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The understanding of deposition of particles in the respiratory tract is of great value to risk assessment
of inhalation toxicology and to improve efficiency in drug delivery of inhalation therapies. There are
three main basic mechanisms of particle deposition based primarily on particle size: inertial impaction,
sedimentation and diffusion. The regional deposition in the lungs can be evaluated in regards to the
aerodynamic particle size, in which particle density plays a significant role. In this review paper, we
first introduce the available imaging techniques to confirm regional deposition of particles in the human
respiratory tract, such as planar scintigraphy, single photon emission computed tomography (SPECT)
and positron emission tomography (PET). These technologies have widely advanced and consequently
benefited the understanding of deposition pattern, although there is alack of lung dosimetry techniques to
evaluate the deposition of nanoparticles. Subsequently, we present a comprehensive review summarizing
the evidence available in the literature that confirms the deposition of smaller particles in the smaller
airways as opposed to the larger airways.
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1. Introduction pharmaceutical inhalation products for aerosol therapy and to risk

assessment of air pollutants that concerns toxicology.

Particles are deposited in the respiratory tract when they are
removed in a definitive fashion from the flow streamline generated
by the breathing maneuver. Understanding this process and the
factors influencing particles settlement in the surface of specific
regions of the airway tree has implications to the development of
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Besides pulmonary physiology of patients (e.g. breathing pat-
tern and lung geometry), particle deposition is also known to be
influenced by aerosol characteristics (Gonda, 2004; Zeng et al.,
2001). Namely, the physicochemical properties of inhaled aerosols
that can determine deposition are: size, size distribution, shape,
charge, density and hygroscopicity (Pilcer and Amighi, 2010). In the
field of aerosol medicine, particle size is a formulation design vari-
able that can be engineered accordingly, aiming the development
of pulmonary drug delivery systems (Chow et al., 2007; Shoyele
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Inertial Impaction

Fig. 1. Schematic diagram representing particle deposition in the lungs according
to different mechanisms related to particle size: inertial impaction, sedimentation
and diffusion. The diagram presents the smaller particles depositing in the lower
airways as opposed to the larger airways. The GI tract is omitted in this diagram.

and Cawthome, 2006). As we can examine from the mechanisms
of deposition, particle diameter is the primary factor determin-
ing pulmonary deposition of aerosols in the various regions of
the respiratory tract. Ultimately, inspiratory flow rate also plays
an important role in the particle deposition following pulmonary
administration (Dolovich, 2000).

In this review paper, we summarize the evidence available in the
literature to confirm that smaller particles delivered to the lungs are
deposited in the smaller airways as opposed to the larger airways
(Fig. 1). So, we first present the mechanisms of particle deposition
and the relevance of particle aerodynamic diameter for regional
lung deposition. Following, we present experimental techniques
that can be used to confirm regional deposition of particles in the
respiratory tract. Our focus herein is on evidence of deposition pat-
terns applied to inhalation therapies in humans, based on available
data about particle aerodynamic size.

2. Mechanisms of particle deposition

There are five different mechanisms by which particle depo-
sition can occur in the lungs: inertial impaction, sedimentation,
diffusion, interception and electrostatic precipitation. The two lat-
ter mechanisms are related, respectively, to particle shape (e.g.
elongated particles) and electrostatic charges; and have been
reviewed in detail elsewhere (Gonda, 2004; Zeng et al., 2001). The
mechanisms of deposition directly (or inversely) related to particle
size are presented in Fig. 2.

2.1. Inertial impaction

Inertial impaction occurs when airborne particles possess
enough momentum to keep its trajectory despite changes in direc-
tion of the air stream, consequently colliding with the walls of the
respiratory tract. The chances of deposition by impact are increased
when the particles are more likely to travel longer distances, S,
which is based on the particle mobility (velocity per unit force),
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Fig. 2. The influence of particle size on deposition. d: particle diameter; Stk: Stokes
number; p,: particle density; V: air velocity; »: air viscosity; R: airway radius; Vis:
terminal settling velocity; p,: air density; g: gravitational acceleration; Dif: diffu-
sion coefficient; k: Boltzmann’s constant; T: absolute temperature; d,e: aerodynamic
diameter; po: unity density.

B, mass, m, and velocity, v, according to Eq. (1) (Gonda, 2004):
S=B-m-v (1)

The dimensionless Stokes’ number, Stk, more specifically describes
the probability of particle deposition in the airways via impaction.
The higher the Stokes’ number, the more readily particles will be
deposited by inertial impaction, according to Eq. (2):

pp-d>. v
Stk = 18R
where p,, is the particle density, d is the particle diameter, Vis the air
velocity, 7 is the air viscosity and R is the airway radius. Therefore,
considering the bifurcated architecture of the lungs, large particles
travelling through the airways at high airflow velocity are more
likely to impact in the proximal portion of the respiratory tract
(upper airways) (Zeng et al., 2001).

(2)

2.2. Sedimentation

Sedimentation is a time-dependent process in which particles
settle due to the influence of gravity. Hence, breathing maneuvers
in which more time is allowed for the particles to sediment (e.g.
breath-holding) may increase lung deposition (Zeng et al., 2001).
The Stokes’ Law assumes that the relative velocity between the
surface of the particle and the airstream is null. Considering unit
density spheres of 1-40 pm, Stokes’ law can be used to predict the
terminal settling velocity, Vis, according to Eq. (3):

(pp—pa)-d?-g
187
where pq is the density of air (op > pg) and g is the gravitational
acceleration (Gonda, 2004). However, for particles smaller than
10 pm, a slip correction factor (C.) derived by Cunningham should

be applied to Stokes’ law, as described in Eq. (4) (Crowder et al.,
2002).

Vis = (3)

As
Cc=1+Kn- [A1+A2~exp (—H)} (4)
where Kn is the Knudsen Number, and A1, A, and A3 are constants.
The size-dependence of this equation is related to the balance
between the downward force exerted by the particle and the resis-
tant force for which Stokes’ law is valid. With increased air flow,
the stream becomes turbulent and the deposition by impaction
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increases (Zeng et al., 2001). Therefore, this equation assumes lam-

inar flow within the airways, as defined by the Reynolds number,

Re (Eq. (5)).

Pa-V-d
n

Interestingly, the effect of gravity on particle sedimentation has
recently been evaluated by the National Aeronautics and Space
Administration (NASA). Inhalation of lunar dust is a concern for
potential toxicological effects to future explorers of the moon
(Darquenne and Prisk, 2008). Six healthy subjects were adminis-
tered aerosols with particle diameters of 0.5 and 1.0 wm on the
ground (1 g) and during short periods of lunar gravity (1/6 g). In this
study, the researchers found that, although the deposition of fine
particles is greater on earth, peripheral deposition was improved
at low gravity for those particles that are actually deposited in the
lunar environment.

Re = (5)

2.3. Diffusion

Diffusion occurs when particles are sufficiently small to undergo
a random motion due to molecular bombardment. This process,
also known as Brownian motion, is correlated to particle size,
according to Stokes-Einstein equation (Eq. (6)) (Gonda, 2004):

k-T
3m-n-d
where Dif is the diffusion coefficient, k is the Boltzmann’s con-
stant and T is the absolute temperature. Different from impaction
and sedimentation mechanisms, diffusional deposition is therefore
inversely related to particle size.

Dif = (6)

3. Particle aerodynamic diameter

Aerosols for inhalation vary not only on geometric particle size
and size distribution, but also in a number of other factors that
influence particle deposition: physical state (liquid or solid), den-
sity, shape and velocity. In addition, a dynamic system of forces
is interacting with the airborne particles throughout the airways,
namely: gravity, resistant force of the inspiratory air and inertial
force. The balance between these forces and the aerosol properties
ultimately determines the mechanism of particle deposition in the
lungs (de Boer et al., 2002).

The aerodynamic diameter, d,e, is, by definition, the diameter of
a sphere with unit density (p = 1), having the same terminal settling
velocity in still air as the particle in consideration (de Boer et al.,
2002). Considering the particle characteristics, this independent
variable can therefore correlate the effect of geometric diameter
and particle density, as described in Eq. (7):

—d. |2
dae =d o (7)

where d is the actual diameter of the sphere, p is the spherical parti-
cledensity and pg is unit density. For non-spherical particles, which
are more prone to deposition via interception, the particle shape
also influences the aerodynamic diameter and therefore correction
for shape factors are applied (Gonda, 2004; Zeng et al., 2001).

The relationship between the geometric diameter and the par-
ticle density for aerodynamic diameter is illustrated by a study of
large porous particles for pulmonary delivery (Edwards etal., 1997).
In this investigation, Edwards et al. have effectively delivered very
light weight large particles (p=0.1g/cm3; d=8.5 um) to the deep
lung. Therefore, aerodynamic diameter, as opposed to geometric
diameter, must be used as independent variable to relate to parti-
cle deposition governed primarily by inertial impaction (Mitchell
and Nagel, 2003). In vitro determination of the aerodynamic size of
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Fig. 3. Commonly used methods for assessment of regional lung deposition. 2D:
two-dimensional; 3D: three-dimensional; SPECT: Single Photon Emission Com-
puted Tomography; PET: Positron Emission Tomography.

inhalation products can be performed by cascade impactors, includ-
ing Andersen Cascade Impactors, Multi-Stage Liquid Impinger and
Next Generation Cascade Impactors (de Boer et al., 2002). This char-
acterization is essential to evaluate the particle deposition in the
lungs. Usually, the mass median aerodynamic diameter (MMAD)
and the geometric standard deviation (GSD) are reported. MMAD
is the cut off particle size in which 50% of the mass of the aerosol
is smaller and the other 50% is larger than the referred parameter
(Jaafar-Maalej et al., 2009). MMAD is a measure of central tendency
while GSD indicates the magnitude of dispersity from the MMAD
value (Pilcer et al., 2008).

During the inhalation process of pharmaceutical products, a spe-
cific device is positioned in the mouth of the patients and the drug
particles are aerosolized. These particles travel throughout the air-
ways with a number of factors determining its deposition in the
respiratory tract, which can be anywhere from the oral cavity to
the alveoli. There are a number of mathematical models and com-
putational tools available in the literature that aids in predicting
the deposition patterns of particles in the whole lung and in its
specific regions, even considering different disease states. These
topics have recently been reviewed and beyond the scope of this
review (Balashazy et al., 2007; Kleinstreuer et al., 2008; Martonen
et al., 2003; Rostami, 2009).

4. Assessment of regional lung deposition

An overview of the commonly used techniques is presented in
Fig. 3. There are two basic methods to identify drug deposition
in the lungs following inhalation: pharmacokinetic methods and
gamma-scintigraphy techniques (Cryan et al., 2007). The former
one can only provide information about total lung dose, based on
plasma concentrations and/or urinary recovery (Chrystyn, 2001;
Koehler et al., 2003). On the other hand, besides quantifying total
lung deposition, radionuclide imaging (or gamma-scintigraphy) is
the primary technology used to differentiate between depositions
into different zones of human lungs (Moller et al., 2009b). This
in vivo imaging technology is greatly valued due to its ability to
provide visual confirmation (and therefore convincing evidence)
that the dosage form is functioning in the way it is designed
to, by demonstrating that the drug particles are being deposited
into the lungs following inhalation. Initially, two-dimensional
gamma-scintigraphy was used as imaging technique for deliv-
ery of inhaled drugs. Lately, tridimensional imaging technologies
have been applied for more accurate particle deposition in the
human respiratory tract, including single photon emission com-
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puted tomography (SPECT) and positron emission tomography
(PET). More recently, a new experimental technique based on mag-
netic resonance imaging (MRI) has been published and is herein
discussed briefly.

4.1. Two-dimensional gamma scintigraphy

This planar imaging technique has been extensively used to
assess the delivery efficiency of inhaled drugs (Davis et al., 1992;
Newman, 1993), in which deposition patterns can be determined
for different formulations and devices used for pulmonary admin-
istration. Usually, the radiolabelling process involves adsorbing
the imaging agent to the surface of the drug particle (Newman
et al., 2002) or adding the radionuclide to the nebulizer solu-
tion (Coates et al., 2008; Schmekel et al., 2002). The radionuclide
Technetium (°°™Tc, half life of 6h) has been widely utilized as
radiolabelling agent for imaging of structure and function of dif-
ferent organs (Clark et al., 2008). Other radionuclides include 111In,
123] and 67Ga (Newman et al., 2003). Mucociliary clearance, cough-
ing and rapid permeability of the tracer through the airways limit
the process to a short period of time when evaluating particle
deposition patterns (Chrystyn, 2001). Despite this, accurate quan-
tification of particle deposition in the lungs can be obtained, as
long as drug and radionuclide distributions for comparative par-
ticle size ranges are equivalent and the radiolabelling process
does not affect the particle size distribution of the drug (Farr,
1996).

Gamma scintigraphy operates with either a single-headed or
dual-headed gamma camera positioned to take static images. When
fitted into a two-dimensional perspective these images can provide
information about the distribution of the radiolabelling agent in the
organ of interest (Newman and Wilding, 1999). To determine the
specific region at which particles are deposited onto the lung using
gamma scintigraphic methods, it is common practice to spatially
divide the lungs into sections of interest (e.g. central, intermedi-
ate and peripheral) using computer tools. Based on the regions of
interest, the Peripheral to Central (P/C) ratio (or, inversely, the Cen-
tral to Peripheral C/P ratio) of particle deposition is widely used as
planar index (Chrystyn, 2001; Newman et al., 2003). In this image
division, the peripheral zone refers mainly to the small airways
(<2 mm) while the central portion of the lung represents the larger
airways. Hence, the P/C ratio correlates to the proportion of drug
particles deposited in the respiratory bronchiole/alveolar region as
compared to tracheobronchial regions of the lung.

One of the main drawbacks of the planar scintigraphy though
is the projection of the (three-dimensional) lung structure into
a two-dimensional image. Relative particle deposition at differ-
ent plane levels of the lungs may obscure the real deposition
pattern when using this technique. Consequently, the lack of
three-dimensional resolution can cause overestimation of depo-
sition due to overlapping airways. Based on a coronal position
image, this effect is considerably higher in the hilar region and
gradually decreases towards the small airways in the periph-
ery. Hence, it has been highly recommended to correct for
attenuation of the radioactivity in the chest wall (Dolovich,
2000; Moller et al., 2009a). To overcome this issue, SPECT
and PET provide information about three-dimensional intra-
pulmonary deposition pattern that can reduce this source of
error.

4.2. Single photon emission computed tomography (SPECT)

With the gamma camera rotating through 360°, SPECT provides
three-dimensional image of the lungs (Chrystyn, 2001). Similar to
gamma scintigraphy, the single-headed cameras rotate around the
chest of the patient laid in supine position. However, with single

detector cameras the scanning time can be unacceptably long (e.g.
greater than 15 min), since relative quantification can be erroneous
due to significant absorption, mucociliary clearance (1 mm/min),
or cough (Berridge et al., 2000b; Chan et al., 1999). For this rea-
son, twin-headed or even triple-headed cameras have been used
to boost analysis efficiency.

Using the same radiolabelling method as in gamma scintig-
raphy, the obtained scans can be used to reconstruct the
three-dimensional distribution of the particles in the lungs using an
algorithm (Newman et al., 2003). SPECT can then be used to deter-
mine regional lung deposition by differentiating between small
and large airways (Eberl et al., 2006). As opposed to planar sec-
tions (based on pixels), the lung structure can be divided into
volumes of interest, also known as voxels. For instance, in one of
these techniques, the airway tree is arbitrarily divided into lung
layers in the shape of concentric “shells” with the main bronchial
bifurcation as the reference point (Berridge et al., 2003; Fleming
et al,, 1997). Based on gamma camera counts, these shells are fur-
ther converted into spatial distributions that can consequently be
used in the definition of Penetration Index (PI=P/C or C/P ratio).
Given the arbitrary definition of this index established according
to the research group, they should be analyzed on a case-by-case
basis.

More recently, the development of 3D in silico models that can be
superimposed on laboratory images of SPECT and PET may improve
the interpretation of regional particle deposition in the lungs from
clinical data (Martonen et al., 2005, 2007). In this manner, the indi-
vidual anatomy is preserved and, based on the airway dimensions
of a lung model; the airway generation contribution to each shell
can be detailed. Unquestionably, such 3D in silico model is a pow-
erful tool to better elucidate regional particle deposition patterns
in the airways.

4.3. Positron emission tomography (PET)

While in SPECT the formulation is radiolabelled with surro-
gate markers like 9°™Tc, PET incorporates positron emitters such
as 11C and '8F into the drug molecule (Chrystyn, 2001; Newman
et al.,, 2003; van Waarde et al., 2005). Although the radiolabelling
method in PET is considerably more elaborated, some drugs have
been used for PET studies as aerosols, including: 11 C-triamcinolone
(Berridge et al., 2000a), !1C-formoterol (Visser et al., 1998), 18F-
insulin (Guenther et al., 2006), 124I-insulin, and 125I-insulin (lozzo
et al., 2002). Alternatively, the lung physiology can be studied by
using aerosols of 18F-Fluorodeoxyglucose (FDG - Dolovich, 2009).
The need to formulate the radiolabelled drug into an inhaled dosage
form (e.g. dry powder) and further load it into the respective deliv-
ery device (e.g. dry powder inhaler) requires consideration of the
isotope decay from the time the radiolabelling process is finished.
This procedure can be very challenging when considering the short
half lives of these radionuclides: 20 min for ''C and 110 min for 18F
(Dolovich and Labiris, 2004).

In studying pulmonary deposition based on particle size,
changes in the physicochemical properties of the particles due to
the addition or incorporation of the radionuclide into the drug
molecule or formulation may occur. Therefore, a verification that
the particle size distribution after introduction of the tracer into
the formulation has not changed significantly is required (Berridge
et al,, 2003). For instance, an investigation of budesonide deliv-
ered with pressurized Metered Dose Inhaler (pMDI), pMDI with
Nebuhaler®, a large volume spacer, and Turbuhaler®, a dry powder
inhaler (DPI) in eight asthmatic patients using gamma scintigraphy
showed a P/C ratio of 1.24, 1.22 and 0.64, respectively (Thorsson
et al., 1998). Despite the increased peripheral deposition of the
pMDI device, however, the incorporation of 2™Tc tracer to the
formulation did not present similar sizes before and after the
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radiolabelling process. In this case, underestimation of particle
deposition may have occurred.

4.4. Magnetic resonance imaging (MRI)

More recently, a MRI method of measuring regional lung depo-
sition has been published based on superparamagnetic iron oxide
nanoparticles (Martin et al., 2008). The feasibility of this method
was demonstrated in a study where mice were administered col-
loidal suspensions of the nanoparticles via a nose-only inhalation
chamber. The MMAD of the aerosol droplets formed using a Pari LC
Star® jet nebulizer was 5.6 +0.8 um, with a geometric standard
deviation (GSD) of 1.304+0.03 (n=6), as measured by time-of-
flight technique (Shekunov et al., 2007). The longitudinal relaxation
time of 12 axial slices of the lungs was analyzed using MRI and
subsequently converted to iron concentration. The methodology
showed potential for analysis of regional lung deposition, result-
ing in greater concentration of iron in central regions of the mice
lungs. This is an expected result, based on MMAD value, as it is
discussed in more details in the next section. As such, this tech-
nique has a potential as an alternative for scintigraphic methods
for determining deposition patterns in the various regions of the
lungs. Additionally, this experimental technique also shows con-
siderable promise for evaluation of magnetic-based formulations
for pulmonary drug delivery, in which particles are already loaded
with iron oxide (Xie et al., 2010).

5. Particle deposition in the lungs

Stahlhofen and coworkers have previously studied the effect of
particle size on lung deposition in a systematic experimental design
with subjects inhaling monodisperse aerosols during tidal breath-
ing (Stahlhofen et al., 1989). With a tube inserted into the mouth,
the oropharyngeal (mouth and throat) deposition for particles
greater than 10 pm was more than 90% and 50% at 60 and 18 L/min,
respectively. In their study, the smaller airways were differentiated
by the larger airways according to the time of particle clearance
from the lungs based on scintigraphic methods. A “fast-cleared”
fraction was correlated to lung deposition at the tracheobronchial
region (or larger airways), attributed to the known mechanism of
mucociliary clearance in this area. Alternatively, a “slow-cleared”
fraction was correlated to the absence of cilia in the terminal por-
tion of the airway, indicating deposition in the lower airways and
an expected particle clearance at approximately one day. By sub-
tracting the slow-cleared fraction observed after a period of about
24 h from the initial total lung dose, the regional deposition of par-
ticles is determined (Finlay, 2001). According to this experimental
design and with particle aerodynamic diameter measured at an
airflow rate of 30 L/min, it was found by Stahlhofen et al. that parti-
cles of approximately 6 and 3 wm are deposited predominantly in
the larger and smaller airways, respectively. Notably a high inter-
subject variability was observed (Stahlhofen et al., 1989). These
results are in agreement with the particular mechanisms of depo-
sition: inertial impaction and sedimentation. Interestingly, it was
also found in this study that as particle sizes decrease to submi-
cron dimensions the total lung deposition also decreased. With
further decrease in particle size into the nanometric scale, the total
lung deposition increased back to levels equivalent or greater than
micronized particles (Fig. 4). This minimum of total lung deposition
may be attributed to a crossover between predominance of diffu-
sion versus impaction/sedimentation mechanisms based on their
particle sizes (Finlay, 2001).

Similar studies in terms of experimental design are reported
in the literature (Meyer et al., 2003). However, there is evidence
supporting that some particles depositing in the tracheobronchial
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Fig. 4. Average predicted total and regional lung deposition based on International
Commission on Radiological Protection (ICRP) deposition model for nose breathing
males and females engaged in light exercise. Alv: alveolar region; TB: tracheo-
bronchial region.

Source: Figure reprinted with permission from Hinds (1999).

region are actually cleared slowly and independent on their geo-
metric diameters (Smith et al., 2008). Therefore, the accuracy in
determining regional pulmonary deposition from different particle
sizes based on particle clearance should be evaluated with caution.

Early on, evidence about the deposition of smaller particles
in the smaller airways also emerged from related therapeutic
response. According to the pathophysiology of asthma, inflam-
mation may occur throughout the entire airway. Given the easy
accessibility of the large airways, early studies related to this
chronicinflammation had been done in the proximal central region,
neglecting the occurrence in the distal airways (Carroll et al., 1993).
In a series of studies, Zanen and coworkers demonstrated a sig-
nificant improvement in lung function of stable asthma patients
may be influenced by disease severity as well as particle charac-
teristics. In the first study, monodisperse solutions of ipratropium
bromide were aerosolized to mild asthma patients, with MMADs
of 1.5, 2.8 and 5.0 um and GSDs smaller than 1.2 (Zanen et al.,
1995). Improvement in forced expired volume was observed for
patients inhaling equivalent doses of aerosols with MMADs of 1.5
and 2.8 pm only. Following this study, monodisperse salbutamol or
ipratropium bromide solutions were administered in equal doses
to asthma patients with severe obstruction (Zanen et al., 1996).
For aerosols with the same aerodynamic characteristics as in the
previous study, only particles with MMADs of approximately 3 um
presented improvement in the respiratory tract in this subset of
patients. Not able to visualize the deposition patterns with imag-
ing techniques, the authors were unable to explain why the aerosol
with small particles (MMAD of 1.5 wm) presented similar lung func-
tion improvement as the solution aerosolized presenting larger
particles (MMAD of 5.0 wm). These data suggest that aerodynamic
diameter, geometric standard deviation and the degree of under-
lying airway disease may all impact the delivery as well as the
therapeutic response to inhaled medications. Finally, Zanen et al.
compared the monodisperse ipratropium bromide aerosol (MMAD
2.8 pm; GSD 1.1) with a polydispersed pMDI formulation of the
same drug (MMAD 1.8; GSD 2.0) (Zanen et al., 1998). The wide dis-
tribution of particle sizes of the pMDI formulation was found to be
not as efficacious as the monodisperse delivery of the aerosol, based
on lung function improvement. Subsequent studies have found that
inflammation at distal portions of the lungs play a significant role in
development and persistence of asthma symptoms (Martin, 2002).

More evidence for the deposition of smaller particles in the
lower airways occurred after chlorofluorocarbons (CFC) were man-
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dated to be removed from pMDIs, according to the 1987 Montreal
Protocol on Substances that Deplete the Ozone Layer (UNEP,
1987). Gradually, the propellant CFC was being phased out and
substituted by hydrofluoroalkanes (HFA), given its safety pro-
file (Emmen et al., 2000). The need for reformulation provided
the opportunity to produce solutions of inhaled corticosteroids
(e.g. flunisolide and beclomethasone) with the propellant HFA,
as opposed to the then available CFC-based suspensions (Corren
and Tashkin, 2003; Vanden Burgt et al., 2000). The HFA-based
formulation of beclomethasone dipropionate (QVAR®) was able
to produce aerosols with MMADs of 1.1-1.2 wm, much smaller
aerodynamic particle sizes than the CFC-based formulations with
MMADs varying from 3.5 to 4.0 wum. Several studies comparing
QVAR® and CFC-based formulations were performed for inhaled
corticosteroids like beclomethasone and flunisolide (Corren and
Tashkin, 2003; Leach et al., 1998; Leach et al., 2005). The depo-
sition patterns were based on percentage of 2°MTc radiolabelled
particles deposited in the oropharyngeal cavity (upper airways)
versus the deposition in the deep lung (lower airways). The
smaller aerodynamic particles of the HFA-based solution formula-
tion were consistently deposited in the deep lungs in a considerably
higher proportion than with the CFC-based suspension formu-
lations. Such findings have not been consistent with all HFA
formulations though. Scintigraphic studies for beclomethasone
and flunisolide HFA show dramatically increased lung deposition
(50-70%) when compared to CFC formulations (5-20%) (Martin,
2002). The increased solubility in HFA for some drugs is likely the
reason for smaller particle size. The importance of solubility on the
particle size is illustrated by the scintigraphic studies of mometa-
sone furoate HFA. Unlike the HFA-soluble drugs beclomethasone
and flunisolide, mometasone furoate is currently delivered in an
aerosol suspension. Studies by Pickering et al. demonstrated lung
deposition of mometasone furoate HFA of approximately 14% for a
formulation presenting only approximately 20% of particles smaller
than 5.8 wm (Pickering et al., 2000). Thus, in evaluating the reduc-
tion in particle size with HFA-based formulations, one must take
into account drug solubility. Therefore, the relatively low lung
deposition of mometasone furoate HFA has been shown to be sim-
ilar to the CFC-based suspension formulations. Importantly, both
present larger particle sizes than the HFA-based solution formula-
tions.

pMDIs represent a high ballistic effect when actuated and
therefore the particles are more prone to deposit via inertial
impaction (Labiris and Dolovich, 2003). On the other hand, aerosols
generated by nebulizers may be more dependent on the breath-
ing pattern of patients (Gurses and Smaldone, 2003). Sangwan
and coworkers have investigated the regional deposition pat-
terns from aerosols generated by Misty-Neb® (MMAD=3.1 um)
and AeroEclipse® (MMAD=2.2 wm) (Sangwan et al., 2003). The
total lung deposition measured by two-dimensional scintigraphy
was two-fold smaller for the aerosols with larger particle size,
and therefore presented a proportional increase in oropharyngeal
deposition. The peripheral deposition though was higher for the
aerosols generated from Misty-Neb®, with a C/P ratio of 1.5 as
compared to 1.9 for AeroEclipse®. This controversial finding was
attributed to the relatively extended time required for nebuliza-
tion with the breath-actuated nebulizer AeroEclipse® (20 min). As
discussed earlier, the use of single-headed SPECT presents the dis-
advantage of long scanning times, allowing for particle clearance
to occur. In the same manner, the effect of extended time due to
aerosol generation may have hindered the evidence of small par-
ticles depositing in the alveoli. Nevertheless, the evidence that the
larger particles were deposited in the upper airways was confirmed.

Also using planar gamma-scintigraphy, an evaluation of the
regional deposition of monodisperse particles was performed in
twelve asthma patients in a more recent study (Usmani et al., 2005).

Albuterol was radiolabelled with 9°™Tc and aerosolized using a
spinning-disk aerosol generator able to provide a GSD smaller than
1.22. Forregional deposition analysis, the lung images were divided
in three different zones: central, intermediate and peripheral. The
penetration index (P/C ratio) results for particles with MMADs of
1.5, 3.0 and 6.0 pm were 0.79, 0.60 and 0.36, respectively. When
considering central and intermediate zones together, the percent-
age of deposition in the peripheral lung zone compared to the total
lung dose was still high for smaller particles: 44,34 and 25%, respec-
tively. The increase in penetration index values with decreasing
particle sizes observed in this study clearly confirms the deposition
of smaller particles in the smaller airways (peripheral lung region).
On the other hand, larger particles are more likely to deposit in
the upper airways that present a larger caliber. The deposition pat-
tern of monodispersed particles with aerodynamic diameters of 1,
2.75 and 4.75 p.m were reported likewise in another study (Brand
etal., 1999). In this investigation, 90% of the larger particles (MMAD
4.75 wm) were deposited in the upper airways. Also, increase in
airflow rate demonstrated the effect of inertial impaction in larger
particles, by increasing deposition in the upper respiratory tract.

With the advances in SPECT instrumentation, multi-headed
cameras have been used to decrease the image acquisition time
and provide more reliable regional deposition patterns in the
lungs. Eberl and coworkers have introduced a dynamic SPECT
technique in which acceptable image quality was obtained with
2-min frame using a triple-detector gamma camera (Brand et al.,
1999; Chan et al., 2002; Eberl et al.,, 2001). In this study, the
investigators compared the sensitivity of planar scintigraphy data
with fast acquisition of three-dimensional images from SPECT.
For the comparison, saline solutions containing 2™Tc-DTPA tracer
with different tonicity (hypertonic and normal saline) and droplet
sizes (MMADs of 3.2 and 6.5 pm and span indices of 1.8 and 1.7,
respectively) were aerosolized to six human subjects during tidal
breathing. Using laser diffractometry, the span index was defined as
the difference between 90 and 10% cumulative volumes, divided by
volume mean diameter: span=(Dv(gg) — DV(10))/DV(s0). The hyper-
tonic saline aerosols were expected to undergo hygroscopic growth
as the droplets travel through the humid airways. Though, due to
insufficient time for growth coupled with effect of mass transfer,
the increase in aerodynamic diameter by small hypertonic saline
droplets was expected by the authors to reach an intermediate
size between 3.2 and 6.5 wm. Consequently, it would be expected
to demonstrate a pulmonary deposition pattern intermediate to
the smaller and bigger airways. Based on the work by Fleming
etal. (1997), the lung images from SPECT were likewise subdivided
into concentric shells as previously explained and the regional
deposition of the particles in the lungs was determined accord-
ing to the penetration index (P/C ratio). However, only deposition
in the right lung was considered, since the image of the left lung
may include confounding factors from the stomach and cardiac
shadow.

In fact, the three-dimensional imaging technique proved to
demonstrate a higher sensitivity than the planar scintigraphy. Not
surprisingly, both techniques were able to detect the significant
differences in penetration index that could be observed between
the small normal saline and the large (both hypertonic and normal
saline) droplets. However, the dynamic SPECT imaging was able
to additionally identify significant differences in intermediate par-
ticle sizes being deposited in intermediate regions of the airways
that could not be achieved by the two-dimensional scintigraphic
method. More importantly, the study was able to demonstrate that
smaller particles are deposited more peripherally in the lungs. The
mean (+SEM) penetration indexes as measured by SPECT for small
normal saline, small hypertonic saline, large normal saline and
large hypertonic saline droplets were, respectively, 0.501 4-0.043,
0.432 +0.022, 0.358 +0.024, and 0.338 +£0.017. Interestingly, no
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significant difference in regional pulmonary deposition was found
between the different tonicities of large droplets. This finding may
be related to the already central deposition of these larger aerody-
namic particles, with little further hygroscopic effect to the large
hypertonic saline aerosol.

A similar study has recently been published to confirm the
deposition of small particles in the peripheral region of the lungs,
following pulmonary administration using an Aeroliser® DPI device
(Glover et al., 2008). Eight healthy volunteers were dosed with
powder aerosols of mannitol radiolabelled with 9°™Tc complexed
to Diethylene Triamine Pentaacetic Acid (DTPA) prepared by co-
spray drying. The incorporation of radionuclide to mannitol did
not present difference in particle sizes. This indicates the validity of
using this radiolabelling method to determine the mannitol deposi-
tion in the lungs by measuring the radioactivity. The three different
formulations evaluated presented particles with MMADs of 2.7, 3.6
and 5.4 pmand GSDs 0f 2.6, 2.4 and 2.7. The lungs of the human sub-
jects were analyzed using SPECT and the images were divided into
10 concentric shells: central (5 innermost shells), peripheral (2 out-
ermost shells)and intermediate (remaining 3 shells). Aninteresting
finding from this study was that decreasing the particle aero-
dynamic diameter from 5.4 to 3.6 wm significantly increased the
peripheral deposition. However, decreasing MMAD further from
3.6 to 2.7 wm did not improve significantly particle deposition in
the lung periphery. With a greater deposition of the smaller parti-
cles more diffusively throughout the lungs consequently provided
a greater lung dose. Alternatively, the deposition in the upper air-
ways was significantly higher for bigger particles (>70%).

In addition, Glover and coworkers investigated an intersub-
ject variation in total lung dose based on individual subject flow
patterns and inspiratory airflow rate. With peak inhalation flow
greater than 90 L/min for all patients, no correlation could be drawn
since no difference in in vitro deposition was found between airflow
rates of 60 and 100 L/min. Results of airflow rate and deposition
patterns have been previously correlated, however using different
DPI devices (Inhalator™) (Glover et al., 2006) or the same device
with different airflow rate ranges (Meyer et al., 2004). Although a
consistent polydispersity characteristic was observed for the three
different formulations of mannitol powder, the results obtained in
this investigation using a more reliable imaging tool (SPECT) for
regional lung deposition helps to support the evidence that aero-
dynamically smaller particles deposit in the smaller airways.

While regional lung deposition of micronized aerosols is more
frequently reported, the investigation of nanometer aerosols depo-
sition in specific regions of the lungs is not available in the
literature. Considering the late advances in nanotechnology, the
regional dosimetry of nanoaerosols has been identified as a specific
gap by the National Institute for Occupational Safety and Health
(NIOSH, 2005). More recently, Ruzer and Apte discussed the diffi-
culties related to available experimental techniques for assessment
of local deposition of nanoparticles (i.e. particles ranging from 1 to
100 nm) in humans (Ruzer and Apte, 2010). The authors then go on
to propose a potential method to be used for this purpose based
on the unattached fraction of radon progeny. This marker forms
naturally by decay of the inert radioactive gas radon and presents
the smallest radioactive size, 1 nm. Through diffusion mechanism,
this marker can deposit onto the surface of particles ranging from
nanometer to micrometer dimensions and therefore has a potential
for application in the regional dosimetry of nanoparticle aerosols.
This approach has been previously used for determining extratho-
racic deposition patterns in the human respiratory tract following
nose- and mouth-breathing (Butterweck et al., 2001).

Nonetheless, a formulation of salbutamol with primary particles
in the geometric nanosize range has been investigated for the local
lung deposition (Bhavna et al., 2009). The Quasi-Elastic Light Scat-
tering (QELS) results from this study showed that more than 70% of

the particles prepared by spray-drying had a diameter smaller than
100 nm. The particle size results were confirmed by Scanning Elec-
tron Microscopy (SEM), which also demonstrated a well-defined
round shaped morphology. The nanoparticles obtained were then
compared to micronized particles of salbutamol in terms of aerody-
namic diameter and regional deposition following inhalation with
a Rotahaler® DPI device. The nano-salbutamol formulation pre-
sented an MMAD of 1.6 wm, with the discrepancy to the geometric
diameter attributed to a potential aggregation due to interpar-
ticle adhesion in the dry state. Despite of that, the distribution
of particle deposition in the Andersen Cascade Impactor showed
that approximately 20% of the formulation presented aerodynamic
diameter smaller than 150 nm. The MMAD of the micronized drug
was approximately 3.1 wm. The healthy volunteers were trained
to retain the breath for 10s following deep inhalation and exhale
into a collecting bag. Considering the diffusion mechanism related
to ultrafine particles, an improvement in deposition of particles
is expected with this breath-holding maneuver (Kim and Jaques,
2005). The planar scintigraphy imaging results, using the tracer
99mTc showed a peripheral deposition of the nanoparticles greater
than 2-fold higher than the micronized salbutamol and a minimal
exhaled fraction (<1% of the emitted dose).

Similarly to the results obtained with humans, the studies in ani-
mals have presented the same evidence for the deposition of small
particles in the lower (smaller) airways, despite the differences in
the structure of their respiratory tract and breathing character-
istics (nose versus mouth breathing) (Miller et al., 1993). Animal
species studied include rodents, dogs, minipigs, and monkeys; and
intraspecies variability has been reported to be similar to that of
humans (Cheng et al., 2008; Schlesinger, 1985; Windt et al., 2010).
Besides the scintigraphic techniques generally used for studies in
humans, more recently a fluorescent imaging method has been
introduced to study deposition patterns in lungs of animals (Yi et al.,
2010).

Age is a determinant factor in the airway caliber of humans,
with both increasing gradually from the newborn to the adult
phase. Considering this fact, formulations developed for inhalation
therapy based on adults may have a significant impact on their
application to infants and young children. The relatively smaller
airways of this subset of patients are a critical factor for the drug to
reach the lower airways (Amirav et al., 2010; Schuepp et al., 2004b).

For this reason, some studies have investigated specifically
the importance of aerosol formulations with smaller aerodynamic
particle sizes to be delivered to children. In certain studies, the
distinction in particle deposition is based solely on the differ-
ence in radioactivity observed in intra- and extrathoracic regions.
Although they lack distinctive information on more specific pul-
monary regions (e.g. terminal airway region), these investigations
provide valuable data from a different viewpoint, in which they are
based on differences in particle deposition between oropharyngeal
(larger airways) and deep lung (lower airways). Comparing depo-
sition in the lower versus the upper respiratory tract, budesonide
droplets radiolabelled with 9°™T¢ presented MMADs of 2.5 um
(GSD of 1.25) and 4.2 pum (GSD of 2.0) after nebulization with
eFlow® and Pari LC Plus® nebulizers, respectively (Schuepp et al.,
2004a). Using planar gamma scintigraphy to analyze six asymp-
tomatic three-year old children, Schuepp and coworkers found
that lung deposition was 36-38% and 5-8%, for children inhal-
ing particles with MMADs of 2.5 and 4.2 pm, respectively. In a
similar study, jet nebulizers were used to produce aerosols with
MMADs of 3.6 and 7.7 pwm (Mallol et al., 1996). With 20 asymp-
tomatic cystic fibrosis patients, ages 3- to 24-months old, lung
deposition of nebulized small particles was also greater than large
particles. The ideal size of particles and best method of delivery;
however, have not been clearly established in infants and young
children.
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6. Establishing clear relationships

The respiratory tract is a complex anatomical structure in which
the upper airways gradually decrease in diameter down to the
small dimensions of the terminal airways and alveoli. The in vitro
determination of aerodynamic diameters has long been explored
as a parameter to correlate regional lung deposition with in vivo
studies. For the development of inhalation products, the use of cas-
cade impactors highly benefits the fast screening of formulations.
Hence, since the studies from Stahlhofen et al., in the late 1980s,
the optimal particle sizes for inhalation products have been highly
speculated. Consequently, rules-of-thumb have arisen. The most
common one found in publications related to development of for-
mulations for pulmonary delivery is that particles in the range of
1-5wm are deposited in the deep lungs; while those larger than
10 wm are generally deposited in the oropharyngeal region and
the particles smaller than 1 um are exhaled (Chow et al., 2007;
Haughney et al., 2010; Malcolmson and Embleton, 1998; Usmani,
2009). In an attempt to determine a more consistent in vitro/in vivo
relationship, Newman and Chan have evaluated the results avail-
able in the literature for DPIs and pMDIs (Newman and Chan, 2008).
Comparing the whole-lung deposition as a function of fine particle
fraction, they found that the scattered data straddled the line of
identity when particles were smaller than 3 pm. This may suggest
an upper limit for particle size related to deposition in the deep
lungs. So far, this finding in conjunction with the published data
summarized in this review paper may be the best guide to pre-
dict deposition in the small airways, although it does not present a
high level of accuracy, since other factors influence deposition (e.g.
particle shape and degree of airway inflammation).

Just as it is important to define an upper limit of particle size
distributed in various regions of the lung, it is also important to
define the lower limit for each region. Considering the gradual, but
not stepwise, decrease in the dimensions from the upper to the
lower airways and the often polydispersed characteristic of orally
inhaled products, it is reasonable to expect difficulties though in
determining a specific cut off particle size range that translate into
regional deposition in the lungs. One reason for that is the fact that
the current available methods provide information on deposition
via inertial impaction only, regardless of the other two significant
mechanisms that can occur: sedimentation and diffusion (Mitchell
and Nagel, 2003). Elutriation is the process by which particles are
separated when moving upwards suspended in a fluid at a deter-
mined velocity. Elutriators have been developed to operate based
on the principle of sedimentation; however they have not yet been
widely applied to characterization of pharmaceutical formulations
for inhalation therapy (Tillery and Buchan, 2002). Specifically for
the diffusion mechanism, not only methods for characterization of
aerosols are not available, but also dosimetry techniques are yet to
be developed, as discussed earlier. The lack of information on the
determination of aerodynamic particle sizes based on the three pos-
sible mechanisms of deposition may be the gap to determine more
specific ranges of MMAD that correlates to regional deposition in
the lungs. The late advances in in vivo experimental techniques,
mainly related to three-dimensional imaging, have certainly devel-
oped towards meeting this need. Even though the optimal particle
size range is yet to be defined, the reports available in the liter-
ature are evident about the deposition of smaller particles in the
deep lungs, as opposed to deposition in the larger airways.

7. Conclusions
Despite the limitations in early imaging techniques used to

determine particle deposition in specific zones of the lungs,
the technological advances in imaging techniques are gradually

improving the capability of differentiating the deposition patterns
of particles with increasingly smaller differences in aerodynamic
dimensions. With the advances in SPECT and PET, more confirma-
tory studies are being reported of the evidence of deposition of
small particles in the smaller airways, as opposed to deposition in
the larger airways. Nonetheless, the imaging techniques can also
be used for less specific studies in the respiratory tract by com-
paring extrathoracic (upper airways: oropharyngeal cavity) versus
intrathoracic (lower airways: lower trachea, bronchi, bronchioles
and alveoli) particle deposition. This has been more frequently
reported in studies with children.

The urge to establish clear relationships between in vitro aero-
dynamic determination and in vivo particle deposition has led to
comparisons between fine particle fraction and total lung deposi-
tion of particles. Results based on impaction studies indicate that
particles smaller than 3 wm are more likely to deposit in the deep
lungs. However, there is a lack of information about the regional
lung deposition of particles affected by non-impaction mecha-
nisms (e.g. sedimentation and diffusion), largely due to lack of
applicable in vitro and in vivo experimental techniques; however,
there is sufficient evidence reported in the literature showing that
smaller aerodynamic particles deposit in the lower portion of the
respiratory tract where the airways are gradually smaller. As imag-
ing techniques advance, investigation of how particle size, shape,
charge, and composition affect deposition and movement through
both the airway and the lung’s mucous gel layer will be required in
order to optimize drug delivery through the inhaled route.
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