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Deposition Patterns of Aerosolized
Drugs Within Human Lungs: Effects
of Ventilatory Parameters
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A mathematical model for inhaled aerosolized drugs is validated by
comparisons of predicted particle deposition values with experimen-
tal data from adult subject inhalation exposure tests. The model is
subsequently used to study the effects of ventilatory parameters on
particle deposition patterns within the human lung. By altering
breathing profiles, deposition values can be affected regarding quan-
tity delivered and spatial location. Increased tidal volumes and
breath-holding times increase deposition in the pulmonary region,
while increased inspiratory flow rates increase deposition in the
tracheobronchial region. Based upon fluid dynamics considerations
(Reynolds numbers), an original method of partitioning the lung is
also presented. The model has implications with regard to aerosol
therapy, indicating that the efficacies of inhaled pharmacological
drugs in the prophylaxis and treatment of airway diseases can be
improved by regulating breathing profiles to deposit particles selec-
tively at prescribed sites within the lung.

KEY WORDS: inhaled drugs; particle deposition; mathematical
model.

INTRODUCTION

The administrations of pharmacologic drugs via inhala-
tion have two fundamentally different applications: (a) lung
dosimetry and, (b) systemic delivery. An important conclu-
sion of clinical research pertinent to aerosol therapy proto-
cols is that drug efficacy and patient response are related to
particle deposition patterns among lung airways (1-18).

The issue of lung dosimetry relates to the efficacies of
inhaled medicines in the treatment of airway diseases. The
lung per se is the target organ and the site specificities of
deposited drugs may be the key factors involved in eliciting
therapeutic effects. Let us now consider some clinical cases
and pharmacologic drugs from the medical literature (cited
above) where site specificities have been described in terms
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suggesting focal (e.g., ‘‘bifurcations’’) to regional (e.g.,
“‘central airways’’) dimensions. Some data indicate that cer-
tain bronchodilator drugs should be selectively delivered to
well-defined, small areas such as tracheobronchial bifurca-
tions, perhaps preferentially at carinal ridges (16). Likewise,
the prophylaxis of chronic obstructive lung diseases would
improve from the preferential deposition of airborne phar-
maceuticals among more distal airways. Examples of
broader site-specific therapeutic effects are patient re-
sponses to anticholinergic agents targeted to the larger cen-
tral airways of the lung, whereas B-adrenergic agonists affect
the smaller central and peripheral airways (2,3). Although
the precise morphological position of a drug deposition—-
patient response interaction may not be unambiguously de-
termined, or may be known only in regional terms, the mech-
anism involved can often be relatively well defined. For in-
stance, it is thought that disodium cromoglycate, commonly
prescribed in the treatment of bronchial asthma, acts specif-
ically on the surface of mast cells blocking the release of
inflammatory mediators (17).

The clinical observations cited above may be explained
at least partially in terms of the spatial distributions of ap-
propriate receptors and nerve endings among lung airways.
The respective distributions could range in character from
being heterogeneous (e.g., localized) to homogeneous (e.g.,
uniform). Consider the first case. Karlsson et al. (8) studied
the variant roles of afferent neural pathways and deter-
mined, as an example, that upper tracheobronchial (TB)
branching sites (i.e., bifurcations) are especially sensitive to
stimulation of cough. They suggested that rapidly adapting
stretch receptors (RARs) may function as ‘‘cough recep-
tors’’ commensurate with the relatively high concentrations
of RARs in the proximal airways of the tracheobronchial tree
and the superficial locations of RARs within the mucosa.
This would be consistent with the observed fast blocking
effect of topically applied or aerosolized anaesthetics. Let us
now address the second case. Barnes et al. (4), using auto-
radiography techniques, reported the first mapping of the
distributions of B-receptors within the lung. They detected a
dense labeling of smooth muscle that was greater in small
(i.e., bronchioles) than large (i.e., cartilaginous bronchi) air-
ways. The potent bronchodilator effect of 3-agonists, there-
fore, may be due to the rather widespread (albeit not uni-
formly so) dispersion of B-receptors throughout the lung.

Regarding (b), i.e., systemic delivery, the lung may be
the chosen avenue of entrance into the body. Deposited
drugs may then be distributed via the circulatory system.
Still, particle deposition patterns may be of importance since
enhancement of deposition in the alveolated airways would
promote the dissemination of drugs, via the bloodstream, to
desired target organs.

Let us put an aerosol therapy protocol into perspective.
The nature of a particular disease will determine the inhaled
drug to be prescribed for its treatment. In turn, the available
aerosols will be produced using certain established tech-
niques; metered dose inhalers (MDIs), dry powder inhalers
(DPIs), and nebulizers are usual options, depending upon
whether inpatient or outpatient care is in order. The subse-
quent deposition patterns of inhaled drugs depend upon (i)
aerosol characteristics (e.g., particle size, shape, and den-
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sity), (ii) lung morphology, and (iii) breathing profiles. In
usual clinical situations the characteristics of the aerosols,
factor i, produced by MDIs, DPIs, and nebulizers, cannot be
readily controlled or adjusted. Likewise, variations in lung
morphology, factor ii, are representative of real intersubject
differences among a population. But it may be possible to
regulate the patient’s ventilatory parameters, factor (iii), to
permit pharmacologic drugs to be selectively deposited
among lung airways so as to elicit optimum therapeutic ef-
fects. This text examines the influences of breathing profiles
with a validated model.

The regulation of breathing affords a rare opportunity to
enhance the efficacies of inhaled pharmaceuticals. Of
course, it may not be a viable alternative in all clinical cir-
cumstances. For instance, the manifestation of certain respi-
ratory disease states may preclude attempts to substantively
control ventilation. Therefore, the treatment of patients with
impaired pulmonary function may prove to be more difficult
than, for example, the administration of prophylactic agents
to asthmatics and the delivery of medicines with systemic
activities to patients with normal lung functions.

In practice, it is often difficult to establish an unambig-
uous correlation between deposition sites and therapeutic
effects of medicinal agents due to the complexities involved
in clinical drug testing and evaluation regimens. To the
point, it is very difficult to determine exactly where particles
have been deposited in the lung. To overcome this difficulty,
we suggest that mathematical modeling may be conducted in
a complementary manner with laboratory administrations of
inhaled drugs.

It has been suggested by Dolovich et al. (19) that breath-
ing profiles (i.e., tidal volumes and respiratory frequencies)
may exert a pronounced influence upon the behavior and
fate of inhaled pharmaceuticals. More recently, Newman et
al. (20) and Malmberg et al. (21) have performed clinical
studies examining effects of inspiratory flow rates upon drug
delivery and patient response. Herein, a new mathematical
model is used to investigate the effects of ventilatory param-
eters on particle deposition within the human lung.

The model is first validated with the inhalation exposure
results of Heyder et al. (22), which summarize the extensive
and systematic series of experiments performed with human
subjects under controlled conditions. Then, the model is em-
ployed with several well-defined breathing profiles to spe-
cifically identify the effects of inspiratory flow rates, tidal
volumes and breath-hold times on deposition patterns.
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METHODS: DEFINITION AND VALIDATION OF THE
AEROSOL DEPOSITION MODEL

The system of equations developed by Martonen (23) is
used to describe the deposition efficiencies of the processes
of inertial impaction, sedimentation, and diffusion for in-
haled particles. The equations describe the motion of an in-
haled particle in terms of geometric size and material den-
sity, assuming a spherical particle shape. In the mathemati-
cal simulation of particle behavior the dispersion of an
inhaled bolus of aerosol is monitored throughout the lung in
the manner described by Martonen ez al. (24). Entrained
particles are continuously removed from the bolus (i.e., de-
posited) during a breathing cycle. To determine cumulative
deposition, the influence of each mechanism is calculated
independently and then combined using the statistical tech-
nique of superposition (25).

To use the aerosol deposition computer code it is nec-
essary to select a lung morphology consisting of individual
airway dimensions and network branching patterns. We
shall use Weibel’s Model A morphology to describe the adult
human lung (26). It is a symmetric, dichotomously branching
network of cylindrical tubes. Previous work has shown the
system to be preferential to an asymmetric morphology for
aerosol deposition modeling purposes (27). The tracheobron-
chial (TB) compartment consists of 17 generations of con-
ducting airways (/) numbered from 0 (trachea) through 16
(terminal bronchioles). The pulmonary (P) compartment
consists of 7 generations of alveolated airways numbered
from 17 (respiratory bronchioles) through 23 (alveolar sacs).
Each generation I consists of 2/ identical airways.

In Fig. 1, the four sets of stylized breathing profiles
considered are illustrated. In Fig. 1A, the inspiratory flow
rate (i.e., slope of the solid line) of a test subject is fixed at
Q = 500 MV/sec and the tidal volume (TV) is varied; this
permits effects upon particle deposition related to the depth
of aerosol penetration into the lung to be calculated. In Fig.
1B, a patient would inspire to the same TV value (i.e., 1000
mL) over different times (2, 4, and 8 sec), so the effect of Q
upon particle deposition is revealed by varying it from 250 to
1000 mL/sec. In Fig. 1C, the effects of breath-hold times can
be studied. In Fig. 1D, the time increments of a breath are
set; for a prescribed inspiratory time (i.e., 2 sec) the TV
value is varied. The combined effects of flow rate and
penetration are examined with this profile, which may sim-
ulate intersubject variability among a population. For all
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Fig. 1. Breathing profiles used to simulate a range of human conditions. (A) A constant inspiratory flow rate (Q) of 500 mL/sec with
corresponding tidal volumes (TV) of 500, 1000, and 2000 mL. (B) A fixed TV of 1000 mL with Q values of 250, 500, and 1000 mL/sec.
(C) TV and Q values of 1000 mL and 500 mL/sec, respectively, and breath-hold times of 0, 2, and 4 sec. (D) Changing TV and @ values:
500 and 250, 1000 and 500, 1500 and 750, and, 2000 mL and 1000 mL/sec, respectively.
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of the cases described above in Figs. 1A-D, the expiratory
flow rate is regarded as being equal to the inspiratory flow
rate.

The particle deposition model was validated herein by
comparisons of calculated values with the experimental data
of Heyder et al. (22). The deposition fractions of particles
are compiled for three breathing profiles used in the labora-
tory tests: Fig. 2, TV = 1000 mL, frequency (f) = 7.5
breaths/min, Q = 250 mL/sec; Fig. 3, TV = 500 mL, f = 15
breaths/min, Q = 125 mL/sec; and Fig. 4, TV = 1500 mL, f
= 15 breaths/min, @ = 750 mL/sec.
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Fig. 2. Particle deposition within the whole lung (A) and its TB and
P components (B and C, respectively) for the breathing pattern of
TV = 1000 mL and Q = 250 mL/sec. The circles represent exper-
imental data from Heyder et al. (22). In B and C the solid-line curves
represent deposition in Weibel (26) generations I = 0-16 for the TB
region-and I = 17-23 for the P region, and the dashed-line curves
indicate deposition in generations / = 0-11 and I = 12-23. Particle
sizes are in micrometers.
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Fig. 3. Particle deposition within the whole lung (A) and its TB and
P components (B and C, respectively) for the breathing pattern of
TV = 500 mL and Q = 125 mL/sec. The circles represent experi-
mental data from Heyder et al. (22). In B and C the solid-line curves
represent deposition in Weibel (26) generations I = 0-16 for the TB
region and I = 17-23 for the P region, and the dashed-line curves
indicate deposition in generations I = 0-11 and I = 12-23. Particle
sizes are in micrometers.

The measured total lung deposition fractions for each of
these breathing profiles are shown in Figs. 2A, 3A, and 4A.
There is an overall systematic pattern of deposition consist-
ing of very high deposition fractions for particles <0.02 pm,
minima for =0.5-pm particles, and deposition fractions for 5-
to 10-um particles reaching approximately the same levels as
for the smallest particles. For particles in the 0.1- to 10-pum
range the theoretical model not only predicts the qualitative
patterns, including the relative locations of the maxima and
minima, but also is in very good quantitative agreement with
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Fig. 4. Particle deposition within the whole lung (A) and its TB and
P components (B and C, respectively) for the breathing pattern of
TV = 1500 mL and Q@ = 750 mL/sec. The circles represent exper-
imental data from Heyder er al. (22). In B and C the solid-line curves
represent deposition in Weibel (26) generations I = 0-16 for the TB
region and I = 17-23 for the P region, and the dashed-line curves
indicate deposition in generations I = 0-11 and I = 12-23. Particle
sizes are in micrometers.

the laboratory data. The experimental deposition fraction
values decrease as particles exceed =10 pum, whereas model
results predict an increase in deposition. This may be be-
cause the complicated fluid dynamics conditions in the upper
TB compartment are not adequately accounted for in the
model; specifically, we refer to effects of the laryngeal jet
and associated unstable air flow patterns upon particle be-
havior. For particles sizes less than 0.1 pm the model tends
to predict slightly higher deposition fractions than indicated
by experiment. The accuracy of the model in the 0.1- to
10-pm range is of significant practical importance; particles
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outside of this range usually do not enter the lung, being
collected in the extrathoracic region (28-31).

In Figs. 2B and C, 3B and C, and 4B and C experimental
data are compared to model results for the TB and P com-
partments, respectively. For the ultrafine (<0.1-pm) parti-
cles, the experimental deposition fractions were not broken
down compartmentally by Heyder et al. (22). The solid-line
curves represent deposition in Weibel (26) generations I =
0-16 for the TB compartment and I = 17-23 for the P com-
partment. In Figs. 2B and C, 3B and C, and 4B and C the
dashed-line curves represent deposition in generations I =
0-11 and I = 12-23, respectively. The reason for this dis-
tinction in lung partitioning is explained below.

Let us now address the compartmental distributions in
more detail. The experimentally obtained TB deposition
fractions for each breathing profile (Figs. 2B, 3B, and 4B)
are zero for particles less than 1 pm. As particle sizes in-
crease up to about 10 pm, the measured deposition values
also increase. For larger particles the deposition fractions
decrease, this is most clearly evident in Fig. 3B. The theo-
retical results are U-shaped curves without regard as to how
the TB compartment is defined in terms of airway composi-
tion; that is, I = 0-16 or I = 0-11. The observed decrease in
deposition for large particles is not predicted as noted above.
The theoretical results begin to diverge from the data for
particles less than 1 pm because they do not reflect the min-
imal deposition fractions of the experiments. It is apparent
that the best correlation between experimental data and
theoretical results occurs when the TB compartment is de-
fined as consisting of generations I = 0-11, as opposed to /
= 0-16 [i.e., the Weibel (26) definition].

The experimentally obtained P deposition fractions for
each breathing profile (Figs. 2C, 3C, and 4C) have a local
minimum at =~0.5 pm and a local maximum at =5.0 pm. The
bimodal curves of the experimental findings are accurately
predicted by the theoretical model. The quantitative agree-
ment between theory and experiment is closer when the P
compartment is defined as generations J = 12-23 than I =
17-23 [i.e., the Weibel (26) definition].

Weibel (26) divided the human lung into distinct TB and
P compartments based upon considerations of morphology
alone. We now suggest that for particle deposition modeling
purposes, the lung be partitioned into analogous regions
based upon considerations of air flow characteristics. This
fluid dynamics perspective is presented in Fig. 5 for a spec-
trum of breathing profiles defined as sedentary [TV = 500
mL, frequency (f) = 14 breaths/min, @ = 233 mL/sec], mod-
erate (TV = 1291 mL, f = 15.5 breaths/min, 0 = 667
mL/sec), and exertion (TV = 2449 mL, f = 24.5
breaths/min, Q¢ = 2001 mL/sec). In Fig. 5A, the velocity of
air within each lung generation is shown. In each case the
velocity values become very small by generation I = 16.
This is due to the great increase in cumulative cross-
sectional area of the lung as it serially branches. The effect of
this on the respective deposition mechanisms of inertial im-
paction, sedimentation, and diffusion can be inferred from
Fig. 5B, where the fluid Reynolds number, Re, for each lung
generation is shown. The fluid Reynolds number is defined
as Re = UD/v, where U denotes the average velocity, D the
airway diameter, and v the kinematic viscosity of air. The
Reynolds number can be regarded as a measure of the inertia
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= UD/v) (B) for each generation of a Weibel (26) lung for sedentary,
moderate, and exertion breathing conditions.

of air flow within each lung generation. For each breathing
profile the fluid Reynolds number is essentially zero after
generation I = 11. Therefore, aerosol deposition due to in-
ertial impaction in this region (i.e., I = 12-23) is negligible
for all of the breathing profiles considered. Deposition in this
region of the lung will depend largely on the residence time
of an inhaled particle, and the associated mechanisms of
deposition are diffusion (i.e., random Brownian motion) for
small particles and, sedimentation (i.e., settling under grav-
ity) for large particles.

For a specific human subject, the division of experimen-
tally derived total deposition fractions into TB and P com-
ponents depends on the interpretation of gamma camera pic-
tures and the related times assumed for the mucociliary and
macrophage clearance mechanisms assigned for each region
of the lung. The uncertainties involved in these measure-
ments are well documented (32,33). In using the analytical
aerosol deposition model presented herein, it must be under-
stood that the true morphological TB and P division of a
given subject may not consistently correspond to a particular
generation-by-generation partitioning of the Weibel (26) def-
inition. Likewise, the particular airway geometries of a hu-
man subject (i.e., lengths and diameters) and the model’s
definition may differ. By choosing the pulmonary region to
consist of generations I = 12-23, the effects of morpholog-
ical uncertainties while defining the P compartment are re-
moved because they no longer have a relevant effect on the
calculations. In practical effect, we will have succeeded in
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defining a region where only the diffusion and sedimentation
mechanisms act efficiently; and as Heyder et al. (22) have
explained, in the real P compartment, particle deposition will
be dominated by these processes. These mechanisms de-
pend only on the residence times of particles spent in these
airways; geometric variables such as branching angles have
no discernible impact on particle behavior. Throughout the
balance of this paper, therefore, the TB and P compartments
are defined as generations I = 0-11 and I = 12-23, respec-
tively.

In the preceding text, predictions of the analytical
model have been compared with laboratory data from human
subject exposures. The agreement is excellent for particle
sizes experienced in aerosol therapy protocols. There are,
however, discrepancies between the theoretical results and
the experimental data for ultrafine particles as well as parti-
cles greater than =10 pm in size.

RESULTS AND DISCUSSION

In Fig. 6A—C aerosol deposition patterns have been cal-
culated for the breathing profile designated A in Fig. 1. The
effects of tidal volumes on lung deposition are demonstrated
in Fig. 6A. The curves are parallel (for all practical intents
and purposes), with decided minima in the =0.5- to 1-um
interval. As the tidal volume varied from 500 to 2000 mL,
lung deposition increased monotonically for all particle
sizes, and by as much as 100% over a wide size interval (i.c.,
0.03-3 wm). In Fig. 6B it is clearly demonstrated that there is
virtually no change in magnitude among the U-shaped family
of TB deposition curves with increasing tidal volumes at the
fixed inspiratory flow rate. It can be deduced, therefore, that
inspiratory flow rate is the ventilatory parameter which de-
termines the TB deposition fraction of an inhaled aerosol.
Conversely, the distinctly bimodal family of curves in Fig.
6C reveals that the increased deposition within the lung
which can be ascribed to increased tidal volume breathing
occurs entirely in the P region. The increased P deposition is
a result of deeper particle penetration into the lung at the
increased tidal volumes and the increased particle residence
times in peripheral airways associated with the respective
breathing profiles. The bimodal curves have peaks at about
0.02- and 5-pm sizes. For particles <0.01 and >10 pm, P
deposition decreases simply because of the pronounced fil-
tering efficiencies of the upstream TB compartment; that is,
particles which could be deposited in the alveolated airways
do not penetrate sufficiently into the lung.

The results for breathing profile B in Fig. 1 are pre-
sented in Fig. 7. Lung deposition (Fig. 7A) increases mono-
tonically with the duration of a breathing cycle; that is, de-
position is inversely related to inspiratory flow rate (except
for sizes >10 wm). For particles <0.1 um, the curves appear
to converge to an asymptote of =0.95. TB deposition values
(Fig. 7B) increase monotonically with inspiratory flow rates
for large particles (>1 pm) due to increased efficiency of the
inertial impaction mechanism. When particles are <0.1 pm,
however, TB deposition values decrease monotonically with
increases in inspiratory flow rates. For such small particles
diffusion characterizes motion, thus particle residence times
spent in airways are the Key factors determining deposition.
In this instance, the increasing inspiratory flow rate de-
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100

creases particle residence time in the TB compartment,
hence particle deposition also decreases. P deposition (Fig.
7C) is governed by particle residence times for all particle
sizes, and for an increased breathing cycle (i.e., a decreased
inspiratory flow rate) the mechanisms of diffusion and sed-
imentation have a longer time to operate, thus increasing
deposition (except for particles <0.01 wm). For these small-
est particles the reverse behavior is observed, namely, de-
position decreases monotonically with cycle time (or in-
creases with flow rate). This is due to the decrease in depo-
sition within the TB compartment as flow rates increase
which allows for enhanced deposition downstream. It is
quite apparent that the P deposition curves reflect particle
losses in the TB compartment. In total (Fig. 7A), lung de-
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position is more sensitive to the factor of particle residence
time than inspiratory flow rate.

In Fig. 8, the results for breathing profile C in Fig. 1 are
presented. The total deposition curves in Fig. 8A are essen-
tially parallel over a wide size range (about 0.03-3 um), then
converge to asymptotes signifying a deposition fraction of
0.95 or greater for both ends of the particle spectrum. Be-
cause flow rates are unchanged in these simulations, TB
deposition values (Fig. 8B) are coincident for each case ex-
amined. The effects of breath-hold times are to increase the
associated residence times of particles in the lung. This pro-
duces very ordered curves in the P region (Fig. 8C) and corre-
spondingly greater deposition with longer holding periods.

The deposition curves for breathing profile D in Fig. 1
are given in Fig. 9. The combined effect of simultaneously

1.2
A. breathing cycle (s)
c
2
°
3
o
[
a
o
<
3
-
100
<
2
«
o
a
L
a
=
L
Qo
c
2
£
)
o
L
(%)
3
-
100
0.8
c
8
@ 0.6
o
a
L
a
0.41
z
-]
c .
° ;
E  o02q//
=1 1
o
0.0 ~ - T o
.001 .01 B 1 10 100

Particle Diameter

Fig. 7. Calculated particle deposition within the whole lung (A) and
its TB (B) and P (C) components for breathing profile B in Fig. 1.
Particle sizes are in micrometers.



Ventilatory Effects on Aerosol Deposition

increasing inspiratory flow rates and tidal volumes is to in-
crease total deposition (Fig. 9A). The systematic family of
curves has a minimum of =~0.1 near the 0.5-pm size and
increases toward 0.9-1.0 deposition for very small (<0.01-
pm) and very large (>10-pm) particles. The TB deposition
curves (Fig. 9B) behave as those observed for increased in-
spiratory flow rates alone (Fig. 7B). The P deposition values
(Fig. 9C) increase monotonically with increasing tidal vol-
umes and flow rates except for particles >3 pm, which are
preferentially deposited in the proximal TB compartment.
Comparable changes were witnessed in Fig. 7C.

In conclusion, analytical models can be a valuable tool
in understanding factors affecting the deposition patterns of
particles within the human lung. In this text a developed
model has been validated by comparisons of theoretical cal-
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culations with experimental results from human subject ex-
posures and used to study the effects of ventilatory param-
eters on aerosol deposition. We have demonstrated that total
lung deposition and, perhaps more importantly, its spatial
distribution among TB and P airways can be markedly influ-
enced by breathing profiles. The findings have significance
regarding the efficacy of aerosol therapy by indicating that
inhaled pharmacologic drugs can be preferentially targeted
to desired locations for the prophylaxis and treatment of
airway diseases.
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