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The pulmonary route has been used with success for the treatment of both
lung (asthma) and systemic diseases (diabetes). The fate of an inhaled drug
(absorption and deposition) within human lungs has great importance,
particularly in drug development and quality control. This article focuses on
the various methods that are now applied for aerosol fate investigation.
Several assessment methods, ranging from in vitro assays (impaction and
optical systems) to in vivo experiments (imaging and pharmacological
methods), are described. In vitro assays measure particle size distribution
and emitted drug dose, which could be predictive of lung deposition
pattern in vivo. However, in vivo methods provide direct information about
the concentration and the location of inhaled drug within lung. Advantages
and limitations of the different techniques are identified. In addition to
these experimental techniques, mathematical deposition models, elaborated
in more realistic conditions and designed to predict the fate of inhaled
particles, are also illustrated.
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1. Introduction

During the past decade, the pulmonary route has been widely used for drug
administration. It has been considered as an interesting way for the treatment of local
pulmonary diseases (e.g., asthma, chronic obstructive pulmonary disease, cystic
fibrosis [1], lung cancer [2]). Recently, inhalation has been recognised as a promising
alternative for systemic disorders treatment (e.g., diabetes [3]). The lung has several
advantages over other routes (oral, parenteral). It includes a rapid effect, specific
targeting site, a reduced dose with equivalent therapeutic response, lower systemic
side effects [4], the evasion of first pass hepatic metabolism (5] and an enhanced
efficiency of the delivered drug.

The pulmonary route is constantly being investigated for the purpose of
improving drug targeting and hence optimising aerosol efficacy. To be effective,
pharmaceutical aerosols have to be deposited in the targeted site at a therapeutic
dose within the lung. The aerodynamic diameter (mass median aerodynamic diameter
[MMAD]) and physical characteristics of aerosol particles are considered as key
factors affecting the regional drug deposition of inhalable particles in the lungs
and thus conditioning the therapeutic efficacy. It is believed that in order to reach
the lower respiratory tract and to optimise pulmonary drug deposition, aerodynamic
diameters have to be between 1 and 5 pm [6). Particles > 5 pm are usually deposited
in the oropharynx, from which they are easily removed. However, particles
sized < 0.5 pm are still moving by Brownian motion and settle very slowly (7.
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In reality, though, particle distribution pattern within the
lung and therapeutic efficacy of aerosols is a very complex
issue and depends strongly on the dynamic interactions of
three classes of parameters: aerosol (aerosol formulation, the
drug itself as an active pharmaceutical ingredient, the delivery
device etc.); respiratory tract (anatomy, geometry, breathing
pattern: flow rate, tidal volume etc.); and the patient (age,
gender, disease status etc.) [8,9].

Several instruments and different approaches have been used
for the assessment of aerosol particle generated by inhalation
devices with a view to predicting their fate through the
respiratory tract. [n vitro characterisation methods provide
information about the size distribution and the emitted dose
of inhaled drug. It includes the optical methods, a rapid
tool for particle sizing based on laser diffraction techniques,
and the impactors, which determine the dynamic behaviour
of particles by inertial impaction and allow a quantitative
estimation of active pharmaceutical ingredient (API). /n vivo
experiments including imaging techniques and pharmaco-
logical analysis offer better prospects for quantifying lung
deposition as they provide information about the amount and
location of the drug delivered and absorbed after inhalation.
Imaging techniques permit a visualisation of aerosol particle
distribution within the respiratory tract and pharmacological
assays quantify the drug concentration. Correlated with scin-
tigraphic data, pharmacological measurements are useful for
evaluating total and regional aerosol deposition. In addition
to these experimental techniques, theoretical deposition
approaches, designed to model and then predict the fate of
inhaled particles in the lung, have been elaborated in more
realistic conditions and widely applied.

The purpose of this review is to describe the principle of
these theoretical and experimental assessment methods.
Examples of application studies are given to emphasise the
performance of such methods for aerosol fate investigation.
Thus, key attributes and practical limitations are illustrated.

2. Anatomy and pulmonary deposition
mechanisms

As the relative contributions from the large airways to the
alveolar space are important factors concerning the local and
systemic availability of target compounds, the sites and
mechanism of deposition within the lungs need to be known.

2.1 Anatomy

The respiratory system is divided into the upper respiratory
system (mouth or nose, pharynx, larynx) and the lower respi-
ratory system starting from the trachea [10]. The airways in
the human lungs can be broadly classified into two main
groups: conducting airways (the trachea, bronchi and bron-
chioles), whose function is to conduct and transport air from
the outside and deliver it to the respiratory airways — the
alveoli; and the site of diffusion of gases for oxygen exchange
with the blood (10,11].

The respiratory tract is lined entirely by a continuous
layer of epithelial cells. The airway epithelium comprises at
least six distinct cell types: ciliated cells, mucus goblet cells,
Clara cells, serous cells, basal cells and dense core-granulated
cells 1121. The relative distribution and abundance of the
epithelial cell types vary significantly within different levels
of the lung between the trachea and alveoli [13]. Ciliated
cells (50% of the epithelial surface) are the most abundant
cells at all levels of the airways; their main function is the
propulsion of mucus in the proximal direction and out
of the lung (mucociliary clearance) [14]. In the bronchial
pseudostratified epithelium, the ciliated cells are interspersed
by secretory cells, mainly mucus-secreting goblet cells. In
the bronchiolar cuboidal epithelium, the ciliated cells are
interspersed mainly by Clara cells [12]. The alveolar squamous
epithelium is composed of two types of pneumocyte: type I
and type II pneumocyte alveolar cells. Alveolar type I cells
represent the principal type (95%) lining the luminal surface
of the alveoli [15]. Alveolar type II pneumocytes, also present
in the alveoli (5%), are cuboidal secretory cells and possess
microvilli [15,16].

All the epithelial cell types are capable of contributing to
the airway secretions, which form a bilayer of fluid protecting
the epithelium surface [17). Respiratory secretions consist of
mucus, pulmonary surfactant (PS) and periciliary fluid (thin-
layer fluid interposed between the mucous layer and the
epithelium) [18].

The mucus is the secretory product of mucus gland, goblet
and epithelial cell secretions [14]. It is a non-homogeneous,
adhesive, viscoelastic fluid containing glycoproteins, proteins
and lipids in a watery matrix [19]. The mucus is transported
out of the lungs by the ciliary motion of the ciliated cells
lining the airways and by airflow [20]. Thus, airway mucus is
part of the mucociliary clearance (MCC), also known as the
mucociliary escalator. MCC is defined as the primary non-
specific defence mechanism for the removal of secretions
and foreign inhaled particles that have been deposited in the
airways. The principle of the system is simple: the ciliated
cells in the epithelium transport the mucus with deposited
particles in a proximal direction and eventually the mucus is
expectorated or swallowed [21]. It also provides a vehicle for
the removal of alveolar macrophages and inhaled particles [20].
With respect to drug inhalation, aerosolised drug deposited in
the lung will either penetrate the mucus and become absorbed
or follow the mucus and eventually become swallowed or
cleared [211.

The PS is the secretory product of alveolar type II
pneumocytes. It is a complex mixture of lipids and proteins
that forms a film at the hydrated lung epithelium—air interface.
The PS exists in two major compartments in the lung: the
intracellular or storage compartment in the cytoplasm of
alveolar type II cells and the extracellular compartment in the
alveoli and distal airways [22]. Under physiologic circumstances,
these two fractions are maintained relatively equilibrated [22).
The chemical composition of PS is ~ 90% of its mass
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phosphatidylcholines (PC) and 10% of protein fraction with
two hydrophilic (Surfactant Protein SP-A, SP-D) and two
hydrophobic apoproteins (SP-B, SP-C) [23,24]. The surfactant
carries out two distinct functions. Lining alveoli, it reduces
surface tension at the air—hydrated lung epithelium interface
(prevents collapse during expiration) and plays a role in
host defence against infection and inflammation (immune
functions) [25-27]. This role relies on the nature of SP-A
and SP-D [28].

2.2 Aerosol deposition mechanisms

Understanding of the principal mechanisms leading to
inhaled particle deposition within the lungs is a key step in
designing and testing medical aerosols. Three main physical
processes governing the deposition of therapeutic aerosols
have been described in the literature [29): diffusion by
Brownian motion, sedimentation by gravitational force and
inertial impaction [30-32].

For larger particles (size > 3 pm), inertial transport is an
effective transport mechanism. Deposition resulting from
impaction increases with particle size, particle density and
velocity in the airways [33]. It is most likely to occur in bifur-
cations of extrathoracic and upper bronchial airways. Sedi-
mentation by gravitational force (size ranging from 3 to 1 pm)
governs the particle deposition in lower bronchial airways
and alveoli. It increases with increasing particle size, increasing
residence time in the lung and decreasing airspace size [33].
It becomes negligible for particles < 1 pm, which are deposited
in small airways and alveoli owing to Brownian motion
(diffusion). Total deposition by diffusion therefore decreases
with increasing particle size and becomes negligible for larger
particles [33]. As therapeutic aerosol particles usually have an
average diameter ranging from 1 to 10 pm, the Brownian
motion has no significant effect on drug deposition [33].

The fate of inhaled particles in the respiratory tract is
very complex and depends on the dynamic interactions of
three classes of parameters: aerosol characteristics (aerosol
formulation, the drug itself as an active pharmaceutical
ingredient, the delivery device etc.); respiratory tract, most
importantly the breathing pattern (flow rate, tidal volume etc.);
and the patient (age, gender, disease status etc.) (Figure 1).
Extensive discussions of these parameters can be found in
reviews concerning particle deposition [34-36].

Particle size is the most important factor that influences
deposition. It will influence both the site of deposition and
the mass of inhaled drug that deposits in the respiratory
tract. It is well recognised that the fate of aerosol particles is
primarily determined by the MMAD. The MMAD of the
particles is defined as the diameter of a sphere of unit density
(1 g/cm?) that has the same aerodynamic behaviour as the
particle under consideration [3031]. The regional deposition
of inhaled particles as a function of their diameter is shown
in Figure 2. For therapeutic aerosols, particles > 10 pm cannot
enter the lungs and are already deposited in mouth/nose,
pharynx and larynx by impaction. The larger the particles
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and the higher the air flow, the more efficient is the deposition
by impaction, therefore the number of particles reaching
lung periphery decreases. Particles between 0.1 and 1 pm in
size are not well deposited in the lungs and a high fraction
is usually exhaled.

3. Assessment methods of lung drug deposition

3.1 In vitro methods

The pulmonary deposition of aerosol particle is a strong
function of particle size (MMAD) and emitted dose of API. A
variety of #n vitro techniques including optical (laser diffraction),
and impactions methods (impactors) have been described for
pharmaceutical aerosol assessment. These techniques yield
parameters such as particle size (geometric or aerodynamic
diameters), fine particle fraction (FPF) and emitted drug dose
(uniformity of delivered dose [UDD], fine particle dose [FPD]).
Thus, the various methods involving phase Doppler and time
of flight, although of great value in acrosol characterisation,
are not included.

3.1.1 Laser diffraction analysis

Optical instruments based on laser-light diffraction, correctly
named ‘low angle laser light scattering’, have become a
common technique for aerosol particle sizing [37). The use of
the laser diffraction technique (LD) for particle size distribution
(PSD) in nebulised aerosol clouds dates from the 1980s [3].
LD analysis is based on the simple principle that in a laser
beam, particles scatter laser light at angles that are inversely
proportional to their size (large particles scatter at small
forward angles, whereas small particles scatter light at wider
angles). By the use of a Fourier transform lens, the diffraction
pattern is focused onto a photodetector array at the focal plane
of the optics. Two approaches are commonly used as an optical
model to convert the light energy diffraction pattern into a
size distribution: Fraunhofer theory described light diffraction
around the particle; and Lorenz—Mie theory, which adds the
effects of light refraction (through the particle) and light
absorption or reflection (by the particles) [39).

LD instruments, commonly used for medical aerosol sizing,
include the Malvern 2000, 2600, Malvern MasterSizer E, S
and X, Malvern Spraytec® (Malvern Instruments, Inc., USA),
and also the Sympatec (Sympatec, Inc., USA). The Malvern
instruments apply Mie scattering, whereas the Sympatec spray
analyser allows for the option of Fraunhofer or Mie approxima-
tions to derive the PSD [40]. Several studies of medical aerosol
are using LD for a direct and rapid particle sizing. It has been
concluded that this technique offers the advantages of reliability,
accuracy, high resolution and high reproducibility [41,42].

3.1.2 Impactors

Inertial impaction is the most widely used sizing technique
carried out for the iz vitro determination of the PSD of
aerosols from medical inhalers, in product development, batch
release and in devices evaluation (43]. There are two classes of
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Active pharmaceutical Aerosol Inhalation  Respiratory tract
ingredient (API) generation
Physico-chemical The patient
properties and aerosol > Age
characteristics > Disease status
» Solubility, hygroscopicity, » Gender

static charge, structure

> Particle characteristics
(shape, size, density)

» Drug formulation (solid,
liquid...)

» Viscosity, surface tension...

» Delivery device (MDI, DPI,

nebulizer)

The respiratory tract anatomy,
physiology and geometry

» Airway anatomy and morphometry

» Breathing pattern (e.g., flow rate,
frequency, tidal volume, ventilation
volume...)

» Clearance mechanisms in the lung

Deposition pattern of
aerosol particles in the lung

Figure 1. Parameters affecting aerosol particles deposition pattern within human lungs.

1.0 1

Exhaled

0.8 1 Deposited

0.6 .
Extrathoracic

0.4 - deposition

Deposition

0.2 1 Intrathoracic deposition

00 T T T T 1
0.001 0.01 0.1 1 10 100

Particle diameter (um)

Figure 2. Deposition efficiency in the respiratory system as a

function of the particle size.
Reproduced with permission from [30].

inertial impactors: single stage impactors and multiple stage
impactors (also called cascade impactors). The cascade
impactor (CI), initially described in 1945 was the oldest
apparatus used to assess pharmaceutical aerosols based on
inertial impaction. These devices present multiple stages
with a set number of nozzles of decreasing diameter and a
collection plate below each stage [44]. A vacuum pump,
adjusted to generate a predesigned volumetric airflow rate,
draws sample-laden air through the different stages. The
principle is based on the aerodynamic behaviour of aerosol

particles on the conveying air stream [45]. The airflow is
deflected when its path is obstructed by the collection surface,
then small particles with low inertia move around the surface
and follow the air stream; however, large particles with high
inertia will continue in the air stream and impact on the
collection surface (Figure 3A). As the orifice size decreases,
the linear velocity of air and particles’ inertia increase at each
stage, increasing the probability of particle deposition [44]. The
reliability of impactors encouraged the regulatory authorities
(the Food and Drug Administration [FDA] and Pharmacopoeias)
to recommend their use for testing inhalation formulations
and devices. Impactor specifications and standard test
methods are included in European Pharmacopoeia EP [4¢]
and United States Pharmacopoeia USP [47].

Impactors yield parameters such as MMAD and geometric
standard deviation (GSD). GSD is a measure of the dispersion
of particle diameters and can be defined as the ratio of the
median diameter to the diameter at one standard deviation
from the median diameter [48). The experimental MMAD and
GSD can be derived from the log-probability scale plot of the
cumulative fraction of API versus cutoff diameter (Figure 3B).
The MMAD is defined as the particle size at which the line
crosses the 50% mark and the GSD can be estimated as [49]:

4,
GSD = |84
",

where di54 and dyg,, are the sizes corresponding to the
mass-percentile values of 15.9 and 84.1%. In addition, an
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Figure 3. A. Schematic diagram of aerosol particles collected by inertial impaction. Large particles impact on the impaction plate whereas
small particles are diverted and follow the airflow. B. Example of impactor collection efficiency curve.

impactor allows quantitative analysis of aerosols (mass
distribution) estimated by the FPF and FPD [50). The FPF
and FPD have particular relevance, as they express, respectively,
the percentage and the dose of drug that can be deeply
inhaled and is theoretically available for pharmacological
activity. The FPF may be defined as the percentage of the
aerosol mass recovered from the lowest stages of a cascade
impactor or as the percentage of the aerosol mass contained in
particles with an aerodynamic diameter within a predetermined
size range [51]. The EP specifies the upper size limit of 5 pm
in aerodynamic diameter for FPF [46]. By contrast, the USP
recognises that FPF range limits depends on formulations/
devices being tested so there is no need to fix a limit [47]. In
practice, the upper size limit for FPF is set at either 5.8 or
4.7 pm, corresponding to two cut-point sizes of the widely used
Andersen cascade impactor (ACI) at 28.3 /min (43]. Otherwise,
the FPD is defined as the mass of API with an acrodynamic
diameter < 5 pm. It may be calculated by interpolation from
a log-probability plot of cumulative mass versus cutoff diameter
of the respective stage of impactor or as the product of the
total emitted dose from the inhaler and FPF 43.

Several types of impactor have been designed and operated;
the most widely used instruments are the ACI, multi-stage
liquid impinger (MSLI) and Marple Miller impactor (MMI) [s1].
Recently introduced in pharmacopoeias, the next generation
impactor (NGI) was developed to improve the size charac-
terisation efficiency by inertial impaction (47]. The NGI was
developed as a device that is simpler and less labour-intensive
than the ACI. This planar seven-stage impactor, with an opera-
tional pre-separator at the inlet for oversized particles and a
micro-orifice collector at the exit to collect the finest particles,
has been designed specifically for studying both dry powder
and metered dose inhalers (DPI and MD], respectively) [52].
NGI provides physiologically appropriate stage cutoff diameters
and possess tear-shaped cup impaction plates. Theoretically,

this design should allow more accurate PSD determination
of the delivered doses from medical nebulisers.

With recent interest in electrostatic characterisation of
inhaled particles, the electrical low pressure impactor (ELPI), an
electrical impactor that was originally designed for industrial
and environmental aerosols, has been adopted for pharma-
ceutical application. ELPI is selected as the standard instrument
for studying the relationship between net charge and particle
deposition [53]. As there is no specific method for pharma-
ceutical aerosol, the design of the electrical next generation
impactor (eNGI), which simultaneously measures particle size
and charge distribution, is a first step for the development
of a pharmacopoeia method for electrostatic characterisation
of inhalational formulations [53].

Numerous studies compared data obtained using the NGI
with those generated with other impactors and optical methods
in order to confirm the particle sizing performance of this new
pharmacopeia-approved CI (Table 1). The main characteristics
of impactors, including the theoretical cutoff diameter, are
summarised in Table 2.

In spite of the simplicity, reliability and good agreement
between impactors in MMAD and mass distribution deter-
mination; PSD measurements by CI can be affected by
several factors. Results variability depends on the operator/
analyst and on the impactor (accessories, operating and envi-
ronmental conditions) [54. In practice, performing the CI
measurement requires several manual operations, such as
impactor assembly, connections to vacuum valves and pump,
adjustment of air flow rate, inhaler manipulation and actuation,
and quantitative assay of the deposited API. Human involve-
ment in these steps, both because of imperfect technique and as
a result of unintentional mistakes, increases the likelihood
of bias and variability unless adequate measures are included
in the method [54. Otherwise, sources of impactor-related
variability, including the associated equipment (the pump,
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Table 1. Comparative studies on impactors.

Device/drug formulation Results Ref.
MDI The difference in estimated MMAD and GSD for all MDIs using the NGI and (53]
Flixotide® (fluticasone propionate), eNGlI were not found to be statistically significant
Ventoline® (salbutamol sulphate) and The mean charge profiles from the ELPI and eNGlI overlap well where most
QVAR® (beclomethasone dipropionate) of the impacted doses were collected
cl: The eNGl is comparable to the NGI in measuring particle size distribution,
ELPI + NGI + eNGl while still being comparable to the ELPI in measuring charge distribution
Sodium fluoride (NaF; 2.5%) and The results were more consistent and generally equivalent when determined [41]
generic albuterol (0.083%) by NGI and ACI analysis
the Omron MicroAir vibrating mesh PSD determination by TOF in the APS was larger than results obtained by
Cl: NGl + ACI impactors
TOF analysis = TSI 3321 APS
Vanceril® = MDIs containing Small differences in PSD profiles still existed to support NGI's design claims [96]
beclomethasone dipropionate for reduced ‘overlap’ in the stage collection efficiency curves
Cl: NGI + ACI
Combivent® = MDI Under their normal operating conditions, the ACI (28.3 I/min) and the [97]
(anticholinergic bronchodilator, IB, NGI (30 I/min) yield similar PSDs and dose delivery profiles
and the b2-adrenergic bronchodilator, AS) The particle bounce and re-entrainment effect is observed with both the
Cl: NGI + ACI + pre-separator + 1 | glass ACI and the NGI and increases with increasing the flow rate
chamber or USP throat The rough NGI collection cup bottoms are less sensitive to particle bounce
and re-entrainment than the smooth surface of the ACI
Collection performance degrades less for the NGI than for the ACI at
higher flow rates 60 I/min
MDI Fair agreement between the different methods for the aerodynamic [43]

Sizing instruments:
ACI, NGI, and model 3321 APS

assessment.
Discrepancies between the techniques may be explained by particle bounce,
incomplete evaporation of volatile constituents or the presence of surfactant

particles

ACI: Andersen cascade impactor; APS: Aerodynamic particle sizer; Cl: Cascade impaction; ELPI: Electrical low pressure impactor; eNGI: Electrical next generation
impactor; GSD: Geometric standard deviation; MDI: Metered dose inhaler; MMAD: Mass median aerodynamic diameter; NGI: Next generation impactor;

PSD: Particle size distribution; TOF: Time-of-flight.

induction port, which affects strongly the proportion of
the emitted mass entering the impactor, air leakage, flow rate
control etc. [54]) and environmental factors (temperature [55,56],
relative humidity [57,58], particle evaporation [59] and coat-
ing of cups impaction plates [60]), present a significant
influence on impactor performance and thereby particle size
estimation. Then special attention to details that affect CI
performance should always be a priority to optimise the
measurement obtained.

Moreover, relevant practical drawbacks and limitations of CI
analysis have been reported in the literature (Figure 4) [42.43].
It is an invasive, labour-intensive and time-consuming tech-
nique. Thus, impactors cannot be considered as a lung simu-
lator; the geometry at the point of impact, collection surface
hardness and coating and operation at constant flow rate do
not correspond to physiologic conditions.

3.1.3 Comparison of LD and C/

Several comparative studies (Table 3) of LD and CI techniques
have been published. Data show good correlation between
these two techniques and prove that LD can be useful as an

alternative or complimentary to inertial impaction techniques,
but never as a substitute.

Impactor measures the MMAD (e.g., aerodynamic
diameter), whereas LD measures geometric diameter. Aero-
dynamic diameter is related to the geometric diameter
through the equation [611:

xC
VCﬂCXDaézDVX[p p]

XX Po

For spherical particles, Cunningham slip correction factors
(C,e and C,) are close to unity and the dynamic shape factor
X is unity [61], then D,. can be directly correlated to the D,
using the equation [62):

D, =D, x+\[p

LD will therefore agree with aerodynamic techniques
when measured particles are spherical (density = 1). For
non-spherical particle or when density is lower than unity
(e.g., porous particles), the D, will be smaller than D,. As it
assumes that all the particles are spherical, LD analysis, very

946 Expert Opin. Drug Deliv. (2009) 6(9)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Jaafar-Maalej, Andrieu, Elaissari & Fessi

Table 2. Characteristics of impactors commonly used to size analysis medical aerosols.

Impactor type NGl ACI Model MARK I MMI Model 150 MSLI

Seven-stage cascade
impactor

Eight-stage cascade
impactor

Five-stage cascade
impactor

Five-stage cascade
impactor

Aerodynamic cutoff diameter (um)
450,C, = \/[9 D (Stk50)/ 4,00 |

where ds, is the cutoff diameter, C. is the Cunningham correction factor, 1 is the viscosity, D is the diameter of the jet, Stk is the
Stokes number at 50% collection efficiency, py, is the density of the particle and Q is the flow rate of air [98]

Flow rate 30 I/min 28.3 I/min 30 I/min 60 I/min
Stage 0 - 9 - -
Stage 1 11.72 5.8 10 13
Stage 2 6.4 4.7 5 6.8
Stage 3 3.99 3.3 2.5 3.1
Stage 4 2.3 2.1 1.25 1.7
Stage 5 1.35 1.1 0.63 <17
Stage 6 0.83 0.7 - -
Stage 7 0.54 0.4 - -
Particle size range: 0.5-15um 0.1=10um 0.5-10 um 0.8-13 um
0.8-25um
(with throat)
Flow rate range: 30 - 100 I/min 28.3 or 60 or 90 I/min 30 I/min 30 - 100 I/min
Other models (MMI 150P 4.9
— 12 I/min; MMI 160:
60 - 90 I/min)
GSDitage 1.2 125-1.4 1.2 14-15

Pharmacophore  USP Apparatus 6 for MDlIs (No pre-separator)
Apparatus 1 for pMDlIs
(pre-separator)

Apparatus 3 for DPIs

Apparatus 2 for DPIs Apparatus 4 for DPIs

EP Apparatus E Apparatus D - Apparatus C

ACI: Andersen cascade impactor; MMI: Marple Miller impactor; MDI: Metered dose inhaler; NGI: Next generation impactor; MSLI: Multi-stage liquid impinger.

Adapted from [43,46].

suited for nebulisers, will present some limitations for DPI
characterisation [39,62]. Furthermore, this technique does not
involve a mass quantification of API separately from excipi-
ents [39,42]. For more details, some specific advantages and
limitations of these techniques are summarised in Figure 4.

3.1.4 Dose collection apparatus

The dose collection apparatus has been developed for the
‘uniformity of delivered dose’ pharmacopeia recommended test.
This apparatus must be capable of quantitatively capturing
the delivered dose, defined as the drug dose delivered from
the inhaler to the patient. It consists of a filter support base
with an open-mesh filter support, a collection tube that is
screwed to the filter support base and a mouthpiece adapter
to ensure an airtight seal between the collection tube and
the mouthpiece. The inhaler has to be connected and used

as directed in the instructions for patients, then the content
of the apparatus is quantitatively collected and the amount
of API determined with a suitable and validated analytical
method. The test for UDD is carried out 10 times for each
preparation and for each APIL. The apparatus specifications,
procedure details and compliance conditions are described
well in EP pharmacopoeia [46].

3.2 In vivo methods

Direct measurement of inhalable drug distribution and
deposition within the lungs has been realised using several
methods: imaging techniques (gamma scintigraphy) and
pharmacological analysis. The therapeutic efficiency of
aerosol is considered as a function of the dose deposited at
the targeted site within the lung. This local bioavailability,
rather than the systemic bioavailability after absorption, is
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A. Cascade impaction

Advantages

Limitations

* Quantitative and qualitative drug analysis with chemical
detection methods (traceability to the mass of API)

* Mass fractions classified upon ‘aerodynamic diameters’
* Widespread acceptance and use

* Data currently accepted by regulatory authorities
(Pharmacopoeias)

¢ Classification into a small number of size classes

* Can not be operated under variable flow conditions (flow curve
simulation is not possible)

¢ Cut-off diameters vary with (fixed) flow rate
* High resistance limits the adjustable range of flow rates

* The effect of flow increase rate on DPI performance can not be
studied

* Fine particle collection by adhesion and electrostatic charge
may occur

B. Laser diffractometry

Advantages

T N

Limitations

* Rapid data generation and processing compared with cascade
impactor

* High accuracy and reproducibility

* Size measurement independent of the flow rate (simulation of
inspiratory flow curves is possible)

* Wide measurement range for a given optical configuration with
high number of size classes within the size range relevant to
lung deposition

* Volume (mass)-weighted rather than number-weighted size

* Non-invasive in open bench mode

Excellent reproducibility between measurements of the same
aerosol

* No calibration required laser diffractometry is an absolute
method, based on fundamental principles

* Laser diffraction does not exclusively indicate the size distribution of
the drug (there is no direct traceability to the mass of API)

* Measurement of geometric instead of aerodynamic particle size

* Particles are assumed to be spherical (limitation for dpi
characterization)

¢ In many configurations (especially in open bench mode) “vignetting”
may occur: light scattered at wide angles misses the detector array
resulting in bias due to the absence of the finest particles in the
distribution

* Beam steering may occur as a result of changes in refractive index
of the support gas for the aerosol being measured

* Multiple scattering from highly concentrated aerosols may result in
bias associated with over-broadening of the size distriburtion

Figure 4. A review of some specific advantages and limitations of A cascade impaction and B laser diffraction.

Adapted from [39,43].

pertinent as it reflects the efficacy of drugs that act directly
in the lung (63].

3.2.1 Imaging methods

In vivo imaging methods have been used extensively for
assessing inhaled drug delivery since its first application.
Two-dimensional gamma camera (planar gamma camera) is
the most widely used imaging technique in pharmaceutical

research [64,65]. It provides direct information about the
quantity (percentage of the dose or mass of drug) and site of
deposition of the drug in the lung after inhalation. However,
the planar gamma camera provides only two-dimensional
projection of the distribution and is thus very limited in
distinguishing the distribution among airway regions and
relating deposition to three-dimensional lung structure. More
recently, pulmonary drug delivery has also been assessed by
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Table 3. Comparative studies of LD and inertial impaction.

Jaafar-Maalej, Andrieu, Elaissari & Fessi

Methods Conclusion Ref.
Dry powder ‘carrier-free’ of tobramycin The Mastersizer 2000 permitted the determination of the size [99]
Inhalation devices (Aerolizer®, Spinhaler® and characteristics of individualised particles, whereas size results
Handihaler®) obtained from the Spraytec included the presence of some
LD: Malvern Mastersizer 2000® and aggregates as it appears under the normal conditions of use of
Malvern Spraytec® the inhaler by a patient
Cl: MSLI + NGl The difference between these methods is the particle dispersion capacity
operating under Pharmacopoeia conditions Linear relationships and correlations (R? > 0.9) existed between the results
obtained from, on one hand, the Mastersizer 2000 and the Spraytec and,
on the other hand, the MSLI and the Spraytec regardless of flow rates
and inhaler devices. The Spraytec could be a reliable technique for the
development, evaluation and quality control of DPI
Five formulations: salbutamol base + At 28.3 I/min a significant linear correlation was found between the [100]
5 different sugar carriers fine fractions measured by LD and inertial impaction.
Aerodynamic PSD was measured after The LD technique could be an important tool for particle size
aerosolisation at 28.3 I/min from the characterisation of DPI
glass inhaler into an ACl and by LD at
different flow rates
Three different drug formulations Good correlation between the ACI and LD The linear correlation of the [101]
Aerosol generator: Prototype Respimat® cumulated fractions yields for all formulations:
Soft Mist inhaler CF(ACl)=1.61 + 0.99 x CF(LD) with (R = 0.996)
A comparison of 2 aerosol sizing methods: The humidity of the ambient air had the strongest influence on PSD
LD (Sympatec HELOS LD analyser) and for both ACl and LD
ACI (Andersen Mark Il 8-stage) at different The simultaneous determination of the droplet size distribution leads
experimental conditions (flow rate, relative to a good correlation between the ACI and LD method only if the
humidity RH) measurements were performed at RH of 90%
The influence of the flow rate on LD was negligible, whereas for ACI,
flow rate dependence is expected
Nebulisation of a sodium fluoride solution There was no difference between the Mastersizer-X and the A-MPCl or [102]
with conditions reproducing the between the GS1-CI® and the A-MPCl in terms of MMAD
European Committee for Normalization Comparison between the APS® and the A-MPCI showed a significant
protocol difference with the Microneb. GSD obtained with the A-MPC| were on
Nebulisers: Pari LC1® and Microneb® average 10% greater than GSD obtained with the other apparatuses
third type of nebuliser NL9® was tested with but the differences were not statistically significant.
the Marple personal Cascade Impactor The LD is proposed for PSD in the context of the European standard,
model 298(A-MPCl) and Mastersizer-X and the Mastersizer-X is particularly interesting for industrial practice
LD (Mastersizer-X) in view of its simplicity and robustness
TOF: APS
Cl: Andersen + A-MPCI + GS1-Cl
Nebulisation of salbutamol + sodium cromoglycate  MMAD obtained with the MMX were virtually identical to the MMADs [103]

Nebuliser Pari LC Star
LD: Malvern Mastersizer X (MMX)
Cl: ACl and the commercially available MPCI

measured with both impactors when cooled at 10°C with no significant
differences in GSD.

At ambient temperature, MMADs were smaller (18 — 30%) with impactor
with a significantly larger sigma (g) (p < 0.05) compared with the MMX

ACI: Andersen cascade impactor; Cl: Cascade impaction; DPI: Dry powder inhaler; LD: Laser diffraction; MMAD: Mass median aerodynamic diameter;

MSLI: Multi-stage liquid impinger; NGI: Next generation impactor; PSD: Particle size distribution; TOF: Time-of-flight.

three-dimensional imaging methods, including single
photon emission computed tomography (SPECT) and positron
emission tomography (PET), which provide accurate and
highly specific data about the three-dimensional intrapulmonary
deposition pattern [65]. Guidelines relating to experimental
aspects of scintigraphic studies have been published as part
of a British Association for Lung Research (BALR) consensus
statement [66].

Scintigraphic studies require the production of radiolabelled
aerosol. Thus far, the *™Tc has been used exclusively

to radiolabel drug formulations for SPECT and planar
imaging [67]. This radionuclide has ideal radiation energy
(140 keV) to use with a gamma camera. Its short half-life of
6 h coupled with a very ‘clean’ radiation emission profile (it
contains few beta-particles) result in very low radiation
doses [68]. Typical radiolabelling methods involving ?*™Tc
adsorption as sodium pertechnetate onto the surface of drug
particles in a DPI, or Tc-diethylene triamine penta acetic acid
(DTPA) addition to nebuliser solutions, offer the advantage
of keeping the drug molecule unchanged during the labelling
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Table 4. SPECT and PET properties.

SPECT

PET

Advantages

Higher resolution/planar gamma scintigraphy

It allows intrapulmonary deposition patterns to be
guantified that may relate more precisely to deposition
in different anatomical regions of the lungs

It may detect differences in regional lung deposition
patterns that are missed by planar gamma scintigraphy

Using physiological compounds

The drug is isotopically labelled, no modification of its
chemical structure

Some organic isotopes (''C, '8F) are positron
emitters, and they can be incorporated directly into
the drug molecule by isotopic substitution

High availability

Disadvantages  The cost of the SPECT ++

Needs greater technical facility than planar imaging.
It takes longer (up to 30 min), during which time

redistribution of the radioaerosol by mucociliary

clearance, coughing, or absorption into the bloodstream

may occur

PET scans allow regional kinetics of the drug to be
observed

The spatial and temporal resolutions of PET are

higher than gamma scintigraphy

Corrections for tissue attenuation and gamma
photon scattering can be implemented reliably in PET
Improved attenuation factor

The cost of the PET imaging system

The short half-lifes of the most commonly used
radionuclides ("'C, 19F...)

The difficulties of synthesising radiolabelled analogues
of drug molecules (considerable development work
and validation)

To avoid extra tissue attenuation by the arms it is necessary
to keep them raised during the procedure, which may

cause discomfort

The amount of radioactive material and hence the radiation
dose involved is some 20-fold higher than for planar imaging

PET: Positron emission tomography; SPECT: Single photon emission computed tomography.

process [66. For PET, drug has been firmly labelled with
Fluorine-18 (!8F) or Carbon-11 (}'C) as positron emitter
isotope [64]. Before performing imaging studies, in vitro
validation experiments are essential if deposition has to be
quantified accurately. In vitro validation must be undertaken
to analyse the drug to radiolabel association, to check that
the drug and radiolabel distributions match one another
across the full range of particle size bands, and to demonstrate
that the radiolabelling process does not alter the delivery
characteristics of the formulation [69].

Imaging techniques are specially applied to evaluate the
efficiency of central versus peripheral lung drug delivery.
The ratio of peripheral to central lung deposition (P/C ratio)
was calculated as an index of regional lung deposition [70.
To analyse this P/C ratio, defining the regions of interest of
the lung is very important. The boundaries of the lungs can
be delineated using a ™Tc transmission scan or ventilation
scan using radioactive inert gas (1¥3Xe or 81mKr). Otherwise,
the imaging process is significantly affected by a local attenu-
ation of the gamma rays in their passage out of the body
and correction has to be applied for quantitative imaging [67,71].
Several methods have been developed to determine the
attenuation correction factors (ACFs): density mapping of
computer tomography (CT) scanning, measurement of lung
uptake of ™Tc macro-aggregated albumin or total chest
gamma ray transmission analysis (71].

Imaging techniques have been described widely in the
literature; the advantages and disadvantages of PET and

SPECT have been particularly discussed (Table 4) in several
papers [72-76]. In spite of potential advantages and enhanced
performance with respect to planar gamma camera, SPECT
and PET techniques had been used relatively little until the
last few years. This limited application for the assessment of
inhalable drug delivery may be caused by disadvantages and
practical problems.

3.2.2 Pharmacological methods

3.2.2.1 Pharmacokinetic and pharmacodynamic methods
Pharmacokinetic-pharmacodynamic (PK-PD) methods have
assumed an important role in improving the efficiency of
pulmonary drug systems. Information gained using PK-PD
methods from the 7 vitro assessment right up to the end of
Phase II development can underpin proof-of-concept and
ensure that drugs are pharmacologically optimised.

PK methods provide a valuable tool for investigating lung
deposition and bioavailability, and hence the ways of optimising
drug delivery [771. PD data are considered to be the ‘gold
standard’ for assessing the efficacy and safety of new inhaled
drug products, and form the basis of the clinical trials package
in regulatory submissions [501. In a complementary manner to
PK methods, PD studies evaluate therapeutic efficacy, measure
adverse events and establish a dose—response relationship for
side effects. Whatever the approach, the choice of the
method depends on drug class and specific molecules [78].

PK methods based mainly on the quantification of drug
concentration in blood or plasma may be a key predictor of
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Figure 5. Schematic illustration of inhaled drug dose fate.

therapeutic response in the case of systemic drug effect, but
they have limited relevancy to clinical efficacy of locally acting
compounds [65]. Following inhalation (Figure 5), a fraction
of the emitted dose is delivered to the bronchial tree (total
lung dose) and will be either cleared by mucociliary clearance
(and then swallowed and absorbed by means of the
gastrointestinal [GI] tract) or absorbed through the airways
epithelium. The other fraction is deposited in the oropharayn-
geal region and reaches the systemic circulation by means of
local absorption in the oral cavity or after swelling in the GI
tract followed by hepatic first pass metabolism [79]. Thus,
drug enters the systemic circulation by the pulmonary and
GI route but only the inhaled fraction of the dose provides
the pulmonary therapeutic effect (effective lung dose) [80).

It is important to distinguish between the absorption from
lungs and from the GI tract. If GI absorption of the drug is
negligible and/or first pass metabolism is very high, it can be
assumed that the plasma concentrations of these molecules
after inhalation are entirely derived from pulmonary absorption,
allowing precise characterisation of pulmonary bioavailability.
Otherwise, according to drug molecules and metabolism, many
PK techniques have been described to bypass this problem. It
is achieved by the activated charcoal method (the oral adminis-
tration of activated charcoal prevents the absorption of swal-
lowed drug from the GI tract) or by exploiting the temporal
shift between oral and pulmonary absorption (collecting plasma
samples within a time window when only lung-derived drug is
present) [81]. These techniques have been largely applied for
assessing inhaled drug deposition (Table 5).

A PK and PD analysis of pulmonary effects after intravenous
administration established the relationship between systemic
and local action and enabled the prediction of pulmonary
targeting [74]. The differences in the PK and PD characteristics
of the inhaled drugs warrant careful consideration when used
in clinical practice as they may result in differences in efficacy
and safety profiles [s2].

3.2.2.2 Pharmaco-scintigraphy

A combination of scintigraphy imaging and pharmacokinetic
studies (called pharmaco-scintigraphy) can be very informative
and valuable for systemically and locally acting products.
Scintigraphy, especially SPECT and PET, provides direct infor-
mation about regional aerosol distribution and pharmacology
gives drug dose estimation, then combination offers a useful
means of measurement of drug targeting by probing the
relationship between targeted regional drug deposition profiles
and systemic PK data [83].

Pharmaco-scintigraphy has been applied by Hirst ez al. to
assess the deposition of triamcinolone acetonide (TAA) and
to determine the extent to which the Azmacort® spacer
improves targeting of TAA to the lungs (83]. Ten patients
with mild to moderate asthma received in a random way
3 delivered doses of 75 pg TAA by means of MDI coupled
to the Azmacort spacer, and 3 delivered doses of 230 pg TAA
via the same device, but without the spacer. The deposition
of TAA, labelled with ?™Tc, was assessed by gamma scintig-
raphy. Mean lung deposition expressed as mass of drug was
similar for each, but when expressed as percentage delivered
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dose, lung deposition was higher for TAA with spacer (53.8%)
versus TAA without spacer (26.0%), indicating superior
drug targeting for TAA with spacer. Pharmacokinetic data
showed higher plasma levels of drug for TAA without spacer,
resulting from higher oropharyngeal deposition shown by
gamma camera. The spacer reduced oropharyngeal deposition.
Pharmaco-scintigraphic data proved that the addition of a spacer
device to the actuator used for TAA delivery has significant
benefits in terms of drug targeting, as oropharyngeal deposition
is reduced, lung deposition expressed as percentage of delivered
dose is increased and systemic exposure is reduced.

Cass ez al. studied zanamivir deposition in the respiratory
tract by imaging and pharmacokinetics techniques, after oral
inhalation from two different devices [84). Participants were
given zanamivir dry powder formulated with *™Tc from
the Diskhaler® or the prototype device on separate days.
Scintigraphic images of the chest and oropharynx were
recorded and the serum and urine concentration of zanamivir
were measured after drug administration. Similar deposition
data were obtained with the Diskhaler and the prototype
device and pharmaco-scintigraphy was confirmed as being a
reliable technique for measuring zanamivir deposition in the
respiratory tract.

Lung deposition of new formulations of budesonide,
using solid lipid microparticles (SLmP) as a pharmaceutically
acceptable filler and carrier for inhalation aerosols, and
administered from a DPI (Cyclohaler), were compared with
that from Pulmicort Turbuhaler in a recent study (s5]. Lung
deposition was determined by gamma scintigraphy and
pharmacokinetic assays. Six healthy volunteers took part in a
three-way randomised crossover study, and inhaled a nominal
dose of 400 pg budesonide, labelled with 9mTe on each
study day. The percentage of dose (SD) in the whole lung was
49.9% (3.7) for the lipidic matrix form and 62.8% (4.9) for
the lipidic physical blend formulation. Furthermore, the
relative drug availability obtained from the pharmacokinetic
evaluation, expressed as the percentage of pulmonary absorp-
tion of the comparator product, was 154 and 220% for lipidic
matricial form and lipidic physical blend form, respectively.
The results of the present study indicate that pulmonary
administration using SLmP gives a prominent and significant
increase in budesonide lung deposition.

3.3 Modelling

Deposition efficiency of particles in various locations of the
human lung depends mainly on lung geometry, breathing
parameters and aerosol properties.

Controlling aerosol characteristics and breath pattern is
possible in aerosol formulation and inhalation device
conception, but clinical protocols used to determine lung
morphology are expensive and not always feasible. To overcome
this limitation, methods allowing simulation of lung airways
have been developed and many pulmonary mathematical
models have been elaborated. These models can predict regional
deposition fraction of inhaled particles during a breathing cycle,

Jaafar-Maalej, Andrieu, Elaissari & Fessi

and linked to biological outcome, an exposure dose—response
relationship can be established [s6].

3.3.1 Classification

A mathematical model describing deposition of aerosol particle
in the respiratory tract involves three components: the geometry
model of the lung, airflow profile and lung ventilation. Two
broad categories are distinguished: empirical and mechanistic
models [87]. Empirical models (EM) consider the human
respiratory tract as a series of anatomical compartments
through which the acrosol passes during a breath [87). It is
based on experimental data and summarised by mathe-
matical formulae where lung geometry and the true breathing
parameters are not included (88]. Such basic models, in
particular the model recommended by the International
Commission on Radiological Protection (ICRP), are attrac-
tive because they are simple and useful for quick calculation
of particle deposition [89]. However, the application range of
such models is strictly limited to the specific morphology,
physiology and lung conditions for which the model
parameters were adjusted. Mechanistic models (MM) can be
classified in several ways (86]. They calculate respiratory
deposition on the basis of a more realistic description of
lung structure and physiology than empirical models, and
may include physical processes affecting particles’ behaviour
in lung airways [88]. However, the precise description of the
realistic lung morphology is very difficult, which is why
most theoretical studies use the simplest model in structure,
Weibel’s symmetric lung model [90}; but in reality, the airway
branches are not truly symmetric, and airway dimensions
vary widely among the branches within the same level of
branching generation [90]. With advances in measuring
technique, refined airway models assessing the effects of
morphological and inter-subject variability have become
available in recent years [91). Mathematical approaches have
passed through many stages of model development (Table 6),
ranging from simple one-dimensional models of the lungs
with deterministic sequences of airway bifurcations, including
‘Lagrangian dynamical models’ (LDMs), which model some
of the dynamical behaviour of the aerosol in a frame of
reference that moves with the aerosol, and Eulerian dynamical
models (EDMs), where dynamical behaviour of the aerosol
in the respiratory tract is viewed by a stationary observer, to
more complex stochastic lung models and three-dimensional
models simulating particle behaviour in single, double and
triple airway bifurcations [92].

3.3.2 Application of mathematical models

In the literature, numerous respiratory simulation models
have been described supporting the increasing interest of
predictive mathematical models in aerosol assessment. Regional
aerosol deposition efficiencies have been widely evaluated using
the ICRP 66 model, which summarises experimental data on
aerosol deposition and clearance in man for various particle
sizes and breathing patterns.
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Table 6. Mathematical model evolution.

Model

Description

Weibel’s Symmetric lung model

ICRP 66 respiratory tract model [89]

Airways assumed to be dichotomous branching system with 23 generations
NCRP (1997) and ICRP (1966) particle deposition models are used in risk

assessment analyses for deriving percentages of radioactive material deposited in
different regions of the lungs based on physiological and environmental factors
A task group of NCRP developed a new respiratory tract dosimetry model to
update the ICRP 66 model

Semi-empirical model
Empirical models

Mechanistic models [87]

Based on experimental measurement. Lung geometry and the breathing patterns
are not included [91]

Asymmetric airways for the tracheobronchial tree

Multiple-path model

Multiple-path with realistic lung ventilation model

Typical path with a symmetrical lung geometry

Lagrangian model [108,109]

The Lagrangian approach tracks individual particles within the flow field and can

account for a variety of forces on the particle including inertia, diffusion, gravity
effects and near-wall interactions

Eulerian model [86]

Considers inert particles and deals primarily with effects connected with

physiological and morphological attributes, rather than aerosol effects

Including aerosol dynamical processes (growth, coagulation and thermophoresis)
but ignoring axial dispersion

ICRP: International committee on radiological protection; NCRP: National council on radiation protection and measurement.

Dunbar et al. characterised therapeutic aerosol (placebo
powder) by impaction (in wvitro), imaging (in vivo) and
mathematical simulation [93]. PSD characteristics were
measured in vitro using the MSLI. In vivo lung deposition
of labelled particles (*?™Tc) was obtained by gamma scintig-
raphy and was characterised by high reproducible emitted doses.
Then aerosol lung deposition was predicted by calculating
the extrathoracic fraction using the ICRP model. It was
concluded that the ICRP model using the aerodynamic
PSD measured by the MSLI provided a good estimation of
the mean 77 vivo lung deposition.

The particle deposition pattern from two different nebulisers
has also been estimated using the ICRP empirical model and
compared with values obtained by experiment. Radiolabelled
aerosols of different particle size were delivered to 12 human
subjects [94]. Medical imaging was used to assess the deposition
in the body. The results showed generally good agreement
between model and experiment deposition data in the extratho-
racic and conducting airways for both aerosols. However, there
were significant differences in the fate of the remainder of the
acrosol between the amount deposited in the alveolar region
and that exhaled. The inter-subject variability of deposition
predicted by the model was significantly less than that mea-
sured, for all regions of the body. The model predicted quite
well the differences in deposition distribution pattern between
the two aerosols. In conclusion, this study has shown that the
ICPR model of inhaled aerosol deposition shows areas of good
agreement with results from experiment. However, there
are also areas of disagreement, which may be explained by

hygroscopic particle growth and inter-subject variability
(differences in the morphology and physiology of the oropha-
ryngeal region) not included in this models. A stochastic
empirical version of the ICRP66 respiratory tract model
has been developed by Bolch. 2001 (LUDUC: Lung Dose
Uncertainty Code) and was applied for polydisperse aerosols.

Balashazy et al. have quantified the local deposition patterns
of therapeutic aerosols in the oropharyngeal airways, healthy
and diseased bronchi and alveoli using computational fluid
and particle dynamics techniques [92]. A user-enhanced
computational fluid dynamics commercial finite-volume
software package was used to compute airflow fields, deposition
efficiencies and deposition patterns of therapeutic aerosols
along the airways. Adequate numerical meshes, generated in
different airway sections, enabled trajectories and local depo-
sition patterns of inhaled particles to be defined more precisely
than before. Deposition patterns show a high degree of
heterogeneity of deposition along the airways, being more
uniform for nanoparticles compared with microparticles in
the whole respiratory system at all inspiratory flow rates.
Both airway constrictions and the presence of tumors
significantly increased the deposition efficiencies compared
with the deposition efficiencies in healthy airways. In alveoli,
the deposition patterns are strongly influenced by particle size.
This study has demonstrated that mathematical modelling can
be a powerful tool in the aerosol drug delivery optimisation.

The particle deposition in three idealised proximal lung
bifurcation models with an idealised mouth—throat was
investigated experimentally by Zhang and Finlay [95]. These
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bifurcation models included a small symmetric bifurcation
model, an intermediate asymmetric bifurcation model, and a
large symmetric bifurcation model. Idealised mouth—throat
geometry (the ‘Alberta geometry’) was used as the inlet to these
bifurcation models. Monodisperse aerosol particles of DEHS
(di-2-ethylhexyl-sebecate) oil with mass median diameters in
the range 2.5 — 7.5 pm were used at steady flow rates of
30 — 90 I/min. Particle deposition was measured by gravimetric
techniques. The results show that particle deposition in the
mouth—throat and trachea accounts for the major portion of
total deposition in the entire models used and particle deposition
fraction in the proximal lung bifurcations is lower compared
with that deposited in the regions upstream (the mouth—throat
and the trachea). Total particle deposition efficiency increases
on increasing either inertial parameter or Stokes number.
Total particle deposition varies appreciably from model to
model. The laryngeal jet is the key factor dominating particle
deposition within the trachea. An effect of Reynolds number
on particle deposition efficiency in the trachea is observed.
In addition, particle deposition in the bifurcation region is
influenced little by the upstream flow condition, therefore
the effect of the laryngeal jet on deposition seemingly
does not propagate to the bifurcations downstream.

4. Conclusion

Assessment methods of therapeutic aerosols can provide
helpful information about the fate of inhaled drug within
lungs and therefore perform a valuable role in the develop-
ment of new aerosol formulation and inhaler devices. LD
and inertial impaction are usually considered as the method
of choice for PSD characterisation. Impactors have been
used extensively for the determination of aerosol mass size
distribution. Whole lung deposition may be measured by
gamma scintigraphy or pharmacokinetic method. Then, for
regional lung deposition pattern, a three-dimensional imaging
technique (SPECT and PET) may be preferred. Otherwise,
a combination of scintigraphy and pharmacology, in ‘pharmaco-
scintigraphic’ studies, generated more specific information
about aerosol targeting. Mathematical modelling of the
respiratory tract has been elaborated to overcome some of the
limitations associated with experimental methods and make
possible an approximation of lung deposition using more
realistic conditions. Each method presents many advantages
but also some limitations and, in practice, the combination
of characterisation techniques or correlation between data
seems to be the key part of aerosol investigation.

5. Expert opinion

The fate of inhaled particles (deposition and absorption)
within human lung has long been of great interest in the
pharmaceutical industry as the respiratory tract offers a
promising non-invasive route for both systemic and locally
acting drug. In the literature, several assessment methods

Jaafar-Maalej, Andrieu, Elaissari & Fessi

have been described and widely applied for acrosol formula-
tion. Owing to a plausible link between aerodynamic
behaviour and the inhaled particle’s fate within the respi-
ratory tract, the particle size (MMAD) was recognised as an
important factor affecting therapeutic efficiency and safety
of aerosol.

In vitro assessment methods include optical and inertial
impaction analyses. Pharmacopoeias selected inertial impaction
as the standard method for acrosol assessment. CI provides
a direct and reproducible measurement of both MMAD and
drug mass distribution, which are relevant to the deposition
within lungs; but this technique is a complex method, time-
consuming, and may be a source of error due to experimental
conditions (flow rate effect and aerosol evaporation during the
analysis), which affects the measurement quality. Furthermore,
impactors cannot be considered either as breathing simulators
or as lung models. LD is a rapid particle sizing method and
comparative studies versus impactors showed good correlation
between data generated with both techniques. It has also
been established that in spite of its lack of specificity, LD
offers several advantages over inertial impaction (simplicity,
no flow rate effect and no evaporation affecting result quality).
As in vitro data are seldom obtained in similar conditions to
patient use, 772 vivo methods, which are carried out in physiologic
and clinical context, offer more suitable results. Information
about whole and regional lung deposition of inhaled drug
can be measured by gamma and three-dimensional imaging
techniques. Pharmacokinetic methods can be used to quantify
drug delivery to the lungs and plasma levels, whereas any
information about the regional pattern of deposition can be
provided. Pharmaco-scintigraphy, correlation between PK
(quantification of drug) and scintigraphy (regional pattern),
improves the specificity and the precision of measurement.
In other aspects, mathematical models of respiratory tract have
been developed to have access to more realistic indicative
information and improve data quality for aerosol investiga-
tion. These theoretical models can predict regional particle
deposition during a breathing cycle, and linked to biological
data, an exposure dose-response relationship can be estab-
lished. Numerical simulations have more advantages over
experimental method in providing detailed information of
particle motion, particle deposition and gas flow field in the
respiratory tract without resorting to costly experimental
in vivo studies. Arguments for using mathematical models as
a means of predicting acrosol fate have been raised; however,
improved accuracy of data must be demonstrated before this
approach is accepted by the medical community as a suitable
and reliable method for aerosol assessment.

By giving complementary information about aerosol
fate, no method can be selected without reserve for aerosol
investigation, however, combining 7z wvitro and in wvive
techniques and correlating data is an important goal and may
be a useful remedy to the complexity of aerosol assessment.
At present there are few published correlation studies; the
challenge in the future will be to establish a clear relationship

Expert Opin. Drug Deliv. (2009) 6(9) 955

RIGHTES

Wy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Assessment methods of inhaled aerosols: technical aspects and applications

between in vitro and in vivo methods, especially mathematical
simulation and pharmacological or imaging methods, and to
develop new approaches so that optimum delivery patterns

can be defined.

Bibliography
Papers of special note have been highlighted
as either of interest (*) or of considerable

interest (**) to readers.

1. Frijlink H, De-Boer H. Dry powder
inhalers for pulmonary drug delivery.
Expert Opin Drug Deliv 2004;1(1):67-86

2. Newhouse M, Corkery K. Aerosols for
systemic delivery of macromolecules.
Respir Care Clin N Am 2001;7(2):261-75

3. Karathanasis E, Ayyagaric A, Bhavane R,
et al. Preparation of in vivo cleavable
agglomerated liposomes suitable for
modulated pulmonary drug delivery.

J Control Release 2005;103(1-2):159-75
4. Trammer B, Amann A, Haltner-Ukomadu E.

Comparative permeability and diffusion
kinetics of cyclosporine: a liposomes and
propylene glycol solution from human

lung tissue into human blood ex vivo.

Eur J Pharm Biopharm 2008;70(3):758-64
5. Stark B, Andreae E Mosgoeller W.

Liposomal vasoactive intestinal
peptide for lung application:
protection from proteolytic
degradation. Eur ] Pharm Biopharm
2008;70(1):153-64

6.  Elversson J, Millgvist-Fureby A,
Alderborn G, et al. Droplet and particle
size relationship and shell thickness of
inhalable lactose particles during
spray-drying. ] Pharm Sci
2003;92(4):900-10

7. Bosquillon C, Rouxhet P, Ahimou F.
Aerosolization properties, surface
composition and physical state of
spray-dried protein powders.

J Control Release 2004;99(3):357-67
8. Sbirlea-Apiou G, Katz I, Caillibotte G,

et al. Inhalation aerosols: physical and
biological basis for therapy. Hickey AJ:
Informa healthcare, 2006

9. Kusmartseva O, Kattige A, Price R,
et al. In-line assessment of pulmonary
drug delivery using light obscuration.
Biosens Bioelectron 2004;20(3):468-74

10.  Levitzky M. Pulmonary Physiology.
McGraw-Hill Medical Publishing Division,
New York, USA. 2003

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Declaration of interest

The authors state no conflict of interest and have received

no payment in the preparation of this manuscript.

Gunasekara L, Schiirch S, Schoel W.
Pulmonary surfactant function is abolished
by an elevated proportion of cholesterol.
Biochim Biophys Acta: Mol Cell Biol
Lipids 2005;1737(1):27-35

Forbes B. Human airway epithelial cell
lines for in vitro drug transport and
metabolism studies. Pharm Sci

Technol Today 2000;3(1):18-27

Chang M, Shih L, Wu R. The Pulmonary
Epithelium in Health and Disease.
David Proud: Wiley, UK. 2008

Florea B, Cassara M, Junginger H,

et al. Drug transport and metabolism
characteristics of the human airway
epithelial cell line Calu-3.

J Control Release 2003;87(1-3):131-8

Finlay W. Pharmaceutical inhalation
aerosol technology. Hickey AJ:
Marcel Dekker, New York, USA. 2003

Wright J. Pulmonary surfactant:
a front line of lung host defense.

J Clin Invest 2003;111(10):1453-5
Phillips J, Hey J, Corboz M. Computer

assisted measurement of airway gland
secretions by the hillocks technique.
Comput Methods Programs Biomed
2002;68(3):215-22

Rubin B. Physiology of airway mucus
clearance. Respir Care 2002;47(7):761-8

King M. Physiology of mucus clearance.
Paediatr Respir Rev 2006;7(1):5212-4

Samet J, Cheng P. The role of airway
mucus in pulmonary toxicology.
Environ Health Perspect
1994;102(2):89-103

Edsbickera S, Wollmerb P, Selroosc O,
et al. Do airway clearance mechanisms
influence the local and systemic

effects of inhaled corticosteroids?.

Pulm Pharmacol Ther
2008;21(2):247-58

Wang L, Scabilloni J, Antonini J. Role of
lung surfactant in phagocytic clearance
of apoptotic cells by macrophages in rats.
Lab Invest 2006;86(5):458-66

Jain D, Dodia C, Fisher A, et al.
Pathways for clearance of surfactant

protein A from the lung.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Am ] Physiol Lung Cell Mol Physiol
2005;289(6):L1011-8

Wang J, Reid K. The immunoregulatory
roles of lung surfactant collectins SP-A,
and SP-D, in allergen-induced airway
inflammation. Immunobiology

2007;212(4):417-25

Leonenko Z, Finot E, Vassiliev V, et al.
Effect of cholesterol on the physical
properties of pulmonary surfactant
films:atomic force measurements study.

Ultramicroscopy 2006;106(8):687-94
McCrae K, Rand T, Shaw R. Analysis of

pulmonary surfactant by Fourier-transform
infrared spectroscopy following exposure to
Stachybotrys chartarum (atra) spores.
Chem Phys Lipids 2001;110(1):1-10

Foot N, Orgeig S, Daniels C. The
evolution of a physiological system: the
pulmonary surfactant system in diving
mammals. Respir Physiol Neurobiol

2006;154(1):118-38
Fehrenbach H. Alveolar epithelial type II

cell: defender of the alveolus revisited.

Respir Res 2001;2(1):33-46

Biddiscombe M, Usmani O, Barnes P.
A system for the production and delivery
of monodisperse salbutamol aerosols to the

lungs. Int ] Pharm 2003;254(2):243-53
Scheuch G, Siekmeier R. Novel approaches

to enhance pulmonary delivery of proteins
and peptides. ] Physiol Pharmacol
2007;58(5):615-25

Scheuch G, Kohlhaeufl M, Brand P,

et al. Clinical perspectives on pulmonary
systemic and macromolecular delivery.
Adv Drug Deliv Rev
2006;58(9-10):996-1008

Groneberg D, Paul H, Welte T. Novel
strategies of aerosolic pharmacotherapy.

Exp Toxicol Pathol 2006;57(2):49-53
Heyder J. Deposition of inhaled particles

in the human respiratory tract and
consequences for regional targeting in
respiratory drug delivery. Proc Am

Thorac Soc 2004;1(4):315-20

Khilnani G, Banga A. Aerosol therapy.
Indian J Chest Dis Allied Sci
2008;50(2):209-19

956

Expert Opin. Drug Deliv. (2009) 6(9)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Groneberge DA, Witt C, Wagner U, et al.
Fundamentals of pulmonary drug delivery.
Respir Med 2003;97(44):382-7

Interesting review paper.

Labiris N, Dolovich M. Pulmonary
drug delivery. Part I: physiological
factors affecting therapeutic

effectiveness of aerosolized medications.

Br J Clin Pharmacol 2003;56(6):588-99
Ma Z, Merkus H, Scarlett B. Extending

laser diffraction for particle shape
characterization: technical aspects

and application. Powder Technol
2001;118(1-2):180-7

Ma Z, Merkus H, De Smet J. New
developments in particle characterization

by laser diffraction: size and shape.
Powder Technol 2000;111(1):66-78

Mitchell J, Nagel M, Nichols S, et al. Laser
diffractometry as a technique for the rapid
assessment of aerosol particle size from
inhalers. ] Aerosol Med 2006;19(4):409-33
Papers of considerable interest about

aerosol characterisation methods.

Haynes A, Shaik A, Krarup H, et al.
Evaluation of the malvern spraytec with
inhalation cell for the measurement of

particle size distribution from metered dose

inhalers. ] Pharm Sci 2004;93(2):349-63
Waldrep JC, Berlinski A, Dhand R.

Comparative analysis of methods to
measure aerosols generated by a
vibrating mesh nebulizer. ] Aerosol Med

2007;20(3):310-9
De-Boer A, Gjaltema D, Hagedoorn P,

et al. Design and application of a new
modular adapter for laser diffraction
characterization of inhalation aerosols.

Int ] Pharm 2002;249(1-2):233-45
Mitchell J, Nagel M. Cascade impactors for

the size characterization of aerosols from
medical inhalers: their uses and limitations.
J Aerosol Med 2003;16(4):341-77

Papers of considerable interest about

aerosol characterisation methods.

Sethuraman V, Hickey A. Evaluation
of preseparator performance for the

8-stage nonviable andersen impactor.
AAPS PharmSciTech 2001;2(1):1-19

Kim M, Kim D, Lee K. Multijet and
multistage aerosol concentrator: design
and performance analysis. ] Aerosol Med

2001;14(2):245-54

EP 6.0. Preparations for inhalation:
aerodynamic assessment of fine particles.

Europeen Pharamacopeia 6.0, 2008

47.

48.

49.

50.

51.

52.

57.

58.

USP 26-NF21. Physical tests and
determinations: aerosols. United states

Pharmacopeia: Rockville MD, 2003
Marple VA, Rubow KL. Generation of

Aerosols and Facilities for Exposure
Experiments, Chapter 1: Aerosol
Generation Concepts and Parameters,
Ed K. Willeke, Ann Arbor Science
Publishers, Inc. Ann Arbor, MI, 1980

Hering S, Flagan R, Friedlander S. Design
and evaluation of a new low-pressure
impactor. Environ Sci Technol

1978;12(6):667-73

Newman S, Wilding I, Hirst . Human
lung deposition data: the bridge between
in vitro and clinical evaluations for inhaled
drug products?. Int ] Pharm
2000;208(1-2):49-60

Newman S, Pitcairn G. In vitro/in vivo

correlations for respiratory drug delivery.

Clin Res Regul Aff 2005;22(1):15-30
Marple V, Roberts D, Romay E Next

generation pharmaceutical impactor

(A new impactor for pharmaceutical inhaler
testing) /Part 1. Design. ] Aerosol Med
2003;16(3):283-99

Hoe S, Young B, Chan H, et al.
Introduction of the electrical next
generation impactor (eNGI) and
investigation of its capabilities for

the study of pressurized metered dose

inhalers. Pharm Res 2009;26(2):431-7
Bonam M, Christopher D, Cipolla D,

et al. Minimizing variability of cascade
impaction measurements in inhalers and
nebulizers. AAPS PharmSciTech
2008;9(2):404-13

Stapleton K, Finlay W. Errors in
characterizing particle size distributions
with cascade impactors. ] Aerosol Med
1998;11(1):S80-3

Zhou Y, Ahuja A, Irvin C. Medical
nebulizer performance: effects of cascade
impactor temperature. Respir Care

2005;50(8):1077-82

Nerbrink OL, Pagels J, Pieron CA, et al.
Effect of humidity on constant output and
breath enhanced nebulizer designs when
tested in the EN13544-1 EC Standard.
Aerosol Sci Technol 2003;37(3):282-92
Zhou Y, Ahuja A, Irvin C. Evaluation of
nebulizer performance under various

humidity conditions. ] Aerosol Med
2005;18(3):283-93

Jaafar-Maalej, Andrieu, Elaissari & Fessi

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Solomita M, Smaldone G. Reconciliation
of cascade impaction during wet
nebulization. ] Aerosol Med

Pulm Drug Deliv 2009;22(1):1-8

Nasr M, Ross D, Miller N. Effect of drug
load and plate coating on the particle size
distribution of a commercial albuterol
Metered Dose Inhaler (MDI) determined
using the Andersen and Marple-Miller
cascade impactors. Pharm Res

1997;14(10):1437-43
Mitchell J, Nagel M. Particle size analysis

of aerosols from medicinal inhalers.

KONA: Powder Particle 2004;22:32-65
Bosquillon C, Lombry C, Preat V, et al.

Comparison of particle sizing techniques
in the case of inhalation dry powders.
J Pharm Sci 2001;90(12):2032-41

Schroeter ], Fleming J, Hwang D, et al.

A computer model of lung morphology to
analyze SPECT images. Comput Med
Imaging Graph 2002;26(4):237-46

Dolovich M, Labiris R. Imaging drug
delivery and drug responses in the lung.

Proc Am Thorac Soc 2004;1(4):329-37
Chan H. Encyclopedia of pharmaceutical

technology. James Swarbrick: Marcel

Dekker, New York, USA. 2002

Newman S, Pitcairn G, Hirst D, et al.
Radionuclide imaging technologies and
their use in evaluating asthma drug
deposition in the lungs. Adv Drug
Deliv Rev 2003;55(7):851-67

Fleming J, Conway J. Three-dimensional
imaging of aerosol deposition.

J Aerosol Med 2001;14(2):147-53

Snell N, Ganderton D.

Assessing lung deposition

of inhaled medications—Consensus
statement from a workshop of

the British Association for Lung
Research. Respir Med 1999;93(2):123-33

Dolovich M. Pharmaceutical inhalation
aerosol technology. Hickey AJ: Marcel
Dekker, New York, USA. 2004

Tafaghodi M, Sajadi-Tabassi S, Jaafari M.
Evaluation of the clearance characteristics
of various microspheres in the human nose
by gamma-scintigraphy. Int ] Pharm
2004;280(1-2):125-35

Méller W, Meyer G, Kreyling W.
Advances in lung imaging techniques
for the treatment of respiratory disease.
Drug Discov Today: Ther Strateg
2008;5(2):87-92

Expert Opin. Drug Deliv. (2009) 6(9)

957
RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

Assessment methods of inhaled aerosols: technical aspects and applications

72. Lee Z, Berridge M, Finlay W, et al. healthy volunteers. Clin Pharmacokinet with an idealized mouth-Throat.
Mapping PET-measured triamcinolone 1999;36(1):21-31 J Aerosol Med 2005;18(4):460-73
acetonide (TAA) aerosol distribution 85. Sebti T, Pilcer G, Van Gansbeke B, et al. 96. Kamiya A, Sakagami M, Hindle M,
into deposition by airway generation. Pharmacoscintigraphic evaluation of lipid et al. Aerodynamic sizing of metered dose
Int J Pharm 2000;199(1):7-16 dry powder budesonide formulations for inhalers: an evaluation of the andersen and

73.  Mobley C, Hochhaus G. Methods inhalation. Eur ] Pharm Biopharm next generation pharmaceutical impactors
used to assess pulmonary deposition and 2006;64(1):26-32 and their USP methods. ] Pharm Sci
absorption of drugs. Drug Discov Today 86. Mitsakou C, Helmis C, Housiadas C. 2004;93(7):1828-37
2001;6(7):367-75 Eulerian modelling of lung deposition ee  Papers of considerable interest about

74. Newman S. Can lung deposition data with sectional representation of aerosol aerosol characterisation methods.
act as a surrogate for the clinical response to dynamics. J Aerosol Sci 2005;36(1):75-94 97.  Guo C, Gillespie S, Kauffman J, et al.
inhaled asthma drugs? Br J Clin Pharmacol 87. Asgharian B, Hofmann W, Bergmann R. Comparison of delivery characteristics
2000;49(6):529-37 Particle deposition in a multiple-path from a combination metered-dose inhaler

75. Newman S, Hirst B, Wilding 1. model of the human lung. using the andersen cascade impactor and
New developments in radionuclide Aerosol Sci Technol 2001;34(4):332-9 the next generation pharmaceutical
imaging for assessing drug delivery 88. Goo J, Kim C. Theoretical analysis of impactor. J Pharm Sci 2008:97(8):3321-34
in man. Eur ] Pharm Sci particle deposition in human lungs 98. Garmise R, Hickey A. Calibration
2003;18(1):19-22 considering stochastic variations of of the andersen cascade impactor for

76. Davies G, Nuermberger E. airway morphology. ] Aerosol Sci the characterization of nasal products.
Pharmacokinetics and pharmacodynamics 2003;34(5):585-602 J Pharm Sci 2008;97(8):3462-6
in the development of anti-tuberculosis 89. International Commission on Radiological 99. Pilcer G, Vanderbist F, Amighi K.
drugs. Tuberculosis 2008;88(1):S65-74 Protection Human respiratory tract model Correlations between cascade impactor

77.  Lipworth B. Pharmacokinectics of for radiological protection. A report of a analysis and laser diffraction techniques
inhaled drugs. Br J Clin Pharmacol task group of the International for the determination of the particle
1996;42(6):697-705 Commission on Radiological Protection. size of acrosolised powder formulations.

78.  Girodet P, Molimard M. Pharmacological Ann ICRP 199424:1-120 IncJ Pharm 2008:358(1-2):75-81
approach to evaluate aerosol pulmonary 90. Moskal A, Gradon L. Temporary and 100. Marriott C, Macritchie H, Zeng X,
deposition. J Aerosol Med spatial deposition of aerosol particles in the etal. Development of a laser diffraction
2005;18(2):183-92 upper human airways during breathing method for the determination of the

79. Derendorf H, Nave R, Drollmann A. cycle. J Aerosol Sci 2002;33(11):1525-39 paricle s.ize of acrosolised powder
Relevance of pharmacokinetics and 91. Sturm R, Hofmann W. Stochastic gz(r)r;u;e;t;c:—sz)l r;t;_i;h am
pharmacodynamics of inhaled simulation of alveolar particle deposition ’ '
corticosteroids to asthma. Eur Respir J in lungs affected by different types of 101. Ziegler J, Wachtel H. Comparison of
2006;28(5):1042-50 emphysema. ] Aerosol Med cascade impaction and laser diffraction

80, Chrystyn H. Methods to determine 2004;17(4):357-72 for particle size dlstr.lbutlofl measurements.
lung distribution of inhaled drugs—could 92. Baldshdzy I, Alfsldy B, Molndr A. . {ﬁ;iﬁiiif;ﬁilli(iuzlyl 24
gamma scintigraphy be the gold standard?. Acrosol drug delivery optimization
Br J Clin Pharmacol 2000;49(6):525-8 by computational methods for the 102. Vecellio-None L, Grimbert D,

81. Esposito-Festen J, Zanen P, Tiddens H, characterization of total and Becquem.i i M}.L et al. Validation
et al. Pharmacokinetics of inhaled regional deposition of therapeutic oflas.er diffraction mthod as' N
monodisperse beclomethasone as a aerosols in the respiratory system. 'substxtute for cascadf: impaction
function of particle size. Br ] Curr Comput Aided Drug Des " theA European project for a
Clin Pharmacol 2007:64(3):328-34 2007;3(1):13-32 nebulizer standard. ] Aerosol Med

2001;14(1):107-14

82. Derendorf H, Hochhaus G, Méllmann H. 93.  Dunbar C, Scheuc G, Sommerer K. .
Evaluation of pulmonary absorption using In vitro and in vivo dose delivery 103. Kwong W Ho S,‘Canes A CAOmI?anSOI.I
pharmacokinetic methods. ] Acrosol Med characteristics of large porous of nebulized paftlcle size distribution with
2000:14(1):9-17 particles for inhalation. Int J Pharm Malvern laser dlff.racnon analyzer versus

2002;245(1-2):179-89 andersen cascade impactor and low-flow

83. Hirst B Pitcairn G, Richards J. Deposition i Marple personal cascade impactor.
and pharmacokinetics of an HFA 94. Flemmg.], Epps B, Conway J, et al. - J Acrosol Med 2000;13(4):303-14
formulation of triamcinolone acetonide Comparison of SPECT aerosol deposition ..
delivered by pressurized metered dose data with a human respiratory tract model. 104. Agercoft L,.Peder'senvS.. bung déposmon
inhaler. ] Aerosol Med 2001;14(2):155-65 J Aerosol Med 2006;19(3):268-78 ax?d Systemic avallab}llty of ﬂutlcan)ne

. . diskus and budesonide turbuhaler in

84. Cass LM, Brown J, Pickford M, et al. 95. Zhang, Finlay W. E).(perlment'a% . children. Am ] Respir Crit Care Med
Pharmacoscintigraphic evaluation of measurem.ents of partl.cle dePOSIUOH n 2003;168(7):779-82
lung deposition of inhaled zanamivir in three proximal lung bifurcation models

958 Expert Opin. Drug Deliv. (2009) 6(9)

RIGHTES



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/03/12
For personal use only.

105. Tomlinson H, Corlett S, Chrystyn H.

Dose—response relationship and
reproducibility of urinary salbutamol
excretion during the first 30 min after an
inhalation. Br ] Clin Pharmacol

2003;56(2):225-7

106. Aswani O, Chrystyn H. Relative lung

and systemic bioavailability of sodium
cromoglycate inhaled products using
urinary drug excretion post inhalation.
Biopharm Drug Dispos
2002;23(4):159-63

107. Anderson P, Zhou X, Breen P.
Pharmacokinetics of (R, S)-Albuterol
after aerosol inhalation in healthy adult
volunteers. ] Pharm Sci 2000;87(7):841-4

108. Longest B, Xi J. Effectiveness of direct
Lagrangian tracking models for simulating
nanoparticle deposition in the upper
airways. Aerosol Sci Technol
2007;41(4):380-97

109. Longest P, Vinchurkar S, Martonen T.
Transport and deposition of respiratory

aerosols in models of childhood asthma.

J Aerosol Sci 2006;37(10):1234-57

Jaafar-Maalej, Andrieu, Elaissari & Fessi

Affiliation

Chiraz Jaafar-Maalej' PhD, Véronique Andrieu?,
Abdelhamid Elaissari! & Hatem Fessi'!

fAuthor for correspondence

'Université Claude Bernard Lyon 1,

Laboratoire d’Automatique et de Génie des Procédés
(LAGEP),

bat 308G ESCPE-Lyon, 2¢me étage,

43 bd du 11 Novembre 1918,

69622 Villeurbanne Cedex, France

Tel: +0033 4 72 43 18 93;

Fax: +0033 4 72 43 16 82;

E-mail: fessi@lagep.univ-lyon1.fr

2Faculté de Pharmacie,

Département de Pharmacie Galénique,

13385 Marseille, France

Expert Opin. Drug Deliv. (2009) 6(9)

959
RIGHTES



*Ajuo asn [euosiad o4
ZT/€0/2T Uo “Alun adariedeH Ag wodafedsyleatellioul woly papeojumoq “Alpg bnig ‘uido wedx3

rq}

RIGHTS L



