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Increased production of industrial devices constructed with nanostructured materials raises
the possibility of environmental and occupational human exposure with consequent adverse
health effects. Ultrafine (nano) particles are suspected of having increased toxicity due to their
size characteristics that serve as carrier transports. For this reason, it is critical to refine and
improve existing deposition models in the nano-size range. A mathematical model of nanopar-
ticle transport by airflow convection, axial diffusion, and convective mixing (dispersion) was
developed in realistic stochastically generated asymmetric human lung geometries. The cross-
sectional averaged convective-diffusion equation was solved analytically to find closed-form
solutions for particle concentration and losses per lung airway. Airway losses were combined
to find lobar, regional, and total lung deposition. Axial transport by diffusion and dispersion
was found to have an effect on particle deposition. The primary impact was in the pulmonary
region of the lung for particles larger than 10 nm in diameter. Particles below 10 nm in diameter
were effectively removed from the inhaled air in the tracheobronchial region with little or no
penetration into the pulmonary region. Significant variation in deposition was observed when
different asymmetric lung geometries were used. Lobar deposition was found to be highest in
the left lower lobe. Good agreement was found between predicted depositions of ultrafine (nano)
particles with measurements in the literature. The approach used in the proposed model is rec-
ommended for more realistic assessment of regional deposition of diffusion-dominated particles
in the lung, as it provides a means to more accurately relate exposure and dose to lung injury
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and other biological responses.

Ultrafine (nano) particles are ubiquitous in ambient partic-
ulate pollution (Riesenfeld et al., 2000). Increased availability
of products manufactured from nanomaterial increases the pos-
sibility of exposure to airborne nanomaterials. Once inhaled,
nanoparticles have a high probability of deposition in the lung
due to their small size. This deposition occurs primarily by dif-
fusion and secondarily by thermophoretic effects in the first few
airways of the lung during exhalation. Exposure to nanoparti-
cles can exacerbate respiratory disease (Peters et al., 1997) and
produces toxicity even at low concentrations (Johnston et al.,
2000). Studies from accidental exposure to heating plastic ma-
terials such as Teflon have shown high pulmonary (PUL) toxicity
in humans (Makulova, 1965; Rosenstock & Cullen, 1986). Lab-
oratory inhalation studies in rats indicate that toxic effects are
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related to the ultrafine, nanosized fraction of the products (Ferin
& Oberdorster, 1992; Oberdorster et al., 1992). Nanosized parti-
cles induce more intense airway inflammation than similar mass
concentrations of larger particles (Oberdorster et al., 1995).
Due to their physicochemical characteristics that give them
enhanced properties (Maynard et al., 2004), manufactured
nanoparticles may be biopersistant and remain intact and cause
toxicity. In addition, toxicity may depend on internal structure
and particle size, so that the particle acts as a carrier transport to
carry material into the lung (Johnston et al., 2000). High parti-
cle number, overall large surface areas, and high lung deposition
efficiency may also be important in contributing to the health ef-
fects (Oberdorster et al., 1995; Utell & Frampton, 2000).
Because of potential toxic effects, it is critical to have a re-
alistic assessment of the regional deposition of nanoparticles
in the lung. Mathematical models have been developed to pre-
dict deposition of inhaled particles in the lungs of humans and
animals. There are many deposition models available that are
either empirical in nature (Rudolf et al., 1986, 1990), compart-
mental (ICRP, 1994; NCRP, 1997), or continuous (i.e., mecha-
nistic), based on physics of airflow and particle transport (Yu,
1978a). In addition, mechanistic models may be deterministic
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(Anjilvel & Asgharian, 1995; Asgharian et al., 2001) or prob-
abilistic (Hofmann & Koblinger, 1990; Koblinger & Hofmann,
1990).

The applicability of existing mechanistic models in the nano-
size range may be limited because nanoparticle-specific mech-
anisms of transport and deposition were not fully implemented.
While the transport equation may have included axial diffusion
to determine penetration though lung airways, wall loss calcu-
lations have often excluded the influence of axial diffusion on
lateral movement of nanoparticles toward airway walls (e.g.,
Taulbee et al., 1978). The exclusion was based on the obser-
vation that axial diffusion has a negligible effect on deposition
when the Peclet number is over 200 (Tan & Hsu, 1971). In ad-
dition, airflow in the upper airways is complex and the presence
of turbulence and secondary flows at the bifurcation may im-
pact particle losses. In fact, measurements of ultrafine particle
deposition in tracheobronchial (TB) airways of lung casts have
indicated at least a twofold increase in deposition compared with
available predictions models (Cohen et al., 1990; Cohen & As-
gharian, 1990). Given that diffusion losses of nanoparticles in
the upper airways of the lung are significant (see Results sec-
tion), a more accurate assessment of diffusion losses in the upper
airways of the lung is necessary.

In addition to axial diffusion, dispersion of particles (of all
sizes) by convective mixing will cause a migration of particles
from the tidal air to the residual air. Dispersion due to convec-
tive mixing has been attributed to various mechanisms such as
Taylor dispersion when axial and radial motion are comparable,
asynchronous and inhomogeneous ventilation (as in diseased 70
lungs), disturbances and secondary motions at the bifurcations,
irreversibility of flow between inhalation and exhalation, and
mixing in the alveoli (Taulbee et al., 1978; Yu, 1978b). Convec-
tive mixing has often been assumed to be diffusive in nature,
propagating by dispersion (Darquenne et al., 1997; Edwards,
1994; Egan et al., 1989; Hofmann et al., 1994; Taulbee & Yu,
1975). Gas dispersion models have often been used in parti-
cle deposition models to assess particle losses (e.g., Taulbee &
Yu, 1978; Darquenne & Paivia, 1994). Use of gas dispersion
models will exaggerate particle dispersion because gases have
a significantly higher diffusivity than particles. Recently, Lee
et al. (2000) and Lee and Lee (2001) conducted a numerical
study of particle transport through a double-bifurcated airway
system and showed that axial streaming was mainly responsible
for particle dispersion in conducting airways and the use of a gas
dispersion model to estimate particle dispersion overestimated
mixing of particles by as much as 35% during inhalation and
30% during exhalation. Following the steps of the experimen-
tal study by Scherer et al. (1975), these investigators developed
dispersion models for particles.

In addition to dispersion by axial streaming in conducting
airways, there is additional mixing in the PUL region. Recent
studies suggest that PUL mixing may be due to chaotic advec-
tion (Henry & Tsuda, 2002; Henry et al., 1999; Tsuda et al.,
1995, 1999). Despite strong evidence based on numerical stud-
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ies and laboratory testing in physical models, there is a lack of
experimental observation in humans on the chaotic nature of
mixing (Darquenne & Prisk, 2004). Due to high diffusive losses
of nanoparticles in the tracheobronchial region, PUL mixing
may be secondary and negligible. Hence only dispersion by ax-
ial streaming was included in the current model.

Failing to include arealistic account of particle dispersion, ex-
isting mechanistic deposition models also face a computational
limitation. In these studies, the governing transport equations
have been solved numerically by a finite-difference scheme that
required extensive computation times. In practice, numerical
computations could only be performed in typical-path lung ge-
ometries. The use of a typical-path lung geometry is reasonable
for average deposition estimates because the lung geometry is
based on averaged lung dimensions per generation. However,
no information on subregional (i.e., lobar etc.) deposition or the
distribution of deposited particles throughout the lung can be
obtained.

In this study, an existing model of particle deposition (As-
gharian et al., 2001) developed for any lung geometry was re-
fined for ultrafine (nano) particles. This was achieved by using
improved models of particle losses by diffusion and includ-
ing particle-specific axial diffusion and dispersion effects in the
transport equation. An analytical solution to the particle trans-
port equation was found that allowed fast computation of par-
ticle concentration and deposition per airway. Deposition cal-
culations of nanosized particles were performed in a number of
asymmetric lung geometries to provide a range of deposition
for particles of varying sizes in people. Deposition model for
nanoparticles was tested by comparing the predictions against
available measurements in the lung and TB and PUL regions.

LUNG GEOMETRY

Based on morphometric measurements of Raabe et al. (1976),
Koblinger and Hofmann (1985) developed functional relation-
ships for airway parameters such as length, diameter, branching
angle, cross-sectional area of the daughter branches, gravity an-
gle, and correlations between these parameters as a function of
airway generation number. These functional relationships were
used to create stochastic lung geometries for the human lungs
(Koblinger & Hofmann, 1990). Thirty such geometries were
constructed and used for deposition calculations. These lung ge-
ometries were based on the same structural relationship, varying
primarily in their conducting airway volumes.

MODELING TRANSPORT AND DEPOSITION
OF NANOPARTICLES IN THE LUNG

Transport of nanoparticles in the respiratory tract occurs by
convective movement in the upper airways of the lung where
particles are carried into the lung by the inhaled air and by ran-
dom walk from the tidal air to the reserve air in the lower air-
ways where airflow momentum is practically diminished. Ran-
dom walk by diffusion is a unique feature of nanoparticles and is
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absent for fine and coarse particles. Particle deposition modeling
in the respiratory tract consists of tracking inhaled particles dur-
ing a breathing cycle that is made up of the three phases of
inhalation, pause, and exhalation, and determining the fraction
of inhaled particles that reach and deposit in various locations
of the lung. Several assumptions are made in the calculation of
particle losses. First, it is assumed that the lung expands and
contracts uniformly during breathing. Second, the tidal air trav-
els through the lung with a uniform velocity that is equal to the
average velocity of a parabolic flow with the same flow rate.
Third, axial diffusion of particles within the tidal air is negligi-
ble but depending on circumstances there may be a significant
diffusive transport of particles across the tidal air to the reserve
air. In addition, particles are monodisperse and uncharged. Be-
cause of the enormity of the number of airways, uncertainties
regarding true airway geometry and lung ventilation, and lim-
itations in calculating the flow field for the entire respiratory
tract, precise numerical solution of nonlinear transport equa-
tions are prohibitive and unnecessary. Instead, the movement
of particles in lung airways can be described by the simplified,
cross-sectional area averaged, convective-diffusion equation:

mAcy+MQc>=_g<DA§£)_kAc [1]
3t ax dx 9x

where A is the total airway cross-sectional area and includes
the contribution of the alveoli surrounding the airways in the
PUL region, C is the particle concentration, D is the apparent
diffusion coefficient, Q is the flow rate through the airway, AC
is the number of particles lost to the airways by diffusion per
unit time, per unit volume, and xand ¢ are the distance into the
lung and elapsed time, respectively. Apparent diffusion coeffi-
cient D is the sum of molecular diffusion coefficient (D,,) and
effective diffusion coefficient (D,) by dispersion. Scherer et al.
(1975) measured the spreading of a bolus of benzene vapor in
five-generation, bifurcating glass tubes and calculated the effec-
tive diffusion coefficient. Since convective mixing (dispersion)
depends on the Peclet number. which in turn is related to air-
way diameter and mean axial velocity of the flow, the following
semiempirical relationship was proposed for the effective diffu-
sion coefficient:

D, =2yUR, [2]

in which U is the airflow velocity and Ry is the airway radius.
Scherer et al. (1975) found coefficient y = 1.08 for inhalation
and y = 0.37 for exhalation by fitting Eq. (2) to calculated
effective diffusion coefficients. Axial dispersion described by
Eq. (2) becomes negligible in the PUL airways because of di-
minishing airflow velocity and particle transport is mainly by
molecular diffusion. Due to the lack of data, Eq. (2) and other
similar equations have been extended to particles (Darquenne
& Paiva, 1994; Hofmann et al., 1994; Taulbee & Yu, 1978) de-
spite being specifically developed for gases. Because of having
a higher diffusivity, particles supposedly will penetrate deeper
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than expected into the lung by axial dispersion. Hence, upper air-
way deposition will be underestimated and lower airway depo-
sition will be overestimated. Experiments on particle dispersion
are not available to date. However, there have been numerical
studies duplicating the experiments of Scherer et al. (1975) for
particles. Lee et al. (2000) computed airflow particle transport
in a double bifurcation airway system for the case of inhalation
and found y = 7.0 when dispersion was represented by Eq. (2).
Similarly, Lee and Lee (2001) found y = 26.0 for exhalation.
Due to the lack of experimentally based data for particles, values
of y numerically obtained by Lee et al. (2000) and Lee and Lee
(2001) were selected and used in this study.

The sink term, AC, in Eq. (1) alleviates the need to specify
boundary conditions along airway walls. The flux term, A, is
related to particle deposition efficiency, which is the fraction of
entering particles that deposit in an airway:

n= / Adt 3]

Nanoparticle deposition in lung airways occurs primarily by
diffusion. Tan and Hsu (1971) computed and tabulated de-
position efficiency of particles traveling in a cylindrical tube
by a fully developed laminar (parabolic) flow in the presence
of axial diffusion. Deposition efficiency was found to be re-
lated to two nondimensional parameters, Pe and A. The Peclet
number, Pe = 2URy/D,,, is the ratio of convective to diffu-
sive transport of particles, and the nondimensional parameter,
A = D,,L/4UR} where L is the airway length, represents the
ratio of diffusion time scale of particles across the airway to av-
erage residence time of parlicles inside the airway due to flow
convection. To obtain an analytical form of the deposition equa-
tion for use in Eq. (1), a functional relationship between depo-
sition efficiency, 1, and nondimensional parameters A and Pe
was adopted:

n=1-¢ [4]

where constant coefficients ¢ and b in Eq. (4) were found by
fitting the equation to the tabulated data of Tan and Hsu (1971).
Values for coefficients a and b are given in Table 1 for different

TABLE 1
Coefficients a and b in equation (4) for selected values of
Peclet number

Pe a b
1 3.7122 0.92229
5 10.7 0.92918
10 11.546 0.88166
50 10.36 0.79556
100 9.8986 0.77719
(o' 9.5768 0.77719

(no axial diffusion)
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Pe values. Equation (4) is based, on the transport of small size
particles by diffusion in a straight cylindrical tube. While it can
be used to compute deposition efficiency of particles by dif-
fusion in most airways of the lung for which the flow is fully
developed and laminar, it may not be adequate for use in the
most upper airways of the lung because of the presence of
turbulence and mixing at the bifurcations. Mathematical equa-
tions predicting particle losses by diffusion in upper airways of
the lung have not been developed in part due to the complex-
ity of airflow structure and particle transport. However, there
are measurements of ultrafine particle deposition in conduct-
ing airways of human casts (Cohen et al., 1990). Cohen and
Asgharian (1990) used the measurements to develop a semi-
empirical relationship between deposition efficiency and non-
dimensional, parameters A and Pe. They found that dependence
on Pe was weak and deposition efficiency was related to A
by:

n = 2.965A0-368 (5]

This equation was used for the upper most airways of the lung
(L/(Ry - Re) < 1073, where Re is the Reynolds number) to
calculate deposition efficiency by diffusion. Otherwise Eq. (4)
was used. It should also be noted that Egs. (4) and (5) converge
when L /(R - Re) > 1073 (Cohen Asgharian, 1990).

The species transport and deposition model presented by
Eq. (1) is common in calculating gas-uptake (Chang & Farhi,
1973; Davidson, 1981; Miller et al., 1985; Overton, 2001; Over-
ton et al., 2001; Pack et al., 1977; Tawhai & Hunter, 2001;
Yu, 1975) and particle deposition (Darquenne & Paiva, 1994;
Hashish, 1992; Nixon & Egan, 1987; Taulbee & Yu, 1975;
Taulbee et al., 1978; Yu, 1978a, b). While Eq. (1) is often solved
numerically, an analytical solution is also possible. For a uni-
formly expanding and contracting airway, conservation of in-
haled mass yields (Yu, 1978a):

0A a0
=== [6]
ot ox

Expanding Eq. (1), substituting for 9 A /9t from Eq. (6) and set-
ting 0 A/9x = 0 because airways are assumed to be cylindrical,
the following equation will be obtained:

aC QacC 9%C

—+——=D—-2)C 7

at + A Ox ox 71
Eq. (7) can be solved within the tidal air by neglecting the dif-
fusive term by assumption (Yu, 1978a). A solution of Eq. (7)
retaining the diffusive term using the initial and boundary con-
ditions of

At t=1ty) and 0<x <00, C=0
C =Cy=Coe ™= [8]
C=0

At t>1 and x <xy,
At t>1y and x = o0,
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can be given in terms of the complementary error function:

Cx,t) = Coe_’\(’_"’)erfc<&>
’ 2JDG -1

= Co(l = np)(1 =7 )erfc(&) 9]

- / ¢ 2D —10)
where Cy and ¢, are the concentration and elapsed time at the
entrance to the airway respectively, C is the aerosol front con-
centration, A  is losses per unit time per unit volume in the tidal
air, s denotes the deposition efficiency in the section of the
airway occupied by the tidal air, n, is the deposition efficiency
of particles in the remaining section of the airway in the residual
air distal to the tidal air, and xy = fff)(Q /A)dt denotes the front
location (leading edge of the tidal air) (Anjilvel and Asgharian,
1995). Thus, Eq. (9) gives average particle concentration in an
airway at location x ahead of the tidal air and can be used to
calculate particle losses in the portion of the residual air that is
not mixing with the tidal air by convection. Equation (9) is the
first analytical model that uses the diffusive transport of particles
in addition to the convective transport to calculate concentration
and deposition of nanosized particles. Equation (9) is valid for
steady breathing only. However, it is applicable to normal breath-
ing scenarios for which the flow inertia due to cyclic breathing
is negligible. Equation (9) provides an advantage over existing
computational models. Since a realistic lung geometry is key in
accurate prediction of particle deposition in the lung (Asgharian
et al., 2004), typical-path models are reliable only for the cal-
culation of average regional deposition (Asgharian et al., 2001).
The computation time of models that solve some form of Eq.
(7) numerically (e.g., Taulbee et al., 1978; Darquenne & Paiva,
1994) is fairly large, prohibitive for asymmetric lung geometry,
and in practice only useful for typical-path lung geometries. It is
difficult to extend these models to more complete and realistic
lung geometries. The model presented by Eq. (9) can be applied
to asymmetric lung geometries of many thousands of conducting
airways (plus many additional PUL airways) to study distribu-
tion of the deposited particles among various airways of the
lung.

Equation (9) can be used to find particle concentration ahead
of the front at an end of the airway before the tidal air reaches
the end during inhalation and after the tidal air recedes during
exhalation. Losses by diffusion ahead of the front in an airway
is calculated from

Losses = //AdCAdxdt [10]

Assuming a linear variation of particle concentration in the air-
way, Eq. (10) will take on the following form during inhalation:

Tprox C " t C - (f
Losses = 1,0 [/ Mdt
to

2
fase C ¢ (1) + Caise(1) _xp(@)
+/tp ; <1 A )dt:| (1]
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where t,0x is the time for the front to reach the proximal end
of the airway. t4 is the time it takes for the aerosol front to
reach the distal end of the airway, and Cprox and Cgig are aerosol
concentrations at the proximal and distal ends of the airway
respectively. The first term within the bracket on the right hand
side of Eq. (11) corresponds to losses before the tidal air (front)
reaches the airway and the second term corresponds to losses
when the front is crossing the airway. Similarly, losses during
exhalation are represented by

o C (1) 4+ Caise(t t
LOSSGS:WQ[/ £+ ds‘()<1_xf<>>dt
tdist 2 L

T .
N / Cprox(t) + Cais(1) dt] 1]

2

prox

where T corresponds to the breathing period. The first term in
Eq. (12) represents losses while the front is retreating from the
airway and the second term denotes airway losses in the airway
thereafter until the end of the breathing cycle. Airway losses dur-
ing inhalation and exhalation were combined for various airways
to find deposition per region, lobe, and total lung deposition.

RESULTS AND DISCUSSION

Penetration and deposition of particles from 1 nm to 100 nm
were calculated in asymmetric (stochastic) morphometric mod-
els of the human lung (Koblinger & Hofmann, 1990) with and
without the presence of diffusive transport of particles in the
lung. For the case of no axial diffusion or dispersion, the depo-
sition model developed earlier by Asgharian et al. (2001) was
employed. Two lung geometries were selected from a pool of
30 stochastically created geometries that corresponded to lungs
with the smallest and largest number of bronchial airways. These
are referred to as small bronchial airway number (SBAN) and
large bronchial airway number (LBAN) in this article. Since
PUL volumes were identical among all lung geometries, deposi-
tion calculations in these limiting geometries provided the bound
for the predictions. Deposition calculations were performed at
a lung functional residual capacity (FRC) of 3300 ml with a
tidal volume of 625 ml. A breathing frequency of 12 breaths
per minute (minute ventilation of 7500 ml) with equal breath-
ing time during inhalation and exhalation and no pause were
selected for the computations. Particle deposition calculations
were performed at a lung volume midway between the lung at
rest (FRC) and end of inhalation (i.e., at FRC + half the tidal
volume). To study lung filtering capability and distribution of
the deposited particles among airways, particles were assumed
to bypass the head airways and enter the lung via the trachea. The
head filtering has to be included when assessing the lung dose
as a function of particle size. The significance of axial diffusion
depends on the strength of the convective transport of particles.
In the upper airways of the lung, flow convection is strong and
little axial diffusion is expected. The opposite is true in the deep
lung, where flow convection has practically diminished to zero
and particle penetration is primarily by axial diffusion in the
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FIG. 1. Calculated Peclet number (Pe) in airway generations of
the human lung for a lung tidal volume of 625 ml and breathing
frequency of 12 breaths per minute.

absence of dispersion. Tan and Hsu (1971) found that for parti-
cle transport in a fully developed parabolic flow, axial diffusion
can be neglected if Pe > 200. To examine the significance of
axial transport by diffusion, Peclet number is plotted in Fig-
ure 1 as a function of airway generation number for particles
in the size range of 1 nm to 1 um. Due to strong flow con-
vection, axial diffusion is negligible for all particle sizes in the
first seven generations of the lung. Beyond generation 8, particle
penetration by diffusion is significant for particles smaller than
10 nm. Diffusive penetration in the lung becomes progressively
smaller for particles between 10 nm and 0.1 pm. For particles
larger than 0.1 pum, axial transport by diffusion is essentially
zero. To further investigate the penetration depth of different
size nanoparticles, normalized concentrations of 1-nm, 5-nm,
and 10-nm particles were calculated at the end of inhalation.
Normalized concentration was defined as the ratio of concen-
tration at any location divided by the concentration at the inlet
to the trachea. The results are shown in Figure 2. There was no
penetration of 1-nm particles beyond generation 11 due to high
deposition in the preceding airways. As particle size increased,
losses by diffusion decreased and as a result, particle penetra-
tion into the lung increased. While there was little penetration of

1
0.8
0.6
0.4

0.2

Concentration Fraction

0 A .
0 5 10 15 20 25
Generation Number

FIG. 2. Concentration of inhaled 1-, 5-, and 10-nm nanoparti-
cles in the lung at the end of inhalation for breathing via the
trachea.
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5-nm particles, a significant portion of 10-nm particles reached
the PUL region. The results presented in Figure 2 correspond
to breathing via trachea. The penetration is even more limited
than that shown in Figure 2 if losses in the head region are ac-
counted for. The inability of nanoparticles less than 5 nm in
size to reach the P UL airways limits the effects of axial diffu-
sion and dispersion on particle deposition in the deep lung. In
order to develop a simple and mathematically manageable the-
oretical model, a number of deposition modeling efforts have
neglected axial diffusion and dispersion (Anjilvel & Asgharian,
1995; Asgharian et al., 2001; Hofmann & Koblinger, 1990; Yu,
1978a; and others). To examine the influence of axial diffusion
and dispersion on deposition and its significance on deposition
of nanoparticles in particular, deposition fractions of particles
between 1 nm and 100 nm were calculated in different regions
of the human lung for the cases of particle penetration by con-
vection and convection plus diffusion and dispersion. Figure 3
A and B, shows predicted deposition fractions in the SBAN and
LBAN stochastic lungs, respectively. Diffusive transport of par-
ticles through lung airways has no effect on particle deposition
in the TB region of the SBAN stochastic lung (Figure 3A) but a
small increase is noticed for particles below 10 nm in the LBAN

— Convection
e .z Convection + diffusion
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FIG. 3. Regional deposition fraction of inhaled particles in the
SBAN and LBAN stochastic human lungs for a lung tidal volume
of 625 ml, breathing frequency of 12 breaths per minute, and
breathing via the trachea. (A) SBAN stochastic lung geometry;
(B) LBAN stochastic lung geometry.

stochastic lung (Figure 3B). This is because flow convection is
much stronger than axial diffusion for particles larger than 1 nm
in TB airways as shown by Peclet number values over 200 in
Figure 1. The most significant but limited effect on deposition
by including diffusion and dispersion is observed in the PUL
region of both lung geometries for particles greater than 10 nm.
Because of diminishing airflow velocity, convective mixing [Eq.
(2)] becomes negligible in the PUL region. Axial diffusion will
cause additional transport and deposition of particles in the PUL
region. However, flow convection is still larger than axial dif-
fusion except in the alveolar sacs (very last airway generation).
Hence, the contribution to particle losses in the PUL region from
diffusive transport is smaller than that due to convective trans-
port. The increase in PUL deposition may vary between 5% and
10% depending on particle size and lung geometry. As a result
of the increase in PUL deposition, lung deposition is also in-
creased by a few percent. Particle penetration and deposition in
the lung is the interaction of convective transport and axial dif-
fusion plus dispersion. Both processes are affected by breathing
pattern. Model predictions presented in Figure 3 were based on
the default breathing pattern of a lung tidal volume of 625 ml
and a breathing pattern of 12 breaths per minute. To examine
the effect of breathing pattern on deposition by each transport
mechanism, two other breathing maneuvers were simulated: fast
shallow breathing represented by a tidal volume of 250 ml and
a breathing frequency of 30 breaths per minute and slow deep
breathing represented by a tidal volume of 1500 ml and a breath-
ing frequency of 5 breaths per minute. The minute volumes in
both cases were kept at 7.5 Ipm. Figure 4 A and B, gives pre-
dicted regional deposition fraction in the SBAN stochastic lung.
Similar findings are observed in the LBAN stochastic lung and
hence those results are not given here. Changes in breathing pat-
terns exert more influence on deposition from convective flow
than that from axial diffusion and dispersion. Slow deep breath-
ing causes a significant increase in both TB and PUL deposi-
tion. Shallow fast breathing causes a drop in PUL deposition
of more than 30%. There are virtually no changes in TB depo-
sition for both breathing maneuvers when axial diffusion and
dispersion are included. The only change in deposition occurs
in the PUL region. Losses contributed to diffusive transport are
clearly more significant in the fast shallow breathing than in slow
deep breathing. However, the difference in deposition is below
10% as in the case of default breathing with the same minute
ventilation (Figure 3). An advantage of stochastically generated
lung geometries is that inter- and intrasubject variability can be
examined by calculating deposition of particles in many lung ge-
ometries. Figure 5 shows deposition in the TB and PUL regions
of 30 such geometries. Deposition variations in both regions are
small near 1-nm and 100-nm size particles. This is because of
very high and very low particle deposition for 1-nm and 100-nm
particles, respectively. The largest variation in deposition is for
10-nm-diameter particles for which the diffusion mechanism is
neither overwhelming nor insignificant. By the same argument, a
wide range of particle deposition is observed in the PUL region.
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FIG. 4. Regional deposition fraction of inhaled particles in the
SBAN stochastic human lung geometry. (A) Shallow fast breath-
ing. (B) Deep slow breathing.

Because of the differences in TB deposition, the peak PUL de-
position, which is due to TB filtering effects, is observed at a
different particle size for each lung geometry. Deposition of par-
ticles between 1 nm and 100 nm in the left upper (LU), left lower
(LL), right upper (RU), right middle (RM), and right lower (RL)
lobes are shown in Figure 6 A—C. Deposition in the LL. and RU
lobes was higher than that in other lobes. Consequently, depo-
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FIG. 5. TB and PUL deposition of particles in 30 stochasti-
cally generated human lung geometries for a lung tidal volume
of 625 ml, breathing frequency of 12 breaths per minute, and
breathing via the trachea.

sition in the RL and LU lobes that have similar lobar volumes
is reduced. The RM lobe, which has the smallest lobar volume,
has the least deposition of particles. It is interesting to note that
despite having the highest deposition values, variation of depo-
sition per particle size in the LL lobe is small compared with
that in other lobes. There is a significant variation of predicted
deposition in the right lobes (except for particles larger than 10
nm in the RM lobe) for different stochastic lung geometries.
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FIG. 6. Lobar deposition of particles in 30 stochastically gen-
erated human lungs for a lung tidal volume of 625 ml, breathing
frequency of 12 breaths per minute, and breathing via the tra-
chea. (A) Left lobes. (B) Right upper and right middle lobes.
(C) Right lower lobe.
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Comparison With Available Measurements

A number of studies have reported deposition fraction of
small-size particles in the lungs of people. For model confir-
mation, we selected those studies that had also reported lung
functional residual capacity (FRC) and breathing parameters of
the subjects as these are key parameters that help determine parti-
cle deposition. Deposition comparisons were made for particles
between 5 nm and 100 nm. Figure 7 A and B, shows the compar-
ison of predicted total deposition fraction against measurements
of Heyder et al. (1986), Jaques and Kim (2000), Schiller et al.
(1988), and Tu and Knudson (1984) in the SBAN and LBAN
stochastic lungs, respectively. Measurements corresponded to
oral breathing and hence predictions were made based on oral
route of breathing. Each point in Figure 7, A and B, is the plot
of deposition measurement in a different subject or different
breathing condition against the predicted value. The appropriate
FRC was used for each computation. Also plotted in each figure
is the line of identity that corresponds to a perfect match between
measurements and predictions. The agreement between predic-
tions and measurements is reasonable in both geometries, al-
though it is much more convincing in the LBAN stochastic lung.
The agreement with Heyder et al. (1986) and Tu and Knudson is
excellent, while comparison with the measurements of Schiller
etal. (1988) shows some scatter around the line of identity for the
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FIG. 7. Comparison of the predicted total deposition of parti-
cles with available measurements. (A) SBAN stochastic lung.
(B) LBAN stochastic lung.

SBAN stochastic lung. Predictions tend to be slightly higher than
measurements of Jaques and Kim (2000) in both lung geome-
tries. While a number of studies have reported measured total de-
position in the lung, information on regional deposition is scarce.
A true model confirmation requires data comparison at the re-
gional, lobar, and local (airway) levels. However, limitations
in measurement techniques prohibit such endeavors. Recently,
Kim and Jaques (2000) measured respiratory deposition of ultra-
fine particles (40 to 100 nm) in healthy young adults in a series of
bolus delivery techniques in which bolus aerosol were delivered
to lung depths of 50 ml to 500 ml in 50-ml intervals. Assum-
ing a compartmental model of the lung and defining head, TB,
and PUL regions based on lung depth volumes, total deposition
measurements were converted to regional deposition fractions.
Figure 8 A and B, gives comparisons of model predictions in the
TB region with values derived by Kim and Jaques (2000). The
agreement between model predictions and reported TB deposi-
tion of Kim and Jaques (2000) is reasonable. Model predictions
slightly overestimate values of Kim and Jaques (2000) in the
SBAN stochastic lung and slightly underestimate the values in
the LBAN stochastic lungs. The corresponding comparison for
the PUL region is given in Figure 9 A and B. Predicted deposi-
tion fractions are noticeably higher than reported values by Kim
and Jaques (2000). The difference is even greater for the LBAN
stochastic lung. A few observations may be made regarding val-
ues obtained by Kim and Jaques (2000). To arrive at regional
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FIG. 8. Comparison of the predicted TB deposition of particles
with reported values by Kim and Jaques (2000). (A) SBAN
stochastic lung. (B) LBAN stochastic lung.
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FIG. 9. Comparison of the predicted PUL deposition of parti-
cles with reported values by Kim and Jaques (2000). (A) SBAN
stochastic lung. (B) LBAN stochastic lung.

deposition fractions, Kim and Jaques (2000) assumed the lung
to be symmetric while our analyses are entirely based on more
realistic asymmetric lung geometries. They also neglected ax-
ial diffusion and convective mixing which is the motivation for
this study. In addition, compartmental representation for parti-
cle transport made by Kim and Jaques (2000) assumes a steady-
state, steady flow of tidal air, which tends to overestimate losses.
However, most notably, compartmentalizing the lung based on
the volume of inhaled air is not warranted, as a small bolus
of inhaled air may travel deep into the lung. For these reasons
there are uncertainties associated with experimentally derived
values by Kim and Jaques (2000), which may help to explain
the discrepancies between our predictions and their reported
values.

SUMMARY

An analytical model for the transport of ultrafine (nano) par-
ticles in the human lung was obtained by modeling convective
flow and axial diffusion and dispersion. Particle deposition frac-
tions in various regions and lobes of the stochastically generated,
asymmetric lung geometries were computed. The effects of lung
structure and breathing pattern on deposition were investigated
with and without the presence of axial diffusion and dispersion.
TB deposition was less sensitive to lung structure when com-
pared with PUL deposition. The addition of axial diffusion and
dispersion was found to raise predicted deposition in the PUL
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region up to 10% depending on particle size. A change in breath-
ing pattern affected deposition from the convective flow much
more than that from axial diffusion and dispersion. Deposition
of nanoparticles smaller than 5 nm was high in the TB region.
As aresult, very few particles reached the alveolar airways to be
available for deposition. Deposition in the alveolar region will be
even lower when accounting for particle losses in head airways.
Thus, the health concern from inhaling nanoparticles remains
mainly for large airways in the TB region. Predicted deposition
fractions were in good agreement with available measurements
in the literature for total deposition. Some differences were ob-
served when predicted regional depositions were compared with
reported values based on total deposition measurements. The dif-
ferences may in part be explained by the uncertainties in the way
measurement-based regional deposition values were derived.
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