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WHY IS PARTICLE SIZE FROM MEDICAL
INHALERS IMPORTANT?

Medical aerosols from pressurized metered-dose
inhalers (pMDIs), dry powder inhalers (DPIs) and
nebulizers are widely prescribed for treating ‘tradi-
tional’ diseases of the lung, particularly asthma and
chronic obstructive pulmonary disease (COPD) [1].
In addition, such devices are of interest for the deliv-
ery of medications systemically, using the lung as a
gateway [2]. In the case of oral delivery to the lower
respiratory tract, it is widely recognized that particle
size plays an important part in defining where the
aerosol particles will deposit [3]. This is because the
lungs together with the airways of the respiratory
tract, have evolved to form a particle size-selective
sampling system in which progressively finer parti-
cles are removed from the inhaled air-stream as they
pass via the mouth, larynx and larger airways towards
the alveolar spaces. If the model developed by Rudolph
et al. is taken as an example for a tidally breathing
adult [4], particles with aerodynamic diameter (dae)

larger than approximately 6 µm deposit mainly in the
oropharyngeal region, central (bronchial) airway depo-
sition peaks with particles having dae between 4 and
6 µm, and peripheral (alveolar) deposition in the lung
reaches a maximum with particles having dae between
2 to 4 µm (Figure 1). Aerodynamic particle size takes
into account the inf luences of both particle density
and shape and is related to particle physical size or
volume equivalent diameter for a sphere (dv) through
the equation:

BNCaedae�dv� �1/2
(1)

where the Cunningham slip correction factors (Cae

and Cp) are close to unity when dv�1.0 µm, and the
dynamic shape factor (χ) is unity for spherical parti-
cles [5]. Therapeutic aerosols are also delivered by
the intra-nasal route both to treat topical disease [6]
and target other organs, including the brain, via sys-
temic delivery [7]. However, the particles are, in gen-
eral, an order of magnitude or more larger than those
useful for delivery to the lower respiratory tract [8].
Under these circumstances, there is also an interest
in quantifying the size fraction finer than 10 µm aero-
dynamic diameter [9], since such particles may pene-
trate beyond the nasal cavity into the passage leading
to the oro-pharynx or lower respiratory tract, where
they may then deposit, possibly leading to unwanted
local and/or systemic effects.
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From the above, it is self-evident that reliable tech-
niques that measure the particle size of inhaled
aerosols are an essential part of defining both oral
[10] and nasal [11] inhaler performance in order to
predict respiratory tract deposition as an indicator of
clinical efficacy. In connection with oral delivery of
medications to the lungs for either local or systemic
effects, it is important to distinguish the proportion of
the mass from the inhaler that is contained in so-
called ‘fine’ particles that penetrate beyond the oro-
pharynx from the total mass emitted by the inhaler.
This component is often referred to as the fine parti-
cle or ‘respirable’ fraction (FPF) [12, 13]. The precise
limits for FPF are debatable, depending upon the
eventual destination of the medication, therapeutic
action desired and category of patient (pediatric/
adult). In the US Pharmacopeia [12], FPF is defined
in terms of a size range appropriate to the formulation
being tested. In Europe, only the upper limit of 5 µm
aerodynamic diameter is stated explicitly [13], and
the user is free to select a suitable lower limit. In prac-
tice, 4.7 µm is frequently chosen as the upper size
limit for FPF, because this value corresponds with the
cut-point size of stage 3 of the widely used Andersen
8-stage cascade impactor (Thermo Andersen, Franklin,
MA) operated at 28.3 L/min. However, Newhouse
[14] has proposed an upper limit of 2.0 µm aerody-
namic diameter as being more appropriate for target-
ing the airways with a bronchodilator based on clinical
evidence of efficacy. A similar limit may apply for the
delivery of anticholinergics and corticosteroids, but
larger particles may be more effective at achieving
broncho-constriction in methacholine challenge test-
ing [15]. A lower limit for FPF is rarely specified, but

should be, because a significant proportion of parti-
cles finer than about 1.0 µm aerodynamic diameter
may be exhaled before depositing in the respiratory
tract [3].

The fine particle mass (FPM) emitted by the inhaler
per actuation is calculated as the product of the total
emitted mass and FPF. This quantity should not be
confused with so-called ‘fine particle dose’, as the clin-
ically prescribed dose may require more than one
actuation of the inhaler.

SCOPE OF THE REVIEW

The focus of this article is primarily on how particle
size analysis equipment is used to evaluate the in vitro
performance of inhalers, rather than on the assess-
ment of the particle size of the constituents of formu-
lations, which is a separate topic in itself. Thus the
various methods involving optical or electron micro-
scopy, though of great value in elucidating informa-
tion about the physical size and microstructure of
individual solid particles, are not included. Microscopy
by itself does not determine particle aerodynamic size
[5], and therefore is of little value as a predictor of the
likely behavior of aerosol particles during inhalation.
It is also of limited value to measure liquid droplet
sizes, as assumptions have to be made about contact
angle with the collecting surface and evaporation of
volatile species including water can be difficult to con-
trol.

Both the choice of particle sizing equipment and
how it is configured will depend on the purpose for
which the data are required. The review examines
two distinctly different approaches to the measure-
ment of particle size of inhaler-produced aerosols that
have developed in recent years. The first is the use of
compendial methods for product development and
quality control, and the second approach is the adop-
tion of procedures that attempt to mimic more closely
clinical use of the inhaler. An assessment is also
included of the key attributes and limitations of the
different types of particle size analysis equipment that
are currently available to the user, and a brief sum-
mary of the state-of-the-art in terms of particle sizing
is provided in conclusion.

TWO APPROACHES TO INHALER PARTICLE
SIZE ASSESSMENTS: COMPENDIAL TESTING

The traditional particle size analysis methods for
medical inhalers contained in the US (USP) [12] and
European (Ph.Eur.) [13] Pharmacopias require that
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Fig. 1 Deposition of spherical particles of 1 g cm�3 density for
slow, oral tidal-breathing by an adult patient (adapted from
data in ref. 3)

increased
oropharyngeal 
deposition occurs 
with dae�6 µm

peak central
airway deposition
occurs with dae
between 4 and 6 µm

peak peripheral
airway deposition
occurs with dae
between 2 and 4 µm



some form of drug assay be undertaken of the col-
lected size fractions, so that there is a direct link
between measured particle aerodynamic size and the
mass of active pharmaceutical ingredient (API). This
link is especially important when excipients, such as
surfactant particles, are present together with API.
Non-invasive techniques that are based on light
scattering or the time-of-f light principle that cannot
distinguish between API and non-volatile, non-phar-
maceutically active substances in the formulation (e.g.
surfactant) will measure an overall particle size distri-
bution that may not be ref lective of the actual API-
based size distribution [16].

The current compendial techniques listed in both
USP and Ph.Eur. are summarized in Table 1. They
are all based on the principle of inertial impaction that
size-fractionates the incoming aerosol weighted in
terms of API mass. In addition, this table also in-
cludes the Next Generation Pharmaceutical Impactor
(NGI, MSP Corp., Shoreview, MN, USA), as this
equipment will be adopted as apparatus 5 (DPIs) and
6 (pMDIs) in the USP [17] and also as apparatus E
(both DPIs and pMDIs) in the Ph.Eur. [18]. It should

be noted that apparatuses A and B of the Ph.Eur. are
the glass Twin Impinger and single-stage metal im-
pactor respectively, both of which are likely to be
shortly withdrawn, as although they are useful for
rapid quantification of FPF, they provide insufficient
size resolution in the critical range from 0.5 to 5.0 µm
aerodynamic diameter [19].

In the case of DPI testing, a fixed volume of air is
drawn through the inhaler with the valve to the pump
downstream of the inertial impactor or impinger oper-
ated at critical f low, so that the resistance of the inhaler
determines the precise f low rate-time profile once the
solenoid valve is actuated to begin the process of sam-
pling from the DPI [12, 13]. The final f low rate is
achieved rapidly, and is therefore used to define the
size-separating performance of the particle size analy-
sis equipment. This process is closer to actual use by
a patient, as it simulates the inhalation process, but
there is no attempt to replicate actual inhalation f low
rate-time profiles. In contrast, the impactor or impinger
is always operated at constant f low rate (i.e. 28.3
L/min for the Andersen 8-stage CI) for the testing of
pMDIs and nebulizers.

The twin emphases of compendial methods are on
robustness and reproducibility. Both characteristics
are required in order to optimize both accuracy and
precision for the purpose of inhaler product develop-
ment and quality control of production lots for batch
release testing. The methodology is therefore highly
standardized to minimize inter- and intra-operator and
laboratory differences, and there is little scope for
modification. However, minor adaptations to the basic
methodology are frequently encountered. For instance,
in a recently published standard by the Canadian
Standards Association, the use of a low f low rate cas-
cade impactor is specified for the purpose of evaluat-
ing spacer and valved holding chamber (HC) add-on
devices with pMDIs that are intended for pediatric
rather than adult use [20]. Precautions may also be
taken to minimize the impact of surface electrostatic
charge accumulation by the choice of metal to pro-
vide an electrically conductive surface, rather than
non-conducting glass collection media in impactors
[21], as well as by operating the equipment with cli-
mate control so that the ambient relative humidity is
not too low. Control of relative humidity may also be
important when testing spacers and holding cham-
bers manufactured from non-conducting polymers,
where electrostatic charge accumulation is important
[22]. Local climate control may also be appropriate
when testing DPIs, either where electrostatic charge
associated with the powder particles may have a sig-
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Table 1 Particle size analysis methods for medical aerosols listed
in the current USP†｠and Ph.Eur.‡

† US Pharmacopeia 28 � National Formulary 23, January, 2003, US
Pharmacopeial Convention, Rockville, MD, USA

‡ 4th Edition of the European Pharmacopeia, January 2002, European
Directorate for the Quality of Medicine, Strasbourg, France

Notes:
1.  Apparatus A is the glass Twin Impinger and apparatus B is the

Metal Impinger that are both anticipated to be withdrawn in a
future revision of the Ph.Eur.

2.  All apparatuses listed in the table utilize the USP/Ph. Eur.
Induction Port (throat).

3.  The Next Generation Pharmaceutical Impactor is currently
the subject of In-Process Revisions that are to be adopted in
future editions of the USP [17] and Ph.Eur. [18].

Apparatus Description USP Ph.Eur.note 1

Andersen 8-stage impactor/ Apparatus 1 for 
no pre-separator pMDIs Apparatus D

Marple-Miller model 160 Apparatus 2 for 
5-stage impactor DPIs �

Andersen 8-stage cascade Apparatus 3 for 
impactor/pre-separator DPIs Apparatus D

Multi-stage liquid impinger Apparatus 4 for 
(4-stages) DPIs Apparatus C

Next Generation 
Apparatus 5 for 

Pharmaceutical Impactor 
DPIs

Apparatus E
(7-stages) Apparatus 6 for 

MDIs



nificant impact on aerosol behavior [23], or where
hygroscopic substances are present [24].

In the case of nebulizer testing, a recently pub-
lished European standard [25] specifies a fixed f low
rate of 15 L/min for the withdrawal of aerosol for the
measurement of droplet size distribution by multi-
stage impactor, this f low rate being considered repre-
sentative of a mid-inhalation f low rate during adult
tidal breathing (500-ml, at 15 respiration cycles/min)
[26]. An impactor with a f low rate�15 L/min may be
used (the Marple Series 298/6 X impactor cited in the
standard as an example CI, operates at only 2 L/min)
by sampling a portion of the aerosol leaving the nebu-
lizer, as long as the total f low rate exiting the device is
maintained at 15 L/min. However, there is a risk that
such an approach may not result in a representative
size distribution, unless precautions are taken to sam-
ple isokinetically [5].

In compendial testing, there is no attempt to sim-
ulate the variable f low rate profile associated with
the respiratory cycle [12, 13]. Furthermore, the inlet
(induction port) to the size analyzing equipment is
greatly simplified with respect to human anatomy,
comprising in its most basic form, a right-angle tube
made to very precise internal dimensions that are
consistent between both European and US Pharma-
copeias. It is worth noting, however, that pharmaceu-

tical companies have independently developed several
variants on the basic USP/Ph.Eur. design for their
particular products [27], ref lecting varying view-
points on how inhaler aerosols should be sampled.

TESTING TO SIMULATE CLINICAL USE

In recent years, there has been a recent interest in
developing and adapting in vitro particle size mea-
surement techniques to be more predictive of the clin-
ical situation, as an alternative to the use of compendial
methods [28-38]. The systems that have been devel-
oped are inevitably more complex, as the particle siz-
ing equipment (typically a cascade impactor) has to
be operated at constant f low rate, whereas the var-
iable f low rate profile associated with simulating
part or all of the respiratory cycle is linked with the
inhaler-patient interface. In many instances, tidal
breathing is simulated [30-32, 34, 38], although actual
patient-generated breathing patterns have also been
recorded as a further refinement, and used to operate
the breath simulation equipment [33, 35-37].

Pertinent details of some of the more important
arrangements that have been developed are sum-
marized in Table 2. Other refinements include the
adoption of anatomically correct inlet geometries to
resemble the human oro-pharyngeal region. These
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Table 2 Studies in which particle sizing equipment has been linked with attempts to simulate oral breathing for testing medical aerosol
inhalers*

* This Table provides only basic information about complex arrangements for testing inhalers. The reader should refer to the original publica-
tions for complete method details.

Description of interface with breathing simulator

Electronic Lung™ used to test DPIs. Aerosol ‘inhaled’ into a sampling chamber by
action of piston-in-tube. Recorded patient inhalation waveforms as well as standard
(e.g. sinus) patterns can be used. Impactor samples from the chamber at the end of
the inhalation maneuver.

Used for testing pMDI with HCs. Complete respiratory cycle simulated by piston-in
tube pump connected to inhaler via ‘T’-piece. Other limb of ‘T’-piece goes to
impactor. Pressurized air source supplies air via ‘T’-piece to enable impactor to
operate without perturbing breathing pattern at inhaler.

Used for testing pMDI with HCs. Piston-in-tube breathing simulator with electronic
trigger to operate solenoid valve supplying compressed air at start of inhalation and
terminate at start of exhalation, enabling impactor to operate continuously at 28.3
L/min.

Used to test DPIs. Breathing simulator as described by Finlay and Zuberbuhler [32]
connected to enclosure surrounding DPI. Air pushed through DPI at ‘inhalation’ to
allow downstream collection of the aerosol by virtual impactor after passing through
model oro-pharynx.

Used for testing pMDIs with HCs. Ventilator-test lung used to derive breathing 
waveform. 1.5 L plenum located after HC from which sample is extracted to 
impactor.

Used for testing nebulizers. Piston-in-tube pump simulates breathing waveform.
Impactor samples from side-arm of ‘T’-piece connecting pump to nebulizer.

Particle sizing equipment

Andersen 8-stage impactor at 28.3
L/min

Andersen 8-stage impactor at 28.3
L/min

Andersen 8-stage impactor at 28.3
L/min

Virtual impactor (285 L/min) with
MOUDI (MSP Corp.) operated at
30 L/min to size-classify 1 � 10 µm
particles

QCM 10-stage impactor (California
Measurements, Sierra Madre, CA)
at 0.24 L/min

Low f low impactor at 1 � 2 L/min

Study

Brindley et al.
[35]
Burnell et al.
[36]

Foss and 
Keppel [34]

Finlay [30],
Finlay and
Zuberbuhler
[31, 32]

Finlay and 
Gehmlich [33]

Fink and
Dhand [37]

Smaldone 
et al. [38]



models were based originally on cadaver casts, but
more recently have been derived from imaging of live
patients [39, 40]. The Sophia anatomical infant nose-
throat (SAINT) model developed by Janssens et al. is
an example of a clinically realistic representation that
was developed from 3-dimensional computer tomog-
raphy scans of the upper airways of an obligate nasal
breathing 9-month infant [41]. The interior surfaces
of such inlets/models can be wetted with a viscous
agent such as Brij-35 (polyoxyethylene-23-lauryl ether
[41]) or glycerol [42], as a further refinement to sim-
ulate mucosal surfaces.

Simulations of delayed or poorly coordinated pMDI
actuation in the context of performance testing hold-
ing chambers are also attempts to bridge the gap
between compendial testing and more closely simulat-
ing clinical use [43, 44]. Such studies indicate a devel-
oping trend towards improved evaluation of these
so-called ‘add-on’ devices, since correct inhalation and
exhalation valve function cannot be properly investi-
gated under constant f low rate conditions [29].

From the foregoing, it is evident that when choos-
ing the most appropriate approach to undertake parti-
cle size analysis, careful thought should be given to
the purpose for which the data are required as well as
considering the appropriateness of the technique for
the class of inhaler that is being evaluated.

PARTICLE SIZE ANALYSIS TECHNIQUES
WHICH METHOD TO CHOOSE

Table 3 contains a summary of the particle size
analysis techniques that are currently in widespread
use for the evaluation of medical inhalers, showing
the operating principle, size range and inhaler types
for which they are most applicable. Most particle siz-
ing methods used for inhaler aerosol assessments are
invasive, in that they require either a sample or the
entire aerosol produced on actuation to be collected
by the measurement equipment. Techniques that are
based on either inertial impaction or time-of-f light
(TOF) both determine aerodynamic diameter. How-
ever only multi-stage CIs or liquid impingers directly
provides the mass-weighted data that are more rele-
vant than the corresponding count/number-weighted
size distribution results in predicting the mass of API
likely to be delivered to different parts of the respira-
tory tract [10].

Ideally, the measurement technique should not per-
turb the inhaler aerosol being evaluated, since the
process of moving the aerosol to the measurement
instrument may alter the size distribution by enhanc-
ing processes that cause particles to deposit prema-
turely [45], or may result in droplet size reduction as
a result of evaporation of volatile species, if care is not
taken to minimize such behavior [46]. So-called non-
invasive methods, which are all based on some form
of particle-light interaction process, have not yet been
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Table 3 Summary of particle sizing methods used to characterize medical aerosols from inhalers

Size Range (µm)

0.1 � 15 µm overall range, but varies from one
instrument to another. CIs typically have 7 � 8 stages.
The current MSLI has 4 stages�back-up filter.

Cut size chosen to separate coarse from fine particles
likely to penetrate the lower respiratory tract (e.g. 6.4
µm for TI at 60 L/min).

Aerosizer® (no longer available): 0.2 � 200 µm,
extendable to 700 µm with larger nozzle. TSI 3603
PSD analyzer is successor: 0.2 � 700 µm TSI 3321
APS® with 3306 impactor inlet: 0.5 � 20 µm.

0.5 µm � 3 mm overall range, but varies from one
instrument to another.

0.3 � several hundred µm. Precise range 
depends upon the optical configuration chosen.
Particle velocity can also be measured in 1-, 2- 
or 3-components of direction, depending on
sophistication of measurement system.

Assay
for 
API

YES

YES

NO

NO

NO

Direct 
Measure of 

Aerodynamic
Diameter

YES

YES

YES

NO

NO

Operating principle

Inertial size separation in
laminar f low

Inertial size separation in
laminar f low

Particle acceleration in ultra-
Stokesian f low; transit time
between two detectors

Low angle laser light
scattering

Phase shift observed by
several detectors observing
particle interaction with
interference fringes formed
from intersecting laser beams

Technique

Cascade impactor (CI)
multi-stage liquid
impinger (MSLI)

Single stage impactors/
Twin Impinger (TI)

Particle time-of-f light
(TOF)

Laser diffractometry
(LD)

Phase-Doppler particle
size analysis (PDA)



refined to the point at which simultaneous chemical
assay of the measured particles takes place to link
the size measurement with mass of API delivered
from an inhaler. However, a new generation of non-
invasive instruments, such as the Ultra-Violet Aero-
dynamic Particle Sizer® aerosol spectrometer (TSI Inc.,
Shoreview, MN, USA) offer the potential for combin-
ing particle sizing with an assay procedure, in this
instance by f luorescence intensity. The application of
this instrument thus far has been to detect biologi-
cally active from inanimate particles in air quality
monitoring, rather than distinguish API from non-
therapeutically active particles in studies of inhaler-
based drug delivery.

Non-invasive methods can be further sub-divided
into TOF techniques that determine aerodynamic par-
ticle size directly by particle acceleration in a well-
defined f low regime, and systems that are based on
particle-light interaction. TOF-analysis is particularly
useful for the assessment of powders in pre-formula-
tion studies [47], as various methods for dry disper-
sion of powders into aerosol form are available. Light
interaction methods can be further sub-divided into
low angle (laser diffraction (LD)) and phase Doppler
systems. LD systems measure orientation-averaged
size that corresponds closely with volume equivalent
diameter, at least for micronized, near spherical pow-
der particles [48]. They are convenient to use, as they
typically require few user defined parameters and
enable size distribution measurements to be made in
�1 min, compared with �1 h by cascade impactor.
LD is especially applicable for sizing aqueous droplets
produced either by nebulizers [49, 50] or nasal spray
pumps [11], since the technique has a very wide
dynamic range. Clark has shown that LD provides
droplet volume median droplet diameter (VMD) as a
measure of central tendency of the size distribution
that is equivalent to mass median aerodynamic diame-
ter (MMAD) for non-volatile dibutyl phthalate drop-
lets produced by a jet nebulizer [51]. It is reasonable
to expect this relationship to hold true for aqueous
droplets, provided that care is taken to control evapo-
ration [10]. Although the link between LD-measured
size distribution and VMD may be appropriate for a
homogeneous solution formulation, direct compari-
son between LD- and other techniques such as iner-
tial impaction is unlikely to apply with suspension
formulations. This is because LD quantifies droplet
size distribution without reference to the mass con-
tent of API contained within the various sizes of
droplets, in contrast to inertial methods where API
mass is directly determined [10].

INERTIAL IMPACTORS, INCLUDING THE
MULTI-STAGE LIQUID IMPINGER (MSLI)

Inertial size-separation by CI has been used as the
‘gold standard’ to size-analyze inhaler-derived aerosols
for many years [12, 13] and is probably the widest
used method today. The application of this class of
particle size analyzer to the assessment of medical
aerosols has recently been extensively reviewed, fo-
cusing on the types of impactor that are in current
use together with their strengths and limitations for
measurements with the different classes of inhalers
[52].

The theory of impactors has been well developed
by Marple and colleagues over several years, based
on a 2-dimensional solution of the Navier-Stokes equa-
tions defining the gas f low field in the absence of par-
ticles, and then using Newton’s equation of motion to
model the passage of different sized particles through
various stage geometries [53-55]. In its simplest form,
a single stage impactor comprises a jet or nozzle plate
containing one or more circular or slot-shaped ori-
fices of diameter (W) located a fixed distance (S)
from a f lat collection surface that is usually horizontal
(Figure 2). The stage functions by classifying incom-
ing particles of various sizes on the basis of their dif-
fering inertia, the magnitude of which ref lects the
resistance to a change in direction of the laminar f low
streamlines [53, 54]. As the incoming f low passes
through the nozzle plate, the streamlines diverge on
approach to the collection surface, whereas the finite
inertia of the particles causes them to cross the
streamlines. The dimensionless Stokes number (St),
which is the ratio of the stopping distance of a particle
to a characteristic dimension, in this case W (or aver-
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Fig. 2 Schematic of a single stage impactor, showing divergent
streamlines in f low approaching collection surface, with
particle trajectory meeting surface at point A

IMPACTION
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age diameter, W
–

, for a multi-orifice stage) describes
the process, defining a critical particle size that will
reach the collection surface for a particular stage
geometry. For a single nozzle (jet) impactor, St is
related to W through the expression:

St� (2)

in which rae is particle density, Cae is the Cunningham
slip correction factor, U is the air velocity at the noz-
zle exit of impaction stage and µ is gas (air) viscosity
[54].

The particle collection efficiency (E) of an ideal
impactor stage, expressed as a percentage, will in-
crease in a step-wise manner between limits of zero to
100% at a critical value of St. In practice, for a well-
designed stage, E is a monotonic sigmoidal function
of St or dae that increases steeply from E � 0% to
�95%, typically reaching its maximum steepness when
E is 50% (Figure 3), corresponding to the stage effec-
tive cut-off diameter, also termed its d50 value, and:

BNC50d50�� �1/2
BNSt50 (3)

or in terms of volumetric f low rate (Q):

BNC50d50�� �1/2
BNSt50 (4)

for a multi-orifice stage comprising n circular nozzles.
It is possible to take into account the shape of the

9πµnW 3

4ρaeCaeQ

9ηW
ρaeCaeU

ρaeCaed 2
aeU

9µW

actual collection efficiency curve of the stage in the
analysis of impactor data [56], but this refinement
is rarely done for measurements of inhaler perfor-
mance. Instead, the assumption is made that the mass
of particles larger than d50 that penetrate the stage, is
exactly compensated by the mass associated with par-
ticles finer than this size, that are collected [57]. Thus
the d50 value is a constant for a given stage at a fixed
f low rate. Marple and Liu [54] and more recently
Rader and Marple [55], with an improved theory tak-
ing into account the effect of ultra-Stokesian drag,
have identified that BNSt at E50 (BNSt50 ) should be close
to 0.49 for well-designed round-nozzle impactors (Fig.
3), where differences in particle inertia dominate the
size separation process. BNSt50 remains close to this
value when the f low Reynolds number (Re), given by:

Re� � (6)

is within the range from 500 to 3000 [54]. ρ is the gas
(air) density.

The sharpness of cut of a given stage is defined
in terms of the geometric standard deviation (GSD)
of the collection efficiency curve, derived from the
expression:

GSDstage��� (7)

where d84.1 and d15.9 are the sizes corresponding to
the 84.1 and 15.9 percentiles of the curve by analogy
with the log-normal distribution function expressed in
cumulative form, to which the shape of the collection
efficiency curve approximates (Fig. 3). GSD for a
well functioning stage should ideally be�1.2 (the
GSD for an ideal size fractionator would be 1.0) [58].
However, in practice, values in many designs of com-
mercial impactor can exceed this limit, especially with
stages that classify particles larger than 5 µm aerody-
namic diameter, where gravitational sedimentation
significantly contributes to the size-separation process
[59]. The inf luence of gravity becomes especially evi-
dent at low f low rates with impactors such as the NGI
that are designed to operate over a range of f low rates
[60].

For multi-orifice impaction stages, Fang et al. [61]
also identified the importance of the cross-f low para-
meter (Xc), as a parameter that affects stage GSD. Xc

is defined as:

Xc � (8)

where Dc is the diameter of a cluster of nozzles on the

nW
4Dc

d84.1

d15.9

4ρQ
nπµW

ρW V0

µ
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stage. If the value of this dimensionless parameter is
greater than 1.2, the potential exists for spent air leav-
ing the orifices closer to the centre of the nozzle plate
to interfere with the f low exiting the outer orifices,
thereby preventing their f low from reaching the col-
lection surface.

A CI is assembled from several stages with progres-
sively decreasing cut sizes (Figure 4), so that an
incoming aerosol is size separated into the same num-
ber of fractions as there are stages. For inhaler test-
ing, it is desirable to have at least 5 stages with d50

values located within the critical range from 0.5 to 5
µm aerodynamic diameter [62]. There is a link between
the cut sizes of individual impactor stages and the
likely deposition sites in the respiratory tract of the
particles that are size-separated, but it is important to
appreciate that diagrams, such as Figure 5, which
relates to the Andersen 8-stage impactor, are only a
guide, since the constant f low rate through a CI does
not simulate the continuously varying f low rate asso-
ciated with the respiratory cycle.

Technical details for the most widely used CIs for in-
haler aerosol testing are summarized in Table 4. Stage
d50 values for the Andersen 8-stage impactor, standard
Marple-Miller impactor (MMI, MSP Corp., Shore-
view, MN, USA) and the Multi-Stage Liquid Impinger
(MSLI) (Copley Scientific Ltd., Nottingham, UK)
have been taken from Marple et al. [63]. Size ranges
appropriate to these and other CIs occasionally used
for inhaler testing that are based on published cali-

bration data, are summarized in Tables 5-9. Cascade
impactors are typically calibrated on a stage-by-stage
basis using monodisperse aerosol particles [64-74]
that are ideally electrostatically charge equilibrated
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Fig. 4 Schematic of a multi-stage impactor, showing the separa-
tion of progressively finer particles as the aerosol passes
through successive stages to the after filter

Fig. 5 Relationship between Andersen 8-stage CI cut sizes at 28.3 L/min and likely particle deposition in the respiratory tract
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[73]. The process is both labor intensive and time
consuming, so that measurement of stage nozzle
diameters (so-called stage mensuration) is currently

regarded as an acceptable substitute to verify that
impactor performance is maintained with use [12].

Although testing of pMDIs and nebulizers is conve-
niently undertaken at a fixed f low rates where calibra-
tion data are available, almost all DPIs require an
inhalation maneuver to be simulated for the bulk pow-
der to be dispersed and ejected from the inhaler. In
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Table 4 Characteristics of cascade impactors used to size-analyze medical aerosols from inhalers

Stages and 
Size Range

8 circular plates 
� after filter

5 collection cups 
� after filter

7 collection cups 
� micro-orifice

collector (MOC)

4 impingement
stages � after filter

10 f lat collection
sensors

8 plates (model 100)
0.8 � 10 µm

10 plates 
(model 110) 

0.056 � 10 µm

Reynolds number 
range

110 � 782

1240 � 3160

1240 � 3160

386 � 918 (4.9 L/min)

945 � 1951 (12.0 L/min)

166 � 1482 
(15 L/min � stages 

1-7: MOC not
recommended at 

this f low rate)
149 � 2938 (30 L/min)..
298 � 5876 (60 L/min)..
496 � 9793 (100 L/min)

3300 � 10310

350 � 1680

Calibration

Vaughan [65]
Mitchell et al. [66]

Marple et al. [69]
�

Olson et al. [70]

Marple et al. [58]
� 30 to 100 L/min
Marple et al. [60]
� 15 L/min

Asking and Olsson
[71]

Fairchild and
Wheat [72]
Horton et al. [73]

Marple et al. [74]

Comments

ACI can be used at higher f low
rates for DPI testing by modifying
stages [54-55] � see Table 5.

Low f low version (model 150P)
designed to operate at two
discrete f low rates by interchange
of single-jet nozzle to first stage.

Horizontal inter-stage geometry
with hinged lid access to aid auto-
mation. MOC avoids use of after
filter but an internal or external
filter can be used for formulations
with a significant portion of extra-
fine particles that would
otherwise penetrate the MOC.

Can be used at f low rates between
30 and 100 L/min.

Other versions that operate at
higher f low rates are available.

A version is available where
continuous deposits are collected
as a function of sampling time by
rotating the nozzle plates relative
to the collection surfaces.

Flow Rate
(L/min)

28.3

Model 160 � 60

Model 150 � 30

Model 
150P � 4.9 and

12.0

15 � 100

60

0.24

30

Impactor/
Impinger

Andersen 
8-stage (ACI)

Marple-Miller
impactors
(MMI)

Next Generation
Pharmaceutical
Impactor (NGI)

Multi-Stage
Liquid Impinger
(MSLI)

Quartz crystal
impactor 
(QCM)

Micro Orifice
Uniform Deposit
Impactor
(MOUDI)

Table 5 Stage d50 values (µm) for the various configurations of the
Andersen 8-stage cascade impactor at different f low rates

† Cut size reported by Thermo Andersen for this stage is 0.43 µm
Data at 28.3 L/min are nominal values supplied by the manufacturer,
data at 60 and 90 L/min are from [67] and [68].

Stage
Flow Rate (L/min) 

28.3 60 90

�2... not used not used 8.00†

�1... not used 8.60 6.50†

0 9.0 6.50 5.20†

1 5.8 4.40 3.50†

2 4.7 3.20 2.60†

3 3.3 1.90 1.70†

4 2.1 1.20 1.00†

5 1.1 0.55 0.22†

6 0.7 0.26 not used

7 0.4 not used not used

Table 6 Stage d50 values (µm) for various models of the Marple-
Miller impactor

Data for 4.9 and 12 L/min are from reference 57, and data at 30 and
60 L/min are from [64]. Data at 90 L/min are calculated assuming
ideal inertial size separation.

Stage

MMI model and f low rate (L/min) 

150P 150P 150 160 160
4.9] 12.0'''' 030 060 090

1 10.00 10.00 10.00 10.00 8.1

2 07.20 04.70 05.00 05.00 4.0

3 04.70 03.10 02.50 02.50 2.0

4 03.10 02.00 01.25 01.25 1.0

5 00.77 00.44 00.63 00.63 0.5



practice, the DPI is first attached to the induction port
of the CI, f low rate adjusted until the pressure drop
across the inhaler (measured at the induction port
entry) is 4 kPa, chosen as being broadly representa-

tive of pressure drops produced by patients using
DPIs [75]. Before simulating the inhalation maneuver,
the volumetric f low rate is checked with the DPI
replaced by a f lowmeter that is capable of providing
the volumetric f low rate either directly or through an
appropriate Boyles’ Law pressure correction [76]. This
f low rate is often intermediate to one of the values for
which cut off sizes have been obtained by calibration.
For the ideal inertial separator, it can be shown by
application of equations 3 or 4, that the stage cut-point
size (D50,1) at f low rate (Q1) is related to the cut-point
size (D50,ref) at a reference f low rate (Qref) where cali-
bration data are available, in accordance with:

D50,1�D50,ref  � �1/2
(9)

This relationship is the basis of the calculation pro-
vided in the current compendial methods, where
D50,ref is fixed at 60 L/min [12, 13]. However, it is only
strictly valid when inertial forces dominate the parti-
cle separation process so that BNSt is constant. This
situation is not the case when gravity has a significant
effect on the size-separation process, as occurs with
components of CIs in which particles with dae�10 µm
are being size-separated [77]. Under these circum-
stances, it may be more appropriate to fit calibration
data, if acquired at several f low rates within the range
of operation of the CI, by a power law expression of
the form:

D50,1�A� �b
(10)

where Qref is a chosen reference condition (generally
60 L/min for DPI testing), and the parameters ‘A’ and
‘b’ are chosen to fit the calibration data. This more
general approach was therefore adopted to predict
stage cut-point sizes for the NGI between 30 and 100
L/min [17, 18, 58] (Table 10). Although not based
on a model of the underlying physics of impactor
operation, the approximation is practical to imple-
ment, and can also be applied to correct for other non-
ideal behavior, such as the effect of the slip correction
term describing particle motion, that can be signifi-
cant with stages which separate particles finer than
0.5 µm.

Particle size measurements by cascade impactor
can be affected by a number of factors that can intro-
duce bias. Recently a working group of the US Prod-
uct Quality Research Institute (PQRI), which is a
collaborative process involving representatives from
the pharmaceutical industry, academia and the FDA,
developed a guide to aid those testing inhalers by the

Qref

Q1

Qref

Q1
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Table 7 Stage d50 values for the multi-stage liquid impinger at 60
L/min

Data from [71].

Stage Cut Size (µm)

1 13.0

2 06.8

3 03.1

4 01.7

Table 8 Stage d50 values for the QCM impactor at 0.24 L/min

†｠Higher than expected cut size for stage 10 may have been influ-
enced by calibration particle density being�1 g.cm�3

Stage Cut Size (µm) from [72] Cut Size (µm) from [73]

1 17.00† 15.70

2 13.00† 09.00

3 07.70† 06.30

4 03.90† 03.10

5 01.80† 01.87

6 01.20† 01.09

7 00.64† 00.49

8 00.34† 00.32

9 00.26† 00.19

10 00.14† 00.07

Table 9 Stage d50 values for the Model 110† MOUDI at 30 L/min

‡ The d50 value of the inlet is quoted as 18 µm, but this is not nor-
mally used as an impaction stage

† Model 100 MOUDI comprises stages 1 to 8

Stage‡ Cut Size (µm) from [74]

1 9.900

2 6.200

3 3.100

4 1.800

5 1.000

6 0.560

7 0.320

8 0.180

9 0.097

10 0.057



cascade impaction method [21]. The underlying pur-
pose of this document was to identify impactor-related
contributions to the overall uncertainty of the mass
balance of API that is used to validate the particle size
measurement. However, the investigation tree con-

tained in this summary of ‘good CI practice’ (Fig-
ure 6), that identifies a way to trace the cause of a
failed mass balance measurement, is also a useful
guide when examining anomalous particle size data.
The order of investigation has recently been validated
by the outcome from a survey of impactor users
within the pharmaceutical industry [78].

It is important to note that many of the issues listed
in Table 11 which has been derived from the PQRI
publication, including the elimination of leakage path-
ways and correct alignment of components, can be
eliminated in routine testing by careful adherence to
protocols. Particular attention needs to be paid to the
control of f low rate, as this parameter has a major
inf luence on performance (equations 9 and 10) [76].
The choice of a suitable viscous surface coating to
avoid particle bounce in a CI [79-82] is of critical
importance when testing DPIs [83, 84], with the
exception of the MSLI, where the liquid contained in
each impaction stage fulfils this purpose. The deci-
sion whether or not to coat, and with whatever sub-
strate, is normally made during the development of
the method for a particular inhaler/drug product

42 KONA  No.22  (2004)

Table 10   Values of constants ‘A’ and ‘b’ (Equation 10) for the NGI

†｠Equation 10 was replaced by D50,1�12.8 � 0.07(Q � 60) in order to
account for the significant effect of gravity on its operation 

From [60]: used by permission, Mary Ann Liebert Inc.

Component A b

Pre-separator†｠ see footnote see footnote

Stage 1 8.06 0.54

Stage 2 4.46 0.52

Stage 3 2.82 0.50

Stage 4 1.66 0.47

Stage 5 0.94 0.53

Stage 6 0.55 0.60

Stage 7 0.34 0.67

CI/MSLI MB
Determination

MB within acceptance criteria
determined in method development

and in validation studies
MB outside validated

acceptance criteria

Check for analyst errorMass balance check 
is complete

Check for errors in instrument
and auxiliary equipment

Remedy the error and repeat
CI/MSLI test

Error
confirmed

Remedy environmental factor(s)
and repeat CI/MSLI test

Error not
confirmed

Error not
confirmed

Check for DCU

Error not
confirmed

DCU unacceptable

Check environmental factors

Check for product errors Repeat CI/MSLI test

Error
confirmed

Remedy the error and
repeat CI/MSLI test

DCU acceptable

Error
confirmed

Fig. 6 Failure investigation tree for inhaler testing by cascade impactor (from [21]: used by permission, Mary Ann Liebert Inc.)



[21]. A wide variety of such methods exist, and the
European Pharmaceutical Aerosol Group (EPAG) has
therefore recently published a summary of current
procedures that are in use by member organizations
[85]. Although pMDIs have customarily been tested
using uncoated collection surfaces, recent data with
the MMI [86], Andersen 8-stage CI [87] and NGI [88,
89] indicate that a surface coating may also be neces-
sary when evaluating this class of inhaler with these
impactors, especially if the formulation contains no
surfactant and only 1 or 2 actuations of the inhaler are
performed per measurement to simulate delivery of
the clinically prescribed dose. Nevertheless, the out-
come from a recent extensive multi-organization inter-
comparison between the Andersen 8-stage CI and
NGI testing a wide variety of both pMDI- and DPI-
delivered formulations in which most measurements
were undertaken with more than 2-actuations into the
impactor, indicated that size distributions obtained by
either impactor are substantially equivalent [90].

TIME-OF-FLIGHT AERODYNAMIC PARTICLE
SIZE ANALYZERS

TOF particle size analyzers provide an attractive
alternative method to cascade impactors or impingers
for the determination of aerodynamic particle size dis-

tributions of inhaler-generated aerosols, as they oper-
ate in near real-time and are therefore rapid to use.
They also have greater size resolution capability (�10
size channels per decade). These instruments each
function on the principle of accelerating aerosol-based
particles to the point at which their velocity temporar-
ily lags behind that of the surrounding air molecules
(ultra-Stokesian f low). During this period, the time it
takes for individual particles to transit between two
light beams is accurately measured, since this TOF is
a unique function of aerodynamic size [91]. Two types
of TOF analyzer have been widely applied to the mea-
surement of medical aerosols.

1. The Aerosizer® family of TOF analyzers (Aerosizer®

Mach 2 and Aerosizer® LD) were developed in
the late 1980s and 1990s by Amherst Process
Instruments Inc. Amherst Process Instruments
Inc. was acquired by TSI Inc., Shoreview, MN,
USA in 1998, who shortly thereafter replaced the
previous systems with the DSP particle sizer. The
PSD 3603 TOF analyzer superseded this instru-
ment in 2003.

2. The Aerodynamic Particle Sizer (APS®) aerosol
spectrometer developed by TSI Inc. in 1982 as
the APS3300, followed by the APS3310 in 1987.
These early instruments were superseded in
1997, initially by the model 3320 and in 2001 by
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Table 11   Potential causes of bias in impactor-based particle size measurements � Impactor-related issues†

† adapted from [21]: used by permission, Mary Ann Liebert Inc.

Factor

Correct location of collection surfaces

Proper accounting for collection surfaces (and back-up filter)

Assertion of stage order

Air leakage into impactor

Poor seal and orientation between induction port/impactor or between 
induction port/pre-separator/impactor

Inadequate liquid volume or liquid missing from collection surfaces (MSLI)

Flow rate

Timer operation of solenoid valve (DPI-testing)

Cleanliness of stage nozzles

Worn/corroded stage nozzles

Electrostatic effects

Use of collection surface coating

Environmental factors (barometric pressure, relative humidity)

Potential Inf luence on Particle Size Distribution Accuracy

Large

Large

Large

Small, unless leak is massive

Small, unless leak is massive or components grossly out of
alignment

More data needed to quantify risk of bias

Large

Large

More data needed to quantify risk of bias

More data needed to quantify risk of bias

Large, when non-metallic components are used

Large

Potentially large, depending more on formulation 
(e.g. hygroscopic particles) than impactor



the currently available model 3321.
Both types of TOF analyzer operate effectively in

the range of greatest interest for inhaler testing (0.5
to 20 µm aerodynamic diameter). Detailed descrip-
tions of the operating principles of each technique
together with their applications and limitations for the
assessment of all types of inhaler-generated aerosols,
have been reviewed in two previous publications [47,
92], so this summary focuses on the more important
aspects that should be considered.

The underlying principle of the APS® family of
instruments is based on the work of Wilson and Liu
[93], that was further developed by Remiarz et al.
[94]. The f low through the tapered nozzle does not
reach sonic velocity, but the particles are accelerated
in ultra-Stokesian f low. The 3300 and 3310 instru-
ments comprised a sensor unit, which contains the
sampling system, detector, preliminary data processor
and f low sensing equipment (Figure 7). Although
they offer a high degree of size resolution compared
with CI/MSLI-based measurements, both instruments
are susceptible to coincidence-related bias, when
more than one particle is detected simultaneously. In
addition, bias is caused by so-called ‘phantom’ particle
detection because the laser beams defining the mea-
surement zone were separated, so that individual par-
ticle transits are not detected [95, 96]. The 3320 and
3321 instruments therefore incorporate two overlap-

ping laser beams that define the measurement zone,
combined with improved particle detection electron-
ics. The time-of-transit of individual particles can
therefore be followed by detecting a distinct double-
crested signal as the particle traverses the illuminated
pathway between both beams (Figure 8) [97]. Rela-
tive light scattering intensity can also be measured
and correlated with the TOF-based aerodynamic size
for each particle. Despite these improvements, accu-
racy in calculating mass-weighted size distributions
most appropriate for medical inhaler assessments
using the model 3320 was still limited by a very low-
level background of false, large particle counts that
were present even after the effects of particle coinci-
dence and phantom particles had been eliminated
[98, 99]. The cause was traced to small particles that
re-circulated in the vicinity of the measurement zone,
thereby re-entering at a much slower velocity and
therefore being assigned a correspondingly larger
size. This recirculation was eliminated in the model
3321 and minor improvements were also made to the
detection electronics to optimize the time spent pro-
cessing each particle transit event. Both models 3320
and 3321 can be equipped with a single stage im-
pactor inlet ((SSI) model 3306) having a cut size of 4.7
µm aerodynamic diameter, for work with medical
aerosols. A version is also available with a cut size of
2.5 µm aerodynamic diameter for measuring the fine
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Fig. 7 Aerosol f low path and TOF detection system for the models 3300 and 3310 APS® aerodynamic particle sizer spectrometer (courtesy TSI
Inc.)
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particle content of environmental aerosols, but which
might also be useful for assessing extra-fine particle
content of inhaler-generated aerosols. The entry to
the SSI is a USP/EP induction port (Figure 9).

The Aerosizer® family of TOF analyzers operates
by accelerating particles in a sonic expansion f low
and measuring their time to transit a fixed distance
defined by two parallel, but separated light beams
located in the path of the f low close to the nozzle
(Figure 10). Dahneke et al. [100] first described this
operating principle, later amplified by Dahneke and
Padiya [101], Dahneke and Cheng [102] and Cheng
and Dahneke [103]. A cross-correlation technique is
used to link measured TOFs between the two detec-
tors to individual particle transits through the mea-
surement zone, so that a meaningful size distribution
can be constructed. However, the technique is com-
plex and susceptible to non-ideal effects, particularly
at high concentrations when several particles may
be present simultaneously in the measurement zone
[91]. The measurement range of the Aerosizer® is
nominally from 0.2 to 200 µm aerodynamic diameter,
making use of the standard 750 µm diameter tapered
nozzle [91]. However, for research with DPIs in which
the API is attached to larger lactose carrier particles,
the measurement range can be shifted from approxi-

mately 0.2 to 700 µm aerodynamic diameter by the
use of a larger (1500 µm diameter) nozzle. Various at-
tachments were available to disperse bulk powder into
aerosol form (Pulse-Jet Disperser™, AeroDisperser™),
sample fully expanded pMDI-generated aerosols from
a large volume (AeroSampler®), simulate the inhala-
tion portion of a breathing cycle (AeroBreather®)
and dilute the incoming aerosol (AeroDiluter®) [47].

The PSD 3603 TOF analyzer successor to the
Aerosizer® instruments utilizes a similar ‘double-crest’
particle detection arrangement as that developed for
the more recent versions of the APS® TOF systems
(Fig. 8). However, the f low path through the instru-
ment more closely resembles that of the Aerosizer®.
It can be used with a dry powder disperser attach-
ment similar to that developed for the Aerosizer® for
formulation development purposes. Other sampling
devices that would be useful for inhaler testing, such
as the AeroSampler® and AeroBreather®, are not
presently available, and no studies evaluating the PSD
3603 analyzer with inhalers have been published to
date.

Table 12 is a comparison of the features of TOF-
and CI-based analysis methods. In contrast with most
impactors used to evaluate inhalers, TOF analyzers
operate at f low rates that are too low for direct con-
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Fig. 8 ‘Double-crest’ particle detection system utilized by models 3320 and 3321 of the APS® aerodynamic particle sizer spectrometer (cour-
tesy TSI Inc.)
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nection to the inhaler, and therefore require the
aerosol that is presented to the measurement zone
to be sampled from the f low entering the analyzer.
There is scant data on the variation of measurement
efficiency as a function of particle size with these sys-
tems, largely because such measurements require a
source of monodisperse particles in known number
concentration. Such so-called ‘aerosol concentration’
standards are exceedingly difficult to achieve in prac-
tice, due to the several forces that act to remove sus-
pended particles within the size range of interest
[104]. The assumption is therefore made that par-
ticles of all sizes are sampled and measured with
equal efficiency. However, recent publications by
Armendariz and Leith [105] and Peters and Leith
[106], who have established the measurement effi-
ciency-aerodynamic size relationships for the APS®

models 3320 and 3321 respectively, appear to indicate
substantial differences between two superficially sim-
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Fig. 9 Model 3306 single stage impactor for use with the APS® aerodynamic particle sizer spectrometer for the size characterization of med-
ical aerosols (courtesy TSI Inc.)
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ilar instruments. Although the efficiency of the model
3321 APS® in the range from 1 to 5 µm aerodynamic
diameter was reported as approximately constant,
equivalent data for the 3320 indicated a large decrease
in efficiency between 2 and 5 µm, which would be
expected to manifest itself as a bias towards the detec-
tion of finer particles within this range. Further work
is therefore urgently needed to establish the cause of
these differences, to extend the size range evaluated
so that it ideally encompasses the full operating range
of the instrument, and also to determine comparable
data for the other TOF systems that are in use.

It is also important to appreciate that because TOF
analyzers count individual particles as they transit
between the light beams, the size distributions that
are produced after transformation of TOF-data to par-
ticle size, are number-weighted. The subsequent con-
version from a number- to mass-weighted basis may
introduce ‘noise’ arising from the largest particles
that may be present in a typical polydisperse inhaler-
produced aerosol, and which are much fewer in num-
ber than particles that comprise the bulk of the size
distribution [47, 92]. In the context of inhaler testing,
this problem was encountered by Bouchicki et al.
[107] with a pMDI-generated aerosol, in which an

APS®-measured count median aerodynamic diameter
of an apparently unimodal size distribution with a
tail extending past 2 µm aerodynamic diameter was
reported as being close to 0.7 µm. However, on a
mass-weighted basis, the same aerosol was distinctly
bimodal, having one peak at 8 µm, a deep trough
between 8 and 10 µm, followed by a second peak at 15
µm aerodynamic diameter. In this context, the SSI is a
useful adjunct to the APS®, as by virtue of being an
impactor, it enables the FPF to be measured directly
on a mass-weighted basis. The accuracy of the TOF-
based size distribution can therefore at least be veri-
fied at either 2.5 µm or 4.7 µm aerodynamic diameter.

TOF analyzers are also sensitive to the high particle
concentrations that can occur momentarily following
actuation of inhalers, especially pMDIs [108]. The
underlying causes of bias due to high particle concen-
trations are different between the Aerosizer® [109]
and both earlier [95, 96] and later [98] APS® systems,
on account of the different transit time detection
methodologies. The Aerosizer® can be used with
the AeroDiluter® to mitigate the problem, however
a systematic study with a range of dif ferent pMDI-
generated aerosols found that significant particle
coincidence occurred with some formulations with
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Table 12   Comparison of TOF analysis with cascade impaction

TOF

APS®/SSI

No assay possible by APS®, but SSI enables
assay for API to validate FPF measurement 
(�4.7 µm aerodynamic diameter)

Similar measurement rate to Aerosizer®, but
SSI samples (2 per measurement) take
similar time to assay as equivalent number of
impactor stages

Similar to Aerosizer®, but SSI provides FPF
on a mass-weighted basis

Similar to Aerosizer®

SSI is supplied with USP/Ph.Eur. induction
port

Similar to Aerosizer®, but SSI collection
surface below impactor requires precautions
for efficient particle recovery

Similar to Aerosizer®, although effects are
less pronounced because f low regime is
closer to Stokesian

No facility to simulate inhalation

Aerosizer®/PSD 3603

No assay possible 

1-measurement/minute is possible �
replicates are easy to obtain

Number-weighted size distribution requires
transformation to mass-weighted basis with
increased risk of bias by few very large
particles if aerosol is polydisperse

Particle concentrations�104 cm�3 may result
in particle coincidence errors

Aerosizer® has array of different sampling
arrangements for different inhaler classes,
but none are compendial based

Nothing is collected, so no precautions are
necessary

Ultra-Stokesian f low introduces significant
density- and shape-related biases

AeroBreather® add-on option for Aerosizer®

allows simulation of inhalation maneuver
during sampling

Cascade Impactor

Direct assay for API 

Typically 4-5 measurements/day/operator

Direct measure of API mass-weighted size
distribution

Inhaler aerosol mass concentration is not a
limitation

Readily usable with variety of induction ports
for inhaler testing

Precautions required to ensure particles are
collected efficiently (i.e. eliminate bounce/
blow-off)

Particle density and shape are both incorpo-
rated in measurement of particle aerodynamic
size because f low regime is Stokesian

Inhalation maneuver can be simulated for DPI
testing, and impactors have been linked with
breathing simulators



the maximum aerosol dilution that was available
[108]. The steps taken with the latest generation of
TOF analyzers utilizing ‘double-crest’ detection to
minimize particle coincidence appear to have been
effective, to judge from the agreement achieved
between model 3320 and 3321 APS® measurements
with cascade impactor data for pMDI-generated solu-
tion formulations [89, 99, 110]. However, testing with
aerosols having a range of well-defined particle num-
ber concentrations is also necessary to confirm these
observations. As a guide, the problem is likely to be
of little concern if steps are taken to ensure that the
particle concentration does not greatly exceed 104

particles cm�3 [47].
Size distribution measurements by TOF analyzers

can also be biased by both particle shape and particle
density, by virtue of the acceleration associated with
particle motion through the measurement zone. Both
types of inaccuracy have been detected in calibration
studies making use of either monodisperse droplets
[111, 112] or solid particles of well-defined shape
(constant dynamic shape factor independent of aer-
odynamic size [113, 114]). In the case of liquid
droplets, acceleration in the ultra-Stokesian f low re-
gime is sufficient to distort liquid droplets larger
than about 5 µm diameter, making them behave as
oblate spheroids [111, 112, 115]. This process makes
them appear to be smaller in aerodynamic size than is
the case in reality. The issue of shape-related bias in
TOF analyzers has not been investigated in a system-
atic manner in relation to the outcomes from medical
inhaler performance testing. However, although shape-
related bias might be of concern with nebulizer-based
measurements where appreciable numbers of larger
non-respirable droplets are present, very few studies
with this class of inhaler have been undertaken with
TOF analyzers to date, and the relatively high surface
tension of aqueous liquids used in formulations that
are currently delivered by nebulization, partially off-
sets droplet distortion. Shape-related bias is likely
to be much more important when sizing DPI-based
aerosols. In this context, studies with non-spherical,
cube-shaped, single crystal-based reference particles
having a well defined and size independent dynamic
shape factor (1.19	0.06) have demonstrated that
both the APS® and Aerosizer® significantly undersize
non-spherical particles. The magnitude of the bias
associated with these shape standards varied from 20
to 27% in the APS®, compared with between 21 and
51% in the Aerosizer® in the range from about 4 to 10
µm true aerodynamic diameter [113, 114]. In both
investigations, the sizes measured by the TOF ana-

lyzer being evaluated were compared to correspond-
ing particle aerodynamic size measurements by a ref-
erence Timbrell sedimentometer that operated under
Stokesian conditions. On the basis of these data, it
appears that quite small deviations from sphericity
(dynamic shape factor of unity) may be associated
with large errors by both types of TOF analyzer. How-
ever studies to quantify bias based on changes to the
magnitude of the dynamic shape factor are difficult to
perform, since very few standards having a range of
well-defined shapes exist in the size range of interest
[104].

Increases in particle density from the reference
value of 1.00
103 kg m�3 will result in an overestima-
tion of aerodynamic diameter by TOF analyzers [114,
116]. Both the APS®/PSD and Aerosizer® are cali-
brated by their manufacturers with uniform sized
polystyrene latex (PSL) particles, having a density
of 1.05
103 kg m�3. In the case of all versions of
the APS®, the software provides the user the option
to correct the size distribution for particle density,
based on the calculations of Wang and John [116].
The software for the Aerosizer® also offers the user
the option of specifying particle density that enables a
correction to be made, based on manufacturer-sup-
plied curves, linking TOF values with reported par-
ticle aerodynamic diameter. The validity of these
theoretical curves is supported by experimental data
for PSL and glass microspheres [114] (density
2.45
103 kg m�3). The user of either the APS® or
Aerosizer® therefore has to provide a value for parti-
cle density in order for a correction to be made effec-
tively. In many cases, especially for particles from
pMDI/DPI systems, this value is unknown, so that
the size distribution data are often presented assum-
ing the particles to be similar to PSL (density 1.05
103

kg m�3) or water (density 1.00
103 kg m�3). How-
ever, the error introduced by this assumption might
be significant, depending upon the actual particle
density of the formulation being studied. As a guide,
Cheng et al. showed that particle density-related bias
was of the order of 10-15% for the APS® group of TOF
analyzers within the range from 1.05
103 to 2.30
103

kg m�3 [117]. This finding compares with bias of 25%
reported for the Aerosizer® family of instruments
within the range from 1.05
103 to 2.45
103 kg m�3

[114]. Fortunately, in the case of measurements of
non-spherical solid particles, bias introduced by in-
creased density compared with that of water is offset
by bias caused by deviations from sphericity, thereby
reducing the overall impact of both effects [116].

In the context of inhaler performance testing, the
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lack of an assay for API mass is probably the most sig-
nificant limitation of current TOF instruments. This is
largely why these techniques are unrepresented in
the compendia. Tsou and Shultz, in a study of pMDI-
based solution and suspension formulations, noted
that since TOF analyzers do not quantify the mass of
API contained in each particle that is detected, their
accuracy with many pMDI-based formulations that
contain excipients (surfactant) is degraded [118].
More recently, Mitchell and Nagel quantified the
magnitude of the bias associated with Aerosizer®-
based measurements of a budesonide containing sus-
pension formulation, in which a significant proportion
of the mass-weighted size distribution comprised par-
ticles of sorbitan trioleate [119]. The Andersen 8-
stage CI-measured MMAD for this formulation was
3.9 µm, whereas the equivalent Aerosizer®-determined
MMAD was only 2.4 µm (Figure 11). When the de-
posits on individual collection plates of the Andersen
8-stage CI were examined by microscopy, the surfac-
tant particles were seen to have size-separated from
the larger budesonide particles (Fig. 11). Tiwari et al.,
also observed that the Aerosizer®-measured MMAD
for a pMDI-based salbutamol formulation (1.90 µm)
was much smaller than 6-8 µm that they obtained by
CI [120]. The APS® appears to behave similarly to
the Aerosizer® in this respect, since Mitchell et al.

observed that an APS® model 3321 undersized a sus-
pension formulation containing f luticasone propionate,
with TOF analyzer- and Andersen 8-stage CI-measured
MMAD values being 1.8 µm and 2.8 µm respectively
[89]. In contrast, in the same study, the APS-measured
MMAD value for the solution formulation Qvar™ (3M
Health Care, UK), at 1.0 µm was very similar to MMAD
values of 1.2 µm and 1.0 µm determined by Andersen
CI and NGI respectively (Figure 12). Although Qvar™
is surfactant-free, the API (beclomethasone dipropi-
onate) is solubilized in ethanol. Gupta et al. have
shown that care is required in the interpretation of
SSI-measured fine particle fraction, when this acces-
sory is used with the APS®, as this solvent may not be
completely evaporated before the aerosol is sampled
by the SSI, if used with the APS®, resulting in an
underestimation of FPF [121]. Their recommendation
is supported by recent data from Mitchell et al., who
found that FPF�4.7 µm for Qvar™ determined by the
SSI was only 67.1	4.1%, compared with 96.4	2.5%
by the APS® itself and 98.0	0.5% and 96.7	0.7%
by Andersen CI and NGI respectively [89]. Either
installing trace heating around the inlet pathway to the
SSI [89], or increasing inlet length [121] have been
proposed as solutions, but as yet neither have been
implemented.

In addition to the evaluation of inhaler performance,
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TOF vs ACI SIZE DISTRIBUTION DATA
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Fig. 11 Undersizing of budesonide-based pMDI formulation by Aerosizer ® TOF analyzer compared with Andersen 8-Stage impactor, caused
by lack of discrimination between particles of API and surfactant (from [119] ordinate scale: cumulative mass % � stated size used by
permission, Mary Ann Liebert Inc.)



TOF-based particle size analysis by Aerosizer®/DSP
systems is an appropriate technique for characteriz-
ing powders used with DPIs during pre-formulation
studies, as various tools, such as the Pulse Jet
Disperser™ [92, 122] and AeroDipserser® [123] are
available to facilitate the aerosolization process. As an
example, Hindle and Byron used an Aerosizer®-Aero-
Disperser® to size characterize a wide variety of pow-
ders used in DPI formulations, including terbutaline
sulfate and salbutamol [123]. Their study is interest-
ing in that they provided some guidance on how best
to set up the powder disperser and TOF analyzer, and
their methodology should in principle be transferable
to the powder disperser used with the PSD 3603 ana-
lyzer. Firstly, they varied the shear force (pressure
drop at the point of dispersion) applied to a sample of
powder in the Aero-Disperser® from 3.5 kPa (low
shear) to 27.6 kPa (high shear) to optimize de-aggre-
gation, using the Aerosizer® to confirm whether or not
aggregates were produced and measured. They then
noted that if the powder feed in the Aero-Disperser®

is set correctly, the sampling rate at the measurement
zone of the Aerosizer® can be kept within the range
from 5
102 to 104 particles s�1, where the upper limit
corresponded to 4.4% loss of 5 µm aerodynamic diam-
eter particles from coincidence effects. They observed
that conditions in the Aero-Disperser® must be opti-
mized on a formulation-by-formulation basis to ensure
the following:

• the sample analyzed is representative of the bulk
powder,

• the sample is completely de-aggregated,

• de-aggregation does not comminute the sample.
The duration of the measurement appears to be crit-

ical, based on their measurements with micronized
salbutamol base. This powder was readily de-aggre-
gated, so that optimum measurement times were less
than 200 s. As the sampling time was lengthened, the
apparent number of particles in the range from 4 to
10 µm aerodynamic diameter increased, which was
attributed to a gradual accumulation of electrostatic
charge and resulting triboelectric agglomeration. They
also noted that it is essential to clean the components
of the Aero-Disperser® thoroughly between samples.
They commented that it was also necessary to period-
ically clean exposed surfaces of the lenses at the mea-
surement zone of the Aerosizer® to avoid both loss of
sensitivity to the finest particles as well as a system-
atic shift in the distribution to larger sizes.

LIGHT INTERACTION METHODS 
OPTICAL PARTICLE COUNTERS (OPCs)

OPCs, in which particle size discrimination is based
on differences in scattered light intensity within a
well-defined angle, are widely used to characterize
aerosols in the environment as well as in specialized
applications, such as clean room monitoring, where
particle concentrations are low. However, their applic-
ability to study aerosols from medical inhalers is
severely limited by sampling problems, as many instru-
ments require focusing of individual particles in the
light path as they are measured, which restricts the
flow rate that can be achieved into the OPC. Like TOF-
analyzers, they are also susceptible to particle coinci-
dence when concentrated aerosols are sampled [124],
a situation that is likely to occur with most inhalers.
OPCs also measure particle number concentration,
irrespective of particle chemical composition, rather
than determine the mass of API as a function of parti-
cle size. However, in contrast with TOF-based sys-
tems, there is a lack of a direct relationship between
OPC-measured particle size, and aerodynamic diame-
ter. The size measured by OPCs is a complex function
of the light scattering cross-section of the particle and
the angle within which the scattered light is mea-
sured [5]. For particles larger than the wavelength
of the illuminating light, the measured size is also
dependent on refractive index [124], which is often
unknown, particularly for formulations that are mix-
tures of API and excipients. These systems are also
susceptible to a variety of environmental factors that
alter either the light intensity of the illuminating
beam or the detected scattered light, such as optical
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window contamination if a sampling cell is present, as
is almost always the case [124]. In spite of these limi-
tations, Loffert et al. used a high volume light scatter-
ing single particle spectrometer (model CSASP-100,
Particle Measuring Systems, Boulder, CO, USA) to
measure size distributions of a variety of jet nebulizers
delivering aqueous albuterol solution containing
physiologically normal saline [125]. Their estimates
of VMD ranged from 3.77 to 7.20 µm and they were
able to discriminate differences in droplet size distrib-
ution from one nebulizer type to another. Unfortu-
nately, this group did not provide any comparative
measurements utilizing other techniques, in particu-
lar laser diffractometry, so it is not possible to judge
the value of this approach by reference to the more
commonly encountered nebulizer droplet sizing
methods.

LASER DIFFRACTOMETRY (LD)

In recent years, a range of instruments based on
the principle of laser light diffraction (low angle laser
light scattering) has been developed from the original
work of Swithenbank et al. [126]. In contrast with
both TOF and OPC instruments, in which particles
are ideally measured one at a time, LD analyzers
determine the size distribution simultaneously of all
the particles in the aerosol cloud present within the
measurement zone during the course of a single mea-
surement sweep (cloud ensemble particle sizing)
[124]. The technique is very rapid, since several hun-
dred sweeps are typically undertaken within a 1-s
interval by modern instruments [127]. LD-particle
size analysis can therefore be adapted to follow tran-
sient events, such as spray evolution following pMDI
or nasal spray pump actuation [127-129]. In practice,
however, most reported size distributions, particu-
larly for continuous delivery nebulizers [51, 130] and
nasal spray pumps [8, 131], are time-averages taken
over several seconds, since these devices typically
deliver a stable aerosol during this time period. Clark
has reviewed the use of the LD technique for the
measurement of nebulizer-generated aerosols [51],
but many of the issues discussed therein are also
applicable to the other inhaler types.

The principle of the LD method is well described
in an international standard [132], and Scarlett has
recently described the measurement process on a
step-by-step basis [133], so only a brief description of
the essentials follows here. In the classical set-up, an
expanded laser beam is used to produce a parallel
beam of coherent, monochromatic light of wavelength,

λ (Figure 13). A Fourier transform (range) lens is
used to focus the diffraction pattern generated by the
collection of particles entering the measurement zone
onto a photodetector array located at the focal dis-
tance, F, from the range lens. This is the configura-
tion of most relevance to medical inhaler applications,
in which particles larger than about 0.5 µm are being
size characterized. The undiffracted light is reduced
to a spot of intensity I0 at the center of the detector
plane, with the diffraction pattern forming concentric,
circular rings. Measuring the intensity pattern to
deduce the particle size distribution is difficult, but
measuring the light energy distributed over a finite
area of the detector is easier to perform [134]. Large
particles scatter most light energy at small angles,
whereas finer particles scatter most energy at larger
angles, and this differentiation in energy profiles pro-
vides a way to obtain information about particle size
distribution from the light diffraction pattern.

The interaction of light with a particle involves four
components:

1.  diffraction at the contour of the particle,
2.  internal and external ref lection at the surface of

the particle,
3.  refraction at the interface coming from the sup-

port gas to the particle and vice versa as light
exits the particle,

4.  absorption inside the particle.
Scattering of unpolarized light of incident intensity

I0 by a single, spherical particle is described by the
relationship:

I(θ)� �(S1[θ])2�(S2[θ])2� (11)
I0

2k2a2

Fig. 13 Classical set-up for laser diffractometer-based particle
sizing

Fourier Transform
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(no vignetting) Detector
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Laser Beam



where I(θ) is the total scattered intensity as a func-
tion of angle θ, k is the wavenumber defined by
[2π/λ], λ is the wavelength of light (assumed to be in
air), and ‘a’ is the distance from the light scattering
particle to the detector. S1(θ) and S2(θ) are dimen-
sionless complex functions that describe the change
of amplitude in the perpendicular and parallel polar-
ized light components respectively as a function of
angle θ with respect to the forward direction [132].

In the Fraunhofer approximation that only describes
diffraction of light at the contour of the particle, it is
assumed that all particles are much larger than λ and
that only near forward scattering is considered (i.e. θ
is small). Under these circumstances:

(S1)2�(S2)2�α 4 � �2
(12)

and equation 11 simplifies to:

I(θ)� α 4 � �2
(13)

where J1 is a Bessel function of the first kind of order
unity and the dimensionless size parameter, α, is
given by:

α � (14)

dLD is the particle size measured by the LD technique.
The analysis of the diffraction energy pattern can

be complex for a 31-ring detector, such as is used by
many LD instruments, since a 961-element matrix has
to be solved. In practice, this procedure is undertaken
by proprietary algorithms that involve matrix inver-
sion involving the use of least-squares minimization
criteria. These may assume a model for the size dis-
tribution, such as the Rosin-Rammler or log-normal
functions. However, instruments since the early 1990s
have also offered so-called ‘model-independent’ solu-
tions in which it is initially assumed that the size
distribution consists of one or more modes, each con-
taining a finite number of fixed-size classes [135, 136].
The detector response is then simulated based on
expectations for this relationship, optimizing the vol-
ume (mass)-fractions in each size class by minimizing
the sum-of-squared deviations from the measured
detector response. The reported size distribution is
volume-weighted [132], making conversion to a mass-
weighted basis straightforward on the basis that parti-
cle density is a constant irrespective of size. The
choice of size distribution model is a critical step in
the measurement process, and the use of a model-
independent distribution is therefore recommended

πdLD

λ

J1(α sin θ)
α sin θ

I0

k2a2

J1(α sin θ)
α sin θ

for the initial analysis of aerosols [124].
The Fraunhofer approximation does not require

knowledge of the optical properties (refractive index
including light absorption coefficient) of the particles
being studied, therefore its use is recommended when
mixtures are being examined, assuming the underly-
ing assumptions remain valid [132]. Annapraguda and
Adjei have concluded that the Fraunhofer approxima-
tion works well for unimodal size distributions, but
may skew the reported distribution towards the mode
that produces the strongest peak in the diffraction
pattern for multimodal systems [137].

The more rigorous Lorenz-Mie (L-M) solution that
describes light ref lection, absorption and refraction
besides scattering [138] should be used when dLD

approaches λ, [132]. The Fraunhofer approximation
predicts only small differences in the intensity of light
scattering energy as particle size decreases finer than
about 10 µm. However, for such particles, L-M theory
predicts strong f luctuations of the maximum light
intensity in relation to changes in particle size, creat-
ing intensity values that are much higher than the
corresponding Fraunhofer prediction for some sizes
and much lower for others [132]. Merkus et al. have
observed that the portion of fine particles �2 µm
diameter may be significantly greater when measur-
ing nebulizer-generated aqueous droplets using the
Fraunhofer approximation [139].

It is necessary to know the particle refractive index,
if L-M theory is utilized [133], and it is usually assu-
med that the particles are smooth-surfaced spheres.
These assumptions are relatively unimportant for
dilute aqueous-based formulations, and the complex
refractive index for water (1.33�0i (i.e. no light ab-
sorption component)) is well defined. However, the
matter does not appear to be so straightforward with
dry powder inhaler-produced aerosols. In this con-
text, de Boer et al. [48] commented that the L-M pro-
cedure is better (more rigorous) than the Fraunhofer
technique. However, where dLD��λ, they observed
that the Fraunhofer approach may provide size dis-
tributions with micronized powders having diverse
chemical composition as well as size, shape and sur-
face appearance that correlate more closely with cas-
cade impactor-based data, than data obtained applying
L-M theory. This is because of the uncertainty that is
inherent in the definition of complex refractive index
required to implement L-M theory, together with the
underlying assumption that the particles are smooth-
surfaced spheres. Most modern instruments, such as
the Mastersizer-S and Mastersizer-X (Malvern Instru-
ments, UK) automatically arrive at the particle size
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distribution by a rigorous solution of the L-M equa-
tions. However, the Helos LD (Sympatec GmbH,
Clausthal-Zellerfeld, Germany) normally operates us-
ing the Fraunhofer solution, but a software option is
available that applies L-M theory for applications
where particle sizes are in the range from ca. 0.1 to
1.0 µm diameter.

The reported size scale based on dLD approximates
well with the size scale based on dv for spherical parti-
cles (equation (1)). However, the applicability of LD
for the size distribution measurement of dry powder
aerosols that may comprise non-spherical particles
may be questionable without data from an indepen-
dent technique to validate the LD data. In this con-
text, de Boer et al. noted that micronized powders for
use in DPIs in most cases comprise particles that
approach sphericity, under which circumstances, LD-
based size is a measure of the geometric diameters of
the particles at random orientation, and dLD�dv [48].
They also commented that comparisons with dae

obtained by cascade impactor or equivalent methods
are in many cases possible, since the proportional-
ity constant (ρp/ρ0χ)1/2 in equation 1, ignoring the
Cunningham slip correction factors, is between 0.96
and 1.22 for a range of particle shapes ranging from
spherical (χ�1.0) to cylindrical with aspect ratio
(length/diameter) of 4 (χ�1.3) and densities from 1.2
to 1.5 g cm�3).

Various features of the LD technique are summa-
rized in Table 13. Depending on choice of range
lens, these instruments operate over a wide dynamic
range, typically from 0.5 to 200 µm diameter for work
with nebulizers [140-142]. However, they can be con-
figured to size much larger droplets (e.g. from 20 to

1000 µm) for use when measuring the coarser aerosol
produced by nasal spray pumps [8, 131]. Both the
Malvern and Sympatec systems come with various at-
tachments that assist in the measurement of inhaler-
generated aerosols [128, 143]. Since LD is an absolute
method based on fundamental principles, there is
strictly no need to calibrate an instrument against a
standard [144]. However, in practice to meet needs for
validation in a regulatory environment, these instru-
ments are normally checked by either the use of a
suitable reticle containing a 2-dimensional profile of
circles representing outlines of particles having well
established diameters by microscopy [144, 145], or
with standard reference materials having well defined
optical as well as physical size properties [104, 133].

Apart from the ability to determine particle size dis-
tributions rapidly, the technique in its simplest form is
non-invasive, in that a sample of the aerosol cloud
need not be removed from where it is created to
enable the measurement to take place. In a typical
configuration used with nebulizers, the unconfined
aerosol is generated in the pathway of the laser beam
and subsequently removed by a vacuum system to
prevent recirculation of droplets in the measurement
zone (Figure 14) [141]. Care must be taken to avoid
the phenomenon of ‘vignetting’ (Table 14), whereby
light scattered at the widest angles (by the finest
droplets) misses the range lens altogether [127]. It is
therefore common practice to arrange that the aerosol
f low passes as close as possible to the range lens
without fouling its surface. Newer instruments, such
as the Malvern Spraytec® LD have a more versatile
optical bench layout so that the risk of vignetting is
reduced [127]. It may also be necessary to minimize

Table 13   Particle size analysis by laser diffractometry � Features

Feature

Wide measurement range

Volume (mass)-weighted
size distribution

Rapid

Non invasive 

Excellent reproducibility
between measurements of
the same aerosol

Comment

LD systems typically measure more than 2-orders of magnitude in size with as many as 15 channels per
decade. Precise range limits depend on configuration of optical bench. Overall range from 0.1 µm to several
mm depending upon instrument type.

Possibility of bias arising from a few large particles that may not be representative of the true size distribu-
tion is avoided, since transformation of measured data from number-to a mass-weighted basis is not required.

Several thousand measurements are possible in 1-s (e.g. one measurement is possible every 400 µs with the
Malvern Spraytec® system). Can therefore be adapted to follow transient events, such as spray evolution fol-
lowing pMDI or nasal spray pump actuation. Most size distributions are time-averages over several seconds.

Measurements with many inhalers can be made by generating the aerosol in the path of the laser beam.
More sophisticated arrangements are available in which the aerosol from the inhaler is introduced through a
sample cell in the optical pathway to avoid re-circulation of particles in the measurement zone.

Coefficients of variation �1-2% in terms of size distribution parameters, such as volume median diameter are
possible with currently available LD systems.



droplet evaporation when working with aqueous
droplets [10]. Sophisticated arrangements have there-
fore been developed so that laser dif fractometer
measurements can be made either through optical
windows, for instance fitted to a USP/Ph.Eur. induc-

tion port attached to a CI [146, 147], or via a purpose-
built sampling cell as part of the LD instrument [128,
148]. In one recently described configuration, the LD
sample cell was located immediately downstream of a
so-called ‘inhaler module’, comprising a USP/Ph.Eur.
induction port and pre-separator of an Andersen CI to
size analyze rapidly the fraction of aerosols from both
pMDI- and DPI-based formulations that would pene-
trate as far as the entry to the CI in a conventional
measurement [147]. In all of these configurations, the
aerosol is confined within a defined volume, making
control of local environmental conditions surrounding
the aerosol readily achievable.

Care is needed to avoid the ‘beam steering’ phe-
nomenon (Table 14), when applying the LD tech-
nique to study aerosols from pMDIs [149], since the
refractive indices of both chlorofluorocarbon and hydro-
f luoroalkane propellants differ significantly from that
of the surrounding air. The problem is particularly
pronounced if the inhaler is actuated close to the laser
beam so that the propellant released on actuation has
little time for dilution with ambient air, and thereby
local f luctuations in propellant/air composition errati-
cally alter the path of the light diffracted by the parti-
cles [149]. Although Smyth and Hickey claimed that
were able to distinguish a propellant-related mode in
a tri-modal distribution resulting from a pMDI actu-
ated close to the light path [129], great care is needed
in interpreting the data that are measured in such ex-
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Table 14   Particle size analysis by laser diffractometry � Limitations

Limitation

No assay for API is performed

Particle sphericity is assumed

The phenomenon of ‘vignetting’ occurs, in which
light scattered at wide angles misses the detector
array, and therefore results in bias due to the absence
of the finest particles in the distribution

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

Multiple scattering from highly concentrated
aerosols, such as those generated locally by pMDIs
results in bias due to over-broadening of the size 
distribution

Droplet evaporation during measurement results in a
bias to finer sizes

Comment

Lack of a direct link between particle size and API mass limits LD use primarily
with solution formulations. LD-size distributions of aqueous suspensions are a 
measure of water droplet sizes rather than the sizes of the API particles.

May be an issue when measuring DPI-generated aerosols, but many micronized
powders have shapes that are close to spherical. LD is very suited to measurement
of aqueous droplets from nebulizers and nasal spray pumps where this assumption
is valid.

Careful choice of range lens and optical bench set-up (where adjustable) can help
minimize ‘vignetting’. Otherwise, take steps to ensure that the total body of the
spray plume is located within the working distance of the range lens (without being
so close that the lens itself is fouled by droplet impaction).

Beam steering is difficult to avoid when working with pMDI-generated aerosols
without some form of dilution so that the difference in propellant refractive index
from that of air is minimized

Light obscurations as high as 35% can be tolerated with instruments, such as the
Malvern Mastersizer LD systems. The Malvern Spraytec® system can permit 
measurements with light obscurations as high as 95% by the use of proprietary data
analysis software.

This is more a limitation of the aerosol presentation arrangement than the LD 
technique. The use of a sample cell in which environmental conditions can be 
controlled may alleviate the problem.

Fig. 14 Configuration for nebulizer droplet size analysis by laser
diffractometer (from [141]: used by permission, Daedelus
Enterprises Inc.)
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periments, since the aerosol plume is highly dynamic
in terms of particle size during formation.

The lack of a direct assay for API (Table 14) effec-
tively precludes the use of LD for establishing the
particle size of drug particles that are formulated in
suspension [10], since the light scattering entity may,
in the case of an aqueous formulation, be an empty
water droplet, a droplet containing a single drug parti-
cle or a droplet containing more than one particle.
However, despite this limitation, Sharpe et al. used
LD to compare droplet size distributions from suspen-
sion oral and nasal pMDIs to see if they could detect
changes in the droplet size distributions brought about
by varying the size distribution of the API [150]. They
actuated the inhaler being evaluated at a fixed dis-
tance from the laser beam (12 cm), and were able to
detect changes in LD-measured droplet size distribu-
tions for formulations in which there was a 2.3-fold
difference in mass median diameter of API (1.2 µm to
2.8 µm). However, they reported that their LD-tech-
nique could not discriminate between formulations
when the mass median diameter difference was 1.5-
fold (1.2 µm to 1.8 µm). Although this study demon-
strates an innovative application of LD-based particle
size analysis, their conclusions may not be of general
application, as they are almost certainly formulation
specific as well as being dependent upon the type of
LD instrument (and data analysis method) chosen.

The light diffracted from one particle may be inter-
cepted by one or more adjacent particles rather than
being collected directly by the detector, if the particle
number concentration in the laser beam is excessive.
Particle-particle or ‘multiple’ scattering results in erro-
neous broadening of the particle size distribution and
skewing towards finer sizes, the magnitude of which
increases with increasing particle concentration [124].
Manufacturers provide a measure of multiple scatter-
ing by reporting the laser beam obscuration as a per-
centage for each measurement (an obscuration value
of 100% represents a fully attenuated light beam).
This effect is small for beam obscurations�ca. 50%
[135], but efforts to dilute the aerosol should never-
theless be considered if obscuration exceeds about
30% with a conventional LD instrument, as can be the
case with aerosols produced by air entrainment nebu-
lizers or pMDIs. The Spraytec® LD system contains
software that permits beam obscurations as high as
96% [127], thereby providing an alternative to aerosol
dilution for studying more concentrated aerosols.

Although LD does not involve direct assay for API,
its use as a rapid alternative to cascade impaction has
become widespread in recent years, and numerous

comparisons with CI-generated size distributions have
been undertaken as part of the validation process for
particular inhaler types. In the case of nebulizers,
where the aerosol generation process is continuous
during the course of measurement, there is evidence
that agreement between LD- and CI-based measure-
ments is good, provided that precautions are taken to
avoid heat and mass transfer from the droplets to the
CI (i.e. by cooling the impactor so that its internal
temperature matches that of the aerosol stream) [46].
Wachtel and Ziegler [146] and Ziegler and Wachtel
[151] also arrived at this conclusion when evaluating
a soft mist inhaler delivering an aqueous-based for-
mulation by Sympatec HELOS/KF system. However,
Smart et al. [142] observed that measurements of
droplet volume median diameter (VMD) made by
Mastersizer S LD analyzer were slightly, but signifi-
cantly larger than corresponding MMAD values ob-
tained by Andersen 8-stage CI for a continuously
operating vibrating membrane atomizer generating
aqueous sprays of solution and suspension formula-
tions. The fact that the relationship between LD- and
CI-measured median diameters was linear and con-
stant within the range studied from 4 and 8 µm VMD
(corresponding to 2 to 6 µm MMAD), is suggestive
that the difference may have been caused by partial
droplet evaporation in their CI, which was operated at
22	2°C and 60	4% RH. Ding et al. [152], studying
the delivery of droplets of solution formulations of
varying non-volatile concentrations in ethanol gener-
ated by electrohydrodynamic atomization also observed
a consistent correlation (r 2�0.83) between LD-mea-
sured VMD (Mastersizer-X) and CI-measured MMAD
(Andersen 8-stage CI). However, in their studies,
VMD values ranging from 2.06 to 2.52 µm were
between 10 and 20% finer than the corresponding CI-
measured MMADs (2.2�2.9 µm). They attributed
this slight difference between the two techniques to
differing measurement principles. The poorer resolu-
tion of the CI may explain the significantly wider size
distributions reported by this technique (2.1�GSD
�2.7) compared with LD (1.5�GSD�1.8). Although
the authors stated that the ethanol content had evap-
orated by the time that their LD measurements were
made, they did not provide data in support of this
claim. Incomplete evaporation in the LD analyzer
compared with that taking place within their CI would
explain the slight but consistently larger size mea-
surements by the former technique.

The situation is even more complex where LD-
measurements have been made with pMDIs, because
of the presence of propellant in both vapor and liquid
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droplet phases. Recently, Haynes et al. reported good
correlations between Spraytec®-measured VMD and
Andersen 8-stage CI-measured MMAD in the range
of MMAD from 1 to 5 µm for pMDI solution formula-
tions containing ethanol by heating the pMDI canis-
ters to 40°C and 55°C [153]. This procedure increased
the vapor pressure of the ethanol, resulting in faster
rates of volatilization compared with room ambient
conditions. However, apart from its undoubted value
in demonstrating the importance of achieving compa-
rable evaporation behavior in the LD and CI, it is
questionable whether this approach is appropriate to
characterize the inhaler as it might be used by a
patient under normal climatic conditions.

Holmes et al., [154] using a Spraytec® LD inhala-
tion cell located between the exit of a USP/Ph.Eur.
induction port and an Andersen 8-stage CI, observed
that this technique significantly undersized a chloro-
f luorocarbon (CFC)-based beclomethasone dipropi-
onate (BDP) formulation (VMD�2.65	0.37 µm) com-
pared with Andersen CI-measured MMAD of 3.74	
0.04 µm. However, the opposite behavior occurred
when sizing the aerosol produced from a hydrof lu-
oroalkane (HFA-134a) solution formulated BDP
(Qvar™; VMD�2.39	0.06 µm; MMAD�1.15	0.01
µm). In both instances, the LD-measurements indi-
cated a wider spread of the size distributions com-
pared with the equivalent CI-generated data. They
attributed the differences between the two techniques
as arising from differing evaporation behavior of the
CFC- and HFA-propellants. However, the HFA-BDP
formulation that they studied also contains ethanol as
solubilizer. It is therefore also likely that the larger
particle sizes measured by their LD was caused by
partly evaporated ethanol, that would have been more
complete by the time that the aerosol passed into the
CI, similar to the situation with the study reported by
Ding et al. [152]. Haynes et al. also reported similar
findings with a variety of CFC- and HFA-based formu-
lations operated at room ambient conditions [153].
Although they also attributed their observations to
differences in propellant evaporation rates, they in-
cluded variation of deposition in the USP induction
port and the presence of excipients as other factors
meriting further study.

Smyth and Hickey [155], working with a range of
HFA-based solution formulations with ethanol as solu-
bilizing agent for the API, observed LD-measured
VMDs (Malvern 2600c) that were much larger (4 to
30 µm) compared with Andersen 8-stage CI measure-
ments (0.48 to 1.54 µm) that are similar to the CI-data
of Holmes et al. [154] for their HFA-based formula-

tion. Again, incomplete evaporation of propellant and
ethanol may at least partly explain their findings, par-
ticularly as their LD measurements were made close
(4 to 8 cm) from the pMDI actuator. However, it
would be interesting to see if the differences between
LD and CI measurements had persisted if a newer LD
instrument had been used. Smyth and Hickey con-
cluded that LD is particularly useful (in pre-formula-
tion studies) in characterizing the plume as it leaves
the pMDI actuator in a non-invasive manner. On the
other hand, the CI-technique is better suited to distin-
guish small differences in particle size distribution of
the (non-volatile) API brought about by changes in
formulation. It follows that CI-based data are likely to
be of more relevance in predicting the behavior of
pMDI-based aerosols in the lower respiratory tract,
since evaporation of volatile species is likely to be more
complete by the time that the medication is inhaled,
particularly if the patient uses a spacer or holding
chamber [156].

PHASE DOPPLER PARTICLE SIZE ANALYSIS
(PDA)

The Doppler effect can be utilized to obtain simulta-
neous information about particle size and velocity.
Bachalo and Hauser [157] have described the funda-
mentals of the technique in detail, and therefore only
a simplified explanation is provided here. The equip-
ment consists of a coherent (laser) light source, trans-
mitting optics, signal processors and data analysis
and collection software. A f luctuating scattered light
intensity-time profile is detected as individual parti-
cles traverse a series of interference fringes formed
from intersecting laser beams that define a measure-
ment volume (Figure 15). Several detectors arranged
at different scattering angles are used to sample
slightly different spatial portions of the scattered light
signal per particle. In a two-detector system, the
phase shift between detectors conveys information
about particle diameter, refractive index and receiver
geometry. PDA has a wide dynamic size range, typi-
cally from about 0.3 µm to 8 mm with accuracy of 5%
for a particular optical configuration. Since the tech-
nique is an extension of laser Doppler anemometry,
particle velocity can also be measured in the range
from 1 to 200 m s�1 in 2- or 3-dimensions with accu-
racy typically of 1% [124]. However, care has to be
exercised in setting up the technique, especially to
ensure that the criteria used to validate particle tran-
sition correctly across the measurement zone are
appropriately chosen so as to ensure representative
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measurement of the whole population of the size dis-
tribution.

PDA has traditionally been applied to the study of
unconfined atomizer sprays and has thus far not widely
been used for the assessment of medical inhaler aero-
sols. Two significant drawbacks are that PDA provides
number-, rather than mass-weighted size distribution
data, and no API assay is undertaken. Furthermore,
the assumption of particle sphericity associated with
the L-M solution to predict the phase shift as a func-
tion of particle size, limits its application to droplet
rather than dry powder particle sizing. Nevertheless,
Stapleton et al. [158] used PDA to measure droplet
size distributions produced by jet nebulizers, as it was
possible to make accurate and non-invasive size mea-
surements at the immediate exit of the devices before
the aqueous droplets were able to evaporate sig-
nificantly in the ambient environment. Dunbar et al.
[159] were able to obtain particle size distribution
data from CFC-propelled pMDI formulations, locating
the measurement zone as close as 25 mm from the
actuator orifice in order to investigate aerosol plume
development under room ambient conditions. It is
important to note that the measurements by Dunbar
et al. were undertaken as part of formulation develop-
ment, rather than as a means of characterizing the
likely behavior of the particles when inhaled.

Corcoran et al. [50] have provided the only system-
atic comparison to date between PDA-(Aerometrics,

Sunnyvale, CA), LD- and TOF-measured size distribu-
tion data, based on aqueous and relatively non-volatile
propylene glycol droplets produced by two commer-
cially available jet nebulizers. In general, for aqueous
droplets they found a good agreement in both MMAD
and size corresponding to the 90th volume-weighted
percentile of the size distribution (d90) estimated by
PDA with the LD techniques that utilize the L-M
model (Table 15). However, such agreement might
be anticipated considering that a L-M solution was
also applied in their PDA system. They further obser-
ved that TOF-analyzer measured narrower volume-
weighted size distributions compared with the other
techniques, but they were unable to assign a cause for
this behavior. Interestingly, they were able to detect
a small population of larger droplets (15-20 µm) by
PDA with the nebulizer-produced propylene glycol
droplets (data not shown here) that were not obser-
ved by the other techniques.

Currently, no systematic comparison between PDA-
and CI-measured size distributions of inhaler aerosols
is available. However, it is reasonable to anticipate fair
agreement between these techniques, at least for aque-
ous solution-based aerosols that are homogeneous in
terms of composition, on the basis of the findings of
Corcoran et al. [50], as well as the similarity between
LD- and CI-measured data already discussed for nebu-
lizer-produced droplets (when precautions are taken
to minimize evaporation).
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Fig. 15 Schematic of a phase Doppler particle size analysis system
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FUTURE DIRECTIONS IN INHALER 
PARTICLE SIZE MEASUREMENT

The statement made by Corcoran et al. [50] that
various groups involved with inhaler aerosol particle
size characterization rely on mechanical separation
techniques, such as the CI method, regardless of rec-
ognized problems with these methods, illustrates the
dilemma facing those trying to implement the most
satisfactory methodology. On one hand, CI-methods
are invasive, time consuming and are susceptible to
various sources of bias that have been discussed pre-
viously. In contrast, light interaction techniques, includ-
ing TOF analysis, offer rapid measurements and in
many cases can be non invasive, making them attrac-
tive particularly when studying droplets where evapo-
ration of volatile species is important. On the other
hand, CI-based size analysis is the only current tech-
nique in which a direct assay of the mass of API is
undertaken. Furthermore this technique provides a
direct measure of aerodynamic diameter that is of
most relevance in predicting likely deposition in the
respiratory tract. TOF-analysis also determines aero-
dynamic size, but crucially lacks specificity in terms
of relating this parameter unambiguously to API
mass. TOF- and PDA-measured size distribution data
also require transformation from number- to mass-
weighting, a process that may result in significant
error, particularly if a few large particles have been

unrepresentatively sampled. LD and PDA methods do
not determine aerodynamic size, but various studies
have indicated a broad degree of equivalence between
light interaction measured size parameters and aero-
dynamic size at least for aqueous droplets. In sum-
mary, there is no single technique that meets all
requirements, and for this reason all of the measure-
ment methods that have been discussed in this review
are likely to persist in future applications associated
with the characterization of medical aerosol inhalers.

Looking ahead, it is reasonable to anticipate the fol-
lowing developments in the next five to ten years:

1.  The CI is likely to remain the method of choice
for CMC-type testing for regulatory purposes
(batch release etc.). However, a widespread re-
placement of existing CIs by the Next Genera-
tion Pharmaceutical Impactor (NGI) will likely
take place, driven by pharmaceutical companies
seeking to submit regulatory applications for
new chemical entities. At the same time, it is
likely that existing CIs will continue to be used
to characterize existing products to avoid unnec-
essary resubmission of data to regulatory agen-
cies.

2.  Efforts will continue to develop improved mod-
els of the human respiratory tract, differentiating
not only by its development from neonate to adult,
but also in terms of modifications caused by dif-
ferent disease modalities.

3.  More emphasis will be placed on the importance
of both measuring and controlling electrostatic
charge, both associated with the inhalers them-
selves and also in some instances, with the mea-
surement equipment. The use of climate control-
led environments for making inhaler performance
measurements will become more widespread,
especially with increasing regulatory pressure to
minimize measurement variability.

4.  Methods will be developed that more effectively
test breath-actuated inhalers, especially nebuliz-
ers and the new generation of electronically
operated devices that deliver medication at the
appropriate timing during the respiratory cycle.

5.  Valved holding chamber used with pMDIs will
be increasingly tested to simulate patient (mis)
use (i.e. breath-holding, poor coordination be-
tween pMDI actuation, including delayed in-
halation, rather than being evaluated merely at
constant f low rate that does not test for inha-
lation/exhalation valve operation properly.

6.  Currently available TOF-analyzers will continue
to find limited use for size characterizing homo-
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Table 15   Comparison of MMAD and Size Corresponding to 90th

Percentile of the Volume-Weighted Distribution (d90) for
Aqueous Droplets Produced by Two Jet Nebulizers (from
[50]: Reprinted from J. Aerosol Sci. 31(1), Corcoran,
T.E., Hitron, R., Humphrey, W. and Chigier, N., ‘Optical
measurement of nebulizer sprays: A quantitative com-
parison of diffraction, phase Doppler interferometry,
and time-of-f light techniques”, 35-50., Copyright (2000),
with permission from Elsevier.)

Nebulizer 1 Nebulizer 2 
Measurement

MMAD d90 MMAD d90Technique
(µm) (µm) (µm) (µm)

PDA (Aerometrics) 4.9 10.5 3.7 8.1

TOF (Aerosizer®) 6.4 09.6 5.4 8.3

Spraytec®

(Malvern Instruments) 5.0 10.9 3.4 7.8

LD Mastersizer S 
(Malvern Instruments) 4.9 09.9 4.2 8.6

M2600 
(Malvern Instruments) 4.5 09.4 3.2 7.7
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geneous solution-based formulations where the
lack of assay for API is relatively unimportant.
However, a new generation of TOF-based parti-
cle sizing instruments is likely to be developed
in which single particle chemical assay is per-
formed simultaneously with the TOF measure-
ment. This equipment will have the capability to
replace CI measurements for most types of for-
mulation development where the speed of mea-
surement is of greatest importance.

7.  Moves by international bodies (CEN, ISO) to
develop written standards defining both inhalers
and the methods for characterizing their perfor-
mance will continue, with most national stan-
dards being gradually replaced. This process is
well under way in Europe with the general adop-
tion of CEN 13544: 2001 for nebulizer perfor-
mance testing. Approval has recently been given
for a new ISO standard to be developed by com-
mittee TC84/JWG5, covering inhalers for med-
ical use, with the exception of nebulizers already
encompassed by the above CEN standard.
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