reconstruction: (a) mouth-throat (MT) model that was based on the LRRI
(Lovelace Respiratory Research Institute) model, (b) nasal model reconstructed from CT scans, and
(c) lung model reconstructed from the lung cast provided by Dr. Cohen at New York University.
The three parts have been combined to form a complete extra-thoracic airway model. Computa-
tional meshes were generated using the meshing software ANSYS ICEM CFD for numerical
analysis and hollow casts were fabricated using 3D printing techniques for in vitro tests. Step
grooves were developed at each interface for easy assemble and good sealing, as shown in (d). The
elliptic MT model has evolved into the current VCU model
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The airway volumes of the four models (i.e., realistic, elliptic, circular, and constant-
diameter) are 65.1, 56.8, 52.5, and 35.4 cm3, respectively.

25.2.1.2 Nasal Model
The second example shows the reconstruction of a nasal model fromMRI head scans
of a 53-year-old male with no known respiratory diseases (Fig. 25.1b). This image
data were originally reported in Guilmette et al. [76] and had since then been used in
several in vitro tests [77–80] and numerical simulations [69, 81–85]. MIMICS
(Materialise, Leuven, Belgium) was used to convert the image data set into a solid
airway model, which was further converted into a group of polylines defining the
solid model. From these polylines, a surface geometry was reconstructed using
Gambit (ANSYS, Inc., Canonsburg, PA) (Fig. 25.1b). The boy-fitted mesh was
generated for the nasal model, with five layers of prismatic cells in the near-wall
region (right panel, Fig. 25.1b).

25.2.1.3 Lung Model
The third example shows the reconstruction of the lung. The original lung cast had
been developed postmortem from a 34-year-old male [86] and was scanned using a
Discovery LSCT scanner (GE Medical Systems) with 512 � 512 pixel resolution,
0.7-mm slice spacing, and 0.65-mm overlap. Acquired scans were segmented using
MIMICS (Materialise, Leuven, Belgium) into a solid geometry and its defining
polylines, from which a surface geometry was reconstructed using Gambit
(ANSYS, Inc., Canonsburg, PA). The resulting lung geometry extends from the
trachea to the bifurcation generations four to six (G4-G6). In total, there are 23 outlets
and 44 bronchi retained.

The three regions of the respiratory tract (mouth-throat, nose, and lung) were also
connected into one model (right panel in Fig. 25.1c). Computational meshes can be
generated using ANSYS ICEM CFD (Canonsburg, PA) for numerical analysis.
Similarly, hollow casts can be fabricated from these models for in vitro deposition

Fig. 25.2 Intranasal deposition test diagram: (a) drug delivery testing platform with a vacuum
pump to simulate steady-state nasal inhalation, (b) dosimetry and distribution analyses, (c) cast
cleaning and dehumidification, and (d) two delivery strategies: normal (or unidirectional) and
bidirectional
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tests. Figure 25.1d shows the nasal airway casts built with an in-house 3D printer
(Stratasys Objet30 Pro, Northville, MI). The casts have a uniform wall thickness
(4 mm). The 3D the printing resolution is 16 μm (0.0006 in) and the printing material
is polypropylene (Veroclear, Northville, MI).

25.2.2 Experimental Setup

Figure 25.2 illustrates the experimental setup for nasal deposition tests with three
steps: drug administration, deposition analysis, and cast cleaning and dehumidifica-
tion. Steady inhalation was simulated using a vacuum (Robinair 3 CFM, Warren,
MI) connecting to the nasopharynx. A flow meter (Omega, FL-510, Stamford, CT)
was utilized to monitor the volumetric flow rate (Fig. 25.2a). Before testing, the inner
walls of the nasal airway cast were coated with a thin layer of Sar-Gel and then put
together and fastened with a clamp. A high-precision electronic scale (Sartorious,
0.01 mg precision, Elk Grove, IL) was employed to measure the weight of the nasal
cast (W0), as illustrated in Fig. 25.2b. Aerosols were released into the nostrils for a
specified time (e.g., 20 s) at 30� from the vertical orientation [63]. In the second step
(immediately after the aerosol release), the new weight (W1) of the cast was
measured. The added weight (ΔW ¼ W1 � W0) denoted the deposited aerosols,
and the deposition fraction was computed as ΔW over the output from the spray/
nebulizer. The cast was then disassembled and photos were taken of the Sar-Gel
color on the inner walls (Fig. 25.2b). In the third step, a power washer (Karcher,
1600 psi, West Allis, WI) was used to wash away the Sar-Gel on the cast surface
(Fig. 25.2c). To remove the moisture, the cast was positioned in an oven
(ThermolyneFurnatrol18200, Dubuque, IA) at 55 �C for 60 min. The cast was
then left in the lab for another 60 min to allow the relative humidity and temperature
of the cast to become fully equivalent to the environment. The third step was
essential in the deposition measurement to avoid the complication from hygroscopic
effect (dry surface) or water evaporation (wet surface), both of which could lead to
fluctuations of the electronic scale reading. In nasal drug delivery, two strategies
were presented, with one being the normal, unidirectional approach, where drugs
were released into one nostril and inhaled into the lung, and the other being
bidirectional, where drugs were released into one nostril and exited via the other
nostril, as shown in Fig. 25.2d.

25.2.3 Computational Fluid-Particle Governing Equations

Respiration airflows were assumed to be Newtonian flows, incompressible, and
isothermal. The low-Reynolds k-ω turbulence model was adopted to resolve the
flow field [52, 83, 87]. The trajectories of particles were tracked using the discrete-
phrase Lagrangian approach [85]. The general governing equation of particle
motion is:
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d mpvi
� �
dt

¼ f
τpCc

mp ui � við Þ þ mpgi 1� αð Þ þ Fi,Lift þ Fi,Brownian

þ Fi,Magnet þ Fi,Acous ð25:1Þ
where ui and vi are the velocity of the airflow and particle, respectively, τp (i.e.,
ρp dp

2/18μ) is the particle reaction time to airflow, Cc is the Cunningham slip
correction factor, and f is the drag calculated following Morsi and Alexander
[88]. The Saffman lift force was also included for micrometer particles and the
Brownian motion force was included for nanoparticles [89]. Also, the
magnetophoretic force can be considered for magnetic particles and acoustic force
for pulsating aerosols.

25.2.3.1 Magnetophoretic Force
The magnetic flux density B depends on the permeability of free space μ0, the
magnetic intensity H, and the magnetization M [90]:

B ¼ μ0 H þMð Þ ð25:2Þ
The effective magnetic dipole moment caused by H is calculated as:

meff ¼ 4
3
πd3pKH ð25:3Þ

Here, K is the Clausius-Mossotti factorK ¼ (μp � μf)/(μp + 2μf). The
magnetophoretic force exerted on a spherical particle in a nonuniform magnetic
field is [91]:

Fi,Magnetophoretic ¼ μ0meff �∇ð ÞH ð25:4Þ
The symbols μp and μf are the magnetic permeability of particles and fluid,

respectively. From Eqs. 25.3 and 25.4, the magnetophoretic force is proportional
to the particle volume, and the product of the magnetic field and its gradient. The
direction of the force is along the magnetic field gradient.

25.2.3.2 Acoustophoretic Force
For the pressure acoustic computation, boundary conditions are the sound hard
boundary for the wall, the plane wave radiation for the outlet, and the pressure for
the inlet. The governing equations to calculate the acoustophoretic force is shown
below [92]:
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Here ρ is the air density, ρp is the particle density, Vp is particle volume, v is
particle velocity, P is the instantaneous pressure, k0 and k1 are the bulk moduli, and f1
and f2 are the scattering coefficients for the monopole and dipole, respectively.
Multiphysics software COMSOL (Burlington, MA) was implemented to simulate
the pulsating pressure distributions and associated particle motions.

25.2.4 Numerical Methods

Both ANSYS Fluent (Canonsburg, PA) and COMSOL (Burlington, MA) were used
to resolve the airflow and track the particle motions. In ANSYS Fluent, user-defined
functions (UDFs) were developed to consider the near-wall velocity interpolation
(NWI) and anisotropic turbulent effect. Near-wall interpolation is a linear function of
the particle velocity from zero at the wall to the velocity at the cell center. Second-
order spatial discretization or higher were used for all transport terms. The conver-
gence of airflow solution was achieved when the mass residual decreased by five
orders of magnitude and the residual variation profiles for both mass and momentum
became flat. Convergence sensitivity analyses were also conducted to establish grid-
independent and particle-count-independent results following the method of Xi
et al. [93].

The computational mesh of respiratory models was created with ANSYS ICEM
CFD (Canonsburg, PA) with tetrahedral cells in the main flow region and body-fitted
multi-layer prismatic cells in the near-wall region. It has been demonstrated that the
near-wall prismatic cells are critical in establishing grid-independent results. To
achieve a similar level of numerical accuracy, the total number of cells needs to be
five times higher in the all-tetrahedral mesh than a hybrid tetrahedral mesh with near-
wall prismatic cells [89].

25.2.4.1 ANSYS Fluent and ICEM CFD
ANSYS Fluent (Canonsburg, PA) is a popular engineering software to simulate fluid
flow, heat transfers, fluid-structure interactions, aeroacoustics, and electromagnetic
flows. The latest version is ANSYS Fluent 2020R2. Due to its high accuracy and
robustness, ANSYS Fluent has been widely used in both academia and industries. In
recent years, ANSYS Fluent has been providing a student version, which is freely
available to all students in the world. This version can be installed on any Microsoft
Windows 64-bit machine. This product can be downloaded via the link: https://
www.ansys.com/academic/free-student-products. Examples of using ANSYS Fluent
in pharmaceutical design and delivery can be found in [94–96].
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ANSYS ICEM CFD (Canonsburg, PA) is the mesh generation software bundled
with ANSYS Fluent. It can efficiently mesh large, complex models with either
structured or unstructured elements. ANSYS ICEM CFD can read geometries
generated in most computer-aided design software, such as Gambit, Solidworks,
CATIA, blender, etc. The geometry format include step, IGES, sat, xml, STL,
VRML, and other third-party mesh format. The generated mesh can be exported
for either computational fluid dynamics or finite element analysis. More information
about ANSYS ICEM CFD can be found in: https://www.ansys.com/services/
training-center/fluids/introduction-to-ansys-icem-cfd.

25.2.4.2 COMSOL Multiphysics
COMSOL Multiphysics (Burlington, MA) is a computation software that gains
popularity in recent years due to its easy-to-use features and its capacity in
simulating multiple physics. As of November 2020, the latest version is COMSOL
5.6. COMSOL was started as “FEMLAB” around 20 years ago and took root in the
finite element method to solve engineering problems. The software was later
changed to the current name. COMSOL does not provide free, student version.
The trail period is generally 15 days. The software comprises the base module to
conduct general engineering simulations, as well as a variety of specialty modules to
tackle specific physics, such as electrical, mechanical, particles, acoustics, and
chemical applications. The system requirements for installation include at least
4 GB of RAM and 2–13 GB of disk space, depending on your installation options
of specialty modules.

The physics included in the software covers almost all aspects of engineering.
Besides electric problems (or AC/DC: alternating current/direct current), it also
includes magnetic, acoustic, solid mechanics, flow, heat, and chemical applications.
COMSOL’s interface allows the user to include different physics easily. Another
salient feature is that there are a large number of tutorials that are readily available to
new users to start, either in the library embedded with the software or through the
gallery of the COMSOL website: https://www.comsol.com/models. Either new
users with no prior experience with COMSOL or experienced users can learn from
these tutorials. The Fluid-flow module and particle-tracing module are the two
modules needed to study the transport and deposition of pharmaceutical particles.
If there are electrostatic charges in the particles, AC/DC module should be used. For
those who are interested in product designs of inhalers, the optimization module is
also needed. For readers who are interested in learning more about this software,
please refer to https://www.comsol.com/comsol-multiphysics. Interested readers are
also referred to a video tutorial that explains step by step how to COMSOL and
ANSYS Fluent to simulate olfactory drug delivery with active control of pharma-
ceutical aerosols [97]. More examples can be found in [98, 99].
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25.2.5 Statistical Analysis

Statistical analysis software Minitab (State College, PA) was utilized to evaluate the
variance in dosimetry. To assess the sample variability and determine the major
influencing factors, one-way analysis of variance (ANOVA) and Tukey’s method
with stacked data were applied. To compare the relative importance between differ-
ent factors, the mean effect analysis of ANOVA was performed, for example, on the
MT model, particle size, geometrical factor, and inhalation rate [100]. To evaluate
the interactive effects of dominating factors, the interaction analysis of ANOVA was
undertaken. When the p-value was <0.05, a statistically significant difference was
reached.

25.3 Applications

25.3.1 Model Validation

The computational models of the nasal, mouth-throat, and mouth-lung geometries
had been extensively validated, as demonstrated in Fig. 25.3a–c, respectively. All
models were meshed with five layers of prismatic elements near the wall, as
illustrated in the left panel in Fig. 25.3a. Near-wall grid convergence was established
at the near-wall height of 0.05 mm for both 150 nm and 1 m particles (middle panel,

Fig. 25.3 Validation for the nasal, mouth-throat (MT), and mouth-lung models: (a) computational
mesh, grid-independent study, and simulation versus experiment, (b) MT model validation for
micrometer particles as a function of Stokes number, and (c) mouth-lung model validation in terms
of deposition visualization, and velocity profile variation versus mesh density
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Fig. 25.3a) for the nasal cavity. Further refining the near-wall cells below 0.05 mm
was demonstrated to have a small effect on the deposition rate. The third panel in
Fig. 25.3a shows the comparison of the CFD-predicted deposition fractions and
in vitro test results versus a diffusion parameter proposed by Cheng et al. [15].

Figure 25.3b shows the numerically predicted deposition rates versus the particle
Stokes number for the four mouth-throat models as shown in Fig. 25.1a in compari-
son to measured data and Cheng’s empirical correlation in the LRRI (Lovelace
Respiratory Research Institute) MT model [15]. Nearly all predicted data from the
four MT models fall within the experimental uncertainty bonds. In particular, the
most idealized constant-diameter model (triangles) overestimated the in vitro data.

Deposition visualization was also used for model validation purposes, as
illustrated by Fig. 25.3c. It was observed that the numerical predictions matched
the experimentally determined deposition distribution to a high degree, suggesting
that the computer models indeed captured the particle behaviors and fates. In
particular, we observed several positions where the predictions and measurements
are highly similar. For instance, the computer model successfully captured the
crescent deposition hot spot immediately downstream of the glottis. Moreover,
there were two streaks in the front middle trachea in both the predicted and experi-
mental deposition patterns.

Mesh sensitivity analysis of the airflow velocity field is presented in the right
panel of Fig. 25.3c, which compares the velocity profiles between different mesh
densities in the tracheal mid-plane 3 cm below the glottis. Large discrepancies in the
velocity profiles exist between coarse and fine near-wall heights, indicating that the
airflow is highly sensitive to the near-wall grid size. Moreover, the velocity profiles
in the two coarsest meshes (near-wall height: 1.0 and 0.5 mm) were relatively
symmetric. By contrast, the velocity profiles became more asymmetric with increas-
ingly finer meshes. It appeared that the coarse meshes failed to capture the skewed or
reversed flows because of exceeding numerical diffusion. From Fig. 25.2, the
convergence for the velocity field was achieved at the near-wall height of
0.05 mm. The good agreement between model simulations and experiments in
both the deposition rate and deposition distributions, as well as the grid-independent
airflow field, imparts confidence into the subsequent simulation results.

25.3.2 Mouth-Throat Model Development and Testing

Figure 25.4a shows the dimensions of different MT models in terms of perimeters
and hydraulic diameters versus the axial distance from the oral opening. As
expected, the largest variability was observed in the realistic model in all geometrical
parameters. Dimension discrepancies between the realistic and elliptic models are
due to the removal of the cheek-teeth cavities in the realistic MT model. The second
panel shows the airflow fields (i.e., velocity vectors, mid-plane contours, and
streamlines) in the realistic and constant-diameter MT models at 30 L/min. In the
realistic model, the peak velocity downstream of the glottis (i.e., laryngeal jet) shifts
to the front wall of the trachea due to fluid inertia (Fig. 25.4b, right panel). This jet
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effect induces reversal flows near the back wall of the trachea. Considering the
sloped angle of the trachea in the realistic and elliptic models, increased particle
impaction is expected from the laryngeal jet. In the constant-diameter model
(Fig. 25.4b), a pair of counter-rotating helical vortices are observed in most cross-
sections, which are absent in the realistic model. Due to a different curvature than
that in the realistic model, the maximum velocity in the constant-diameter model is
observed near the upper wall instead of the lower concave surface as in the realistic
model (Fig. 25.4b).

A comparison of deposition distributions is shown in Fig. 25.4c, where both the
deposition rate and distribution differ significantly among MT models with varying
physical realism. For the realistic and elliptic models, elevated deposition is
observed in the back of the pharynx due to the abrupt MT curvature and associated
particle inertia impaction. By contrast, reduced deposition is observed throughout
the pharynx in the constant-diameter model (right panel, Fig. 25.4c). Large
variations in deposition distributions are found at other locations too, including the
lower larynx and trachea. Specifically, high levels of particle accumulation occur in
the realistic model below the glottis (right panel, Fig. 25.4c); however, the intensity
of this particle accumulation decreases as the geometrical complexity decreases from
the elliptic to the constant-diameter models.

To further investigate the impact of the geometrical factors on inhalation dosime-
try [100], the shape of existing MT models was modified using Hypermorph, as
illustrated in Fig. 25.5a. One advantage of Hypermorph is that geometry can be
modified locally in a quantitative manner (Fig. 25.5b), and thus is well suited for a
systematic parameter study. Figure 25.5c displays the modified realistic and elliptic
MT models with three factors of interest: oral cavity volume, glottal aperture, and

Fig. 25.4 Geometrical complexity effects of the mouth-throat (MT) models: (a) perimeter and
hydraulic diameter of the MT models, (b) airflow patterns in the realistic and constant-diameter
models, (c) surface deposition of 6 μm particles, and (d) local deposition in terms of the deposition
enhancement factor (DEF)
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airway curvature. The effect of total airway volume was also evaluated by uniformly
scaling the MT models with four different scale factors, but figures were not shown
due to unchanged shape.

Figure 25.6a shows the differences in deposition among the modified realistic
geometries at 30 L/min in terms of (1) oral cavity volume, (2) glottal aperture area,
and (3) airway curvature. These included the deposition pattern (upper panel), the

Fig. 25.5 MT model modification: (a) flowchart showing the airway models being systemically
modified for subsequent parametric studies, (b) using Hypermorph to modify a model geometry
locally and quantitatively, and (c) modified MT geometries for the realistic and elliptic models with
varying oral cavity volumes, glottis areas, and MT curvatures. The effect of total airway volume
was evaluated by uniformly scaling the MT models with four different scale factors (not shown due
to unchanged shape)

Fig. 25.6 Deposition variations in modified geometries: (a) USP and (b) realistic models. In USP,
the effect of bend curvature on surface deposition and deposition fraction is shown at 30 L/min
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deposition rate (middle panel), and the cumulative deposition fractions of 10-μm
particles along the mean flow direction (lower panel). When varying the above three
factors, deposition changed much differently in both magnitude and trend. For
instance, reducing the glottal area and oral volume both increased the deposition
fractions; by contrast, reducing the MT curvature (in both length and angle)
decreased particle deposition (Fig. 25.6a, right panel). In this example, the most
influencing factor was the glottal area, followed by the oral volume, while the impact
from the MT curvature was the least among the three factors. Variations in the glottal
area led to significant changes in particle deposition both before and after the glottal
aperture (Fig. 25.6a).

Figure 25.6b displays the deposition patterns in the modified USP ducts by
replacing the sharp 90� bend with smoothed ones of varying curvatures. The reduced
deposition was predicted in the curved bend in comparison to that in the sharp bend,
as expected. The USP deposition further decreased with increasing curvature radius,
presumably resulting from smoother particle trajectories and diminished inertial
impactions (Fig. 25.6b). In smoothed USP ducts, fewer particles were deposited
on the back of the bend and more on the ventral and lateral sides.

To assess the impacts from the geometrical factors, the deposition variations,
instead of the absolute deposition rate, were considered, which were first normalized
by the control case deposition rate, and then by the magnitude of the dimensional
variation, that is, dimensionally normalized deposition variation (DNDVs).
Figure 25.7a shows the deposition normalization with respect to the glottal area in
the realistic model. There are five variants of glottal apertures (Case 1–5) and Case
3 (original dimension) was used as the control case. Figure 25.7b shows the resultant
DNDV in terms of the particle size in the realistic (R), elliptic (E), and constant-
diameter (C) model geometries. The DNDV denotes the relative change in deposi-
tion per unit structural variation. To determine the major influencing factors, the
DNDVs for all variables considered (geometry variation, particle size: 0.5–24 μm,
and breathing condition: 15–60 L/min) were analyzed by means of ANOVA.
Figure 25.7c shows the box plot of the five influencing factors. The glottal aperture

Fig. 25.7 Sensitivity analyses of the geometrical factors: (a) dimensionally normalized deposition
variation (DNDVs); (b) DNDV versus particle size in three different MT models in realistic (R),
elliptic (E), and constant-diameter (C) model geometries; and (c) box plots of DNVCs for different
geometrical factors
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area and the airway volume were the most important factors in determining MT
dosimetry of micrometer particles, while the oral volume and the MT curvature
exerted an insignificant impact. Note that the “volume” in Fig. 25.7c represented the
entire MT airway, as opposed to the oral volume. Two breathing conditions were
considered when considering the MT volume effect: the same inlet velocity and the
same inhalation flow rate. From Fig. 25.7c, the MT volume effect was observed to be
significant ( p-value <0.01) in both scenarios.

25.3.3 Pulmonary Drug Delivery

25.3.3.1 Probability Analysis
The dosimetry uncertainty was evaluated due to variability in three inputs: particle
size, particle density, and inhalation flow rate (Fig. 25.8a). The input variability of
each input variable has a normal distribution and a standard deviation σ that is 25%
of the mean μ. Figure 25.8b shows the dosimetry variability at a 95% confidence
level based on the prescribed input uncertainties.

A comparison of the input sensitivity of the three factors is illustrated in
Fig. 25.8c in terms of mean and total effects. The index of the main effect represents
a variable’s individual impact on the response, while that of the total effect includes
both the main effect index and the interactions with other influencing parameters
[101]. As a result, the disparity between these two indexes is from the interactions
among the inputs. For both indexes, the variability in particle size is the most
sensitive factor in determining the pulmonary dosimetry, while the variability in
the airflow speed is the least among the three factors. Interestingly, even though the
airflow speed has a very small main effect, it still affects the pulmonary dosimetry by
its strong interactions with other parameters, as shown by the relatively larger total
effect (Fig. 25.8c). Only a parameter that has a near-zero total-effect index should be
considered to be trivial.

Fig. 25.8 Probability analysis of deposition in the mouth-lung model: (a) the flowchart of
probability analysis that combines NESSUS, ANSYS Fluent, and Matlab, with normal distributions
of particle density, particle diameter, and inlet airflow velocity; (b) dosimetry uncertainty at 95%
confidence level; and (c) input sensitivity of the three factors
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25.3.3.2 Deposition Visualization: CFD Versus Experiments
Both numerical simulations and in vitro experiments were conducted in the mouth-
lung model (Fig. 25.9a). Complex flow fields arose from the complex airway
structures, as shown in Fig. 25.9b. Salient features included an abrupt (90�) change
in the main flow direction, a laryngeal jet, and flow instability downstream of the
glottis [102]. Significant inertial deposition in the velopharynx dorsal wall was
expected from the abrupt change in the flow direction (Slice 1, Fig. 25.9b).

The laryngeal jet induced a flow recirculation zone in the upper trachea, which
could increase the resident time of particles in this region and thereby increase
particle deposition (Slice 3, Fig. 25.9b). Considering the coherent structures,
stream-wise vortex filaments formed above the glottal aperture from secondary
swirling flows and continued to grow because of the energy inputs from the
laryngeal jet, inducing vortex rings within the upper trachea. These coherent
structures had a direct impact upon the generation and decay of turbulence, as well
as the pressure drop across the glottal aperture. Considering the aerosol transport
(right panel in Fig. 25.9b), the majority of particles were found to follow the high-
speed main flow and fewer particles were found in the low-speed or recirculation
regions. Aerosols reached the lung carina ridge about T¼ 0.16 s after being inhaled.

Fig. 25.9 Comparison of in vitro measurements and computational predictions in a mouth-lung
cast under normal breathing condition: (a) in vitro experimental diagram; (b) computationally
predicted airflow, vortex coherent structures, and particle dynamics; (c) experimental measurements
versus CFD predictions of the particle deposition distribution in the front, side, back, and cut-open
views
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Due to the laryngeal jet, particles were shifted to the ventral wall of the trachea (Slice
3, right panel, Fig. 25.9b). As a result, enhanced particle depositions were expected
in the ventral wall of the trachea, which was corroborated by the Sar-Gel
visualizations shown in Fig. 25.9c.

Figure 25.9c compares side by side between the in vitro experiments and compu-
tational predictions of deposition distributions of nebulized aerosols at 30 L/min,
which closely resembled each other and validated the computer models hereof in
capturing the particle behaviors and fates in human airways. In particular, Fig. 25.9c
listed nine locations, where CFD and Sar-Gel visualization compared favorably
[102]. These included the deposition hot spots at the glottis tip (point 1), downstream
of the glottis (point 2), middle trachea (two strips, point 3), front of the lung carina
ridge (point 4), lateral larynx (point 5), the roof of the oral cavity (points 6, 7), dorsal
pharynx (point 8), and back of the carina ridge (point 9, Fig. 25.9c). A cut-open view
of the aerosol deposition in the mouth-lung model is illustrated in Fig. 25.9c. Since
the aerosol depositions on the inner walls are directly exposed and are not biased by
the transparency of the casts, Fig. 25.9c provides a more accurate representation of
the delivered pharmaceuticals inside the airways. In addition, as the Sar-Gel color
depth depends directly on the mass of the applied water, delivered doses can be
quantified, as demonstrated in Xi et al. [2].

25.3.3.3 Deposition Visualization: Normal and Diseased Breathing
Conditions

Various lung compliance and airflow resistor (PneuFlo Parabolic) were used varied
in the breath simulator to simulate diseased breathing conditions (Fig. 25.10a). For
instance, to simulate asthmatic respiration, the default resistors for normal breathing
Rp 5 (i.e., 5 cm H2O/L/s) were replaced by Rp 25 (i.e., 25 cm H2O/L/s) [103]. The
increased airflow resistance led to a longer time for the lung to fully exhale before
starting a new breath (i.e., obstructive lung disease). To mimic a restrictive respira-
tory disease like fibrosis, the lung compliance was changed from the control setting
of 0.1 L/cm H2O (health: 0.05–0.1 L/cm H2O) to 0.03 L/cm H2O to simulate the
higher lung stiffness [104–106].

Sar-Gel visualizations of the nebulized aerosol deposition are compared in
Fig. 25.10b between the normal, asthmatic, and fibrosis cases for 30 respiration
cycles [103]. The highest deposition in the upper airway was noted in the normal
case, while the asthma case led to the least deposition in the upper airway. In
comparison to the normal case, the slow inhalation in fibrosis gave rise to lower
deposition in the mouth-throat region. It is noted that deposition patterns on the left
and right walls were not symmetric for all of the three cases herein.

Figure 25.10c shows measured masses under the normal and pathological breath-
ing conditions for 30 respiration cycles with each case repeating five times. The
upper airway dose under asthmatic breathing conditions was significantly lower than
(~50% of) the control case. By comparison, the fibrosis case led to similar doses as
the control case. In light of the dose variability, no outlier existed in these three cases,
suggesting good repeatability of the measured dosages. Figure 25.10d shows the
subregional deposition in different regions of the airway cast, that is, the right upper,
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left upper, right lower, and left lower. Apparently, the dosimetry of nebulized
aerosols was highly sensitive to the breathing conditions. The asymmetric
ventilations to the left and right lungs were presumably responsible for the left-
right asymmetry in deposited doses. Again, the dosimetry variability was not
significant with no obvious outliers, indicating satisfactory repeatability of the
in vitro measurements.

25.3.3.4 Statistical Shape Modeling for Lung Morphing
Statistical shape modeling (SSM) has been demonstrated to be a useful method to
study lung structural remodeling and resultant dosimetry variability. Even though
SSM was originally developed as an algrothm in computer graphics and image
processing [107, 108], it has been increasingly used in biomechanics, such as
evaluation of fracture risks or implant performance [109, 110], face recognition
[111], forensics [112], anthropology [113], and evolutional biology [114, 115]. SSM
has been demonstrated to be an effective tool to evaluate a large number of subjects
based on a limited number of original samples.

In theory, a training set was used to find the principal components
(or eigenvectors/features) that were further used to generate new samples by varying
the coefficients (or weights) of major eigenvectors. Figure 25.11a shows four
examples of the SSM-generated lung models, which have a similar architecture as
the training set but has a remodeled left lower lung lobe. The first two models

Fig. 25.10 Characterization of the deposition of aerosols from a mesh nebulizer in a mouth-lung
cast under normal and pathological conditions: (a) PneuFlo parabolic flow resistor and their
locations in the breathing machine; (b) surface deposition under three breathing conditions: normal,
asthma, and fibrosis; (c) measured masses under the normal and pathological breathing conditions
for 30 respiration cycles; and (d) deposited masses in the four subregions of the mouth-lung cast
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represent the lungs with different compliances, while the last two models represent
the over-inflation or constriction of the left lower lobe, respectively.

Figure 25.11b compares the doses between the normal and remodeled lung
geometries. The highest total DF was predicted in the P4 model (pink solid squares
in Fig. 25.11b), while the lowest total DF was predicted in the N2 model. Larger
differences due to lung structural remodeling were observed in subregional DFs, as
shown in the second to seventh panels in Fig. 25.11b. Moreover, large DF variations
occurred not only in the regions with structural remodeling (i.e., the two left lobes),
but also in the right upper and middle lobes, suggesting a systematic influence from
local airway remodeling.

25.3.4 Nasal Drug Delivery

25.3.4.1 Deposition Visualization for Nasal Sprays and Nebulizers
Figure 25.12a visualizes the deposition of nasal sprays using Sar-Gel [2]. The plume
angle of the sprays was 19� � 0.6�, 35� � 0.8�, 33� � 0.8�, 20� � 0.5� for Miaoling,
Astelin, Apotex, and Nasonex, respectively. It was observed that most spray droplets

Fig. 25.11 Statistical shape modeling in morphing lung diseases and aerosol inhalation dosimetry:
(a) four lung geometries generated from statistical shape modeling, with first two being rigid or over
compliant and the last two being dilated and constricted, and (b) total and subregional deposition
fractions (DFs) of the four remodeled geometries in comparison to the normal geometry. The
numbers N2 and P2 represent the weights of the principal components (i.e., features) that recon-
struct the two asthmatic lung models
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deposited in the anterior nose, especially in the nasal valve region. The unit output
(per stroke) of the nasal sprays is 0.12 � 0.15 g. Close to 100% of the nasal
sprays that were administered into the nostril(s) deposited inside the nose (right
lower panel, Fig. 25.12a).

Figure 25.12b shows the Sar-Gel visualization of nasal deposition using four
nebulizers of different mechanisms in the aerosol generation. The nozzle angle to the
nostril was 60� from the horizontal direction. Low-speed soft mists were noted in all
nebulizers except the jet nebulizer (upper right, Fig. 25.12b). Downward droplet
motions occurred after discharging from the ultrasonic nebulizer due to the slow
velocity and large size of the droplets. The deposition patterns were remarkably
different among the four nebulizers (middle panel, Fig. 25.12b), from focused (mesh
nebulizer) to widespread (jet-type) patterns. At a low inhalation rate (10 L/min), the
strip of deposition on the edge of the middle turbinate (blue arrow) is consistent with
the main inspiratory flow. At 18 L/min, more droplets were entrained by the main
flow into the median passage, reducing the deposition on the turbinate edge.
Considering the ultrasonic nebulizer, similar patterns were obtained at 10 and
18 L/min. Considering the Pari Sinus, the deposition distribution varied from less
diffusive at 10 L/min to more widespread at 18 L/min. In the jet nebulizer, the highly
dispersed deposition was found at both flow rates. Also, there was less deposition in
the upper nose at 18 L/min. The core flow mainly occurred in the lower and median
passages and entrained aerosols that otherwise went to the upper nose.

The lower panel of Fig. 25.12b shows the deposition fractions (DFs) at three
respiration flow rates, with each test case being repeated five times. In comparison to
the nasal spray products, the deposition of nebulized aerosols is much lower. The
maximum DF is 46% for the mesh nebulizer at 18 L/min and the minimum DF is
15% for the ultrasonic nebulizer at 0 L/min (breath-holding). Interesting trends are

Fig. 25.12 In vitro tests of nasal sprays and nebulizers: (a) plumes, deposition patterns, and doses
in the nose cast using different nasal spray products; (b) soft mists, deposition patterns, and
deposition fractions of different types of nebulizers (i.e., vibrating mesh, ultrasound, Pari Sinus,
and jet nebulizer)
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noted in the DF variation with flow rate for different nebulizers: the DF increases
with flow rate for the mesh and ultrasonic nebulizer, while it decreases with flow rate
for Pari Sinus and Philips jet nebulizers.

25.3.4.2 Normal Versus Bidirectional Nasal Drug Delivery
Different patterns of particle deposition are expected in the two passages under the
bidirectional breathing pattern [116, 117]. To visualize the deposition pattern in the
second passage, the direction of the bidirectional delivery was reversed, namely
from “left in right out” to “right in left out” (Fig. 25.13a), so that particle deposition
in the left (exiting) passage could be revealed. As expected, much fewer aerosols
were deposited in the second passage. Figure 25.13b shows the deposition pattern
after 1 minute’s administration. This diminished deposition is reasonable consider-
ing that the majority of the administered droplets have been filtered out in the first
(entrance) passage. Overall, the bidirectional technique yielded higher depositions in
both the nasal cavity and the olfactory region compared to the normal technique. It is
interesting to see from Fig. 25.13b that PARI Sinus performs better with the normal
delivery method, while the mesh nebulizer is better with the bidirectional technique.
This trend is valid in both the nasal cavity and the olfactory region.

To further understand the bidirectional effects on particle behaviors, snapshots of
particle motion at various instants after administration were computed (Fig. 25.13c).
The velocity vectors were also plotted on particles at selected instants. After 30 ms,
particles approached the nasopharynx and changed directions sharply in the
bi-directional mode to enter the second passage, leading to greater resistance than
the normal mode. This increased resistance would affect the airflow and particle
dynamics in both nasal passages, and the second passages in particular due to the
ambient pressure at its exit. The diffusive surface deposition predicted by numerical

Fig. 25.13 Deposition pattern in the second (exiting) nasal passage using the bidirectional delivery
protocol for the mesh (Voyager Pro) and PARI Sinus nebulizers: (a) delivery diagram (right in, left
out), (b) deposition pattern, (c) deposition fractions in the turbinate and olfactory region, and (d)
simulation results of the particle dynamics and deposition distribution in the exhaled passage
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simulations (lower panel, Fig. 25.13c) is consistent with that obtained via in vitro
tests (Fig. 25.13b).

25.3.4.3 Nasal Passage Dilation Effects
The human nose is a compliant structure that can change its shape/size either actively
or passively to adjust airflow ventilation. Nasal expansion can alter the dosimetry of
inhaled aerosols within the nasal cavity [118]. To quantify the dosimetry variation
from nasal dilations, both in vitro tests and numerical simulations were undertaken in
three nasal models (N0, N1, N2) with progressive dilation in the nasal passages
(Fig. 25.14a, b). Specifically, gradual expansion was made to the nasal valve region,
as evidenced by the front nose width of 2.49, 2.90, and 3.40 com in N0, N1, and N2,
respectively (Fig. 25.14a). Relative to the control case N0, the expansion rate of the
nasal valve was 30% and 50% in N1 and N2 (Fig. 25.14b).

First, valve dilation on flow partition in the nose was investigated. Both nasal
valves were split into the upper and lower zones and their ventilation rates were
quantified (Fig. 25.14c). In contrast to a similar upper-lower area ratio (~39%) for
the three models, the flow ventilation to the upper zone was much lower, that is,
17–22%. Moreover, valve dilation enhanced the flow partition to the upper zone,
which was 17% in N0 and 20% in N2 for the normal (unilateral) delivery and was
18.5% in N0 and 21% in N2 for the bidirectional delivery. The flow partition to the
upper valve increased significantly in the left nose (the exhalation nasal passage) for
the bidirectional delivery, with a 30.5% flow partition in N0 and 36% in N2. In

Fig. 25.14 Nasal passage dilation effects: (a) 3D-printed casts of three nasal models (N0, N1, N2)
with increasing passage dilations, (b) cross-sections of the three nose dilatation models at the nasal
valve and turbinate, (c) CFD-predicted flow partition, and (d) comparison of CFD and in vitro
measured deposition fractions among the three models under unilateral and bidirectional deliveries
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comparison to the right nose (inspiratory nasal passage), the high-speed flow zone in
the left valve shifted upward, as demonstrated by the speed contour in Fig. 25.14c.

Numerically predicted DFs are shown in Fig. 25.14d for the three models in
comparison to in vitro measurements. Good agreement was attained between the
predicted and measured DFs both in magnitude and trend. The predicted DFs
slightly, but consistently, underestimated the experimental data. For both delivery
methods, the vestibular dosage decreased with the valve dilation. Specifically, a
large decrease in the vestibular dosage occurred from N1 to N2 with the normal
delivery method. On the other hand, the olfactory dosage increased with the valve
dilation for all cases herein, which was 0.43%, 0.63%, and 0.79% in N0, N1, and N2,
respectively. Further increased olfactory DFs were achieved using the bidirectional
method, with the olfactory DF being 2.76%, 2.94%, and 3.48% in N0, N1, and N2,
respectively. The optimal olfactory DF with bidirectional delivery (i.e., 3.48% in
N2) was around four times the unilateral olfactory DF in N2 (0.79%) and eight times
that in N0 (0.43%).

25.3.4.4 Targeted Olfactory Delivery Using Magnetic Guidance
To evaluate whether it is practical to use magnetic field to guide ferromagnetic
particles to the olfactory region [99, 119], a two-plate channel with a 10-mm height
and 150-mm length was tested with permanent magnets above the channel
(Fig. 25.15a). The particle density was 1500 kg/m3 as a mixture of drug and iron
nanoparticles, the relative magnetic permeability of the particles was 700, and the
particle size was 15 μm. Without a magnetic field, particles followed parabolic paths
due to the gravity (Fig. 25.15a). By imposing an appropriate magnetic field, particle
motions could be controlled, for instance, to move horizontally versus settling
vertically (layout 1). Particles can also be guided to a specific site by imposing a
strong attraction force locally (layout 2). The magnet field was nonuniform; it was

Fig. 25.15 Delivering magnetic particles to the olfactory region: (a) feasibility study in a two-plate
channel, (b) point release of particles versus releasing particles from the entire nostril, and (c)
olfactory dose as a function of the particle size
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stronger near the magnet bars and decayed quickly away from the magnet bars. It
was demonstrated that by releasing particles from a specific point (point release) and
imposing a proper magnetic strength, the olfactory dose could be as high as 45%
(Fig. 25.15b, c). By comparison, only 1.2% of particles could reach the olfactory
region if being released from the entire nostril, even with an optimal magnetic
strength (Fig. 25.15b).

The delivery efficiency of magnetic particles to the olfactory region is highly
sensitive to the particle size. The most effective olfactory delivery occurred for
particles of 10–20 μm. Decreased olfactory doses occurred for particles �10 μm
or�20 μm. This is because that the particles�10 μm have low response to magnetic
force, while particles �20 μm will be filtered out by the nasal valve from inertia
impaction. Note that the magnetic force experienced by a particle varies with the
third power of the particle size (dp

3), in comparison to the first power of the magnetic
intensity. The optimal olfactory dosimetry was shown to be 13–17 μm [99, 119].

25.3.4.5 Pulsating Aerosol Delivery to Maxillary Sinuses
The delivery efficiency of the drugs to the paranasal sinuses is unacceptably low at
this stage. Pulsating flows have been shown to improve drug delivery into these
secluded cavities due to flow-sinus resonance, but a manageable control on the
delivery efficiency is still impractical. The maxillary sinuses are located peripherally
at both sides of the nose and connected to the middle meatus through an ostium. To
gain a better understanding of the pulsating aerosol delivery to the sinus, the
variation of resonance frequency and sinus deposition with the ostium size, sinus
shape, and pulsation frequency were systemically investigated [120]. The sinus
model was built based on MRI head scans of a 53-year-old healthy male and
connected to an existing nasal cavity model (Fig. 25.16a, b). To evaluate the
geometrical effect of the sinus, the shape and size of the original sinus were modified
using HyperMorph 10.0 (Troy, MI). Figure 25.16a shows the 3D-printed hollow
casts of the sinuses with a 4-mm wall thickness (Fig. 25.16a).

To find the resonance frequencies of the nose-sinus geometry, a sampling point
was specified in the ostium that connected the nasal cavity and the sinus. The
variation of pressure (dashed line) and local acceleration (solid line) versus the
input frequencies are shown in Fig. 25.16c for the sampling point. Two resonant
frequencies are identified: 545 and 2260 Hz. Figure 25.16d shows the COMSOL-
predicted sinus deposition in comparison to in vitro tests. As expected, the optimal
sinus DF occurs at 545 Hz (resonant frequency) and decreases as the pulsating
frequency drifts away from 545 Hz. The sinus DF changes insignificantly when
varying the sinus dimensions as in this study.

Figure 25.16e shows the acoustic pressures in the nose-sinus (D ¼ 3 mm,
L ¼ 3 mm, and Vol/Vol0 ¼ 1) at 545 Hz. A large pressure gradient was noted
across the ostium. Figure 25.16f shows the distribution of the particle deposition
within the sinus after 1 minute’s pulsating drug delivery. Even though at a small
amount, some particles indeed enter the sinus driven by the oscillating pressure
waves (Fig. 25.16f), which have the largest amplitudes at the resonant frequency.
Particles remaining inside the nasal passage are also dispersed by the acoustic waves
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(Fig. 25.16f). In light of the extremely low sinus dose at the current stage, further
studies are needed in harnessing the pulsating aerosols. With a proper sound
frequency and amplitude, it is promising to control the drug delivery to the paranasal
sinuses or the olfactory region and achieve clinically relevant doses.

25.3.5 Computational Fluid-Particle Dynamics for COVID-19: Effect
of Mask-Wearing

The year 2020 has witnessed several surges of COVID-19 pandemic in the USA and
around the world. This pandemic has been caused by the SARS-CoV-2 virus, or
coronavirus, and has been demonstrated to transmit from person to person through
respiratory droplets and small particles, which are produced when an infected person
speaks, breathes, coughs, or sneezes. These aerosols can be breathed into the
respiratory tract and lead to infection. Community spread of COVID-19 has been
reported frequently and is the major reason for COVID-transmission. Considering
that the generation and transport of respiratory droplets share the same mechanisms
of pharmaceutical aerosols, extensive studies have been undertaken since the pan-
demic to understand better the transmission routes and curb the transmission
momentum. The example presented below demonstrated how computer-aided
modeling and simulations added to our understanding of the effects of wearing a
facemask on protection efficiencies.

In addition to social distancing and frequent handwashing, facemask-wearing has
been an effective preventive measure to reduce viral community transmission.
Wearing a mask both lower the inhalation of ambient virus-laden droplets and

Fig. 25.16 Pulsating aerosol delivery to maxillary sinuses: (a) hollow casts of nose-sinus models,
(b) computational model with near-wall prismatic mesh, (c) resonance occurs at 545 Hz, (d)
comparison between in vitro measurements and numerical predictions, (e) acoustic pressure, and
(f) sinus deposition distribution
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minimize the exhalation of virus-laden droplets from a COVID patient
[121, 122]. However, when talking about the facemask protective effectiveness,
we often refer to the filtration efficiency of the mask material (like N95 being 95%
effective), not the effectiveness it protects people from airborne bacteria/viruses. Till
now, we do not have quantitative data on mask protection efficiencies when we wear
them, which are more relevant to evaluate the risk and curb the COVID transmission
[123, 124]. In this instance, we aimed to quantify the actual protection efficiencies to
the upper airway when wearing a three-layer surgical mask [125].

To this aim, we developed a physiologically accurate model of a subject wearing
a pleated surgical mask (Fig. 25.17a, b). Using numerical methods, we tracked
aerosols through the facemask and studies their behavior and fates after crossing
the facemask (Fig. 25.17a). Among these aerosol droplets, some will deposit on the
face and the others will enter the airway. We further follow these droplets into the
respiratory airway and find out where they will deposit, for instance, in the nose,
pharynx, or into the lung. The protection efficiency of different regions of the airway
can then be calculated (Fig. 25.17c).

The results may be surprising to many. Wearing an old or low-filtration mask (say
<35%) can inhale more aerosol particles that are smaller than 2.5 μm (PM2.5)
[125]. Figure 25.17c compares the deposition fraction of airborne aerosol between
wearing a 65%-filtration mask and with no mask. While good protection by mask
was observed for particles>10 μm, equivalent deposition of 0–2.5 μmwas predicted
with and without a mask. It appears intuitive to premise that with a mask, regardless
old or new, will always be better off than without a facemask. However, this premise
is valid only for aerosols �5 μm, not for PM2.5. The modified (slower) airflow when
wearing a mask helps the particles to be inhaled into the nose. The filtration
efficiency of a three-layer surgical mask can be any value between 25% (used) to

Fig. 25.17 Mask-wearing effects on respiration dynamics: (a) with a surgical mask, (b) without a
mask, and (c) comparison of deposition of airborne aerosols with versus without a mask for
different particle sizes and inhalation flow rates
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95% (new). While wearing a 95% mask will protect well, wearing a 25%-filtration
mask can be worse than without [125]. Moreover, for environments with high
concentrations of virus-laden PM2.5 aerosols, such as COVID critical care units or
COVID-specialized hospitals, face-covering with only a three-layer surgical mask
would not provide enough protection.

25.4 Conclusion

In this chapter, we presented the fundamental theories in respiratory aerosol dynam-
ics and demonstrated their usages through a series of efforts in our lab aiming to
improve the physical realism of respiratory airway models. Both numerical and
experimental tests were performed to this aim by exploring inhalation dosimetry in
different regions of the airway (i.e., the mouth-throat, nose, and lung) and using
different delivery techniques (i.e., normal vs. bidirectional nasal delivery,
aerodynamic vs. magnetophoretic vs. acoustophoretic guidance, etc.). Specifically,
computer-aided image-based design of the airway models opened a new door to the
pharmaceutical industries to test the delivery efficiency and variability that was not
even feasible less than 20 years ago. With anatomically accurate airway models and
complementary numerical simulations, a better understanding has been attained in
existing inhalation devices and delivery protocols, and improvements and optimiza-
tion have been achieved in some cases. Furthermore, new devices or protocols can
be designed for personalized diagnosis and targeted drug delivery.

25.5 Credible Online Resources for Further Reading

URL
Category
of source What to read or refer

https://www.ansys.com/products/
fluids/ansys-fluent

Private
company

Software to simulate airflow and particle
deposition

https://www.ansys.com/services/
training-center/fluids/introduction-to-
ansys-icem-cfd

Private
company

Tutorial for developing airway models,
set up numerical simulations, and
visualize results

https://www.altair.com/hypermesh Private
company

Software to change model morphology

https://www.comsol.com Private
company

Software to simulate Multiphysics
phenomenon

https://www.comsol.com/models Private
company

Learn more about how to set up
COMSOL simulations

https://www.slicer.org/ Open
source

Software to segment medical images

https://www.slicer.org/wiki/
Documentation/4.10/Training

Open
source

Learn more about how to Slicer to
process medical images

https://www.materialise.com Private
company

Software for image segmentation
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