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Abstract

The human body interacts with the environment in many different ways. The lungs interact with
the external environment through breathing. The enormously large surface area of the lung with its
extremely thin air-blood barrier is exposed to particles suspended in the inhaled air. Whereas the
particle-lung interaction may cause deleterious effects on health if the inhaled pollutant aerosols
are toxic, this interaction can be beneficial for disease treatment if the inhaled particles are
therapeutic aerosolized drug. In either case, an accurate estimation of dose and sites of deposition
in the respiratory tract is fundamental to understanding subsequent biological response, and the
basic physics of particle motion and engineering knowledge needed to understand these subjects is
the topic of this chapter.

A large portion of this chapter deals with three fundamental areas necessary to the understanding
of particle transport and deposition in the respiratory tract. These are: 1) the physical
characteristics of particles, 2) particle behavior in gas flow, and 3) gas flow patterns in the
respiratory tract. Other areas, such as particle transport in the developing lung and in the diseased
lung are also considered. The chapter concludes with a summary and a brief discussion of areas of
future research.
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Introduction

Adult humans inhale over 10,000 liters of air per day. Contained within this air are
somewhere between 100 billion and 10 trillion particles. A fraction of this astronomically
large number of particles deposits on the lung surface. Pathogenic effects may occur if the
deposited particles are not properly dealt with by the lung's defense mechanisms. In
inhalation drug therapy, one puff of a metered-dose inhaler (MDI), for instance, contains
several million particles, but only a fraction of those drug particles reach the target site in the
respiratory tract. What fraction of the particles we inhale reaches the lung's respiratory
surface is a function of the particles' physical characteristics and the dynamics of the gas
flow. This in turn leads to a clear distinction between “exposure-response”, the subject of
epidemiology, and the causal relationship between “exposure-dose” and “dose-response”.
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The focus of this chapter is to review the basic engineering knowledge needed to understand
the exposure-dose relationship.

This chapter aims to provide the basic information necessary to understand current research
on the relationship between particle exposure and the number of particles depositing on a
unit area of the lung's surface (dose). The chapter starts with describing the physical and
chemical characteristics of a particle, which are important factors in determining its behavior
in the gas flow (Particle Characteristics). This is followed by a discussion of transport and
deposition mechanics in a conduit (Particle Transport and Particle Deposition, respectively).
Particle Transport and Deposition in the Respiratory Tract, the main part of this chapter,
describes the transport and deposition phenomena along the respiratory tract in the
anatomical order an inhaled particle experiences. The Special Issues section describes some
specific topics that are important in lung physiology but are not covered in the previous
section. The chapter ends with a summary and suggestions of future research directions.

Particle Characteristics

Particle size

The size of an aerosol particle is the fundamental characteristic that determines its transport
properties. For spherical particles, the size is given by particle diameter (d),). In the case of
irregularly-shaped particles (see below), an equivalent diameter is used, defined by the
diameter of a sphere of equal volume. Respirable particles range from a few nanometers to,
typically, a few microns.

The transport behavior of an aerosol particle depends on its interaction with the surrounding
gas molecules. This interaction can be characterized by considering the particle size (d))
relative to the mean free path of the gas molecules (4; the ratio between d, and Zis the
Knudsen number (Kn = 4dp). When Kn » 1 (i.e., &> d,,) the behavior of the particle and
surrounding gas requires the kinetic theory of gases. On the other hand, when Kn « 1, (i.e. €
«dp), the probability that surrounding gas molecules strike the particle surface is high, and
the surrounding gas affects the behavior of the particles through a drag force. In this case,
the gas surrounding the particle can be treated as a fluid continuum and the drag force acting
on the particle surface can be calculated from Stokes' law [Fp =3 ﬂydp(v;— vﬁ: where Fp is
the drag force, u is the fluid viscosity and vp_’& vfﬁre the velocity of the particle & the
surrounding fluid, respectively]. For air at sea level, Zis approximately 70 nm, and hence for
fine/ultrafine particles, Kn cannot be taken as one of these two extremes. In this case, the
behavior of the surrounding gas can be still treated as a continuum, but a slip correction
factor needs to be introduced to adjust the drag force given by the limiting Stokes'
relationship (i.e., the corrected drag force is equal to Fp/Cy). The Cunningham slip
correction factor® C is given by,

Cy=1+(2¢/d, )| A1+ Azexp(—Aszd, /6) (1)

Where A; = 1.257, Ay = 0.400, and A3 = 0.55 are empirically determined constants®’-223, C,
and related particle transport properties are tabulated in Table 1. The Einstein-Stokes
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equation for the diffusion coefficient of a sphere also has to be adjusted to account for slip;
i.e., D = kpTypsCy/(3ud)y), where kp is Boltzmann's constant and 7 is the absolute
temperature.

Particle size distribution

A cloud of equal-sized particles is called a monodisperse aerosol. However, particles in the
air we breathe span an extremely large size range, and constitute what is known as a
polydisperse aerosol. The physical characteristics of polydisperse aerosols are usually
described by their particle size distribution.

The distribution of particle size within a polydisperse aerosol is typically skewed (Fig. 1).
This is because a large portion of particles are formed from the breakup of large particles
into smaller ones®” or from the growth (i.e., through certain types of agglomeration) of small
particles to larger ones'9>. To characterize such a skewed distribution, there are at least 3
values to consider; the mean (the arithmetic average particle diameter of the distribution),
the median (the particle diameter that divides the frequency distribution in half; 50% of the
particles have a larger diameter, and the other 50% of the particles have a smaller diameter);
and the mode (the value that occurs most frequently in a distribution). The standard measure
of skewness is given by the third moment about the mean, normalized by the standard
deviation to the third power. When the mean, mode and median all coincide, the skewness is
zero; this does not imply symmetry of the distribution, but all symmetric distributions
exhibit zero skewness. As shown below, there are several advantages to analyzing
symmetric distributions.

Skewed distributions seen in aerosol distributions are often well approximated by lognormal
distributions. These are distributions of particles sizes whose logarithms are normally
distributed (i.e. Gaussian, Fig. 2)288. Note that this is not just a conversion of the abscissa
from a linear scale to a logarithmic scale, because the bin widths used to define the
histograms are correspondingly changed. In this lognormal representation, the median of the
particle size is now equal to the geometric mean of the particle sizes, and the spread of the
curve can be conveniently expressed by the geometric standard deviation (o). [The
geometric mean is defined as the m" root of the product of m terms. The logarithm of the
geometric mean is equal to the arithmetic mean of the logarithms.]

The cumulative frequency of the particle size distribution is the frequency or probability of
the occurrence of a particle size less than a given value; this is a sigmoid-shape curve (Fig.
3). Note that there are no bin width questions for cumulative distribution functions, so this
issue does not arise. Further, if the cumulative frequency is plotted on the probability scale,
one obtains a straight line (Fig. 4). This plot is useful because the geometric mean as well as
the geometric standard deviation of lognormal particle size distribution can be readily
obtained graphically (see Fig. 4 legend for further details).

The above is a graphical representation of particle size distribution. The underlying
mathematical representation is based on normal probability distribution functions for
logarithms. Further detailed, excellent, discussions on this topic can be found
elsewhere!06.108,284,
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Particle shape

The shape of a particle affects its aerodynamic and diffusive behavior; thus, it is one of the
important factors determining particle transport and deposition in the lung. Whereas a
particle's shape is largely conditioned by how it formed, changes in particle shape may occur
after formation because of crystallization, hydration, agglomeration, etc. Liquid droplets
form perfect spherical shapes due to surface tension. Highly non-spherical particles include
straight or curly fibers as well as complex-shaped agglomerated cluster of particles.

The transport behavior of only a few irregularly-shaped particles, such as the ellipsoid (e.g. a
prolate spheroid, like a rugby ball), and the oblate spheroid (disk-shaped), may be described
mathematically®-8- 110137 In general, a mathematical description of the transport behavior
of irregularly-shaped particles is not possible; thus, the influence of the particle's irregular
shape on its behavior is taken into account empirically through a parameter called, the
dynamic shape factor. This factor is the ratio of the resistance of a given particle to that of a
spherical particle having the same volume. Shape factors for various particles are listed in
Hinds (1983, on page 52) or Silverman et al., (1971, on page 12).

Particle density

The density of a particle plays an important role in its transport and deposition (see later
sections). Because density is an intensive property, the density of a particle remains the
same as that of the original material unless the particle undergoes surface oxidation or
hydration (hygroscopcity will be discussed in the next subsection). Many particles
agglomerate to form larger particles. In this case, the bulk density is defined as the mass of
the component particles making the agglomerate divided by the total volume occupied,
which includes particle volume and inter-particle void volume. Thus, the bulk density of an
agglomerate of particles is not an intensive property as it depends on how the constituent
particles are arranged in the agglomerate284.

Particle composition, surface characteristics and charge

A particle's core composition and its surface characteristics are important factors for how the
particle interacts with the lung tissue after deposition. This will be briefly discussed in the
last section. If a particle carries a net electrical charge on its surface and is traveling in an
electrical field, the following factors have to be taken into account. If the electrical force, F, ;
and the drag force on the particle are balanced locally in the gas, the steady electrical
migration velocity, v,, can be expressed as v, = F, jfm, where f,;. denotes a friction
coefficient (discussed in detail in the next section). The particle flux, J,?lue to simultaneous
effects of diffusion and migration in the electrical force field, can be expressed by summing
the two effects as J = ~DVn + v, where n is particle number concentration, D is particle
diffusivity (discussed in detail later), and V is the gradient operator. Substituting J in /ot =
-V J,The expression is rewritten as the equation of conservation of particles in the presence
of an external electrical force field as, dn/dt = V - DVn — V - v n. Solutions to this equation
for constant D and v, are given by Carslaw and Jaeger (1959).
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Nucleation, Condensation, Evaporation, and Hygroscopicity

Nucleation, condensation, evaporation, and hygroscopicity are all processes resulting from
molecular transfer between the particle (or droplet) and the surrounding gas. In the case of a
liquid droplet, the vapor of the liquid (often water) plays an important role in these
processes. The partial pressure of a vapor (the pressure which the vapor would have if it
alone occupied the volume) is directly related to the concentration of that liquid vapor in a
volume of gas; the ratio of the partial vapor pressure to the saturation vapor pressure, called
the saturation ratio S, plays a critical role in all of the processes mentioned above.

Under the conditions when Sg > 1 (i.e., supersaturation), the size of a droplet grows by
condensation of vapor on its surface. The rate of growth depends on the rate of the arrival of
vapor molecules at the droplet surface. While it is governed by the kinetic theory of gases
when the diameter of the droplet is smaller than the mean free path £of the surrounding gas,
the rate of arrival of vapor molecules is governed by the rate of molecular diffusion to the
droplet surface (see “coagulation” below) when the diameter of the droplet exceeds £ Under
the conditions where S < 1 (i.e., unsaturated), evaporation (i.e., the reverse process of
condensation) occurs; more vapor molecules leave a droplet's surface than arrive, causing a
shrinkage of the droplet's size. The initial formation of a particle from vapor by
condensation is called nucleation (nucleated condensation). This process is usually
facilitated by the presence of small particles, which serve as nucleation sites.

In the respiratory tract, relative humidity (RH), which is equal to Sg in the case of water
vapor, substantially changes due to an increase in respiratory air temperature and
humidification from the nose (or mouth) to the lung. Accordingly, inhaled particles with
hydrophilic surfaces, such as sodium chloride particles, may grow in size and change their
density by adsorbing water vapor from the warm and humid environment along the
respiratory tract. Furthermore, because the size and density of the particles are the major
factors in determining the deposition and the distribution of particle deposition, the
hygroscopic growth of hydrophilic particles is an important factor to
consider?3:97:134-136,150.151.228 ‘Hyoroscopic growth strongly depends on the longitudinal
profile of RH, which depends on temperature, along the upper airways and tracheobronchial
tree.

Determining the longitudinal air temperature profile, and subsequently the RH profile is not
straightforward. Estimates of how quickly and at what airway generation the particle-laden
inspired air reaches a temperature of 37°C and a relative humidity of 99.5% are generally
difficult to make because they depend on the mode of breathing (nasal vs. mouth breathing)
as well as on the type of breathing pattern (hyperpnea during exercise vs. quiet breathing at
rest). Numerous studies of this topic have been reported. In general, while during quiet
breathing, in particular during nose breathing, most of the heat exchange between the
inspired air and airway walls takes place in the upper airways and RH reaches saturation at
the trachea or the main-stem bronchi in inspiration. Conversely, in the case of hyperpnea, in
particular during mouth breathing, the temperature and RH of incoming air may not reach
body conditions until many airway generations below the trachea. Further detailed,
excellent, discussions on this topic can be found elsewhere®-8- 69,155,156,218,219,290,306
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Coagulation

Whereas the processes discussed above (e.g., condensation, evaporation, etc.) involve mass
transfer between a particle and the surrounding gas molecules, coagulation is an inter-
particle phenomenon. That is, it is a process in which particles collide with one another and
adhere to form a larger particle. As a result, the particle size distribution shifts towards
larger sizes, and the particle number concentration decreases. In the case of solid particles,
this process is called agglomeration.

One of the simplest processes of particle coagulation is when a cloud of equal-sized particles
collide due to Brownian motion. This is an idealized case, but it can be described
mathematically and provides us with a useful benchmark of the coagulation process as
shown below.

The motion of a Brownian particle of radius R under steady-state conditions can be written
1 d( ,dn

in spherical coordinates as D 2 dr (" E) :U, where D denotes the Brownian diffusion
coefficient, r the radial coordinate, and n denotes the local number concentration of the
particles. The boundary conditions are that at large distance (r—00), n approaches the bulk
number concentration (n.), and at the radius of the sphere of influence of the test particle (r
= 2R shown as a dotted line in Fig. 5), the free particle concentration vanishes (n=0).
Integrating the above equation subject to these boundary conditions, the number
concentration is expressed as n = n. [1-(2R/7)].

Since the flux of particles arriving at the surface of the sphere of influence of the test particle
is D(9n/0r),=>g = Dn/2R, the rate at which particles arrive at the surface is D(4 72 on/
0r),—>r. = 87 DRn,. Since there are N, test particles in a unit volume, the number
concentration of test particles is also n., and hence the rate at which particles collide is

87D Bﬂf The coefficient (87 DR) is known as the Brownian coagulation coefficient. The
most important point to emphasize here is that the coagulation coefficient scales with the
size of the particles. As the particle size grows, this scaling remains, with a weak
dependence of the prefactor on particle size.

Particle Transport

The most successful description of the motion of a spherical particle of diameter d), and
mass m, in the surrounding gas has been through the separation of the influence of the gas
phase into additive effects; treating the gas as a fluid continuum; and modeling the
molecular effects as random collisions of gas molecules. These ideas lead to the Langevin

equation®’.

—
dv,

dt

— — T
my, = fuclVp = TV)Am, g+F(t) @

This stochastic differential equation represents Newton's second law. The equation states
that the mass times the acceleration (left hand side) is equal to the resultant of all forces
acting on the particle (right hand side). The first of these forces represents the viscous drag
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force due to the motion of the particle (particle velocity, vp7 relative to the motion of the
surrounding fluid, vz, here taken as a fluid continuum. The friction coefficient f,;. =

137 corrected

3 7udp/Cy, where u is fluid viscosity, is assumed to be governed by Stoke's law
by the Cunningham factor, C,, (see Particle Size Section) to account for the small particle
“slip” through the fluid molecllles. The second force is gravitational, mpg.The third force is
stochastic, a random force, F(7), that is characteristic of Brownian collisions#7-22! of the

surrounding fluid molecules with the particle.

The motion of small particles under Brownian force

When small particles are considered (say, dj, < 0.5 um), several terms in Eq. 2 may be
neglected. First, the gravity term m,,g is insignificant. Second, the time scales in the situation
relevant to our interest are much longer than the particle momentum relaxation times 7., =
my,C/3 mud,, which are on the order of micro or pico seconds for ultrafine particles in air.
This implies that the accelerative term (the left hand side of Eq. 2) may also be neglected.
With these approximations, the particle motion is simple Brownian, where the impulsive
motions due to random collisions with gas particles at temperature 7, are damped by the
viscous drag. This leads to simple diffusion of the particles, with a diffusivity given by
Einstein's expression for the diffusion coefficient D = kgT s Cy/3 7ud,, where kg is
Boltzmann's constant and T, is absolute temperature. Note that, whereas the size (and also
the shape) of the particle (d),) is critical in determining the diffusion coefficient, D,
interestingly, D does not depend on the density (p,) of the particles. It is also important to
notice here that the diffusion coefficient of aerosol particles is, in general, significantly
smaller than that of the typical respiratory gases. For instance, the diffusivity of an aerosol
particle of 10 or 100 nm diameter is approximately, D = 10 to 106 cm?/sec, respectively,
which is 2 to 4 orders of magnitude smaller than molecular diffusivity of O, and CO5.

Velocity, vp_,’ and position, rpf of a particle can be obtained directly by integrating the
governing equation with respect to time#7-88:124. A Monte Carlo approach to integrating the
equation, combined with conditional probability and eigensystem analysis considering the

47

stochastic behavior of a particle as a Markov process™’, was used to simulate the behavior of

submicron particles in the pulmonary acinus303,

This type of analysis can be extended to the case where the length scales are sufficiently
large that the particle position distribution can be approximated by a continuum of particles,
with local concentration n. In this case, the problem reduces to the combined effects of
simple convection through interaction with the local fluid velocity v_fand the intrinsic
diffusivity D. This leads to the convection-diffusion transport equation for the particle
concentration, which in non-dimensional form is given by

dn 1
Sr—=—V?n—7¢-Vn @3
dt  Pe f @
where the Strouhal number, Sr = L/TV is a measure of the unsteadiness of the flow (L is a
characteristic length scale, such as bronchial, acinar, or alveolar diameter; V is a
characteristic velocity, such as mean flow velocity; and 7 is a characteristic time scale, such
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as breathing period). The Péclet number, Pe = LV/D is a measure of the strength of
convective over diffusive transport. In the distal lung in healthy human respiration at rest,
the Strouhal number is much less than unity and hence lung flow is essentially quasi steady;
this is not true in the more proximal airways, especially during exercise. Note, however, that
even when Sr « 1, convection may not be neglected. This is because the Péclet number for
nano-size particles is in the range 103 to 108 throughout the conducting airways and is » 1
for most of the acinus (Table 2) indicating that even in the lung periphery convection
dominates the transport of nano-size particles. This in turn means that fluid velocity cannot
be neglected, and all three terms in Eq. 3 must be considered. With respect to boundary
conditions, to the extent that particles that actually contact any epithelial surface always
“stick”, and do not subsequently reaerosolize, this condition can be expressed as a Dirichlet
boundary condition (i.e., 7 = 0 on the conduit surface).

The motion of large particles under a Gravitational Force field

When particles are relatively large (say, dj, > 0.5 um), for which the Brownian random term
(the 3" term on the right hand side of Eq. 2) may be ignored, the Langevin equation (Eq. 2)
can be significantly simplified because the resulting diffusive behavior is negligible. The
governing stochastic differential equation becomes an ordinary deterministic differential
equation and thus its solution for a given initial condition becomes deterministic. The
reduced Langevin equation can be nondimensionalized as,

d?* —k 3 I"/r —_
StkT:: — (v, - T’})+‘=’ gx @

where @' (=7, /V)and @'} (= ;/V} are the dimensionless particle velocity and carrier
gas velocity, respectively; £* is a dimensionless time given by r* = tV/L; g¥is a
dimensionless gravitational acceleration given by g = g/[g| Where |g|Ts scalar gravitational
acceleration. Equation 4 shows that particle motion is governed by two nondimensional

groups: the Stokes number, Stk(=p, df 'V /18u L), which expresses the ratio of inertial force

to viscous drag force, and V,/V, the ratio of terminal settling velocity V(= p.pdf, |'g’| /18p) to
V, which expresses the relative importance of gravity to viscous drag. The ratio of Stk and
VoV, 7[Stk/(Vg/V)7= V27L|g|]f shows the relative importance of inertial to gravitational forces
on particle motion. The inertial term is significantly more important than the gravity term in
larger conducting airways; by contrast, the gravity term becomes dominant in smaller
airways and the acinus (Table 2).

The motion of medium size-range particles

When particles are in the medium-size range (say, d, ~ 0.5 um), they are too large for
significant Brownian transport, and too small for significant inertial or gravitational crossing
of streamlines. In this case the only surviving term in Eq. 2 is - fric(vp_»— vﬁ'which when
equated to zero implies that the particles simply follow the local gas velocity field. The
resulting transport thus requires an accurate description of the surrounding gas flow patterns.
Importantly, this also implies that to the extent that the gas velocity field is reversible during
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cyclic breathing, so too is the particle velocity and hence displacement; this is kinematic
reversibility, in which there is no net transport over a breathing cycle. A considerable body
of research has been dedicated to the study of respiratory fluid mechanics, and velocity
fields in particular, in nasal flow®-&- 37:83.86,111,202,204,278,340. |arge airway conducting
airway flowe-& 8,183,206,317, and acinar fluid mechanics®-&-65-125,143-145,192,193,310,314,315

These topics will be discussed in more detail later in this chapter.

Particle Deposition

Four major deposition mechanisms in the respiratory system for spherical particles are
discussed here. They are turbulent deposition, inertial impaction, gravitational
sedimentation, and diffusional deposition. The deposition mechanisms for non-spherical
particles, particularly fibrous particles such as asbestos, are important for certain disease
etiologies; the deposition mechanisms for those special cases have been extensively
reviewed elsewhere, including references of basic theory and mechanismse-&- 49-110.137.282

and application to the respiratory system®g- 5641,

Turbulent deposition

The precise nature of the flow in the upper airways (i.e., nasal cavity and oropharyngeal
airway) is still an open question but it is likely to contain turbulence at some point in the
breathing cycle. Thus, mixing and deposition due to turbulence need to be addressed.

Much research has been carried out on the nature of turbulence, and into the mathematical
description and numerical simulation of turbulent flows. Despite this body of work,
turbulence remains relatively poorly understood. Nonetheless, the practical effects of
turbulence; such as increased flow resistance and enhanced heat transfer rates, are routinely
encountered in our daily lives. The characteristic of turbulence of most interest here is the
increased levels of mixing and transport, particularly in the cross-stream direction, exhibited
by turbulent flows. The increase level of flow resistance mentioned above is due to an
enhanced level of cross-stream transport of momentum caused by the turbulent velocity
fluctuations. Providing certain general conditions are met, there is a direct correlation
between momentum transfer and mass transfer by the turbulence. Hence, compared to
laminar flows, turbulent flows can be expected to have increased levels of particle
deposition.

In the 1990s, a series of studies on particle deposition in turbulent duct flow was done by a
group led by Ahmadi®-&-48-205.289 While flow in the upper airways may not be well
modeled by steady flow in a duct, the results of these studies have general relevance to
particle deposition in upper airways of the lung. For instance, Chen & Ahmadi (1997)
considered deposition of particles in the range 0.01-100 um and found that deposition was a
complex function of particle size. Results were given in terms of a non-dimensional particle

relaxation time 7" =(p, /ps)da(psu * /12)°C /18, where pyis the fluid density and u* is the
friction velocity (a measure of the strength of the turbulence). For small values of z*; that is,
submicron particles, deposition increased with decreasing z*. Conversely, for large values of
7; that is, particles with diameters measured in the tens of microns, deposition increased
with increasing z*. This implies that there is a middle range of particles (0.05<z+<0.1) for
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which deposition was at a minimum. Similar results had been previously found by
others®-8-246-328 Tt j5 of interest to note that the shape of the deposition curve found by Chen
& Ahmadi (1997) is reminiscent of the curve for total particle deposition in the lung given
by Heyder et al. (1986).

Inertial deposition

Because the diffusion coefficient D (= kgTyps Ci/37ud,,) is inversely proportional to particle
size, the effects of Brownian motion can be neglected for large particles, say, larger than 1
um in diameter. However, as the size of the particle increases, the momentum relaxation

time Tynom (= ppdi C/18u) rapidly increases; the inertia terms (the left hand side of Eq. 2)
cannot be ignored from the governing equation. The effects of the particle's inertia on its
behavior can be easy seen as follows. Suppose, for instance, that a particle enters a
stationary fluid with some initial velocity v, o in the x direction. The particle will travel a
finite distance before coming to rest. The motion of the particle in the stationary fluid can be
expressed as my,(dvy/dt) = —fc v[f The solution of this equation gives the velocity and
displacement as v, = v;, g exp(- ¥/ Typm) and x = vy o Guom [1-exp(= 1/ Tpop)], respectively. The
distance traveled by the particle before coming to rest (as t — o) is called the stop-distance
and is given by vj, o Gyuopn- It will be recognized that the dimensionless ratio of the stop
distance to the characteristic length (L) of the system is proportional to the Stokes number,

Stk (=Pp dy CS?HS#L), which plays an important role in determining inertial deposition.

When the surround fluid is not stationary and the flow streamlines are not rectilinear, an
analytical solution of the governing equation (Eq. 4) is difficult and rarely tractable; only a
few solutions are known. One such solution is for the case of a Stokesian particle
approaching a stagnation point in the flow. The equation of motion for the particle along a

* /
the linearized flow field in the region near the stagnation point. Friedlander (1977) gives a

stagnation streamline may be described by Stk - d @, /dt + = — (T, — U7} with ¥’} being
nice explanation of an analytical approach to this problem, which yields the concept of the
critical Stokes number, Stk.,;;. He concluded that in order for inertial deposition to occur, the
Stokes number, Stk, needs to be above a critical value given by Stk.,;; = 1/4b (where b is a
dimensionless constant, which depends on the shape of the body or collector on which the
stagnation point exists) and Stk,.,;; represents a lower limit for inertial impaction.

Airflow patterns in the respiratory tract are complex and highly curvilinear, and since
analytical solutions are generally not possible; numerical approaches are often employed.
Usually, the airflow velocity field, vffis first solved. Then, applying vffthe deterministic
second-order differential equation of the particle motion (Eq. 4) is solved with given initial
conditions (velocity and position) and Dirichlet boundary conditions. This results in a

description of the behavior (velocity and position) of the particle as a function of
time®-&- 106, 237,309,338.

Gravitational deposition

Gravitational sedimentation is the most effective deposition mechanism in the small airways
for micron-size particles that manage to pass through the nasopharynx and the large
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conducting airways. Because the conducting airways may be basically viewed as a
collection of quasi-rigid pipes (with bifurcating connections) and the airflow, especially in
small airways, is typically laminar, an analytical solution of gravitational deposition of
particles from laminar flows in a horizontal pipe of diameter L ;, is a useful
benchmark!98-256 for the role played by particle size (dp) in gravitational deposition. In these
works, a deposition efficiency, DE, is defined by Fuchs (1964), and is found to be related to
a single dimensionless parameter &= 3V, L/A4L 4,V that incorporates the effect of the terminal
settling velocity V,, through the relationship

2 re ¢ B g
DE=—| 2 V1 — 23— gl \fl — 28 paresin (a"l’ "j) (5)

We note that V, is proportional to the square of the particle size for a given density of the
particle (see The Motion of Large Particles Under a Gravitational Force Field Section),
quantifying the importance of particle size for gravitational deposition. Several variations of
the above analytical solution exist, such as gravitational deposition in an inclining/declining

laminar pipe flow!47-320 186,

and gravitation deposition in an oscillatory laminar pipe flow
Tsuda et al (1994b) and Darquenne & Paiva (1996) applied a similar approach to predict
numerically gravitational deposition in an acinar airway to estimate the deposition of

micron-size particles in the pulmonary acinus.

It is important to note that although these analytical solutions may be employed as a useful
reference point in the study of gravitational deposition of particles in the airways, there are
several serious limitations. First, because the respiratory tract is a bifurcating network,
solutions valid for long straight channels cannot be directly applied. Deposition boundary
layers must be re-established in each airway when airflows enter new generations. Similarly,
because each airway duct is angled from the preceding one, the airflow changes direction at
each generation. Hence, the flow streamlines in real airways are curvilinear, which is
substantially different from the rectilinear case dealt with in straight pipe flow. Although the
effects of curvilinearity on gravitational deposition have to be evaluated on a case-by-case
basis, Tsuda et al. (1994b) show that gravitational cross-streamline motion near the alveolar
opening depends on the coupled effects of curvature of gas streamlines and duct orientation
relative to gravity, highlighting the importance of the detailed convective flow pattern for
particle motion.

Gravitational deposition from a stationary fluid in randomly oriented cylindrical pipes with
identical diameters (L ;,) was analyzed by Heyder (1975) to estimate deposition of micron-
size particles in the human small airways and the airways of the respiratory zone during
breath holding. In particular, gravitational deposition, DE, after a breath hold time 7y in a
cylindrical pipe whose axis lies at an angle Srelative to the horizontal, is given by

) 2 ) ) o
DE(~y,3)=1— = [arccua(ﬁrcos,ﬁ) — ~eosF(1 — *7'2(:032,3)1' ® (©)

Il
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Where y =V, ipy/Lgi, is the dimensionless sedimentation parameter. Now, for a system of
randomly oriented pipes, the differential probability of finding a pipe with inclination angle
pin space is cosfi df. Hence, the average deposition for an ensemble of uniformly randomly
oriented pipes is given by

w8

DE(v)=]7' ~"DE(y, 8)cos3 dg.

The complement to particle deposition DE is particle recovery, RC = 1 - DE, that is, the
fraction of particles still airborne after a breath hold maneuver (and that can potentially be
exhaled). It is useful to know that the measurement of RC(y) as a function of breath hold
time (or the dimensionless sedimentation parameter, y) can be used to estimate the effective
airway diameter (EAD) of randomly oriented airways at a certain lung depth, V- In fact,
this noninvasive method of airway morphometry has long been suggested in the field as a
potentially useful lung function test!8-30:197.244.245.267.335 The measurement of RC in the
human lung®2-112 shows that RC decreases exponentially with time, which is consistent
with Heyder's model for y < 0.6. An evaluation of the above integral gives an approximate
expression for retention as

RC(vy)=exp(—4v/7) @)

This demonstrates that the slope of the exponential recovery function is determined by the
terminal sedimentation velocity of the particles (V) and the diameter of the pipes (Lg;,). The
numerical factor 4/7, is consistent with the initial slope of Heyder's model (dRC/dy),=¢. This
suggests that RC is initially dominated by the particle recovery from randomly oriented
small airways, where the initial gravitational deposition is expected to occur during a breath
hold. Finally, therefore, the effective airway diameter (EAD) at lung depth Ve, can be
estimated from the time derivative of Eq. 7 as,

_4 I/g

EA D( Vdepﬁh ) = m ®

Diffusional deposition

Diffusion is an important mechanism for the deposition of submicron particles in the small
airways and in the pulmonary acinus. Similar to the case discussed above, the theoretical
analysis of diffusional deposition in steady laminar pipe flow may provide a useful
benchmark in capturing some of the essential physics of diffusional deposition in the
presence of flow, although it does not deal with the complex geometry of the actual airway
morphology. Particle number concentration, n, in a fully-developed laminar pipe flow
subject to a radially uniform particle concentration distribution at its inlet can be expressed

as the following Graetz series solution!>?

Compr Physiol. Author manuscript; available in PMC 2015 April 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Tsuda et al.

Page 13

n( Gz, r)=CeM %8 (r#)+ Co 2% Sy () + Cse™ F8g(rs) ... ... )

where Gz = x/d Pe is the Graetz number, which expresses axial distance from the inlet,
normalized by pipe diameter d and the particle Péclet number; r* = r/d is normalized radial
position. The coefficients C; are used to satisfy the entrance conditions; /; are eigenvalues
corresponding to the radial eigenvectors or modes, S;(r*). The first three values of C;, A; and
S;(r*) (for the case of a uniform inlet concentration) are given in Table 3.

Although the Graetz solution has been re-analyzed and re-reported®-8-121-157 and is often

€.£.2,85,153,264 i¢s limitations need to be

used to estimate diffusional deposition in the lung
appreciated. First of all, because the respiratory tract is not a simple straight pipe, the direct
use of the Graetz solution for the case of lung deposition and issues associated with this
crude assumption (e.g. the fixed inlet concentration profile assumption violates the
successively changing profile at each bifurcation) can only be taken as giving a qualitative
description of the actual deposition. Second, the nature of the Graetz series needs to be
carefully analyzed. The physical meaning of the Graetz analysis can be illustrated by
examining the numerical analysis performed by Tsuda et al. (1994a). They treated a straight
non-alveolated duct, and an alveolated duct modeled as a collection of repeating unit cells.
A conditional probability analysis was performed in each unit cell, using Eq. 9 discretized
for each unit cell (x = KL,j;, where L., is the axial length of the unit cell, and K=1, 2, ....
indexes the cells. The unit-cell-based Graetz solution becomes

(K, r6)=Cr (0) [ 81 ()4 Ca () [ Sa(r) 4+ C3 ()™ [ Sa(rs)] ... (10)

Where l,-_z exp(AiLcei/dPe), i =1, 2, ..... are the unit-cell based eigenvalues corresponding
to radial eigenvectors, S;(r*). Eq. 10 shows that the particle concentration profile after
traversing K unit cells, n(K, r*), can be written as a weighted sum of eigenfunctions or
modes (i.e., shapes of radial distribution). The weights Cl-(/i,-)k progressively decay as
powers of the corresponding eigenvalues, which in turn represent a “survival” rate of each
mode per unit cell.

Because all /; <1 (see Table 3), all modes decay. Furthermore, those modes with smaller A
decay faster. Therefore, the fully developed shape will be given by the eigenfunction
corresponding to the maximum eigenvalue lligiven in Table 3. In other words, for large K,
the first term in Eq. 10 dominates and approximates to n(K, r*). The deposition process can
then be considered to have reached a fully developed (stationary) phase that is independent
of the details of the entrance conditions. In this case, the normalized radial concentration
profile is proportional to S;, and the deposition rate per unit cell is given by 1 — /llj

While the eigensystem analysis demonstrates that as K increases (i.e. proceeding axially past
more and more unit cells), the shape of the radial concentration profile approaches S; it does
not follow that this profile is meaningful. This is because two processes are happening
simultaneously. The first is the progression of the radial distribution of particle density
toward S;, which is approached with a rate given by /127)«{ The second is that the absolute
number of particles itself is decaying with a rate given by ilj Thus, there is a race between
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the particles' profile approaching fully developed shape and the particles themselves being
lost entirely. If /11_> /127/11: then particles are lost more slowly than the rate at which the
profile approaches stationarity, and one may say that a meaningful stationary phase exists.
Conversely, if Al_< /127/11: then particles are lost faster than the shape decays to S; and the
fully developed profile, although mathematically valid, is physically irrelevant, as there are
negligible surviving particles conforming to that distribution.

Particle Transport and Deposition in the Respiratory Tract

Equipped with a general understanding of particle behavior gained from the material in
previous sections, we are now in a position to discuss particle transport and deposition in the
respiratory tract. Particle deposition in the human respiratory tract is most often plotted with
respect to particle diameter (see Fig. 6). The family of rather complicated curves in Fig. 6
indicates that while particle size is one of the most important determinants of deposition,
other factors are significant, including specific sites within the respiratory tract and level of
ventilation from basal to exercise. For instance, total deposition is high at both ends of the
size spectrum; above ~1 pm, gravitational sedimentation and inertial impaction are
effective; below ~0.1 um, diffusional deposition becomes the major mechanism for
deposition.

The curves of regional deposition [extrathoracic (upper airways), bronchial (conducting
airways), alveolar (including acinar airways)] show very complicated patterns and are
strongly size dependent. This is an indication of the substantial role played by the local
airway geometry, the associated fluid mechanics, and the kinetics of the particles in
determining particle transport and deposition. The breathing pattern and route (e.g. nose
breathing during sleeping or mouth breathing during heavy exercise) also play significant
roles!®!, highlighting again the influence of the local geometry of the respiratory tract and
the associated airflow fluid mechanics. Although both total and regional deposition are low
in the medium size range of particles (between 0.1 um and 1 pum), intrathoracic deposition is
still appreciable (considering we breathe ~20,000 times a day); moreover, many important
aerosol particles, such as particulates in cigarette smoke, belong to this medium size
category. In what follows, we divide our discussion into three regional areas (upper,
conducting, and acinar airways), according to the nature of the anatomy of the respiratory
tract and the associated fluid mechanics, and discuss aerosol transport and deposition for
each region in detail.

Upper airways

The upper airways comprise the nostrils, nasal cavity, pharynx (throat), and larynx (voice
box). As humans naturally breathe through the nose, unless strenuously exercising, we will
mainly consider this pathway except for the case of inhalation therapy. We note that many
mammals, and newborn human infants, are obligate nose breathers®0.

Geometry and fluid mechanics

The nasal passageway is divided into two roughly symmetrical parts by the septum. Air
enters the nostril and is then directed into the nasal cavity via the nasal valve. The flow area
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within the nasal airways is at its smallest at the nasal valve and hence it is at this site that the
air velocity is at its highest. The geometry of the nasal cavity is characterized by narrow
passageways, or meatus, formed by the conchae, or turbinates. There are three turbinates on
each side of the septum: the inferior, middle and superior turbinates. The parts of the nasal
cavity passageways associated with the three turbinates are termed the inferior, middle and
superior meatus. The shape of the cross-sectional area of the turbinates and meatus changes
considerably with axial direction. The superior meatus is shorter than the other two and is
the site of the olfactory region. Most of the flow passes through the middle and inferior
meatus. The airstreams from the nasal cavities turn sharply as they combine in the
nasopharynx, the beginning of the throat. The pharynx ends at the triangular opening created
by the vocal folds of the larynx. A more detailed description of the anatomy of the nasal
cavity is given elsewhere in this Handbook series.

The surface of the nasal cavity is kept moist by the mucus membrane, at body temperature
due to the high degree of vascularization, and its area is sufficient to ensure that the air
reaching the lower airways is essentially completely saturated and at body temperature.
Another function of the nose that is affected by the fluid mechanics in the nasal cavity is that
of olfaction. Only a small portion of the flow reaches the olfactory region and the flow
velocity in this area is relatively low. Doorly et al. (2008) point out that despite a vast
amount of research on nasal cavity flow, it is still unclear whether the flow is laminar,
turbulent, or transitional. It would appear that the flow may become unstable at certain
locations (for instance, in the vicinity of the middle meatus) but whether these instabilities
develop into full turbulence is still an open question®3. As the air leaves the nasal cavity and
enters the pharynx, secondary cross-stream flows are created by the curved nature of the
airway. Also, as the back of the tongue forms part of the pharyngeal-airway wall, the flow
cross-sectional area in this region is a function of the local pressure. Hence, the possibility
exists of airway collapse due to a failure of the relevant muscles to stabilize properly the
collapsible part of the airway2%2. The flow leaves the upper airways and enters the trachea
though the larynx. The cross-sectional area of the larynx is the smallest in the respiratory
tract, and hence the flow velocity is highest here.

Further details of the air-conditioning aspects of the human nasal cavity can be found in
Elad et al. (2008). More details of nasal fluid mechanics in general, including an extensive
list of in vitro and computational fluid dynamics studies (CFD), are given in Doorly et al.
(2008). As in most areas of fluid mechanics, CFD studies of nasal airflow are becoming ever
more populare-g- 111,204,

Deposition in the upper airway

The hairs in the nostrils, acting as a filter for large particles, are the first line of defense in
keeping particulate matter from being drawn into the lungs. The mucus layer and cilia that
line the narrow passageways of the nasal cavity also act to trap particles. Particles can reach
the mucus layer either by Brownian motion, by their own inertia, or by gravitational settling,
depending on their mass and size.

Wang et al. (2009), in a numerical study, found that nano-sized particles were fairly evenly
distributed throughout the nasal cavity. Conversely, the majority of micron-sized particles
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were deposited near the nasal valve region, but some were deposited on the septum wall in
the turbinate region. Also, the deposition patterns of micron-sized particles in the left and
right cavities were different, especially in the turbinate region, which shows the influence of
small differences in flow geometry for particles in this size range.

The deposition of particles in the olfactory region, particularly those in the nano-size range,
has received much attention of late®-8-216-238_ This is because particle translocation along the
olfactory nerves, which circumvents the blood-brain barrier, is considered to be the shortest
and most direct path to the brain. In a recent review, Dhuria et al. (2010) discuss the use of
this route for delivering therapeutics directly to the central nervous system.

Many studiese-&-17-23.50.107.165.166.281.283 haye found that inertial particle deposition
increases with particle mean diameter and airflow rate, which can be expressed in terms of

the impaction parameter (IP): JP=d? (), where d,, is the particle aerodynamic diameter and
Q is the volumetric airflow rate. The aerodynamic diameter is the diameter of a sphere of
unit density (1g/cm?) that has the same gravitational settling velocity as the mean settling
velocity of the particle in question. An extensive list of numerical and experimental studies
of inertial particle deposition in the nasal cavity can be found in Liu et al. (2010).

Conducting airways

The geometry of the conducting airways is characterized by dichotomous branching. The
conducting airways start at the trachea, which feeds the two main stem bronchi; each
bronchus feeds a pair of smaller bronchi. The conducting airways end at the terminal
bronchioles, which are followed by the transitional bronchioles where alveoli (air sacs) first
appear. On average, the terminal bronchioles are located at the fifteenth generation below
the trachea (see other chapters by Butler and Tsuda; Verbanck et al.; Tawhai et al.; and Suki
et al. in this Handbook series).

Conducting airway flows

In the trachea, the airflow Reynolds number, Re (based on the mean flow velocity and
airway diameter) is typically less than 2000, which would indicate that the flow is laminar.
However, the air actually enters the trachea through the narrow passageway formed by the
vocal folds. The sudden narrowing of the airway at the larynx causes the flow to accelerate
and enter the trachea as a jet®-2-32, The jet's Re is above that which turbulence can be
expected. Thus, in the trachea there is a mixture of turbulent, transitional and laminar flow.
Kamm et al. (1986) found that the influence of an oscillating turbulent jet was felt for up to
20 diameters downstream of the jet orifice, a distance much larger than the length of the
trachea. Li & Ahmadi (1995) and Lin et al. (2007), among others, confirmed, through
numerical simulation, that the influence of the laryngeal jet reaches down to the main stem
bronchi. As Re is relatively high in the conducting airways; i.e., inertia dominates the flow
process, the flow velocity profile is not parabolic at the entrance to each daughter duct. The
bifurcating nature of the conducting airways promotes secondary, Dean-type, flows due to
the change in direction from parent to daughter ducts. It should be pointed out that the flow
profile in the region of the bifurcation is different for inspiration and expiration and this has
been shown to produce enhanced axial dispersion in dye tracer clouds?’!. A survey of recent
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flow studies in conducting airways can be found in Kleinstreuer and Zhang (2010). Also, in
another section of this handbook, Tawhai et al. (2010) discuss in detail the mechanics of gas
flow in the respiratory system.

Deposition in the conducting airways

In the first few generations of the conducting airways, where the airflow is likely to be
turbulent (see above), particle deposition from turbulent flows needs to be considered. As
mentioned in the Turbulent Deposition Section, a group led by G. Ahmadi performed a
series of studies describing the behavior of aerosols in turbulent flow®-&48:289.337: these
studies are highly relevant to the understanding of particle deposition in the portion of the
conducting airways They found that the deposition rate of particles in turbulent pipe flow
followed a curve similar to Fig. 6. That is, deposition increased with an increase in particle
size, for large particles, and also increased with a decrease in particle size, for smaller
particles. Readers interested in more detail can consult the recent work of Guha (2008) in
which he reviews the state of the art on transport and deposition of particles in turbulent and
laminar flow.

Due to inertial effects, micron-sized particles tend to deposit in the conducting airways due
to impaction, particularly at the site of the carinal ridges of the bifurcations. The first
systematic experimental work on deposition in the bifurcating airways was reported by Kim
and his group for both inspiratory and expiratory flow in single bifurcation tube

models! 71172, They studied the effects of branching angle, asymmetry of branching pattern
and flow division on deposition. Later, they extended their experimental study for a three
generation sequentially branching airway model and showed that the effects of upstream
flow patterns on deposition in the downstream generations!7%. These results have been used
extensively to validate mathematical and CFD models for aerosol transport in the
conducting airways. Recently, Baldshazy et al. (2003), for instance, proposed a local
deposition-enhancement factor to demonstrate preferential sites of particle deposition at the
bifurcation carina. In addition, particles are also brought close to, and deposit on, the airway
surface in the entrance regions of the daughter ducts due to the secondary flows®--138 Thus
micron-sized particles are heterogeneously deposited on the surface of the
airways®-8-173.175.177.179.232.317 Benpett and Brown (2005) suggested that the number of
particles deposited per unit surface area (i.e., deposition density) might be an important
parameter in terms of cell response. Deposition density is generally much higher in the
conducting airways than that in the parenchyma, although the total number of particles
deposited is much smaller in the conducting airways than in the parenchyma. Kim and his
group measured surface dose in the airways vs. the alveolar region in human subjects using
a bolus aerosol delivery method for micron-sized particles! 73173 and for ultrafine

178 Detailed mathematical analysis of regional airway deposition and surface dose

particles
has been reported for various inhalation conditions with different size particles and
breathing patterns>!. For nano-sized particles, Zhang et al. (2005) demonstrated that
deposition tends to be more evenly distributed over the airway compared to the case of
micron-sized particles, but higher surface concentration were still found in the bifurcation
regions. A more detailed discussion of deposition in the conducting airways can be found in

Kleinstreuer and Zhang (2010).
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The experimental study of aerosol deposition along the conducting airways is generally
difficult for two reasons. 1) Unless a very careful shallow breathing technique is employed,
it is extremely difficult to restrict deposition to just the conducting airways because the
volume of the conducting airways (i.e., anatomical dead space) is smal]e-&-19:189.226.336,
Most inhaled particles quickly enter the lung parenchyma; this makes it difficult to
distinguish particle deposition in the conducting airways from that in the parenchyma in, for
instance, three-dimensional tomographic imaging. 2) The extent of asymmetry is large in the
conducting airways®-&-220; this makes analyses difficult on an airway generation basis.
Despite these difficulties, three-dimensional visualization of particle deposition and
retention in the conducting airways is probably one of the most instructive experimental
approaches, and therefore often attempted by performing radionuclide imaging®-g-100.101.272
Two types of 3D tomographic imaging are frequently performed; they are single photon
emission computer tomography (SPECT) and positron emission tomography (PET), where
technetium-99m and fluorine-18 or carbon-11 are commonly used as radiotracers,
respectively. A rough estimation of regional deposition, such as central vs. peripheral lung,
may be possible from the obtained 3D tomographic data®8-2>4. Combining magnetic
resonance imaging (MRI), which does not pose an additional radiation burden, anatomical
information together with particle deposition may be obtained®-&-98-99 The distribution of
particle deposition along the conducting airways in diseased lungs is different from that in
healthy lungs (discussed more in Particle Deposition in the Diseased Lung). This difference
has important implications not only for the etiology of air pollutant effects but also for the
optimization of inhalation therapeutic strategies and, not surprisingly, a considerable body of
research has been devoted to this topice-&-21:91.96.173.177.180.225.265.268,272

Finally, it is worth noting that most of the current understanding of the detailed distribution
of particle deposition in the conducting airways comes from numerical predictions. Such
studies use powerful CFD software and are often combined with realistic airways model
obtained from MRI or CT images. Nonetheless, even today's robust CFD codes are not
perfect. By their nature, CFD solutions are approximate. How well the prediction agrees
with the exact solution is a function of grid density, among other things. However, multi-
generational airway models require large grids and adequate grid refinement may not always
be possible. Also, further approximation is required when the flow under consideration is
turbulent or in transition (from laminar to turbulent flow, or vice versa). There is today no
complete theory of turbulence (or transition) and all current turbulence models have their
deficiencies. Thus, predictions of flow and deposition in the trachea and main bronchi are
particularly difficult, due to the need to model adequately the turbulent laryngeal jet. Thus,
results from such predictions should be viewed with some caution. Another potential
problem area is the specification of boundary conditions. This is particularly true of the
distal end of the model over exhalation; i.e., it is not clear how the flow and particle
transport distal of the conducting airways should be taken into account. At the proximal end,
it is imperative that the laryngeal jet is modeled accurately. For instance, Xi et al. (2008)
showed that including the laryngeal jet in deposition computations reduced the deposition at
the main carina. Nevertheless, only one turbulence model was used in this study and hence
the effects of the approximations used in the turbulence model on the predicted distributions
are unknown. On the influence of turbulence models, Parker et al. (2008), in simulating
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particle transport in turbulent pipe flow; that is, a much simpler flow than considered here,
found that certain types of turbulence models were generally unsuitable for aerosol
deposition simulations.

Pulmonary acinus

More than 90% of the lung volume belongs to the region for gas exchange known as the
pulmonary acinus. As noted above in Fig. 6, the majority of fine and ultrafine particles
manage to pass through the nasopharynx and conducting airways, successfully penetrate
deep into the lungs and, potentially, deposit in the acinus. The rate of particle deposition is
not constant throughout the acinus because the flow pattern changes considerably from the
acinar entrance to its termination. The change in flow pattern is a result of a combination of
the unique geometry of the acinus and associated acinar fluid mechanics. Also, particles of
different sizes have different deposition distribution patterns because a particle's intrinsic
motion due to inertia, gravitational sedimentation, and diffusion is largely governed by its
size. We begin this section with a discussion of acinar geometry.

Acinar geometry

Because the major task of the lung is gas exchange, the pulmonary acinus is the dominant
portion of the lung and the air channels in this region of the lung are alveolated, where gas
exchange with the blood takes place. The pulmonary acinus is defined to start from the
airway on which the first alveolus appears323. The first portion of the acinus, just beyond the
terminal bronchioles, forms the transitional zone between the conducting airways and the
gas exchange region. In humans and primates, the transitional zone consists of a few
generations of partially alveolated ducts called respiratory bronchioles, while in rodents the
transition from terminal bronchioli to the gas exchange region is more abrupt with, at most,
one generation of partially alveolated bronchioles!®-266-316_ Because of the abrupt increase
in the cross-sectional area of the airways in this region of the acinus, there is a sudden
change in fluid mechanics; the particle-laden airflow rapidly decelerates and becomes
dominated by viscous forces. As we will describe in detail below, chaotic mixing is
expected to be most effective in this region 143269310314 anq this has important implications
for particle deposition in this region.

Deeper into the acinus, beyond the respiratory bronchioles, the air channels are fully
alveolated. According to Haefeli-Bleuer and Weibel (1988), there are, on average, six more
generations of airways beyond the transitional zone. These units of the pulmonary zone are
called subacini. The volume of each acinus, of which most of the volume belongs to the
subacini, is on average about 187mm?3 at total lung capacity (TLC). There are roughly
30,000 acini in the human lung with over 10,000 alveoli in each acinus!3!, According to
Haefeli-Bleuer and Weibel's measurements, the diameter of the central channel in the human
acinus falls from 500 um to 270 um, and the depth and width of a typical alveolus is
approximately 250 pm. Thus, the characteristic length scale of the human alveolus is a few
hundred microns. The longitudinal path length of the acinus (i.e., the distance along the
ducts from the transitional bronchiole to the alveolar sacs) averages 8.8 mm. These are
important dimensions to keep in mind when considering aerosol transport and deposition.
For instance, over one breathing cycle, a 0.1 pm particle travels a distance equivalent to only
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a small fraction of the alveolar depth by its own diffusive intrinsic motion. This highlights a
remarkable difference between the behavior of aerosol particles and that of highly diffusive
respiratory gas molecules in the pulmonary acinus (see “Transport of gases between the
environment and alveoli — theoretical considerations” chapter in this handbook series3®.
More details and comprehensive discussion of acinar geometry can be found elsewhere in

the handbook chapter.

Several groups have used rigid-walled, alveolated-duct, CFD models to study aerosol
transporte-8-03:64.307.308 ' A such geometric models consist of a central channel and
surrounding dead-end air pockets (see Fig. 7 middle for example). While these are highly
simplified models, they capture one of the most essential features of acinar flow; namely, a
relatively strong central channel flow passing by numerous terminating side pockets, or
alveoli, in which the flow is almost quiescent but slowly rotating. These models were used
to illustrate the importance of alveolated geometry on acinar fluid mechanics and
consequently on aerosol deposition therein. However, it must be noted that these rigid-
walled models do not have the other essential feature of alveolar airways; namely, the
rhythmical expansion and contraction of the whole alveolated structure associated with tidal
breathing.

The first alveolated duct CFD model with non-rigid walls for studying aerosol transport was
developed by Tsuda et al. (1995). The geometry of the alveolated duct was the same as the
original alveolated shape3?8-309 but in this model the walls expanded and contracted in a
sinusoidal manner, with 25% volume excursion. Although there is a view that the size of the
alveoli does not change significantly during the breathing period, and that the expansion of
the ducts essentially accounts for the tidal volume®-&-181:286 3 majority of the available
experimental evidence shows that during normal breathing, alveoli and alveolar ducts
expand and contract in a manner roughly consistent with geometric similarity, namely all
dimensions, apart from septal thickness, scale approximately as the 1/3 power of lung
volume?-117-118.222.324 ' A 3D alveolated duct model with moving walls was created by
Haber et al., (2000, 2003) (Fig. 7 right). Recently, several new 3D alveolar models with
moving walls have been developed!0:23:62,65,192,193,201,298

It has also been recognized that, due to space-filling considerations, alveoli cannot be
spherical despite the fact that the truncated sphere is the most commonly used model
geometry. Fung (1988) was among the first to propose a space filling structure, constructed
from order-2 polyhedra, which matched reasonably well the available morphometric data. In
a series of articles, Denny and Schroter (1995, 2000, 2006) used a similar model and finite
element analysis to study the mechanical properties of the acinar parenchyma. The flow
models of Sznitman et al. (2009) and Kumer et al. (2009, 2011) also use similar space-filling
model geometries. However, there is some evidence that the precise shape of the alveolus
does not affect greatly the resulting flow and transport in the alveolus!4>.

Recently, a finite element-based realistic 3D model of the pulmonary acinus, which can be
readily used for subsequent computational analyses; such as fluid dynamics, has been
constructed by Tsuda et al. (2008a). Stereologically well-characterized rat lung samples303
were imaged using high-resolution synchrotron radiation-based X-ray tomographic
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microscopy (TOMCAT, Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland).
A stack of 1,024 images (each slice: 1024 x 1024 pixels) with resolution of 1.4 um? per
voxel were generated and a part of the acinus was reconstructed after 3D rendering with
appropriate segmentation (Fig. 8). Using the 3D finite element shell concept, the air-tissue
boundary can be reconstructed (Fig. 9). Once the acinus (or alveoli) is reconstructed in 3D,
the target region (e.g., an alveolus) can be viewed from any arbitrary angle (see Fig. 9,
middle), including from behind the object (Fig. 9, middle right), something not easily
achievable otherwise. The 3D object can be cut into half (Fig. 9, bottom) and also be sliced
to make 2D sections in any orientation with any slab thickness (not shown here) and there is
no limitation to the number of times the sectioning process can be repeated. Furthermore,
since the target region can be viewed in any chosen angle and an internal view is possible, it
is possible to fly through the structure to gain an internal view of the conduit once the 3D
reconstructed structure is electronically available.

Acinar fluid mechanics

In the study of acinar fluid mechanics, there are several remarkable features of the lung that
need to be considered. First, the rapid increase of the total cross-sectional area of the airways
along the bronchial tree leads to a sharp decrease in linear air velocity with each generation.
Therefore, under normal breathing conditions, the Reynolds number (Re) of acinar airflow
(based on duct diameter) is usually much less than unity (see Table 2); airflow momentum is
largely governed by the interaction of pressure drops and viscous forces in the alveolated
region of the lungs. There is only one entry/exit pathway (i.e., the trachea) through which air
enters and leaves the lung, and at the level of the acinus, the same ducts are used for both
inhalation and exhalation. This means that at the end of each half breathing cycle the airflow
has to come to a stop and reverse. A significant amount of air generally remains in the lung
at the end of exhalation. The reversing nature of the airflow and the appreciable amount of
residual air in the lung implies that for acinar aerosol deposition to occur the particle-laden
incoming airflow needs to mix with residual air in the viscous flow regime.

However, due to the classical idea of “reversibility” of viscous flow?©0-302

, the possibility of
flow-induced mixing in the acinus had been theoretically excluded; it had been long
considered that airflow in the gas exchange region of the lung was simple and perfectly
kinematically reversible®8:322, Based on this line of thought, therefore, it had been
considered that mixing between tidal air and alveolar residual air must be solely due to
intrinsic motion of particles, such as diffusion or inertia/gravitation-mediated cross-
streamline motion®8. However, Heyder et al.'s seminal work (1988) showed that unlike
respiratory gas molecules (e.g., O, or CO,), the intrinsic motion of aerosol particles is much
too small to account for acinar mixing observed in their bolus experiments (Fig. 10). With
these two opposing views, therefore, until the mid-1990s', there was a significant gap
between the theoretical understanding of aerosol mixing in the pulmonary acinus¢-g-66:68.322
based on rigorous classical fluid mechanics theory®-€-302 and experimental

observations®-g-149:275,

In 1995, Tsuda et al. (1995) challenged the classical theoretical view by demonstrating that
acinar flow, even though it is basically viscous in nature, can be complex; in particular, it
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can be chaotic due to the unique features of the alveolar flow structure. This theoretical
finding of a new phenomenon furthermore yields that chaotic acinar flow can lead to
substantial kinematically irreversibility, consistent with experimental observations. The
essential feature of the flow structure, which allows acinar flow to be chaotic, is the
occurrence of rotational flow inside the alveolar cavity (Fig. 11). This will be explained in
detail in what follows.

Origin of chaos—When the ductal flow passing by an alveolar opening is sufficiently
strong, the flow within the alveolar cavity forms a large recirculation region (Fig. 11),
characterized by a spectrum of frequencies (f}), of purely fluid mechanical origin. By
contrast, there is an externally imposed frequency of breathing (f;) determined by the central
nervous system and the consequent action of the respiratory pump muscles, both
diaphragmatic and intercostal.

It is important to note that the alveolar recirculation frequency spectrum is intrinsic to the
system, dependent on the depth/shape of the alveolus, the aperture size of alveolar opening,
and the strength of the duct flow; it represents a family of frequencies dependent on the
location in the alveolar cavity relative to the center of the recirculation (Fig. 11 top left). For
instance, the recirculation frequency f; will be relatively small on orbits that lie very close to
the alveolar wall, where the flow is slow; the frequency f] is greater closer to the center of
the alveoli, where the flow is faster and the orbit length is shorter. The interplay between the
fluid dynamical spectrum and the external breathing cycle is a critical determinant of the
onset, location of, and consequences of recirculation-induced mixing and potential chaos.

The behavior of a particle depends on the interaction of the fluid dynamical spectrum,
characterized by intrinsic frequency fj of an individual recirculation path and the breathing
frequency f>. In particular, when the two frequencies are resonant (i.e. between that of a
particular alveolar recirculation orbit and the breathing cycle), there is the potential that
chaos can ensue, and thus, particles in the acinus may behave chaotically. In other words,
the ratio f / f, dictates whether or not, and where a particle will follow a chaotic path [Fig.
12, also see Tsuda, Laine-Pearson & Hydon (2011)].

A crucial factor required to trigger chaos is that the system needs to be perturbed, even
infinitesimally. Contrary to kinematically reversible idealized alveolar flow systems, as
suggested in the past®® —referred to as a strictly “unperturbed system” (Fig. 12 left), in the
more realistic situation of cyclically expanding and contracting lungs there are many sources
of perturbations (Fig. 12 right), including non-zero Reynolds number effects!43-144.310,
small but persistent geometric hysteresis!23-127-222 and wall movement!43-196:310 These

observations strongly suggest that chaos is likely to be present in real lungs.

Chaotic flow in the acinus—When air flow in an alveolus contains rotational
components (Fig. 13 Left), computer simulations show that the Poincaré map (i.e., location
of a fluid particle at the beginning of every cycle) exhibits highly complex chaotic patterns
(Fig. 13 Right). It is noted that the critical flow feature here is the occurrence of alveolar
recirculating flow; chaotic mixing can occur regardless of whether alveolar walls are
moving!23-143.310 (Fig_12) or stationary!#* (Fig. 14).
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The intensity of chaotic mixing depends on the strength of the recirculation in the alveoli.
Hence, chaotic mixing is most effective where the alveolar flow is most vigorously rotating.
Tsuda et al. (1995) have shown that the feature of flow patterns in the individual alveoli,
whether or not the flow rotates in an alveolus, is largely determined by the ratio Q4/QOp,
where Q4 is the flow entering the alveolus and Qp is the flow passing by the alveolar
opening. The parameter (Q4/Qp) depends on the location of the alveolus within the acinar
airway tree. Since Qy is roughly constant throughout the acinus due to approximate
geometric similarity in alveolar expansion, the value of this parameter depends largely on
the value of Qp. At any local site in the acinar tree, Qp is proportional to the time rate of
change of parenchymal air volume distal to that site. The strength of recirculation3!0
increases with decreasing Q4/Qp; i.e., recirculation flow within the alveolar cavity (Fig. 11)
is strongest at the acinar entrance. Hence, chaotic mixing is expected to be most effective in
this region.

Furthermore, because the lung expands and contracts roughly in a geometrically similar
fashion:117:118:222.324 ') , /() is simply a function of lung geometry. Specifically, Q4/Qp is
equal to the ratio, V4/Vp, where V4 is the volume of the alveolus at a particular site and Vp
is gas volume distal to that site. Finally, it should be noted that Re and Q4/Qp are both
functions of Vp, and are thus linked through V. However, Re has little effect on the flow in
the alveolus, as it is predominately Stokes flow. Conversely, the flow structure occurring in
the alveolus is almost exclusively controlled by the value of Q4/Op.

Visualization of chaotic flow—To demonstrate experimentally how inhaled tidal air and
residual alveolar gas kinematically interact, Tsuda et al. (2002) developed a new flow
visualization technique. They ventilated excised rat lungs with ultra-low viscosity
polymerizable fluids of two colors [one color (blue) representing tidal fluid, and the other
(white) the residual fluid] under very low Reynolds number flow conditions. Ventilation was
halted at predetermined time points in the ventilatory cycle, allowing the fluids to
polymerize. The detailed convective flow patterns were preserved in the casts; these patterns
were examined on lung sections by light microscopy.

After only one breathing cycle, remarkably complicated stirring patterns emerged on
transverse cross-sections of the airways (Fig. 15). Stretch-and-fold patterns — a hallmark of
chaos*243:300 _ of the two-color interface were observed throughout many airway
generations. Spatial correlation analysis performed on the patterns of transverse cross-
sectional images further revealed 1) these observed stretch-and-fold patterns were fractal
with a fractal dimension of 1.1; 2) the fractal nature of these mixing patterns was invariant
throughout the tracheobronchial tree.

These findings may be interpreted as follows. During inspiration, as the lungs expand, the
front of the tidal fluid also expands, and by the end of the inspiration the tidal front is
enormously stretched, entering multiple pathways (223 distal acinar ducts for human
lungs323), sampling millions of alveolar spaces. Note that there exist numerous
recirculations within the alveoli (Fig. 11 bottom). During expiration, the stretched tidal front
contracts, approximating the contraction of the lungs and merging into the single trachea.
However, because the acinar flow is not exactly kinematically
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reversible38:05,125,143,192,193,304,310,311 ' eqch fluid element does not retrace its original
inspiratory path, but rather ends up at a location which can be substantially different from its
initial position. The presence of recirculation (Fig. 11) implies that alveolar flow can
produce chaotic dynamics when it is perturbed (see Fig. 12-14). It is well known that the

215,291 consistent

iteration of chaotic trajectories is often manifested in fractal geometries
with the observations (Fig. 15). Importantly, the fact that the observed fractal patterns persist
over many airway generations with nearly the same fractal dimension suggests that this

mixing originates deep in the lung rather than in the central airways.

To quantify the extent of mixing in the acini, Tsuda et al. (2002) also examined the time
evolution of mixing patterns on transverse cross-sections of acinar airways. After one cycle
(N =1, Fig. 16), most of the acinar airways appeared predominantly white, with microscopic
traces of blue. After 2 or 3 cycles, however, a large amount of tidal (blue) fluid appeared on
the cross-sectional images (N =2,3, Fig. 16), indicating that substantial net axial transport
had occurred along the bronchial-acinar tree. The cross-sectional images of acinar airways
showed clearly delineated interface patterns with both blue and white fluids being stretched
and folded. After 4 cycles, the clarity of the interface patterns had largely disappeared, and
the previously clear blue/white patterns changed into smeared and mixed bluish-white
uniformity (N =4, Fig. 16).

It is important to note that this temporal evolution of convection patterns is fundamentally
different from that predicted by the classical theory based on kinematically reversible fluid
flow. To illustrate the importance of this observation in terms of aerosol transport and
deposition, let us consider the following experiment. Suppose there are two systems: one is a
kinematically reversible system (Fig. 17, left panel) and the other is a system with stretch-
and-fold convection (Fig. 17, right panel). Now, a Brownian tracer is introduced into both
systems, and the evolution of relevant diffusive and convective length scales is tracked in
both systems. In the kinematically reversible system, there is no net convective transport;
mixing is therefore characterized by a diffusion distance &, which increases with time ¢ very
slowly, typically like v'Dt, where D is the tracer diffusivity (Fig. 17, middle left panels).
Significant mixing only occurs when &, becomes of the order of L, the fixed system size,
which in our case is a typical alveolar dimension (a few hundred microns (Weibel, 1986)).
For fine aerosol particles, this process would be extremely slow (Fig. 17, bottom left panel)
because of the low diffusivities of the fine aerosols. By contrast, in the system with stretch-
and-fold convection, the two processes, diffusion and convection, interact. First, the

diffusion length scale &, initially increases as V'Dt, but asymptotically reaches a constant

\l,r'fofl 83

value of , where « is the stretching rate. Importantly, however, the length scale over
which diffusion must operate to effect mixing is no longer fixed at the system size L, but due
to convective folding, decreases exponentially with cycle number N, expressed as f 7,
where f'is a characteristic cycle-by-cycle folding factor (Fig. 17, middle right panel). In this
interaction, mixing is initially very slow, but suddenly increases after a few cycles when the
rapidly decreasing folded scales L £~ become comparable to the asymptotically constant
value of diffusion length scale & (Fig. 17, bottom right panel). This phenomenon —a sudden
increase in mixing which can be described by an equivalent entropy burst38 — is a

4,243,300

characteristic feature of chaotic mixing , and is quantified by the folding factor, f.
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To determine the folding factor in real acini, Tsuda et al. (2002) performed two-dimensional
spectra analysis on mixing patterns of approximately 50 acinar airways for each of N=1, 2,
3, and 4. They obtained the folding factor, f, of 2.3 This means that the length scales over
which the complexity of the convective flow patterns is evolving are decreased by more than
half at every breath, and the complexity of the pattern itself more than doubles at each
breath. This is a fundamentally different process from those described in past based on the
classical kinematically reversible acinar flow theory. This is an exponentiating phenomenon,
which in consequence implies that only a modest number of breaths are required to ensure
that the mixing lengths become sufficiently small for true diffusive and irreversible mixing
to take place, even for very low diffusible aerosols.

Particle Deposition in the Pulmonary Acinus

There is no doubt that a majority of fine particles (e.g., PM; 5, particulate matter of size less
than 2.5 micron) deposit deep in the lung’9-82:115.153.312 gych particles have negligible
inertia when inhaled in slow, deep breaths; thus they pass through the nasal/conducting
airways without depositing and penetrate deep into the acinus2?. If there is vigorous mixing
between the particle-laden tidal airflow and the alveolar residual air, and sufficient time for
deposition, then a significant portion of the particles are likely to deposit in the acinus. [The
counter example is that large, heavy particles inhaled in rapid, shallow breaths (e.g.,
panting) would deposit in the large airways and at airway bifurcations. ]

While it is well known that fine particles deposit in the lung periphery, the details of their
distribution pattern along the acinus is less well known. This is because the acinus is in
general hard to access, and even if this were not true, it would be difficult to pinpoint the
deposition site within the complex, tortuous structure of the acinar tree. However, using a
combination of elaborate tissue sampling and tissue histology, Pinkerton et al. (2000)
visualized deposition patterns along the airway paths from the trachea down to the acinus in
human autopsy specimens. Although they found little evidence of particle deposition in the
larger conducting airways (generations 2—6), they observed great accumulations of particles
in the acinus, especially in the entrance region (the highest retention in the first, second, and
third respiratory bronchioles in that order). In fact, it has been repeatedly demonstrated that
the proximal area of the acinus —a few generations beyond the terminal bronchioles -- is the
primary site of lung injury after exposure to airborne
pollutants>4-58.59.122.138,182.236.257.269.329  Churg and Brauer (2000) reported that long-term
accumulation of submicron-size particles were found at the entrance of the acinus, at
typically 25-100 times higher concentrations than in the main stem bronchi. Lung tissues in
the transitional zone are likely to respond to particle insults in a more complex fashion than
in other parts of the lung because bronchiolar and alveolar epithelial cells interdigitate in this

258,259

zone and are of different phenotypes.

The heterogeneous distribution of particle deposition observed experimentally in the level of
the entire acinar tree is likely a result of the change in alveolar flow patterns along the
acinus. The preferentially high deposition in the proximal region of the acinus, which forms
the transitional zone between the conducting airways and the gas exchange region, can be
predicted by the chaotic mixing theory described above. In the last few years, attempts have
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been made to combine experimental and numerical analyses. To this end, Haberthiir et al.
(2010) recently developed a wide field scanning protocol for the synchrotron radiation-based
X-ray tomographic microscope, and using this, succeeded in imaging and reconstructing a
section of rat lung parenchyma containing 2-3 acini in 3D at a voxel size of 1.48 micron.
This protocol will enhance the size of previous computational analyses of acinar flow and
particle kinetics in a realistic 3D acinar tree geometry (see Top Middle & Right panels of

129

Fig. 10) using a combination of skeletonization techniques”~” and a finite element-based 3D

modeling technique3!3.

The distribution of particle deposition within an alveolus was measured by Zeltner et al.,
(1991). They found that in the hamster lung, particles tended to deposit at the alveolar septa
tips but that, later, particles moved from the septa tips to the interior of the alveoli. While the
redistribution of particles after deposition is not within the scope of this chapter, the
observation of initial deposition site, which is consistent with early finding3!, is highly
relevant here. First, it should be noted that, unlike the conducting airways, the acinar ducts
have no discernable wall; rather, the ducts are formed by a collection of septal tips (see Fig.
7 left). Second, particle-laden tidal bulk airflow (Qp) travels through the central channel,
and the flow entering each alveolus (Q4) comes from a thin annular area of the central bulk
flow coincident with the acinar wall. Third, the fluid that enters the alveolus passes very
close to the proximal tip of the alveolar opening, and flow between the central duct and an
expanding (or contracting) alveolus occurs through a narrow channel near the distal end of
the alveolar opening!43. The preferentially high deposition at the tip of the alveolar septa
found experimentally can be explained by these three facts. This preferential deposition may
have biological consequence. The tips of the alveolar septa form the entrance rings of the
alveolar duct and are rich with contractile elements’%324, This morphological arrangement
might be strategically important in keeping the optimal shape and size of the alveolus in
response to biological demand!94-187:327 The preferential deposition of particles on the
alveolar entrance rings might tip the balance of biological homeostasis (e.g., equilibrium of
the gas-liquid interface). In this regard, the total amount of particles deposited, as well as the
deposition density (i.e., surface dose) is likely to be important. Many computational flow
models with expanding-and-contracting alveolar walls predict this highly heterogeneous

initial particle deposition within an alveolus®3-125.126.143.192.310

Special Issues

We have so far discussed the essential properties and physics of aerosol particles, as well as
the general principles underlying their transport and deposition in the lung. In this
penultimate section, we will discuss some more specific topics of particle deposition in the
lung relevant to respiratory physiology.

Particle deposition in the postnatal developing (infant) lung

From birth to adulthood, human lungs undergo dramatic structural changes, not only in size,
but also in the internal architecture of the acinus. At birth, the acinus consists of wide and
smooth-walled saccular airspaces (Fig. 18 upper left). Rapid structural alveolation takes
place in the first few years after birth, followed by a slow and gradual increase in alveolar
size that ends in late childhood. Detailed analyses on the postnatal changes of parenchymal
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ultrastructure, which have been performed in rats33-36

, show that the rapid structural
alveolation in early postnatal development is achieved by the formation of new septa
(denoted secondary septa) from shallow indentations (denoted primary septa) lining the
saccules and transitory ducts present at birth. When bulk alveolation wanes, lung
development enters the stage of microvasculature remodeling and septal thinning (several
months to 2-3 years in humans)332-333, After the completion of microvascular maturation
and septal thinning (Fig. 18 upper right), the shape of the alveoli and the structure of the
acinus resemble those of the adult lung but at a smaller scale [after ~3 years in
humans332-333]. The lung volume also rapidly increases during this period. There is no doubt

that structural alveolation is a major event during postnatal lung development.

The pattern of breathing (tidal volume, breathing frequency) is another major determinant of
particle deposition, and both tidal volume and breathing frequency in the postnatal
developing lungs are different from those in adults22°. According to Mortola's allometric
power-law expression, tidal volume and breathing frequency are scaled as the 1.01 and -0.09
power of body mass, respectively, during postnatal lung development. This is because the
metabolic rate (reflected in O, consumption and CO, production) per body weight in
children is generally higher than that in adults, which is reflected in higher minute
ventilation (the product of tidal volume and breathing frequency) per body weight in
children than in adults.

Because the aerosol deposition process is strongly dependent on acinar duct geometry and
breathing pattern, and the lung structure and breathing pattern are dramatically changing
during the different stages of postnatal development, transport and deposition (the amount
and its distribution) of inhaled particles must be commensurately age-dependent. Based on
current knowledge, we can predict the following. As the acinar airways are wide, relatively
smooth, and saccular in the newborn, we can expect that the inhaled air enters the acinar
airways along axial pathways like a narrow tongue. This is because the viscous nature of the
flow retards the air near the walls but leaves the air near the center line of the ducts
relatively unhindered. Hence, the residual air forms an annular barrier between the particle-
laden air and the acinar surface. As the airways are relatively smooth, we expect that the
incoming air travels to the periphery relatively undisturbed. This leads to a situation in
which particle deposition in the newborn acinus occurs at a relatively low rate but uniformly
over the entire acinar tree. As the acinus develops, secondary septa grow and alveoli are
formed (Fig. 18, right, top). At some point in this development, Q4/Qp starts to play an
important role in determining alveolar flow patterns. Specifically, when the alveoli become
sufficiently deep the flow starts to rotate; particularly, in alveoli in the entrance region,
where Q4/Qp is lowest (Fig. 18, right, bottom)!44:145.310.314 R stational flow enhances
particle deposition through the generation of chaotic mixing: the more energetic the
rotational flow the more deposition. Hence, deposition would be enhanced more in the
proximal region, where the rotation is the strongest. By contrast, alveolar flow in the distal
alveoli is largely radial and without rotation due to a large Q4/Qp ratio (Fig. 18, right,
bottom), resulting in reduced deposition. This leads to the situation that as the acinus
becomes alveolated, the distribution of particle deposition would become heterogeneous
with preferentially higher deposition in the entrance region of the acinus.
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Overall, it is thus clear that the developing lung is not simply a miniature version of the
adult lung, neither in structure (e.g. airway wall geometry) nor in functions (e.g. breathing
pattern). Therefore a simple application of linear extrapolation of adult exposure/dose
relationships to infants based on body mass ratio alone would lead to an incorrect prediction
of particle deposition in infants. Changes in lung anatomy and breathing patterns associated
with growth and development need to be critically considered when assessing particle
exposure/dose in infants2’%. Finally, note that particle transport and deposition phenomena
in young children (i.e., no infants) are discussed in many other papers, such as Foos et al.
(2008).

Particle deposition in the diseased lung

Lung diseases that affect particle deposition can be grouped into two broad categories: those
affecting the conducting airways; such as asthma and chronic bronchitis; and those affecting
acinar septa; such as emphysema and pulmonary fibrosis. However, co-morbidities are
common. One example, presenting particularly in smokers, is chronic obstructive pulmonary
disease (COPD), which is a variable mixture of chronic bronchitis and emphysema. Many
lung diseases are either caused, or exacerbated, by inhaling airborne particulate matter such
as cigarette smoke. In 2006, it was estimated that in the United States alone there were
nearly 23 million cases of asthma and over 12 million cases of COPD (CDC, 2006).

Asthma and chronic bronchitis are characterized by inflammation and narrowing of the
bronchial airways. In most cases, therapeutics for alleviating the symptoms of these diseases
are administered in the form of inhaled aerosolized particles. It can be expected that the
characteristics of the flow and particle transport in the affected airways will be different
from those in the healthy lung. For example, narrowing of the airways will tend to produce
higher flow velocities, which in turn will lead to enhanced inertial deposition of particles at
bifurcations, due to impaction. Further, the narrowed airways will restrict the amount of
particle-laden air that can reach the acinus. Experimental evidence of how the pattern of
aerosol deposition in the lung is affected by asthma as well as by chronic bronchitis has been
reported both in a rodent model?®7 and in human subjects ¢-&-20-24199 Kim & Kang (1997)
showed that particle deposition is greater in patients with obstructive airways disease such as
asthma and COPD. As the degree of airways obstruction increases, particle deposition also
increases in almost a linear fashion and the deposition pattern becomes more heterogeneous,
revealing hot spots with remarkably high local dose levels. This is an important aspect of
lung deposition in patients with obstructive airways disease. A group led by Kim also
studied aerosol deposition in large animals (e.g., sheep and dogs) by challenging
bronchoconstricting agents in different fashions. Specifically, they used IV infusion or
aerosol challenge to the whole lung or the partial lung and reported that deposition was
increased in the obstructed lungs but the degree of increase was variable, depending on the
type of obstructions induced!®7-170, Kim and his group also investigated the effects of
excessive mucus on airflow and aerosol transport. They reported that the mucus layer in the
airways may not always present as a static layer but can exhibit wave motion for certain
combinations of airflow velocity and mucus viscoelasticity; this is a classic gas-liquid
interaction, which can cause a marked increase in aerosol deposition!98:199, Harkema et al.
(2004) studied a rat model of human asthma and chronic bronchitis and found that particles
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were preferentially retained in allergic airways. Further, Venegas et al. (2005) showed that
in asthmatic lungs there can exist clusters of severely restricted terminal bronchioles
alongside areas in which the terminal bronchioles exhibit normal flows. They note that this
could lead to reduced effectiveness of inhaled bronchodilators as the areas of the lung that
need the therapeutic effect of these drugs most are the least likely to receive it. In fact, as
they also note, preferentially dilating the already well-ventilated areas of the lung could
actually exacerbate the situation.

COPD sufferers usually have reduced FEV (forced expiratory volume in one second) and it
has been shown 134252 that the depth of particle penetration decreases with a decrease in
FEV . However, it has also been shown®&-194 that patients with COPD can increase
peripheral particle penetration if their FEV is increased through bronchodilation. This is
presumably because dilating the central airways reduces the flow velocities in these airways,
and hence deposition at bifurcations by impaction is reduced. Thus more particles are
available to be transported peripherally. However, there is evidence that continued exposure
to airborne pollutants increases the severity of many lung diseases. For instance, Hogg &
van Eeden (2009) concluded that the lung's natural response to airborne particulate matter
may account for the acute exacerbation of COPD in the elderly.

Pulmonary fibrosis is one of a group of conditions known as interstitial lung diseases. These
diseases are characterized by a decrease in gas diffusion capacity across the air-blood barrier
and, of more importance to the current discussion, an increased rigidity of the septal tissue.
Estimates of the prevalence of idiopathic pulmonary fibrosis in the United States range from
14 to 63 per 100,0009%:263 Tt is probable that the increase in parenchymal rigidity results in
changes in the flow and particle kinetics in the alveoli. Indeed, Sweeney et al. (1983, 1987)
studied the deposition of particles in hamster lungs and concluded that local decreases in
compliance caused by fibrosis alter regional ventilation and particle retention.

Other lung pathologies include those associated with mechanical ventilation of premature
infants; e.g. bronchopulmonary dysplasia (BPD). Tepper et al. (1986) showed that infants
with BPD have abnormal functional airway growth and decreased expiratory flow reserve.
While, more recently, management procedures and understanding of BPD have improved, a
new form of this disease has emergedZ®. One characteristic of this new BPD is alveoli that
are larger than normal, which results in a reduction in the overall surface available for gas
exchange!!. Moreover, lungs of long-term ventilated infants have been found to have
parenchymal air-exchanging volumes twice are large as normal’?. In a recent review of
BPD, Baraldi et al. (2009) concluded that there is increasing evidence that early lung
function abnormalities leads to suboptimal respiratory function later in life. Inhaled
therapeutics for the treatment of lung injury is particularly attractive for infants as it avoids
such barriers to therapeutic efficacy as poor gastrointestinal absorption and first-pass
metabolism in the liver!?. Unfortunately, the mechanics of air flow and particle transport in
the postnatally developing lung are currently poorly understood. Due to the small scale of
the acinar airways, and obvious ethical constraints, it is impossible to measure air flow and
particle deposition in the developing human lung in vivo. Thus future progress in
determining the appropriate dosage of inhaled therapeutics, as well as quantifying the risk of
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exposure to pollutants, in the pediatric population is likely to come from computational and
animal studies.

Animal models

The geometry and kinematics (anatomy and motion) of the upper, conducting, and acinar
airways is one of the major determinants of aerosol transport and deposition in the
respiratory tract. Difficulties in measuring these features in humans has led to a large portion
of current research on particle deposition in the lung being based on animal models
(primarily mouse, rat, rabbit, dog, pig, and sheep). This raises the important question of how
to scale results from animal models to implications about the basic processes of aerosol
deposition in human lungs.

The issue of body size was specifically addressed by McMahon et al. (1977). They
simultaneously exposed five different species (mouse, hamster, rat, rabbit, dog) of very
different body size to particles (0.78um in median aerodynamic diameter) and measured the
retention of the aerosol in the respiratory tract immediately after a 30-min exposure, as well
as their ventilation parameters. The results showed that while the total deposition (the
amount of particles deposits), which depends primarily on ventilation per body weight, was
quite different among the species studied, deposition efficiency (percent of total particles
inhaled which actually deposit) in the lung was essentially independent of body size. This
result can be explained theoretically by the law of dynamic similitude; i.e., two flows of
different magnitudes have similar behaviors if certain non-dimensional parameters are the
same in both cases. In the case of many mammals, including humans, the range of airflow
Reynolds number does not vary significantly among species or over body mass. To the
extent that the Reynolds number is the dominate parameter determining deposition
efficiency, the similarity of flow dynamics would imply a similar concordance of deposition
efficiencies across the species studies by McMahon et al. (1977).

The above results have to be viewed with some caution because there are, obviously,
substantial differences in the anatomy of the respiratory tract between humans and other
animals. The geometries of the upper airways (nasal cavity, oropharyngeal airway) of most
animals (except primates) are substantially different from that of humans, thus non-primate
animal models present serious difficulties in scaling upper airway deposition results to
humans. At the level of intrathoracic airway branching patterns, while the human bronchial
tree mainly represents dichotomous branching, some animals, such as rodents, have a
monopodial branching structure. However, at the acinar level, the structure of the pulmonary
acinus of many mammals is morphologically very similar. Therefore, while animals with a
monopodial branching structure may not be suitable for the study of particle deposition in
the conducting airways of the human lung, those animals can still be used for the study of
acinar deposition in the human lung. This is particular true for studies of submicron particle
deposition, as such particles tend to deposit in the acinus.

Differences in lung function (lung volumes, airway conductances, etc.) between human and
animal models and how these might affect particle deposition comparisons also need to be
considered. However, some of these issues are of secondary importance. For example,
during normal breathing in healthy humans, the distribution of ventilation is dominated by
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downstream lung compliance, with only little influence of airway conductance241-307,

Therefore, the distribution of particle-laden tidal air among various regions of the lung
(lobes, acini) and consequently the distribution of particle deposition within the acinus, are
controlled by the way in which the acinar volume expands. As the structure and dynamic
behavior of the pulmonary acinus of mammals are similar, this argues in favor of the use of
animal models as surrogates for the human acinus. On the other hand, certain features of
lung volumes do not easily scale between species. For example, in normal humans,
functional residual capacity (FRC) defined as end expiratory lung volume, is essentially
equal to relaxation volume; this is substantially different in small rodents, where end
expiratory volumes are dynamically determined, and relaxation volumes are rarely achieved.

Expired Aerosols

Not only are the lungs depositories of inhaled particles; they can also be the source of
aerosols’-90:113.161.214.247 Thege particles are called bioaerosols, and include pathogenic
particles that may spread infectious diseases®*%233, There are basically two areas in the
respiratory tract where bioaerosols can be generated. One is in trachea and the other is at the
level of the small airways. The former is usually associated with cough, which generates an
extremely high velocity expiratory airflow and as a result, a part of a mucous layer is torn
from the tracheal walls and polydisperse droplets are entrained. This mechanism is reviewed
extensively by Clarke et al. (1970) and Leith et al. (1986). The latter phenomenon; i.e., the
generation of bioaerosols in small airways, is the topic of this section. In contrast to
turbulent flows or high Reynolds number flows occurring in the trachea, airflow in the small
airways is relatively slow. What possible mechanisms are responsible in producing
bioaerosols at the level of small airways?

Under normal breathing conditions, especially at low lung volumes, some of the small
airways may be occluded by airway surface liquid4-164:210.211.242 1 engineering terms, this
is known as Rayleigh instability or the elastrocapillary instability problem; that is, a tube,
whose inner walls are lined with a viscous liquid layer, becomes occluded by forming a
liquid meniscus!32:133.140.141.162.227 ‘Dyyring the inspiratory phase, these closed airways
reopen as the lungs start to inflate. Importantly, this airway reopening occurs in an abrupt
and avalanche fashion?%3 —the phenomenon is recognized as crackle sounds during lung
inflation. In late 80's, J. D. Brain and J. Heyder hypothesized that this abrupt reopening of
small airways may generate fine aerosol droplets (personal communication). Gebhart et al.
(1988) tested this hypothesis by measuring the concentration of submicron (0.4um) particles
in the exhaled air. They found that 1) the concentration of expired particles increased with
increased tidal volume and was highest when inspiration started at the closing or residual
volume, 2) the particle concentration decreased following breath-holding, 3) all particles
were expired from the level of small airways. These data are consistent with the abrupt
opening of occluded peripheral airways as a mechanism of generation of these particles.

Recently, Malasheko et al. (2009) demonstrated how particles are generated when menisci
collapse using a computational model. They showed that when the capillary number, Ca
(which is a dimensionless number expressing the ratio of hydrodynamic shear forces to
surface tension at a gas-liquid interface) increases above a critical value (e.g., Ca =1 in Fig.
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19 for instance), a meniscus traveling in a tube diminishes in thickness (0.0 < z < 0.05sec in
Fig. 19). When both sides of a thinning meniscus meet (at = 0.055 sec), the tube pops open
to create an air passage. At that abrupt transition (at = 0.06 sec), a number of small droplets
are formed. In other words, liquid menisci occlusions, which may be present inside small
airways especially at low lung volume, may disintegrate into small droplet during early
inspiration.

In the past, the generation and transport of bioaerosols has not attracted as much attention as
the mechanics of aerosol deposition. This situation has changed recently with renewed
interest in such topics as the transmission of infectious diseases. As our understanding of
this important area of aerosol mechanics is incomplete, we can expect further expansion of
research in this area.

Drug delivery

Inhalation therapies can be divided into two groups. The first is classical, targeting the local
treatment of lung disease; the second is a more recent development of systemic therapies
achieved through aerosolized drugs delivered via the lung surface.

Treatment of local lung disease—Inhalation of medications has been widely used as
the first-line therapy for the treatment of such respiratory diseases as asthma, bronchitis,
cystic fibrosis, and chronic obstructive pulmonary disease (COPD). The advantages of such
inhalation therapy over systemic drug therapy are numerous: 1) high local drug
concentration can be achieved at the site of disease, 2) drug effects can be rapid, 3) systemic
side-effects can be minimized, and 4) therapeutic efficacy is higher than that of systemic
therapy because drug barriers such as poor gastrointestinal absorption are bypassed. The
efficacy of inhalation therapy for lung disease largely depends on the optimization of topical
dosing and its distribution within the lung. To achieve this optimization, it is critical to first
identify where the site of action should be and to manage targeting drug deposition
specifically to those sites in the respiratory tract.

As an example, the B, adrenergic receptors, which relax smooth muscle if activated, are
present throughout the lung, including airway smooth muscle, epithelium, vascular smooth
muscle, submucosal glands, as well as the lung parenchyma!3:13:44.213 Inhaled B,-agonists,
such as aerosolized micron-size salbutamol, is the most effective bronchodilator in asthma
and COPD. Similarly, because the respiratory tract is heavily innervated by the vagus nerve,
cholinergic receptors, which cause bronchoconstriction if activated, are present in all
airways with a higher density in the smooth muscle of large airways as well as airway

14212 Therefore, aerosolized anticholinergics, such as

epithelium and submucosal glands
ipratropium bromide, are effective bronchodilators of airways. Inhalation of anti-
inflammatory drugs, such as corticosteroids, are also used for the treatment of asthma and
COPD. Target sites of anti-inflammatories are the glucorcorticoid receptors, which every
cell type including inflammatory cells in the lung expresses!#2188_ Further detailed,
excellent, discussions on this topic can be found elsewhere®-&-15,81,194,195,331
Pulmonary drug delivery for systemic therapy—Due to the enormously large

surface area and extremely thin air-blood barrier of the lung (less than 1um), the lung is not

Compr Physiol. Author manuscript; available in PMC 2015 April 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Tsuda et al.

Page 33

only the target organ but also an ideal port of entry for the systemic drug therapy>!. The
advantages of systemic drug therapy via the pulmonary route over that via oral or
intravenous injection routes are as follows#0-194-249 1) The lung surface provides a low
enzymatic environment for the systemic absorption of medication; many peptides such as
insulin cannot be taken orally due to degradation in the gastrointestinal tract; 2) because the
entire cardiac output passes through the lung, drug particles deposited on the lung surface
are in very close proximity to a large volume of blood and hence the potential is high for a
large portion of the particles to be absorbed directly into the bloodstream; 3) pulmonary
drug delivery is noninvasive.

To achieve high drug efficacy and to avoid mucociliary clearance operating in the
conducting airways, systemic drug particles generally need to deposit deep in the alveolar
region of the lung. In this regard, the size of the drug particles plays a crucial role;

submicron particles dominantly deposit in the pulmonary acinus3!2

. Even after successfully
depositing in the lung parenchyma, these fine particles still have several barriers to
overcome; they need to avoid being engulfed by alveolar macrophages, which patrol the
alveolar surfaces and keep them clean and sterile; the particles have to submerge into the
alveolar surface liquid layer to make contact with the epithelial surface (the liquid layer can
sometimes be thicker than the size of particles); and the particles then have to translocate
through the epithelium, interstitium, basement membrane, and endothelium before being
absorbed into the bloodstream. Again, the size of the particle is a critical factor for these
processesl90*194. For instance, macromolecles < 40 kDa (5-6nm in diameter) inhaled into the
airways or nano-size (quantum dot) particles <6 nm in diameter instilled in the lung
periphery>2 appear in the blood within minutes. Insulin (5.7 kDa, 2.2nm) peaks in the blood
15-60 min after inhalation!42-160:200_ Choj et al (2010) showed that particles between 6 nm
to 34 nm appear in mediastinal lymph nodes much less than 30 minutes in the rat, while no
particles larger than 34 nm appeared at draining lymph nodes within the first one hour.

Drug delivery system—Regardless of whether the drug delivery is aimed at the
treatment of topical lung disease or for systemic delivery, an appreciable number of drug
particles must pass through the oropharyngeal region and deposit in the lung to achieve good
therapeutic efficacy. Facilitated by recent rapid improvement and development of new
inhaler devices, the deposition efficiency of drug aerosols in the lung has been increased
significantly8. Three main types of drug delivery systems currently used are nebulizers,
metered-dose inhalers (MDI), and dry-powder inhalers (DPI)7481:195_ Although poor
delivery efficiency is one of the most notable disadvantages of nebulizers compared to the
other systems, they have been used for many years, especially in a hospital setting, because
of their ability to aerosolize most drug solutions in large quantities without the requirement
of the patient having to learn a specific inhalation technique. They are, therefore, often used
in pediatric clinics, as well as for patients who are physically unable to use other devices.

The MDI is currently the most widely used portable inhaler device. The device emits a drug
aerosol, which is driven by a propellant, such as Hydrochlorofluorocarbons (HCFC),
through a nozzle. Because of the high velocity and the relatively large (micron) size of the
aerosol, a large portion of emitted particles is lost at the back of the throat by impaction?3;

only the small remaining portion of the dose manages to enter the intrathoracic airways and
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is deposited in the lungZ3. However, by synchronizing with inspiratory flow, coordinating
hand-mouth inhalation maneuvers, using an accessory spacer device, breathing slow and
deep, as well as applying breath hold techniques, the deposition efficiency can be
improved233:235.240,

The DPI is a propellant-free breath-activate inhaler, designed to avoid 1) the difficulties of
inhalation maneuvers, which are required for the appropriate use of the MDI, and 2) the use
of CFC (propellant used in some MDIs), a gas that depletes the atmosphere's ozone layer,
and which has been banned throughout the world. The DPI, driven by patient's quick and
forceful inhalation, entrains powder from the device234. The powder, which contains
medication, breaks-up into aerosol particles due to vigorous (e.g., turbulent) airflow in the
powder container?-89 and subsequently a small drug aerosol is delivered into the lung.

There are many other important issues, such as drug particle type (e.g., liposome, porous
particles), bioavailability, etc. that should be discussed for the optimization of inhalation
drug therapy. However, they are beyond the scope of this chapter. Excellent detailed
discussions on these topics can be found elsewhere®-8-27:81.102,194,195.251.251

Ambient particulate pollutant and particle toxicology

Ambient air contains many different types of pollutant components, such as chemicals,
particles, and biological materials. This chapter deals with particulate matter (PM) - solid or
liquid matter suspended in the air. During the last few decades, both cohort and time-series
epidemiology studies show a strong association between premature mortality and excess
morbidity and ambient pollutant PM exposure’?. Needless to say, there is an
overwhelmingly strong link between the exacerbation of lung diseases, such as asthma and

270.277  and there is now evidence that the

bronchitis, and high ambient concentration of PMs
adverse health effects of PMs go beyond the lung32:115. An example is the epidemiological
evidence of the link between cardiovascular diseases and ambient PM exposure!20-198.292
The widely cited Harvard Six City study demonstrates the increased prevalence of
cardiovascular diseases in areas where ambient particle level were higher’-78. The overall
adverse health effects of particulate pollution are clearly seen by the fact that the reduction
in air pollutants over the last 20 years was accompanied by a 15% increase in overall life
expectancy2’0. Further references are available elsewhere®-&-119.207.224.255.276.285

Finally, the current US regulations of ambient PMs are listed as follows. Under the authority
of the Clean Air Act, the United States Environmental Protection Agency (USEPA)
established the National Ambient Air Quality Standards (NAAQS). In the mid-80's, the
USEPA began regulating the ambient concentration of particulate matter whose
aerodynamic diameter is less than 10 um (PM() because particles in this size range are
thought to be, in large part, responsible for the health threat due to air pollution. Particles
larger than 10 um tend not to reach the respiratory part of the lung. Current US law requires
that the 24-hour average concentration of PM;y must not exceed 150 pg per cubic meter
more than once per year on average over 3 years. In the 90's, ambient concentration of even
smaller particulate matter, whose aerodynamic diameter is less than 2.5 um (PM, 5), became
regulated. This is because accumulated evidence suggests that finer particles (smaller than
PM, () are more of a health threat because they are likely to penetrate deep into the gas
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exchange region of the lungs. Annual arithmetic mean concentration of PM, 5 and 24-hour
average concentration of PM, 5 are now regulated not to exceed 15ug/m3 and 35ug/m3,
respectively, on average over 3 years.

Summary and Future Directions

How inhaled particles interact with the lung has been the subject of intense research for
many years. As described in the Introduction, there are two sequential causative
relationships; exposure-to-dose and dose-to-response. The nature of the former relationship
is conditioned by the physical characteristics of the inhaled particles (discussed in Particle
Characteristics), the transport and deposition mechanics in a conduit in general (Particle
Transport and Particle Deposition, respectively), and in the respiratory tract in particular
(Particle Transport and Deposition in the Respiratory Tract). The “exposure-to-dose”
relationship was briefly discussed for specific cases (e.g., age-, disease-dependent) in
Special Issues.

Although the biological response to a deposited particle is beyond the scope of this chapter,
deposition significantly conditions the subsequent biological response because the former
relationship sets the initial conditions for the latter relationship. For instance, the lung has
two types of defense mechanisms in response to inhaled particles. When particles deposit in
the conducting airways, where the epithelium is ciliated and covered by mucus producing

goblet cells320

, they are trapped in the mucus layer and pushed up and out into the throat by
the continually beating cilial83-287_ This is called the mucociliary escalator, which is the
major clearance mechanism for deposited particles in the conducting airways. Conversely,
when particles deposit deep in the gas-exchange regions of the lung, where the epithelium is
extremely thin and not ciliated, they are cleared by alveolar macrophages (AMs); AMs
engulf particles and keep the lung surface clean and sterile. Therefore, depending on which
part in the respiratory tract particles deposit, the clearance response of the lung is completely

different.

Concerning the site of particle deposition, it is reasonable, as a first approximation, to divide
the respiratory tract into two; the conducting airways and the pulmonary acinus, based on
the differences in airway structure, in epithelial characteristics, and in clearance
mechanisms. With this division, much attention is currently paid to small particles because
they likely penetrate into a deeper part of the lung by virtue of their physical characteristics,
deposit and remain in the acinus (in the alveolar epithelium or in AMs) for a long time, and
most importantly, cause particle-induced pathogenesis or translocate systemically via the
enormously large lung surface.

One area of future development is to devise a technique to locate accurately the site of
deposition within the structure of the acinus. As mentioned in Acinar Geometry, according
to Haefeli-Bleuer and Weibel (1998), the human pulmonary acinus is well approximated by
a 9-generation bifurcating structure on average; the first few generations below the terminal
bronchioles are partially alveolated (called transitional bronchioles, including respiratory
bronchioles) and the remaining approximately 6 generations, on average, are fully-
alveolated (called the subacinus). To locate a particle deposited on the septal wall of a
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specific alveolus in the acinar tree, it is necessary to have both a global scale (millimeter-
scale) locator, which can identify the alveolus of interest with respect to the whole acinus
and a local scale (nanometer- or submicron-scale) imaging tool, which can visualize
individual particles on the septal wall within the alveolus. To move back and forth across
these widely different length-scales, it will be necessary to develop multimodal imaging
techniques!2%274 (Fig. 20).

Another topic for future study is the investigation of the fate of very small particles,
particularly those whose aerodynamic diameters are less than 100nm. These are the
“ultrafine” particles or “nanoparticles”, and their importance is just now emerging. Two
areas in the respiratory tract are of particular interest; the olfactory region and the pulmonary
acinus. As remarked in Upper Airways, nanoparticles may have a direct route to the brain
via the olfactory nerves’>-216-238 ‘With respect to the pulmonary acinus, there are several
reasons for the recent trend. 1) Because of their small size, these particles may be able to
escape the body's natural defense system. Indeed, it has been shown that the phagocytic
ability of AMs is less effective for ultra-small particles compared to larger, micron-size,
particles, and hence a larger number of nano-size particles escapes from being engulfed by
AMs!16,2) Particles not being engulfed by AMs are likely to make contact with the
underlying epithelial layer. Because the surface-to-volume ratio of ultra-small particles is
significantly higher than that of larger particles, bio-reactivity (including absorbability in
tissue or translocatability into the tissue) of ultra-small particles may be much greater than
that of larger particles. 3) Because the size of ultra-small particles is comparable to the size
of intracellular components, such as molecules of plasma membrane, DNA molecule, etc.,
the properties of the particle materials (such as surface charge, surface coating of particles,
etc.) may directly interact with the host cellular structure, leading to toxicological or
therapeutically beneficial consequences.

In terms of systemic effects of nano-size particles, the mechanisms by which particles
translocate through the lung's gas-blood barrier are currently not known?3°. Although the
topic is beyond the scope of this chapter, we note that two possibilities are currently being
considered and studied extensively28-46:77.209.217.230.231.280; pecifically, transcellular (e.g.,
clathrin-, caveolin-, Fc receptor-mediated endocytosis) and pericellular (via tight junction
gap, diffusion mediated transport, etc.). Once nanoparticles enter the interstitium, passing
through the epithelium, they may either move directly toward the capillary bloodstream via
the endothelium or move toward draining lymph nodes via the lymphatic system and then
move to the bloodstream?2. In any event, once particles are in the bloodstream, they can
circulate anywhere in the body.

As the topic covered in this chapter covers many fields (e.g., aerosol physics, engineering,
biology and physiology) over a wide range of length scales (from centimeter as an organ
level to nanometer as an interaction between nanoparticles and intracellular components),
further improvement of our basic understanding towards particle transport and deposition in
the lung necessarily requires multidisciplinary and multiscale research. With the ever-
increasing rapidity of advances in experimental techniques and equipment together with
similar developments in computational power and numerical techniques we can expect much
progress in the near future.
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A Skewed particle size distribution. Re-plotted after Silverman et al. (1971)284,
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Lognormal particle size distribution. Re-plotted after Silverman et al. (1971)234,
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Particle diameter, dp,

Figure 3.
Cumulative lognormal size distribution. Re-plotted after Silverman et al. (1971)284,
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Cumulative particle size distribution plotted on logarithmic probability graph paper. The

spread of the distribution of Fig. 2 or the geometric standard deviation (o), is defined as the
ratio of (84.13% size) /(50% size) or (50% size)/(15.87% size). Re-plotted after Silverman et
al. (1971)284,
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Figure 5.
Smoluchowski's Brownian coagulation. Sphere of influence around test (fixed) particle of
radius R in collision with moving particles of the same radius R. Once particles collide,

perfect adhesion is assumed. Modified after Probstein (1989)261
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Figure 6.
Total particle deposition in the human respiratory tract and corresponding fractions in the

extrathoracic, bronchial, and alveolar region according to ICRP Publication 66 (1994)153.
Data are shown for two different breathing scenarios: exposure during sleeping (nose
breathing), and exposure during heavy exercise (mouth breathing). Adapted from
Oberdorster, et al. (2007)239.
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e —>

Figure 7.
Alevolar duct. Left: Scanning electron micrograph of an alveolar duct surrounded by alveoli.

From Gehr et al. (1978)!14, by permission. Middle: An axisymmetric alveolated duct model
(i.e., a computationally 2D but physically 3D model) used in Tsuda et al. (1994a,b)308-309,
Right: Rhythmically expanding and contracting 3D alveolar duct model used in Haber et al.

(2000125, 2003126).
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Figure 8.
Three dimensional reconstruction of the parenchyma tissue imaged by synchrotron X-ray

tomography. Upper: top view. Lower: side angle view. From Tsuda et al. (2008a)313.
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Top view Side view

Bottom view

Figure 9.
3D finite element shell model of an alveolus viewed from different angles. Top: Region of

interest. Middle: top view (left); side view (middle); bottom view (right). Bottom: alveolar
inside views (left and right). From Tsuda et al. (2008a)313.
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Figure 10.
Heyder et al.'s seminal work (1988)!4°. The presence of kinematical irreversibility in the

acinus was demonstrated experimentally.
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a family of frequencies/(f.]

%

Figure 11.
Alveolar recirculation. Top: computational predictions. Top Left: idealized model [modified

from Tsuda et al. (1995)310]. Top Middle & Right: synchrotron-based realistic alveolar
model. From Filipovic et al. (2010)%; Bottom: Experimental observation of rotational flow

patterns in the alveoli of excised rat lung. Bar = 100um. From Tsuda et al. (2002)3!2.
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Figure 12.
Poincaré sections of particle transport; each color represents a different trajectory. Left:

Stokes flow in a cavity — no perturbation present and seven particle paths shown. Right: The
addition of a perturbation by wall motion creates islands in a sea of chaos; eight more
particle paths have been added to the original seven for further detail. Modified from Tsuda,
Laine-Pearson & Hydon (201 1)315,
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Figure 13.
Streamlines at peak inspiration (Left) and the Poincaré map (Right) on the symmetry mid-

plane of a hemispherical alveolar model with rhythmically expanding walls. The streamlines
exhibit recirculations and a stagnation saddle point near the alveolar entrance. The Poincaré
map shows that regions of stochasticity seem to appear bounded by quasi-periodic surfaces.
From Haber et al. (2000)125 .
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Figure 14.
Poincaré sections for a flow with Re=1.0, showing the presence of chaos even in an alveolus

with stationary walls. From Henry et al. (2009)144.
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Figure 15.
Complex convoluted “stretch-and-fold” flow patterns on the cross-sections of large airways

of rat lung. From Tsuda, et al. (2002)312,
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Figure 16.
Typical mixing pattern of two colors observed in ~200um acinar airway of adult rats after

N=1,2,3,& 4 cycles. Bar=100um. From Tsuda, et al. (2002)312,
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Figure 17.

Comparison of Brownian tracer mixing between a system with pure diffusion and a system
with stretch and fold convection and diffusion. (Top) Schematic view of these two systems.
(Middle Left) The slowly increasing length scale for mixing (J) in pure diffusion. (Middle
Right) With stretch and fold convection, & also increases slowly (but approaches an
asymptotic value); by contrast, the folding length scale, w, decreases exponentially rapidly.
(Bottom) Representation of the evolving extent of mixing corresponding to diffusion alone
and to diffusion coupled with stretch and fold convection. At the time when the two length
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scales are comparable (vertical dotted line), there is sharp jump in mixing (entropy burst).
(from Tsuda et al., 2002312)
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Figure 18.
Top: Acinar structure of the immature lung of a 1-day old rat (left) and the lung of a 21 day

old rat whose alveolar shape is nearly fully developed, but small in size (right) (from
Schittny & Burri, 2008273). tb: terminal bronchioles, S: saccules, ad: alveolar ducts, arrows:
secondary septa. Bottom: schematics of predicted patterns of particle-laden inhaled airflow
(shown in blue).
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t=0.000 sec (initial state)

t=0.025 sec (meniscus motion with volume devreasing)

t=0.055 sec (film disintegration & droplets generation)

t=0.060 sec (four droplets formation)

Figure 19.
Formation of droplets at the level of small airways. At Ca above the critical values, a

meniscus traveling along the airway thins and then disintegrates into small droplets.
Re=0.67, Ca=1. See Malasheko et al. (2009)!4 for details.
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Figure 20.
A demonstration of multimodal imaging techniques: combined synchrotron radiation-based

X-ray tomographic microscopy (SRXTM)-based skeletonization technique, which locates an
alveolus of interest within the acinar tree!28 and high-resolution transmission electron
microscopy (TEM), which is necessary to visualize nanosize particles in the alveolar
structure. The concept is illustrated in this figure by the visualization of 700nm gold
particles (as surrogates for nanosize particles) instilled into an adult rat lung. First, a tissue

sample was imaged by SRXTM and 3D reconstruction of the acinus was performed?!2.

Then, by using skeletonization techniques!28

, an alveolus containing gold particles on its
septal wall was identified in the distal region of the acinus (Panel A). The same particles
were also identified in one section of a 3D stack of SRXTM images (Panel B). Using the
registered coordinates of this region of interest, serial sectioning was performed in that area.
The resulting TEM images of that alveolus and the gold particles located in it are shown in
Panel C. A higher magnification of the region A & B in Panel C are shown in Panel D and

E, respectively. From Haberthiir et al. (2009b)129, Schittny et al. (2010)274,
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Eigenfunction expansion. Graetz analytic solution (Eq. 9) can be discretized for every unit cell (x=KL..;;) as,

n(K, %) = C1explKIn(AD[S1(7)] + CoexplKIn(A)1[S2(r)] + C3explKIn(A3)1[S3(+%)] + ....., and therefore,

rewritten as Eq. 10. See Glossary for definition of abbreviations.

cylindrical pipe | alveolated duct

C 1.477 1.468
G, -0.81 -0.835
Cs 0.385 0.541
A -14.63 -14.38
A -89.22 -92.13
A3 -228 -260
A 0.864 0.866
b 0.409 0.398
A 0.102 0.074

| S | S | S(r)
0.00 1 1 1
0.05 | 0.9818 | 0.8923 | 0.753
0.10 | 0.9290 | 0.6067 | 0.206
0.15 | 0.8456 | 0.2367 | -0.290
0.20 | 0.7382 | -0.1062 | -0.407
0.25 | 0.6147 | -0.3399 | -0.204
0.30 | 0.4833 | -0.4317 | 0.104
0.35 | 0.3506 | -0.3985 | 0.278
0.40 | 0.2244 | -0.3051 | 0.278
0.45 | 0.1069 | -0.1637 | 0.144
0.50 0 0 0
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