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Obscuring the message: A critical 
examination of laboratory test methods
for orally inhaled products that could
lead the user astray: Part 1—Aerody-
namic Particle Size Distribution (APSD) 

Introduction
The laboratory testing of orally inhaled products (OIPs)
for aerodynamic particle size distribution (APSD) is an
important component of their overall characterization,
because the methods employed are deemed suitable by
regulatory agencies to provide insights into their likely
performance in terms of safety and efficacy of medica-
tion delivery to the respiratory tract.1, 2. This article is the
first in a two-part series in which laboratory test proce-
dures for the assessment of OIP performance are
appraised. This first article focuses on APSD determina-
tions with the purpose of identifying potential pitfalls in
set-up, execution and analysis that could obscure the
findings, and therefore the interpretation of data, that
are derived from such measurements.
APSD is deemed a critical quality attribute by the regu-
latory agencies in North America and Europe,1-3 and the
methods by which it is obtained are therefore well-
defined in both the US (USP) and European (PhEur)
Pharmacopeias.4, 5 The purpose of these procedures is
primarily to establish product quality based on emitted
active pharmaceutical ingredient (API) mass, rather than
to assess OIP performance in the hands of the patient.
However, there has been a substantial effort in recent
years to develop testing methods that address the latter

issue, usually involving increased complexity in their
execution.6 Nevertheless, whatever the purpose for
undertaking testing, it is important to be aware of the
limitations of the selected procedure to avoid introduc-
ing bias and incorrect analysis/interpretation whose
magnitude may often be unknown. Ultimately, the goal
is to mitigate the risk that misleading information may
be provided to potential users, caregivers and prescribers.
The detailed differences between compendial methods
compared with those more closely mimicking patient
use have been addressed elsewhere.6, 7 Instead, this article
provides guidance for the selection of the most suitable
methods, identifying their limitations and associated
potential pitfalls. 

Compendial testing with a cascade
impactor (CI) 
Multi-stage cascade impactors (CIs) operate at a fixed flow
rate, which defines the cut-point size or effective cut-off
diameter (ECD) for each component stage.8 ECD values
are obtained by calibration with monodisperse particles of
known aerodynamic diameter.9-12 Table 1 summarizes the
operating flow rates for commonly encountered CI sys-
tems used in the testing of OIPs, based on calibration data
that have been published. It also identifies the most suit-
able class(es) of OIP for each apparatus.
It is possible to test OIPs at flow rates that are not identi-
cal with the flow rate(s) associated with such calibra-
tions, as long as the flow rate is intermediate between
maximum and minimum flow rates for which calibra-
tion data are available.22 This flexibility is possible
because the stage ECD values at the test (Qtest ) and cal-
ibration (Qcal) flow rates are well-defined in terms of the
following relationship:

ECDtest = ECDcal[ ]1/2Qcal

Qtest
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In this equation, ECDtest and ECDcal represent the cut-
point sizes linked with the flow rates associated with the
test and calibration (reference) conditions, respectively.
An example would be the use of the Next Generation
Impactor (NGI) at a flow rate of 45 L/min, which is
intermediate between calibration flow rates of 30 and 60
L/min.16 However, when the test flow rate is less than the
smallest flow rate for which calibration data are available,
there is the possibility of bias associated with substan-
tially decreased stage size selectivity. This bias can arise
from the influence of gravity, rather than inertia, on the
transport of the larger particles through the apparatus.23

Even though this process predominantly affects the size-
classification of particles > 5 µm aerodynamic diameter,
it would, for example, be questionable to operate the
Andersen Cascade Impactor (ACI) or the NGI at a flow
rate less than 15 L/min, the smallest flow rate for which
calibration data are currently published for both CIs.9, 16

Extra care is required to operate at flow rates within the
range for which there are calibration data specifically for
the pre-separator, if this component is being used. This
situation is most likely to arise in the assessment of car-
rier-based DPIs or high unit-dose pMDIs. In the admit-
tedly unlikely instance when low flow rate testing of such
products is needed, it is important to be aware that the
pre-separator for the NGI should not be used at flow
rates less than about 30 L/min. This is because there is
evidence from the archival calibration at 15 L/min that
gravitational sedimentation significantly degrades its
performance.16 Similarly, the pre-separator supplied
with the ACI is unsuitable for use at flow rates less than
the above value; its size-selectivity has been reported as
being poor even at 28.3 L/min.11

Use of the Nephele Mixing Inlet 
in conjunction with a CI
There is a conflict between the requirement for a given
CI to operate at a fixed flow rate and the variable flow
rate-time patterns associated with the respiratory cycle.6

In the past, several groups have tried to develop complex
arrangements whereby the OIP-on-test is subjected to a
breathing pattern, while the CI simultaneously operates
at constant flow rate. The most successful of these meth-
ods involves the use of the Nephele Mixing Inlet,24 in
which a compressed air source can be added to the
incoming aerosol from the inhaler. This enables the CI
to sample at a constant flow rate, regardless of the breath-
ing pattern to which the OIP-on-test is subjected. A
detailed description of the procedure has been published
elsewhere.25 The outcomes from studies using this
approach are encouraging in terms of providing in
vitro/in vivo correlations for several different OIPs, each
delivering budesonide as the API.26 The mixing inlet
approach has also been used to enable an ACI to operate
at 28.3 L/min, yet evaluate DPIs at flow rates as low as
10 L/min.27 However, the implementation of this
methodology is quite complicated and has not yet been
adopted into methodologies associated with the com-
pendia/standards/regulatory guidelines. Furthermore,

in a recently completed validation study using the
Nephele Mixing Inlet, adult tidal breathing was simu-
lated with vibrating membrane nebulizers delivering
albuterol solution droplets. The results did not demon-
strate equivalence, in terms of fine droplet mass < 5 µm
aerodynamic diameter, to measures obtained using the
chosen compendial method (NGI at 15 L/min).28 Fur-
thermore, there have so far been no data published con-
firming that sampling bias affecting the measured APSD
does not exist with this arrangement, within the wide
range of flow rates used to size-characterize the different
classes of OIPs. Given the lack of guidance for this new
approach by regulatory agencies, for the foreseeable
future, most CI-based measurements of APSD are likely
to be undertaken at constant flow rate using breath sim-
ulation or patient-generated breathing patterns and sep-
arately from determinations of emitted mass (dose).6

In addition, extraction of an aerosol sample from the
flow emitted between the OIP and a CI, which must by
its intrinsic design be operated at a very low flow rate, is
difficult to achieve without introducing size-related bias.
This type of set-up occurs in association with the testing
of nebulizing systems following the European (CEN)
standard.19 Such an arrangement ideally requires mea-
sures to ensure that the flow velocity at the point at
which the sample is extracted is identical to the velocity
of the main flow (isokinetic sampling).29

Induction ports
The induction port inlet is the first part of the CI sam-
pling system encountered by the OIP-generated aerosol.
This inlet is present primarily for the purpose of product
quality assessment.30 It follows that the choice of induc-
tion port can have a significant impact on the measured
APSD.31 The compendial design of induction port4, 5 has
become the most widely encountered inlet in this con-
text. However, various designs have appeared during the
past 20 years or so for a variety of purposes, most com-
monly the evaluation of different pMDI-based prod-
ucts.32 Induction ports with larger internal volume, often
shaped to enclose the expanding plume, will tend to cap-
ture less of the ballistic fraction as well as enhance evapo-
ration of volatile species. This can result in a shift of the
APSD to finer sizes, with an associated increase in mea-
sures such as fine particle fraction, typically chosen to be
particles ≤ 5 µm aerodynamic diameter.5 Unless the pur-
pose of OIP testing is to mimic patient use more
closely,33 the compendial induction port should be
selected as the inlet of choice. This approach will help
avoid creating APSD data that might result in mislead-
ing comparisons at a future date. 

Further considerations for specific 
OIP classes
Nebulizers
If OIP testing at low flow rates < 15 L/min is required, as
a general rule, it is better to sample the entire aerosol with
a CI such as the NGI or the Model 150P Marple-Miller
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Table 1
Operating Flow Rate Ranges for Commonly Encountered Cascade Impactors Used for OIP Testing

Cascade
Impactor

Suitable OIP Class
Flow rate for which
calibration data are
available (L/min)

Comment

Andersen 8-stage
Non-Viable CI

(ACI)

Nebulizer 15.09
Standard configuration developed for use at 28.3 L/min; ECDs range
from 0.6 µm (stage 7) to 12.4 µm (stage 0) – Not recognized by compen-
dia, but could be used without pre-separator for nebulizer testing. 

SMI, pMDI and pMDI
with S/VHC

28.310,11

Standard configuration described as Apparatus 1 (USP) when used for
pMDI testing without pre-separator or Apparatus 3 (USP) when used
with pre-separator for DPI testing. Described as Apparatus D in the
PhEur for use with pMDI (no pre-separator) or DPI evaluations (with
pre-separator). ECDs range from 0.4 µm (stage 7) to 9.0 µm (stage 0).

DPI (with or without
pre-separator)

60.012

Modified configuration created by removing stage 7 and inserting a new
stage -1 above stage 0 (stage 0 is modified to accept the new stage).
Described as Apparatus 3 in the USP and Apparatus D in the PhEur
when used with pre-separator for DPI testing. ECDs range from 0.26 µm
(stage 6) to 8.6 µm (stage -1).

90.012

Further modified configuration created by removing stage 6 and insert-
ing a new stage -2 above stage -1 of configuration used at 60 L/min.
Same purpose and compendial identity as configuration used at 60
L/min. ECDs range from 0.22 µm (stage 5) to 8.0 µm (stage -2).

Marple-Miller
Impactor (MMI)

Model 150P: pMDI with
Pediatric S/VHC and
Nebulizer (12 L/min)

4.9 and 1213

Developed from the standard 5-stage Marple-Miller impactor. Not rec-
ognized by the compendia, but could be used for the evaluation of OIPs
intended for infants/small children. Inlet nozzle diameter is varied for
use at the different flow rates. ECDs range from 0.77 µm (stage 5) to 10.0
µm (stage 1) at 4.9 L/min and from 0.44 µm (stage 5) to 10.0 µm (stage 1)
at 12 L/min.

Model 150: SMI, pMDI
and pMDI with S/VHC

3014
Not recognized in the compendia. ECDs range from 0.6 µm (stage 5) to
10.0 µm (stage 1).

Model 160: DPI (has no
pre-separator)

60, 9014

Standard configuration described as Apparatus 2 for DPI testing (USP) but
is not recognized in the PhEur. Inlet nozzle diameter is varied for use at the
different flow rates. ECDs range from 0.63 µm (stage 5) to 10.0 µm (stage
1) at 60 L/min and from 0.5 µm (stage 5) to 8.1 µm (stage 1) at 90 L/min.

Multi-Stage Liquid
Impinger (MSLI)

pMDI or DPI (has no
pre-separator)

6015
Four-stage liquid impinger described as Apparatus 4 (USP) and Appara-
tus C (PhEur). Is specified for use with either pMDIs or DPIs. ECDs range
from 1.7 µm (stage 4) to 13.0 µm (stage 1). 

Next Generation
Impactor (NGI)

Nebulizer 1516

Seven impaction stages with back-up filter for use specifically to test
nebulizers and not recognized by the compendia. The pre-separator is
not used at 15 L/min and a back-up filter after stage 7 is preferred to the
micro-orifice collector (MOC). ECDs range from 0.98 µm (stage 7) to
14.1 µm (stage 1).

SMI, pMDI, pMDI and
S/VHC DPI (with or
without pre-separator)

30, 60, 10017

Same stage configuration as above but is used with pre-separator for
DPI testing (Apparatus 5 (USP)/Apparatus E (PhEur)). The pre-separator
also has defined ECD values so that the upper size limit for the mass of
API collecting on stage 1 is defined. The pre-separator is not used for
pMDI testing (Apparatus 6 (USP)/Apparatus E (PhEur). ECDs at 30 L/min
range from 0.36 µm (stage 7) to 11.76 µm (stage 1); at 60 L/min from
0.14 µm (stage 7) to 8.06 µm (stage 1); at 100 L/min from 0.07 µm (stage
7) to 6.12 µm (stage 1). Corresponding ECD values for the pre-separator
are: 14.9 µm (30 L/min), 12.7 µm (60 L/min) and 10.0 µm at 100 L/min.

Marple Model
290 Personal CI

Nebulizer 2.018

This CI is not recognized by the compendia but operates at a low flow
rate suitable for nebulizer testing. It is therefore specified in a European
standard (CEN 13544-1:2001,19 and is optional in an international stan-
dard (ISO 27427:2009.20 Removing this low flow rate via a side-arm
from the 15 L/min flow specified to be sampled ex nebulizer mouth-
piece, as described in both standards, may result in significant bias to
the APSD if steps to ensure isokinetic conditions are not taken. ECDs
range from 0.53 µm (stage 8) to 21.3 µm (stage 1).

PC-2 Quartz
Crystal Impactor

(QCM)
pMDI Nebulizer

0.2421 – Note: isokinetic
sampling option is avail-
able to sample at 12.6
L/min and at higher flow
rates (upon request)

This CI is not recognized by the compendia but has been used to evalu-
ate a variety of OIP types because it offers rapid measurement capabil-
ity, as there is no recovery/assay for API. ECDs range from 0.14 µm
(stage 10) to 17.0 µm (stage 1). It has been used principally to assess
pMDI-generated aerosols.

pMDI = pressurized metered dose inhaler; SMI = soft mist inhaler; DPI = dry powder inhaler; S = spacer; VHC = valved holding chamber
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impactor. This is preferable to extracting a sample to
make use of CIs that of necessity operate at very low flow
rates, such as the Marple Model 290 personal sampler or
the Quartz Crystal Microbalance Impactor (QCM)
(Table 1). Both the NGI and Model 150P Marple-
Miller impactor have demonstrated good size-selectivity
for all stages, as shown by calibration data.13, 16 A low flow
rate ≤ 15 L/min is required for the evaluation of nebu-
lizer-generated droplet APSD to minimize size-related
bias from evaporation. Such evaporation is due to the
entrainment of excessive amounts of drier ambient air,
specifically where augmentation of output is facilitated
by drawing in ambient air.34 In recent years, 15 L/min has
become recognized as the standard flow rate to test mem-
bers of this diverse OIP class. This is partly because all the
aerosol flow can be sampled and to minimize evaporative
changes to the APSD that are more likely at higher flow
rates.19, 20, 35, 36 It is also necessary to chill the apparatus
when evaluating nebulizers, to reduce heat-transfer-
related evaporative bias because almost all impactors have
significant thermal mass.20, 37 Dennis, et al.38have recom-
mended a temperature close to +5˚C when using the
NGI, but the precise cooling regimen for the CI should
be established for the particular nebulizer type being eval-
uated. Therefore, APSDs determined for nebulizers
should be viewed with suspicion if both precautions
(namely: cooling of the impactor and isokinetic sampling
if the whole aerosol is not sized) have not been taken.
Such APSDs are likely to be biased to finer sizes and so
provide an inflated measure of important sub-fractions,
in particular that relating to fine droplet content. 
pMDI with spacers or valved holding chambers
Evaluation of pMDI/ spacers or valved holding cham-
bers (S/VHC) combinations should always be under-
taken with an appropriate delay interval between inhaler
actuation and the onset of sampling. Such add-on
devices are prescribed specifically for patients who can-
not coordinate actuation with the onset of inhalation.3, 39

The importance of this requirement is recognized by the
European Medicines Agency in a guideline covering the
requirements for demonstration of therapeutic equiva-
lence between two inhaled products for use in the treat-
ment of asthma and chronic obstructive pulmonary dis-
ease.40 The length of the delay interval is not specified,
but it is common for these add-on devices to be evalu-
ated with delay intervals ranging from 2 to 10 seconds.39

Delayed sampling of the emitted aerosol affects the mea-
sured APSD by preferentially removing larger particles.
This is primarily due to gravitational sedimentation; its
impact therefore also reduces measures of total emitted
mass as well as pertinent sub-fractions. However, the
magnitude of this effect has been shown to be both spe-
cific to the formulation and the S/VHC.41 In vitro per-
formance data for so-called “universal” add-on devices
that are purported to be usable with any pMDI product,
therefore cannot be predicted from limited measure-
ments made with one or two formulations, even if the
S/VHC is similar in appearance to a reference device.42

Alternatives to compendial CIs
Quartz Crystal Microbalance Impactor
It is well known that turnaround times per APSD determi-
nation with any of the 7- or 8- stage CIs described in the
pharmacopeial compendia are lengthy, taking typically
more than two hours per measurement.43 Furthermore,
CI-based methods are complex to execute time after time
without errors.44 Reducing the number of size-classifying
stages (i.e., the Abbreviated Impactor Measurement
(AIM) concept) is one approach that has been discussed
elsewhere.45-47 However if a full-resolution CI is preferred,
the use of apparatuses in which a change in vibration fre-
quency is detected as mass of particulate collects on the sur-
face of a quartz crystal oscillator,48, 49 is an attractive alterna-
tive approach. In addition, using a QCM impactor can
reduce APSD measurement times to a few minutes. These
impactors have widespread use in the measurement of
environmental aerosols, where it may not be necessary to
quantify the mass associated with a particular chemical
species or where such analysis can be undertaken separately
from the APSD determination.49 However, care is needed
in the interpretation of APSDs derived from such appara-
tuses because the QCM technique cannot discriminate
between the chemical identity of the API(s) and any non-
active excipient(s) that might be present.22 Furthermore,
these CIs may produce unpredictable results if precautions
are not taken to mitigate electrostatic charge,50 a feature
commonly encountered with pMDI-generated aerosols.51

One manufacturer supplies an isokinetic flow splitter so
the impactor can sample from pMDIs and nebulizers at a
total flow rate of 12.6 L/min, with options for sampling at
higher flow rates.52 Even so, the QCM technique is unsuit-
able for DPI evaluations because it is not possible to main-
tain isokinetic sampling while the flow rate from the
inhaler is continually changing. Such is the case following
compendial methodology for this class of OIPs. 
Despite these limitations, several groups have made use
of QCM technology to measure APSDs derived from
nebulizers and pMDIs. For example, Tsou showed that
the mass median aerodynamic diameters (MMADs)
derived from APSDs of pMDI formulations without
surfactant excipients were comparable to those obtained
by full resolution CI.53 Leach, et al. also reported using a
QCM as a rapid aid when qualifying radiolabeled,
pMDI-delivered beclomethasone dipropionate and flu-
ticasone propionate aerosols, finding good agreement
with ACI-generated APSDs.54 In both instances, this
outcome might be expected because the particular
aerosols being sized contained only API. However, the
lack of discriminating ability based on chemical identity,
already mentioned, renders APSD measurements by
this technique highly questionable if more than one API,
or excipients, are also present in the formulation.  
The QCM impactor has also been applied to the size
analysis of nebulizer-generated aerosols. In one instance,
relating to the evaluation of the droplet size distribution
emitted by a continuously operating pneumatic nebu-
lizer (Nebutech® HDN®, Salter Labs, Arvin, CA, US),



APSD data were provided, based on normal saline (0.9%
w/v NaCl aq.), with no API present. The claim was made
that more than 80% of the sized droplets were finer than
5 µm (aerodynamic) diameter, with mass median aero-
dynamic diameters ranging from 0.98 to 1.30 µm.55

However, this assertion may not be realistic, since an
assay was not undertaken and neither was any API pre-
sent in their saline solution. This suspicion is reinforced
by the outcome that the fine droplet fraction from this
nebulizer was only about 60%. These results come from
an independent study comparing the same nebulizer
with similar jet nebulizers for the delivery of the API
arformoterol in saline solution (15 µg/2 mL). Notably,
the independent group determined their APSD data
using an ACI followed by an assay for this API.56

Aerosol particle time-of-flight (TOF) methods
Time-of-flight (TOF) analysis is also an attractive alter-
native to APSD measurements made using a compendial
CI because the former methodology is rapid; for exam-
ple, one determination can be made in as short a time as
30 seconds. This approach also offers a higher degree of
size resolution within the operating range of the instru-
mentation than that afforded by any of the CIs described
in Table 1.57 There are 52 size channels covering the range
from 0.5 to 20 µm aerodynamic diameter for the only
commercially instrument currently available in this class
(Model 3321 Aerodynamic Particle Sizer (APS) Aerosol
Spectrometer; TSI Corp., St Paul, MN, US). TOF
analysis operates by accelerating individual particles in a
highly defined flow field, in which the particles experi-
ence ultra-Stokesian motion as they pass through the
measurement zone.58 The time of flight of the particle
between two well-defined locations in the measurement
zone that are illuminated by laser light is determined.
This value is a monotonic function of aerodynamic
diameter. Longer flight times are associated with larger-
sized particles due to enhanced drag in the accelerating
flow field. TOF analysis is a particle counting technique,
so that a number, rather than a mass-weighted APSD, is
determined for each size channel. Transformation to the
mass-weighted form is therefore required if comparisons
with traditional CI-generated data are to be made. This
process is undertaken by the software associated with the
TOF analyzer, which multiplies the particle number in
each size channel by the following factor:

where dmid is the mid-point size of the channel under
consideration. This conversion therefore tacitly assumes
that the particles are spherical.59 Although the transfor-
mation is carried out automatically, users need to be
aware that the process inevitably introduces statistical
noise towards the large particle size extreme of the
APSD. This is because the presence or absence of just a
few of the largest particles has a disproportionate influ-
ence on the outcome.59 For example, a single particle
that is 10 µm contains 1,000 times the mass of particles

[πd3
mid/6]

that are 1.0 µm aerodynamic diameter. A recent study
by Wang, et al. in which an APS aerosol spectrometer
was used to determine APSDs for several different pneu-
matic nebulizers, illustrates the effect on measured
data.60 Their TOF-determined, number-weighted
APSDs illustrated for one particular device (Airlife®
Misty Max®, CareFusion, Chicago, IL, US) are broad,
occupying more than an order of magnitude in size from
approximately 0.5 to 5.0 µm aerodynamic diameter.
However, when transformed to a mass-weighted basis,
the tail at the large size of the distributions extends well
above 10 µm aerodynamic diameter, and is clearly based
on a very small number of droplets that were collected.
For this reason, even when sampling aqueous spherical
droplets, TOF-generated measurements should always
be supported by CI-generated data. This will ensure they
are representative of the population of particles aerosol-
sampled across the entire size range. Otherwise, mea-
sures such as fine particle/droplet mass could be signifi-
cantly in error from their true values.
Another significant limitation of TOF analysis is the lack
of a direct link to API mass through a chemical assay. In
effect, the method cannot distinguish one API from
another nor can it identify non-API particles associated
with excipients.59 The former limitation is becoming
increasingly important as more combination API prod-
ucts become available. Recently, a modified version of
TOF analysis has been developed. Using tandem, single
particle mass spectrometry (SPAMS), particles are
assayed immediately after passing through the TOF mea-
surement zone.61 However, this technique is still in its
infancy and therefore its limitations are largely unknown. 
TOF-based measurements by APS have been shown to
produce APSDs from pMDIs that contain ethanol as a
volatile excipient, which are very different from the API-
related APSDs determined by CI. This can occur unless
care is taken to ensure evaporation is complete, for
instance, by inserting heated spacer-sections to extend the
aerosol pathway through the inlet.62, 63 Recognizing the lim-
itation of not having a direct link to API mass, the manu-
facturer of the APS has developed a single-stage impactor
(SSI) that can make measurements of fine particle fraction
in parallel to the TOF-based APSD determination. The
SSI thereby provides a means of validating the TOF-mea-
sured APSD at a single size close to 5 µm aerodynamic
diameter. Comparisons between SSI- and TOF-based
measures have been shown to be good for several pMDI-
based solution formulations.63, 64 Nonetheless, TOF-based
APSD measurements should always be related back to
those determined by multi-stage CI,64 given the added
potential for bias arising from differences in particle density
from that of water65 and deviations in shape from
spherical.65-67 This precaution is especially important when
attempting to size non-spherical particles from DPIs. Con-
trol of changes to APSD caused by evaporation/condensa-
tion processes should also be considered when sampling
aqueous droplets from nebulizing systems59 or aerosols
containing volatile species, e.g., ethanol, which is present as
a solubilizer in some pMDI-solution formulations.63
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Table 2
Key Considerations for Measurement Methods Used in the Determination of APSDs of Orally Inhaled Products

Measurement Method Consideration

CI for All OIP Classes Use the compendial induction port (inlet) to avoid introducing inlet-related differences in APSD measure-
ments from one study to another.

CI Alone Operate within the flow rate range for which calibration data are available.

CI with Pre-separator Ensure that the flow rate is at least as great as the lowest value for which the pre-separator performance has
been established.

CI with Mixing Inlet Useful to enable inhaler to function as it would in practice. Be aware that equivalence in APSD-related 
metrics compared to pharmacopeial method needs validating on a product-by-product basis.

CI for Nebulizer Testing Ideally sample entire flow from nebulizer at 15 L/min. If this is not possible, ensure sample to CI is extracted
isokinetically from the main flow leaving the nebulizer.

Chill the CI to mitigate the risk of heat-transfer-related droplet evaporation, especially for nebulizers without
air entrainment.

CI for pMDI with
Spacer/VHC

Ensure that at least one delay interval after pMDI actuation is simulated; typically performance should be
assessed with the delay interval being at least 2 seconds in duration.

Quartz Crystal 
Microbalance 
Impactor (QCM)

For this non-compendial impactor, be aware there is no assay for API with this method; in some cases, there
is a potential risk of under-estimation of MMAD.

Take precautions to avoid heat-transfer-related evaporation if sampling aqueous droplets from a nebulizing
system.

Equivalence in APSD-related metrics compared to pharmacopeial method needs validating on a product-
by-product basis.

Aerosol Particle 
Time-of-Flight (TOF)

Be aware there is no assay for API with this method.

Statistical “noise” at the large particle tail of the APSD may affect magnitude of derived measures.

Particle density and shape-related effects can bias APSD data; neither are well defined for most 
DPI-generated aerosols.

Equivalence in APSD-related metrics compared to pharmacopeial method needs validating on a product-
by-product basis.

Laser Diffractometry (LD) Be aware there is no assay for API with this method.

Particle shape-related effects can bias APSD data for DPI-generated aerosols.

Equivalence in APSD-related metrics compared to pharmacopeial method needs validating on a product-
by-product basis.

Click to read the remainder of the article and see the reference list.
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Laser diffractometry (LD) applied to OIP aerosols
Laser diffractometry (LD) is the only other rapid mea-
surement technique that is widely encountered in asso-
ciation with the size-characterization of OIP-generated
aerosols. This technique is particularly widespread for
the evaluation of nebulizer-generated droplet sizes, but
is occasionally applied to other inhaler classes.68 The
operating principle underlying LD is the low-angle scat-
tering of coherent light (so-called low-angle laser light
scattering) that is described comprehensively in a
recently updated ISO standard.69 LD uses an ensemble
approach (measuring all the particles in the aerosol cloud
simultaneously) rather than a single-particle measure-
ment technique. The volume- (mass)-weighted particle
size distribution data is determined directly (with the
underlying assumption that particle density is constant
irrespective of particle size). Several thousand measure-
ments are made per second with current instruments.
Yet typically for OIP aerosol assessments, these data are
combined over a period of several seconds to provide a
single time-averaged particle size distribution. LD sys-
tems typically measure particle sizes covering more than
two orders of magnitude in size, depending on optical
configuration. Measurements can be made either in an
open-bench arrangement, in which the aerosol is
allowed to flow unimpeded across the measurement
zone, or by using an enclosed cell. Like TOF-based sys-
tems, LD-analyzers have excellent resolution, providing
as many as 15 channels per decade of size. 
There are, however, some important limitations that
users should be aware of when interpreting LD-gener-
ated data. Firstly, the size that is measured is related to
the physical diameter (projected area/volume), not the
aerodynamic diameter of the particles.68 This distinction
is unimportant for aqueous droplets because they are
both spherical and have unit density (centimeter-gram-
second (cgs) system), which are the reference conditions
that define aerodynamic size in relation to physical (geo-
metric) size scales. However, the distinction may be sig-
nificant when using LD to size-analyze solid particles
from pMDIs and DPIs, particularly if they are not
spherical in shape. Secondly, like TOF-analysis, there is
no assay for the API species that may be present. Never-
theless, some European3 and US70 regulatory guidance
documents relating to OIP testing permit the use of LD
in relation to OIP performance assessment, but only if
supported by validation data obtained using the CI
method. The manufacturer of the Spraytec LD, one of
the more widely used, current LD systems (Malvern
Instruments, Malvern, UK), has therefore developed a
closed inhalation cell from which the OIP-generated
aerosol can be sampled via a CI immediately following
LD-assessment of particle size.71

Given these limitations, careful interpretation of LD-
generated data is therefore advised, especially if the
measurements are not supported by multi-stage-CI-
generated data. 

In the case of nebulizer-generated aqueous aerosols, sim-
ilar precautions must be taken to avoid premature evap-
oration either by mixing with sub-saturated, ambient
air, or as the result of heat transfer from associated sam-
pling apparatus.68 The use of the closed inhalation cell
option, in which the ambient relative humidity can be
controlled, is therefore a wise precaution. If evaporation
is significant, LD-measured size distributions will be
shifted to finer sizes, thereby inflating measures such as
fine droplet fraction. An inhalation cell is always needed
if LD is being used to size DPI-generated aerosols
because an inhalation maneuver has to be simulated to
operate the inhaler correctly.69 Here, however, the con-
cern is that bias not be introduced because the particles
being sized are non-spherical. However, de Boer, et al.
have shown that LD is applicable to the measurement of
micronized powder aerosols in which fully dispersed sin-
gle particles have near-to-spherical geometry,72 such as is
the case with powder aerosols delivered from the Tur-
buhaler®DPI (AstraZeneca, Mölndal, Sweden). In gen-
eral, however, the relationship between the magnitude
of bias in LD-based measurements associated with devi-
ations from particle sphericity is unknown, re-emphasiz-
ing the desirability to link such assessments to CI-mea-
sured APSDs as a critical part of method validation. 

Conclusions
The determination of APSD for OIP-generated aerosols
requires considerable care in both choice of measure-
ment apparatus and in the subsequent interpretation of
the data. Table 2 lists considerations that are worthwhile
evaluating, depending on the OIP class(es) under evalu-
ation and the approach to measurement. The multi-
stage CI is still the apparatus of choice for such work.
Although relatively slow and labor-intensive compared
with TOF and LD, it is the only approach that deter-
mines the therapeutically relevant, mass-weighted
APSD directly and at the same time links these measure-
ments to mass of API(s) that may be present in the for-
mulation. This article has therefore focused on the CI,
and it is the opinion of the authors that other techniques
should only be used after having validated the method-
ology using a compendial CI-based method as the refer-
ence technique. However, it has also identified limita-
tions associated with TOF and LD techniques that are
most likely to be encountered because both techniques
are attractive, alternative methods to the CI for acquiring
OIP APSDs, due to their rapidity per measurement and
higher size resolution. 
The potential pitfalls of various techniques identified
within this article are not exhaustive, but represent
examples to avoid in the practice of measuring the criti-
cal APSD quality attribute for OIPs. The second article
in this series will focus on the determination of total
emitted mass, both by the compendial methods as well
as scenarios in which patient use has been simulated.
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