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   Preface   

 The measurement of the aerodynamic size properties of aerosols from orally inhaled 
products has been a long-standing topic of interest to stakeholders because of the 
need to provide measurements that can ultimately be related to the likely deposition 
in the human respiratory tract and therefore to subsequent clinical response to the 
active pharmaceutical ingredient(s). The challenge has been the limited choice of 
measurement equipment available that meets all of the requirements demanded of 
it. Historically, the full-resolution multistage cascade impactor has been the work-
horse in the laboratory undertaking inhaler performance testing, but its successful 
operation requires a high degree of operator skill and know-how, and the measure-
ment process is both laborious and time consuming. 

 This book has been the outcome of several years work within two cross-industry 
organizations: the Cascade Impaction Working Group of the International 
Pharmaceutical Consortium on Regulation and Science (IPAC-RS) and the Cascade 
Impactor Sub-Team of the European Pharmaceutical Aerosol Group (EPAG). The 
abbreviated impactor measurement (AIM) concept was developed in the middle of 
2000 out of the realization that there is a need to offer users of the cascade impaction 
technique, the opportunity to make measurements of the important aerodynamic 
size-based metrics, without the need to determine the aerodynamic particle size dis-
tribution. From these developments came the realization that in the product quality 
environment, the minimum number of metrics that is needed relating to the sum and 
ratio of the large and small particle fractions, are all that is needed to defi ne the 
APSD. If the boundary dividing them was chosen appropriately, could result in 
 better decision-making than the currently accepted practice in the USA of accumu-
lating the mass of active pharmaceutical ingredient collected on each stage of a 
full-resolution impactor into groupings that broadly refl ected coarse, fi ne, and extra-
fi ne particulates. This new approach was termed effi cient data analysis (EDA) and 
is the companion concept to AIM, although EDA may be applied to data from either 
full or abbreviated impactor measurements. 

 As this volume was in the process of early development, it became evident that 
in order to describe the AIM and EDA concepts meaningfully, it would be necessary 
to place these approaches into the context of the existing apparatuses that are defi ned 
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in the pharmacopeial literature. This material is currently in disparate locations and 
is therefore not always easy to fi nd quickly. A chapter has therefore been devoted to 
the description of the underlying theory, including key descriptive information con-
cerning the compendia apparatuses. This chapter also addresses the potential impact 
that assumptions concerning the properties of the collection effi ciency profi les of 
cascade impactor stages may have both on measurements by full and abbreviated 
systems, to provide assurance to the reader that such fundamental concerns have 
been addressed. 

 In addition to a chapter that reviews in detail and updates the so-called good 
cascade impactor practice (GCIP) concept developed in February 2002 through the 
US-based Product Quality Research Institute, this book also contains information 
on how AIM and EDA could be applied at various stages in the orally inhaled drug 
product life cycle. There are also several case studies that illustrate how these concepts 
have already been applied to the assessment of currently marketed products. The 
intriguing question ‘When could AIM fail…?’ has also been addressed through 
scenarios in which the underlying physical processes that infl uence the size distri-
bution of inhaler aerosols are considered as well as by failure modes analyses related 
to the cases of pressurized metered dose inhaler and dry-powder-inhaler categories 
of drug products. 

 An extensive chapter contains a compilation of the large number of experimental 
validations of the AIM concept that have been undertaken since 2008. Its purpose is 
again to provide confi dence in the robustness of the concept and, at the same time, 
to highlight the precautions that should be considered when beginning the process 
of implementing an AIM-based regimen with or without EDA. 

 A chapter is included that addresses the regulatory and compendia pathways that 
will likely need to be followed before either or both concepts become fully accepted 
as routine approaches by all stakeholders involved in the process of inhaler perfor-
mance evaluation. 

 Towards the end of this book, a chapter has been included that considers how the 
AIM concept might be adapted in the future to explore the possibilities for greater 
correlation than has been possible hitherto, between impactor-generated measures 
of particle size and likely particle deposition in the human respiratory tract. This is 
a highly active topic of current research as the development of robust in vitro–
in vivo relationships for the class of orally inhaled products as a whole continues to 
pose severe challenges. 

 This volume concludes with a chapter that attempts to look forward and present 
ideas to encourage further research into the application of both AIM and EDA 
concepts. 

 This compilation of knowledge concerning the cascade impaction technique will 
be of interest to all those who are involved with the day-to-day management of 
orally inhaled product quality testing, as well as to the researcher seeking to know 
how AIM and EDA might be applied in novel ways. The authors have provided new 
insights that will help both the novice and experienced user of the impaction method 
come to grips with either concept. 

Preface
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 At the same time, the authors and editors acknowledge that this fi eld is evolving 
rapidly, and no single published work could capture all of the possible angles. 
This book is but a stepstone on the way towards much deeper understanding of 
the various aspects of cascade impactor testing, and particle sizing in general, of the 
pharmaceutical aerosols. Future investigations and publications will undoubtedly 
elaborate on concepts presented here as well as introduce new data and consider-
ations. One of the goals Good Cascade Impactor Practices, AIM and EDA for 
Orally Inhaled Products could serve, therefore, is to provide a helpful backdrop 
and to strengthen a foundation for further work in this important and actively 
debated area. 

 The editors pay tribute to the effort that has gone into development of each 
 contributed chapter, making it both information rich and authoritative and therefore 
a valuable resource.  

Ridgefi eld, CT, USA Terrence P. Tougas
London, ON, Canada Jolyon P. Mitchell
Washington, DC, USA Svetlana A. Lyapustina

Preface
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    Abstract     The abbreviated impactor measurement (AIM) and effi cient data analysis 
(EDA) concepts for the in vitro assessment of orally inhaled drug products (OIPs), 
comprising pressurized metered-dose inhalers (MDIs), soft mist inhalers (SMIs), 
dry powder inhalers (DPIs), and nebulizing systems, are the topics covered by this 
book. The chief aims are to provide to potential adoptees of these new methods 
answers to “how to” questions, as well as to those charged with regulatory oversight 
assurance that both concepts are fully founded on valid scientifi c principles. 
A  chapter reviewing the cascade impaction method applied to the assessment of 
OIPs is also included in order to provide the reader with the necessary background 
material before exploring the extensions to current methodologies associated with 
AIM and EDA. Both concepts are related, but do not necessarily need to be applied 
together, nor is AIM an all-purpose replacement for OIP aerodynamic particle size 
distribution (APSD) measurements by full-resolution cascade impactor (CI).  

    Chapter 1   
 Introduction 
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1.1         Purpose 

 It is well understood and accepted that the aerodynamic particle size distribution 
(APSD) of the pharmaceutical aerosol emitted upon actuation of an OIP is a critical 
in vitro quality attribute [ 1 ]. This is because the OIP has to produce an aerosol with 
appropriate aerodynamic properties to deposit in a reproducible manner the inhaled 
medication beyond the upper airway comprising the oropharynx into the airways of 
the lungs.    Ultimately, the size properties of OIP aerosols that are measured in the 
laboratory should be described in ways that are meaningful in the clinical context, 
as well as suitable for the purpose of product quality control (QC) during develop-
ment and production. In practice, meeting the former need has proven a diffi cult 
task, mainly because apart from that natural variability in breathing behavior associ-
ated with the same patient at different occasions, factors such as patient-to-patient 
differences in airway caliber as well as disease modality play an important part in 
the eventual clinical outcomes. Furthermore, clinical measures, such as forced expi-
ratory volume in one second ( FEV  

1
 ), are intrinsically less sensitive to discern small 

changes in aerosol particle size distribution, compared with currently available lab-
oratory methods. Given this framework, the purpose of this book is to present cas-
cade impaction as the most suitable method for the laboratory determination of OIP 
aerosol size properties, both in the context of product QC and in the still developing 
fi eld of linking these in vitro measures of size to clinical performance of the 
product. 

 The multistage CI, originally developed as an air sampling device for use in 
occupational hygiene, has in the past 30-plus years been adopted and adapted by the 
community involved with the laboratory measurement of aerosols emitted from 
OIPs. This outcome is primarily because the impactor-based size-separation pro-
cess is based on the aerodynamic diameter-related size, rather than on physical (i.e., 
microscopic) size of the airborne particles [ 2 ]. This aerodynamic size scale is more 
appropriate to describe the motion and ultimate deposition of aerosol particles in the 
airways of the human respiratory tract (HRT) [ 3 ,  4 ]. The ability to recover quantita-
tively the drug substance(s), also known as active pharmaceutical ingredient(s) 
(APIs), of the aerosolized formulation from the components of the CI is also 
regarded as being of crucial importance by regulatory agencies [ 5 ]. This situation 
precludes the adoption of more rapid and less labor-intensive techniques that do not 
have the API-detection capability (Table  1.1 ).  

 The development of ways in which the cascade impaction method might be 
improved grew out of increasing awareness by stakeholders in the early to mid 
2000s that the existing full-resolution CI-based procedures were not only labor 
intensive, but prone to a multiplicity of errors arising from the large number of indi-
vidual (and still mostly manual) operations that have to be performed correctly [ 1 ]. 

 The AIM concept was the fi rst of these ideas that, although identifi ed conceptu-
ally in the mid-1990s [ 6 ], did not gain traction until the false but pervasive paradigm 
that a multistage impactor somehow is a simulator of the HRT was dispelled by 

T.P. Tougas et al.
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   Table 1.1    Classifi cation of size-analysis methods for OIPs   

Aerodynamic methods Non-aerodynamic methods

Multistage CI and multistage liquid 
impinger:
• Full-resolution CIs provide complete 

APSDs but are slow and labor intensive
• Abbreviated impactors increase speed 

and throughput and decrease labor and 
time requirements. They provide 
simplifi ed APSD metrics such as coarse, 
fi ne, and extra-fi ne particles (potentially 
relevant for relating to HRT deposition) 
or based on large and small particles (for 
product QC)

Laser diffractometry (LD):
• Rapid with high size resolution
• Can be made noninvasive (no need to extract 

a sample of the aerosol from that created by 
the OIP for measurement)

• No API specifi city, hence inapplicable to 
mixtures of APIs or API + excipient(s)

• The most useful technique for size-analyzing 
the large droplets from nasal sprays

Phase (laser) Doppler particle size analysis 
(PDPA):
• Similar to LD in terms of resolution and 

rapidity
• No API specifi city, hence may be inappli-

cable to mixtures of APIs or 
API + excipient(s)

• Complex signal rejection criteria can make 
representative sampling diffi cult

Single particle light scattering [optical particle 
counting (OPC)]:
• Similar to LD in terms of resolution and 

rapidity
• No API specifi city, hence may be inappli-

cable to mixtures of APIs or 
API + excipient(s)

• A sampling system is needed to allow the 
aerosol to pass through the measurement 
zone at a defi ned velocity

Time-of-fl ight (TOF) methods:
• Measure APSD directly with high size 

resolution, but weighting in the 
distribution is particle count rather than 
mass-based

• Rapid compared with cascade impaction
• No API specifi city—hence may be 

inapplicable to mixtures of APIs or 
API + excipient(s)

–

– Microscopy-automated image analysis:
• Moderately fast with automated image 

analysis, but care is needed to defi ne particle 
boundaries

• When combined with Raman Chemical 
Imaging may provide specifi city to API 
content

1 Introduction
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comparison of the relative size selectivity of individual stages (high) with that of 
particle deposition in the various compartments of the HRT (low) [ 7 ]. In its simplest 
form, AIM seeks to reduce the components of the cascade impaction system to the 
minimum number required to be able to determine meaningful metrics related to the 
cumulative mass of API both fi ner than a certain aerodynamic diameter ( d  

ae
 ) and 

larger than this size boundary. Typically, this size boundary is chosen at or close to 
5 µm to defi ne so-called fi ne and coarse mass fractions in accordance with guidance 
provided in the European (Ph. Eur.) [ 8 ] or the United States (USP) [ 9 ] Pharmacopeias 
(Fig.  1.1 ).    Although this fi gure depicts the abbreviated and full-resolution CI stage 
cut- point ( d  

50
 ) sizes to match, this agreement may not always be necessary (i.e., it 

may be appropriate to interpolate data from the full-resolution CI to the stage  d  
50

  
size(s) of the abbreviated system). 

 AIM-based systems can also include an additional stage with its cut-point size 
chosen to be close to 1.0 µm  d  

ae
  for the separate determination of extra-fi ne mass 

fraction (Fig.  1.2 ).
   The coarse mass fraction will likely include the additional API recovered from 

the non-sizing components of the impactor system, such as the induction port and 
pre-separator (if used). This refi nement in the assessment of the contribution to the 
emitted aerosol by coarse particles is essential when evaluating the behavior of 

  Fig. 1.1    Hypothetical full-resolution CI measurement system ( top ) and a basic 1-stage AIM con-
fi guration having its cut-point close to 5.0 µm  d  

ae
  ( bottom ); the symbols “F” and “A” on the stages 

identify full-resolution and abbreviated CI confi gurations, respectively       

 

T.P. Tougas et al.
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 add- on devices, in particular spacers and valved holding chambers (VHCs) that are 
frequently prescribed for use with MDIs [ 10 ]. 

 Other enhancements include incorporation of one or more “dummy” stages not 
containing a collection surface before the fi rst size-separating stage in order to 
increase the internal dead space within the abbreviated impactor to be closer to that 
of the full-resolution system. This measure can be important if low-volatile sub-
stances, such as ethanol, are present in the formulation being aerosolized. The vari-
ous AIM-based options that have been tried with different OIPs are examined in 
Chap.   10    . 

 The EDA concept was developed in parallel with the AIM concept, with the 
purpose of providing a more discriminating set of APSD-related metrics than the 
so-called stage groupings, which relate to the mass of API recovered from all com-
ponents of a full-resolution CI and grouped, typically into three or four adjacent size 
ranges (Fig.  1.3 ) [ 11 ]. EDA is not intended to be a replacement for existing CI data 
analysis procedures, such as the determination of fi ne particle mass ( FPM ) <5 µm 
in aerodynamic diameter, or the grouping of adjacent stages in a given CI to form a 
reduced number of measures that can be related to likely deposition locations in the 
respiratory tract. However, it will be shown explicitly in Chaps.   7     and   8     of the book 
that EDA does have the capability to be more discriminating of movements of the 
aerosol APSD than these other techniques of data analysis.

  Fig. 1.2    Hypothetical full-resolution CI measurement system ( top ) compared with a 2-stage AIM 
confi guration having cut-points with  d  

ae
  values close to 1 µm to provide discrimination of extra- 

fi ne from fi ne particles and 5 µm to separate fi ne from coarse particles ( bottom ); the symbols “F” 
and “A” on the stages identify full-resolution and abbreviated CI confi gurations, respectively       
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   In EDA, consideration of the API deposition data from the CI is limited to the 
total API mass that is size-fractionated, defi ned as the impactor-sized mass ( ISM ). 
Mathematically,  ISM  represents the area under the curve ( AUC ) of the differential 
mass-weighted APSD. However, it should be noted that in the traditional defi nition 
of  AUC , this quantity is estimated from the best fi t of a model describing a process 
that results in a continuous curved relationship between two independent variables. 
In contrast, individual values of API mass are assigned to separate stages of the CI, 
each possessing a small number (no more than eight with the compendial appara-
tuses) of different and discrete size bounds that are contiguous in the represented 
differential mass-weighted APSD.    In this book,  AUC  will, however, be used as an 
approximation to the quantity. ISM, in the context of EDA, can be conveniently 
thought of as defi ning the total mass of API from the OIP aerosol that is sized-
fractionated and represented by the continuous form of the APSD. 

 ISM is further subdivided into large particle mass ( LPM ) and small particle mass 
( SPM ) with the boundary ideally fi xed at a size close to or identical with the mass 
median aerodynamic diameter ( MMAD ), representing the central moment of the 
APSD (Fig.  1.4 ). The  MMAD  is therefore a function of the distribution of API mass 
across all stages of the CI. The ratio metric  LPM / SPM  is independent of  ISM , con-
ferring a powerful advantage for EDA for the detection of small shifts in APSD 
either to fi ner or coarser sizes.

  Fig. 1.3    Typical grouping of API mass collected in full-resolution CI; group 1 is the aggregated 
mass collected by the non-sizing components; groups 2, 3, and 4 defi ne the coarse, fi ne, and extra-
fi ne mass components of the CI size-fractionated aerosol, respectively; the symbol “F” on the stages 
identifi es full resolution CI confi guration       

 

T.P. Tougas et al.
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   The relationships between all the metrics associated with EDA of an OIP-emitted 
aerosol and their linkage with the various determination methods available either by 
full-resolution or abbreviated CI apparatuses are summarized in Table  1.2 , and a 
summary as to their derivation is given in Fig.  1.5 . Note that EDA can be applied 
 either  to full-resolution CI data  or  to measurements made by an abbreviated system 
(Fig.  1.4 ). It can therefore be linked with the AIM concept, but it is not exclusively 
restricted to abbreviated CIs.

    Table  1.3  provides a “road map” for readers to familiarize themselves with the 
primary purposes for the acquisition of each of the metrics associated with the CI 
method, as well as the nature of the metric itself (i.e., whether the outcome from a 
direct measurement or by calculation based on other direct measurements).

1.2        Scope 

 This book begins with a review of all aspects of the pharmacopeial methods (US 
and European) for APSD assessment of OIPs (in Chap.   2    ). The following chapter 
describes the physical processes that underlie aerosol formation from OIPs and the 

  Fig. 1.4    Application of EDA to measurements made by a hypothetical full-resolution CI com-
pared with a single-stage AIM-based system as required for the use of EDA-based metrics; the 
symbols “F” and “A” on the stages identify full-resolution and abbreviated CI confi gurations, 
respectively       
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mechanisms that might result in changes to the APSD of the sampled aerosol from 
these products. Chapter   4     reviews good cascade impactor practice (GCIP) from the 
standpoint of the laboratory manager or technical staff implementing either 
 full- resolution or abbreviated impactor measurements. The twin concepts of AIM 
and EDA are introduced in Chap.   5    , where a detailed explanation is given as to why 
these new approaches are needed and how they fi t together. Chapter   6     presents the 
typical lifecycle of an OIP and develops an approach that can be used to help decide 
when it is more appropriate to use AIM or full-resolution measurements. Chapter   7     
sets out the theoretical basis for EDA, based on a measurement systems analysis 
(MSA) approach. Chapter   8     elaborates on how EDA can improve the decision- 
making process in the context of OIP quality control, based on statistical arguments. 
Chapter   9     introduces a series of case studies, in which EDA has been applied, to 
guide the reader in best practices; this chapter also takes a look at ways in which 
EDA might theoretically fail to detect shifts in APSD. Chapter   10     presents the out-
comes from a large number of experimental studies undertaken to validate the AIM 
concept, largely by member organizations of the European Pharmaceutical Aerosol 
Group (EPAG) and the Cascade Impaction Working Group of the International 
Pharmaceutical Aerosol Consortium on Regulation and Science (IPAC-RS). Chapter 
  11     examines the regulatory and compendial pathways that will likely need to be 
followed as AIM and EDA concepts mature into the mainstream of OIP perfor-
mance testing. Chapter   12     suggests how the AIM concept might be developed to 
provide measures of OIP performance that are more closely linked with particle 
deposition behavior in the human respiratory tract. Chapter   13     is a summary of 

  Fig. 1.5    Derivation of EDA metrics       

 

T.P. Tougas et al.
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 current thinking about the future of both concepts in the context of OIP testing, and 
Chap.   14     provides a series of concluding statements that refl ect the current position 
concerning both concepts. The book also contains a glossary of abbreviations and 
acronyms in common usage in connection with OIP testing, together with an index 
of keywords to aid in searching the text.     
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Abstract The AIM and EDA concepts are founded on the principles of inertial 
impaction of aerosol particles under laminar flow conditions. This chapter examines 
the current CI systems that are recognized by the pharmaceutical compendia, 
providing a summary of the key parameters that affect the size-resolving capability 
of each system. The potential for bias introduced through the assumption that 
individual stage collection efficiency curves are step functions at the calibration size 
is explored, with attention given to the effect of removing stages in order to achieve 
an AIM-based configuration. Non-sizing accessories, such as the induction port (IP) 
entry and preseparator (PS), are discussed and the chapter concludes with consider-
ation of how add-on devices, such as spacers and VHCs that are commonly used in 
conjunction with MDIs, should be evaluated.

2.1  Introduction

Aerosols produced by all types of OIP comprise either solid particles or liquid drop-
lets suspended in air that the patient receiving therapy is intended to inhale. If sus-
pended particles are present, each droplet itself will strictly be inhomogeneous, if 
one or more particles are incorporated within each droplet. For simplicity, the term 
“particles” will be used from now onwards to include droplets as well as solid 
particles. Aerosols are by definition semistable phenomena, in that the size distribu-
tion of particles continually changes with time due to several physical processes 
 happening simultaneously [1]. The most important of these processes affecting the 
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size range of OIP-produced aerosols (0.5- to 10-μm aerodynamic diameter) are as 
follows (in no particular order of priority) [2]:

 1. Gravitational sedimentation
 2. Turbulent deposition to adjacent surfaces
 3. Particle–particle agglomeration (if the particle concentration is sufficiently high)
 4. Flash evaporation of highly volatile propellants associated with the aerosol for-

mation process with MDIs
 5. Evaporation/condensation of associated low-volatility substances (e.g., ethanol 

cosolvent incorporated with some MDI formulations as well as ambient mois-
ture, if present)

 6. Molecular (Brownian) diffusion

The latter process is only significant with the finest particles < ca. 0.5-μm physical 
(geometric) diameter. The influence of these processes on CI-measured APSDs is 
reviewed in Chap. 9 (Sect. 9.4) in the context of evaluating how resulting changes 
in APSD may or may not be detected by the efficient data analysis (EDA) metrics.

This book is concerned with the CI method that determines the aerodynamic 
rather than physical (e.g., geometric) size of such particles, as would be measured 
by means of a microscopy-based technique [1]. As a general rule, particles in the 
size range from about 0.5 to 10 μm in aerodynamic diameter will deposit some-
where in the human respiratory tract (HRT) and larger particles in the upper airways 
(oropharyngeal region), with finer particles penetrating progressively further into 
the 23 generations of the airways of the lungs before the finest ultimately reach the 
alveolar sacs in which gas exchange takes place.

Detailed descriptions of aerosol mechanics associated with transport through the 
HRT can be found in the books by Hinds [1] and Finlay [2]. The explanation given 
here is intended to provide the basics in order to understand the capability and limi-
tations of the inertial impaction method for size-characterizing aerosols emitted 
from OIPs.

Particle motion throughout the airways of the respiratory tract is assumed to take 
place following Stokes’s law, in that the relative velocity of the gas at the surface of 
the particle is zero. Under Stokesian motion in a stagnant support gas, the force (F

d
) 

acting on a particle in a fluid (air) comprises both form and frictional components, 
such that

 
F v dd a t p= 3ph

 
(2.1)

where h
a
 is the air viscosity which is a function of the temperature of the air, v

t
 is 

particle terminal velocity, and d
p
 is the particle volume-equivalent diameter [i.e., the 

diameter of a spherical particle of the same volume and the same as the physical 
(geometric) diameter for particles possessing spherical geometry]. Particles rapidly 
reach their setting velocity (v

t
) when released from rest, and the drag force (F

d
) is 

balanced by the gravitational force F
g
, where F

g
 = mg, so that

 
v

d g
t

p p=
r

h

2

18  
(2.2)
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Moving from the stagnant environment in which Stokes’s law is defined to 
consider particle motion in the flow through the respiratory tract, an interesting 
feature is the steady decrease in velocity with increasing airway generation number 
beyond generation 3 (Fig. 2.1) [3]. In contrast, CIs size particles by increasing the 
velocity of air from stage to stage, as the aerosol passes through the apparatus. 
Furthermore, their diameters may decrease slightly during passage, due to the 
continuous evaporation of any volatile liquid species present, whereas in the HRT, 
some drug particles may grow due to the presence of near-saturation relative humid-
ity conditions in their immediate surroundings. Hence, although the physical prin-
ciples of impaction apply equally to the CI as to the lung, these aerosol measurement 
devices do not in any sense “simulate” the lung, as will be discussed further below.

Aerodynamic diameter (d
ae

) represents the size scale that takes into account the 
effect of both particle density and shape on mobility in any flow field, such as in the 
respiratory tract, and is related to d

p
, which is the diameter of a spherical particle 

(dynamic shape factor, c, of unity and density of 103 kg/m3) through the expression

 

d d Cae p c=










r
r c

p

0

1 2/

 

(2.3)

where r
p
 is the particle density (kg/m3). C

c
 is the Cunningham slip correction factor, 

which reflects reduction in F
d
 due to “slip” of the particle by adjacent gas molecules. 

For particles with d
ae

 < 1.0 μm, C
c
 can be described in terms of the particle Knudsen 

Fig. 2.1 Particle velocity-airway generation profiles in the HRT for three levels of adult physical 
activity; sedentary is defined as V

t
 = 500 mL, 14 breaths/min, and PIFR = 14 L/min; light activity is 

V
t
 = 1,291 mL, 15.5 breaths/min, and PIFR = 40 L/min; heavy activity is V

t
 = 2,449 mL, 40 breaths/

min, and PIFR = 120 L/min (adapted from [3])
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number (Kn
p
) in which the size of the particle in terms of d

p
 is related to the mean 

free path length of a molecule of the surrounding air (λ), where [1]

 
Knp p= 2l / d

 
(2.4)

and

 
Cc p pKn Kn= + + −( ) 1 0 5 2 34 1 05 0 195. . . exp .

 
(2.5)

The value of C
c
 asymptotically approaches unity for particle sizes larger than a 

few micrometers and can generally be ignored unless the mass-weighted APSD 
(either differential or cumulative plot of API mass versus d

ae
 [1]) contains an appre-

ciable proportion of particles < 0.5 μm.
The multistage CI links the determination of mass of API in the OIP aerosol with 

d
ae

 and has been therefore accepted by both the compendial [4, 5] and regulatory [6, 7] 
authorities as the apparatus of choice for sizing these aerosols. Alternative aerody-
namic particle size characterization techniques, such as particle time of flight (TOF) 
in accelerating motion, can size aerosols based on the d

ae
 scale more rapidly than the 

CI method [8]. However, such near real-time methods do not, at the present time, 
provide traceability to the mass of API(s) in the formulation through the use of well-
defined and widely accepted analytical assay principles (i.e., high- performance liquid 
chromatography combined with a quantitative spectroscopic detection method, 
usually UV/visible light absorption or fluorescence that is API specific) [9]. This 
latter attribute is regarded as being of critical importance by the major regulatory 
agencies [6, 7]. The foci of this chapter, and the book as a whole, are therefore on 
OIP aerosol particle sizing by CI-based methods.

2.2  The CI Is Not an In Vitro Analog of the Human 
Respiratory Tract

It has often, but erroneously, been promoted that multistage CI-derived APSD data 
can directly indicate the fate of the particles in the human respiratory tract (Fig. 2.2).

If this situation was totally true, such data would be ideal for estimating the like-
lihood of clinical response in studies of the efficacy and safety of OIPs. However, it 
is important at the outset to realize that the CI is fundamentally not a lung simulator, 
as more mechanisms governing particle deposition are at play in the HRT. The dif-
ference between the two becomes readily apparent when overlaying the collection 
efficiency curves of the ACI, chosen as a representative multistage CI, with the cor-
responding empirical/theoretical particle collection efficiency curves associated 
with the morphological regions within the respiratory tract (Fig. 2.3).

The relatively poor size selectivity of the HRT has been recognized for many 
years by the community of aerosol scientists involved with environmental pro-
tection [11], where three subfractions covering inhalable particles are currently 
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recognized: (1) PM
10

, suspended coarse particles with d
ae

 < 10 μm; (2) PM
2.5

, 
 suspended fine particles with d

ae
 < 2.5 μm, analogous to the majority of the fine 

 particles from OIPs; and (3) PM
1.0

, suspended ultrafine particles with d
ae

 < 1.0 μm 
(approximately equivalent to extrafines from OIPs).

The US FDA, in its 1998 draft Guidance for Industry document relating to 
Chemistry, Manufacturing and Controls for OIPs [7], recommended treating cascade 
impaction data as follows: “Data from full resolution CI measurements may also be 
presented in terms of the percentage of the mass found on the various stages and 
accessories relative to the label claim. Acceptance criteria may be proposed in terms 
of appropriate groupings of stages and/or accessories. However, if this approach is 

Fig. 2.2 A postulated, but unfounded, relationship of the ACI to particle deposition in the human 
respiratory tract (adapted from the operators’ manual for the ACI)
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used, at a minimum there should be three to four groupings to ensure future batch-
to-batch consistency of the particle size distribution.” Currently, these specifications 
often require that the ratio of the upper to lower allowed mass of API on stage 
groupings be 1.5:1 or 2:1. However, these ratios are based neither on drug class 
specific nor on mechanism of action, or on clinical factors, such as patient age and 
disease modality.

In relation to single clinical dose testing, the corresponding European regula-
tory guidance [6], which is harmonized with equivalent Health Canada (HC) guid-
ance [12], focuses on the determination of fine particle mass with d

ae
 < 5 μm and 

only refers to pooling of mass on stages in the context of limited analytical sensi-
tivity for the API. For APSD determination, the EMA and HC guidance documents 
state: “individual stage particle size distribution data should be provided for the 
batches used in these studies, as well as data on batches representative of the com-
mercial process.”

From the perspective of product QC, however, OIP performance metrics based 
on stage groupings or even stage-by-stage data are confounded with respect to 
changes in APSD, for example, because mass transferred from one group to an 
adjacent group in direction of either increasing or decreasing aerodynamic size is 
inevitably associated with a compensating decline in the mass associated with the 
group from which the mass was transferred (Fig. 2.4). In Chaps. 7 and 8, it will be 
demonstrated that a suboptimal performance of these metrics for product quality 
control (QC) purposes exists compared to the capability of the EDA method.
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2.3  Capability of the Cascade Impaction Method

The multistage CI is fundamentally a particle size-fractionating instrument, making 
use of differences in particle inertia in (ideally) a laminar flow field to result in 
either collection on a solid substrate or impingement into a liquid. CIs are designed 
to operate at a constant flow rate. This limitation therefore becomes an issue in con-
nection with DPI testing, in which it is necessary to approximate an idealized inspi-
ratory maneuver in order to aerosolize and disperse the aliquot of dry powder either 
from a reservoir or from a punctured retaining capsule/blister. A compromise is 
reached in the compendial DPI testing procedures, in that although the CI is oper-
ated from zero flow at start of sample, sufficient volume of air is drawn through the 
system (typically 4 L), so that the finest suspended particles have time to pass 
through the entire apparatus, enabling the CI to properly size fractionate the emitted 
dose. This requirement places a limit on the lowest sample volume it is reasonable 
to use, because below this volume there will be insufficient time for the aerosol to 
pass entirely through the CI system to be fractionated. This minimum volume is 
based on the magnitude of the internal dead volume of the CI together with the 
preseparator (PS), if used, and induction port (IP). Recent work undertaken by the 
European Pharmaceutical Aerosol Group (EPAG), in which this sample volume has 
been intentionally reduced to be close to the dead volume of the system (ca. 2 L), 
has confirmed that the APSD is significantly affected in the case of the NGI under 
such circumstances [13]. In the NGI, operated at 60 L/min, FPF

0.94–4.46μm
 was shown 

to be systematically reduced with decreasing sample volume, reflecting the fact that 
the finer particles have had insufficient time to move through the CI to the stages at 
which they would normally be collected. In contrast, the ACI appeared not to be as 
sensitive as the NGI, with FPF

0.76–6.18μm
 remaining nearly independent of sample 

volume. The underlying reason for this anomalous behavior is not obvious, but it is 
believed to be likely related to flow maldistribution in the ACI. Given this situation, 
it is good sampling practice to ensure that the sample volume exceeds the dead 
volume by at least a factor of two.
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The use of CIs in conjunction with breathing simulators is at first sight at odds 
with the constant flow rate limitation. However, as will be discussed in Chap. 12, 
various groups have found ways to effect such an interface, enabling the OIP to be 
operated either through a half cycle (i.e., inspiration only) for DPIs or in conjunc-
tion with a continuously varying flow rate cycle associated with mimicking tidal 
respiration. At the same time, the CI is simultaneously sampling the resulting aerosol 
at a fixed flow rate. In general, these arrangements are complex [9] and have there-
fore thus far not been incorporated into the compendial methods. There are also 
limited validation data available, so that caution is urged before implementing such 
an approach.

A further limitation of the CI technique is its relatively limited size-resolving 
capability compared with that obtainable by optical particle detection methods, 
such as TOF, OPC, LD, PDPA, and even microscopy image analysis [8]. The resolu-
tion of a CI is restricted by the finite size range within which a given stage operates, 
as will be seen in the next section of this chapter. The NGI, designed to optimize 
resolution, is capable of providing an APSD with at most five measurements of 
mass within the important range from 0.5- to 5.0-μm aerodynamic diameter [14]. 
Attempts to develop a CI with greater than this size resolution will fail because the 
resulting APSDs will inevitably contain intrinsic bias brought about through sub-
stantial overlap of the collection efficiency-size profiles of adjacent stages.

2.4  Fundamentals of Inertial Size Fractionation Affecting 
Multistage CI Performance

The principles of multistage CIs in the context of in vitro testing of OINDPs were 
reviewed in 2003 by Mitchell and Nagel [9]. Little of a fundamental nature in terms 
of the underlying theory has changed since this date, although there has been a con-
certed effort to acquire a more robust understanding of the processes associated with 
calibration and validation of full-resolution cascade impaction systems [14, 15].

Key aspects of cascade impaction theory are presented in this chapter to familiar-
ize the reader with sufficient background information to understand the advantages 
and, perhaps more importantly, the limitations of the AIM-based techniques that are 
introduced in Chap. 5.

A typical CI used for OIP testing comprises several stages (Fig. 2.5), each of 
which functions as a size fractionator of the incoming aerosol in a gas stream mov-
ing at constant velocity [proportional to volumetric flow rate (Q)]. In concept, a 
single-stage impactor comprises a jet or nozzle plate containing one or more circu-
lar or slot-shaped orifices located a fixed distance from a collection surface that is 
usually horizontal. The stage functions by classifying incoming particles of various 
sizes (d

ae
) on the basis of their differing inertia, the magnitude of which reflects the 

resistance to a change in direction of the laminar flow streamlines.
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As the incoming flow 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, if sufficiently large. The dimensionless Stokes 
number (St), which is the ratio of the stopping distance of a particle to a character-
istic dimension, in this case the nozzle diameter, W (or average diameter, for a 
multiorifice stage), describes the process. It will be seen later that the square root of 
St defines a critical particle size in terms of aerodynamic diameter that will succeed 
in leaving the airstream and reaching the collection surface for a particular stage 
geometry (Fig. 2.6).

The modern theory underlying impactor function has been developed over the 
past 35 years based firstly upon solving the Navier–Stokes equations for steady, 
incompressible, and isothermal conditions that define the gas flow field having 
viscosity, h, and density, r

g
, modeling the simplified geometry of a single-stage 

“ideal” impactor. This operation is undertaken in the absence of particles. 

Fig. 2.5 Idealized n-stage 
cascade impactor
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Subsequently, Newton’s equation of motion is used to model the passage of 
different-sized particles through the ideal impactor. The process may ultimately be 
extended to evaluate the particle transport and size fractionation through impactor 
stages having various nozzle dimensions (diameter, W, and length, L) as well as 
several nozzle-to-collection surface distances (S) [16]. Flow is normally assumed to 
be laminar within the stages of the CI. However, if gas flow and particle transport 
through the induction port inlet are also being modeled, an appropriate model of 
turbulence such as the low Reynolds number (LRN) κ-ω approach can be intro-
duced, based on its ability to accurately predict pressure drop, velocity profiles, and 
shear stress for transitional and turbulent flows [17].

Returning to the idealized single-nozzle (jet) impactor (Fig. 2.5), St is related to 
W through the expression

 

St =
r

h
p c pC d U

W

2
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(2.6)

in a self-consistent set of units, based on d
p
. U is the linear velocity of the particle, 

which can be considered the same as the surrounding local air velocity when the 
flow rate through the impactor is constant. The Cunningham slip correction factor, 
C

c
, that takes into account the faster settling of particles whose size is close to that 

of the mean free path of the surrounding gas is defined by (2.4) and (2.5).
The particle collection efficiency (E) of an ideal impactor stage, expressed as a 

percentage, will increase in a stepwise manner between limits of 0–100%. In prac-
tice, for a well-designed stage, E is a monotonic sigmoidal function of either St or 
d

p
 that increases steeply from E ≈ 0% to >95%, reaching its maximum steepness 

Fig. 2.6 Hypothetical single-stage impactor showing trajectories of particles that are collected 
and those that miss the collection substrate
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Fig. 2.7 Hypothetic single stage impactor collection efficiency curve

when E is 50% (Fig. 2.7). At this location, defined as the cut size (d
p,50

) or effective 
cutoff diameter,

 
C d nW

Uc p, ,

/

50 50
0

1 2

50

9
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h
r
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(2.7)

or in terms of volumetric flow rate (Q),

 
C d nW

Qc p, ,

/
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3

0
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4
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pm
r

St
 

(2.8)

for a multiorifice stage comprising n circular nozzles. Equations (2.7) and (2.8) can 
be written in terms of the more usually encountered aerodynamic diameter scale 
(d

ae,50
), substituting (2.3) for d

p
.

The assumption is often made that the mass of particles larger than d
50

 (the size 
corresponding to E

50
) that penetrate the stage is exactly compensated by the mass 

associated with particles finer than this size that are collected. Thus, the cut size can 
be defined as a single-valued constant for a given stage at a fixed flow rate. Particles 
with d

ae
 ≥ d

50
 are assumed to be fully collected, whereas all particles finer than d

50
 are 
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deemed to have penetrated the stage. The sharpness of a given CI stage efficiency 
curve is defined in terms of the geometric standard deviation (GSD

stage
) by analogy 

with the properties of the lognormal distribution function:

 
GSDstage =

d

d
84 1

15 9

.

.  

(2.9)

A stage having its GSD
stage

 at unity corresponds to the ideal size separator. In 
practice, however, GSD

stage
 is ideally <1.2. GSD

stage
 values in excess of this limit do 

occur with compendial CIs, particularly for those stages that size fractionate 
particles larger than about 5 μm aerodynamic diameter where gravitational settling 
contributes significantly to the size-separation process. Values of d

50
 and GSD

stage
 

can be determined by calibration of the impactor with uniform-sized particles of 
known mean values of d

ae
; however, the process is both time-consuming and highly 

exacting [18–20]. A further refinement of the calibration process is to undertake a 
so- called archival calibration of a single CI whose stage dimensions (principally 
nozzle diameters) have been intentionally manufactured to be as close as possible to 
their nominal values. This procedure avoids the need to calibrate each and every CI 
at the time of manufacture and also after use for validation purposes. Such a calibra-
tion was undertaken for the first time early in the development for the NGI at volu-
metric flow rates of 100, 60, and 30 L/min [21] and later extended to 15 L/min to 
enable this CI to be used for the measurement of nebulizing systems [22]. Values of 
d

50
 and GSD

stage
 from these archival calibrations are summarized in Table 2.1.

Equivalent information is given in Table 2.2 for the ACI at 28.3 L/min that is 
widely used for MDI-based evaluations. However, to date, an archival calibration of 
the ACI has not been undertaken, so the actual values of d

50
 and GSD

stage
 are pre-

sented based on the historic data provided by Vaughan in 1989 [19]. These 
calibration- produced d

50
 values are compared with the corresponding nominal val-

ues that have been adopted by manufacturers of this impactor since that time. It is 
important to note that it is common practice to work with the nominal values of d

50
 

for the stages of ACI. However, Stein and Olson, in an extensive investigation of 
impactors manufactured before the year 1995, reported that significant deviations in 

Table 2.1 Values of d
50

 (μm) and GSD
stage

 for the NGI size-fractionating stages at flow rates 
associated with its archival calibration

Q= 15 L/min 30 L/min 60 L/min 100 L/min

Stage d
50

GSD
stage

d
50

GSD
stage

d
50

GSD
stage

d
50

GSD
stage

1a 14.1 1.39 11.7 1.34 8.06 1.33 6.12 1.35
2 8.61 1.16 6.40 1.19 4.46 1.21 3.42 1.26
3 5.39 1.15 3.99 1.21 2.82 1.24 2.18 1.27
4 3.30 1.12 2.30 1.11 1.66 1.17 1.31 1.22
5 2.08 1.14 1.36 1.11 0.94 1.17 0.72 1.20
6 1.36 1.13 0.83 1.14 0.55 1.15 0.40 1.28
7 0.98 1.12 0.54 1.17 0.34 1.20 0.24 1.38
aPreceded by USP/Ph.Eur. induction port—values are slightly different if a preseparator is also used
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nozzle diameters from nominal were possible as the result of imperfections during 
manufacture as well as the expected result of wear (corrosion/plugging) in normal 
use [23]. Later in this chapter, the importance of having an accurate understanding 
of each stage collection efficiency curve profile will be explained, since an under-
standing of the issues involved is essential in the context of abbreviating full- 
resolution impactors by the process of removing intermediate stages that is at the 
heart of the AIM concept.

Returning to the basic impactor theory, Marple and Liu [16] and Rader and 
Marple [24] identified that the value of √St at E

50
, defined as √St

50
, should be close 

to 0.49 for well-designed circular-profiled nozzles, where differences in particle 
inertia dominate the size-separation process. The compendial CIs include only 
round nozzles, although other geometries, such as a slit, are possible. However, at 
least two other parameters have a secondary influence on the particle size- separation 
performance of a CI. The ratio of nozzle-to-collection surface distance/nozzle 
diameter (S/W) describes the geometry of the stage. The value of √St

50
 is unaffected 

by small variations in S/W if S/W is between 1.0 and 10.0. At the same time, the 
dimensionless flow Reynolds number (Re

f
), defined as

 
Ref =

r
h

gUW

 
(2.10)

should ideally be in the range 500–3,000 to minimize the value of GSD
stage

. However, 
this criterion may be overstringent [25], as indicated by the summary of the ACI 
design information presented in 1998 by Marple et al. for the ACI [26], where sev-
eral stages do not meet this criterion yet function effectively as size fractionators at 
28.3 L/min (Table 2.3).

The ratio of nozzle throat length (T) to W can also influence size-separation effi-
ciency, decreasing √St

50
 with increasing T/W [16]. However, the effect is likely to be 

small with commercially available impactors, where T/W is typically <10 [25].
Cross-flow, induced by air exiting the nozzles near the center of the nozzle 

plate and flowing outwards past other air jets located near the periphery of the 
nozzle cluster, can prevent the air jets near the edge of the cluster from reaching 

Table 2.2 Values of d
50

 (μm) and GSD
stage

 for the size-fractionating stages 
of the ACI at Q = 28.3 L/min

Stage Nominal d
50

Calibration d
50

Calibration GSD
stage

0 9.0 9.0 1.15
1 5.8 6.0 1.17
2 4.7 5.7 1.20
3 3.3 3.1 1.22
4 2.1 2.1 1.20
5 1.1 0.9 1.23
6 0.7 0.6 1.21
7 0.4 ND ND

ND not determined
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the impaction plate with multinozzle designs [28]. Under these circumstances, 
particles that would otherwise be collected are instead captured by the cross-flow 
and transferred beyond the collection surface. Increased interstage losses as well as 
bias towards smaller sizes can therefore result with multistage impactors. The 
dimensionless cross-flow parameter (X

c
) is defined as

 
X

nW

Dc
c

=
4  

(2.11)

where n is the number of nozzles per stage having nominal nozzle diameter, W, and 
D

c
 is the diameter of the overall cluster of nozzles in a multinozzle impactor stage. 

Values of X
c
 are listed in Table 2.3 for the ACI calibration by Vaughan [19].

It follows from its definition that X
c
 for a given stage remains unaltered if the 

design of the CI is fixed irrespective of design flow rate, as will be seen later is the 
case with any of the Marple-Miller model 150/160 variants or the NGI. This param-
eter should be <1.2 to avoid cross-flow-related problems that can lead to unaccept-
ably high internal wall losses. This criterion is achieved for all of the commonly 
encountered CIs used with inhaler testing, with the notable exception of stage 2 of 
the ACI, where X

c
 is 1.2.

In 2000, Nichols and Smurthwaite [29] and Nichols et al. [30] extended the use 
of the ACI to higher flow rates primarily for the purpose of performance-testing 
DPIs. At 60 L/min, stage 7 is removed from the bottom of the stack and replaced by 
a new stage “-1” that is located immediately above stage “0.” If the ACI is to be used 
at 90 L/min, stage 6 is also removed and replaced by a further new stage “-2” 
(Table 2.4).

Stage-1 comprises 96 nozzles, each with 4.5-mm diameter, whereas stage-2 con-
tains 95 nozzles, each with 5.5-mm diameter. Importantly, in 2004, Byron et al. 
published definitive data for current production ACIs, superseding performance 
data developed from previous versions of this CI as the result of drawing changes to 
make manufacture of this impactor a more robust process [31]. These changes, 
together with the alternative high flow rate configurations, modify the original ACI 
design characteristics given in Table 2.3 to those summarized in Table 2.5.

Small differences and discrepancies remain between various reports of the val-
ues of parameters in the ACI. For example, one manufacturer’s user guide estab-
lishes the d

50
 of stage 5 at 90 L/min to be 0.44 μm (BGI, Waltham, MA, USA). 

Although this value appears to be unsupported by a technical reference, it is rather 

Table 2.3 Original design characteristics of the ACI at 28.3 L/min (From [26]—used with permission)

Stage 0 1 2 3 4 5 6 7

d
50

a (μm) 9.0 5.8 4.7 3.3 2.1 1.1 0.65 0.43
Re

f
163 221 110 141 188 292 394 782

S/Wb 0.4 0.54 2.37 3.05 4.07 6.32 8.54 8.54
X

c
– – 1.2 0.93 0.69 0.44 0.33 0.16

aNominal cut-point sizes
bThe nominal value of S is 1.6 mm (see Table 2.5)
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close to the value predicted by extrapolation from the 60 L/min value of 0.55 μm. 
Indeed the values of d

50
 of stage 6 at 60 L/min and stage 5 at 90 L/min recorded in 

Table 2.4 are much smaller than the values predicted by extrapolating from the pre-
vious lower flow rate figures. And although the user guides of manufacturers of the 
ACI may cite the Vaughan calibration of the ACI at 28.3 L/min [19] as definitive, 
Vaughan actually reported the d

50
 for stage 2 to be 5.7 μm, rather than the generally 

accepted value of 4.7 μm for this particular stage.
Note also that the value of 4.7 μm for stage 2 at 28.3 L/min has recently been 

confirmed by Roberts, undertaking a more rigorous calibration with monodisperse 
standard particles akin to that used for the archival NGI calibration measurements 
[32]. It should also be noted that the jet-to-plate distance, S, is 1.6 mm, as reported 
by Roberts [14].

Table 2.5 Design characteristics of the current ACI for Q = 28.3, 60, and 90 L/min

Stage -2a -1a 0 1 2 3 4 5 6 7

W (mm) 5.50 4.50 2.55 1.89 0.914 0.711 0.533 0.343 0.254 0.254
N 95 96 96 96 400 400 400 400 400 201
Re

f
 at 28.3 L/min – – 163 221 110 141 188 292 394 782

Re
f
 at 60 L/min – 194 346 469 233 299 399 619 835 –

Re
f
 at 90 L/min 241 291 518 703 350 448 598 929 – –

S/Wb at all Q 0.29 0.36 0.63 0.85 1.75 2.25 3.00 4.66 6.30 6.30
X

c
 at all Q N/A N/A N/A N/A 1.2 0.93 0.69 0.44 0.33 0.16

aStage -2 and -1 data provided by Mike Smurthwaite (Westech Instrument Services, UK), 2011—
other data from Byron et al. [27] (Used with permission)
bThe nominal value of S used in the calculations of S/W is 1.6 mm, but values between 1.5 and 
1.7 mm have been observed with individual CIs

Table 2.4 Stage d
50

 values for the ACI with standard 
configuration for operation at 28.3 L/min compared with 
specialized configurations for use at 60 and 90 L/min (From 
[27]—used with permission)

Stage 28.3 L/min 60 L/min 90 L/min

−2 – – 8.0
−1 – 8.6 6.5
0a 9.0 6.5 5.2
1 5.8 4.4 3.5
2 4.7 3.2 2.6
3 3.3 1.9 1.7
4 2.1 1.2 1.0
5 1.1 0.55 0.22
6 0.7 0.26 –
7 0.4 – –
aThe version of stage 0 used at 60 and 90 L/min has external 
modification permitting another stage, rather than the inlet 
adapter cone to be fitted above it. Its internal characteristics 
and performance are unaltered
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Overall, the available literature indicates that some historical differences exist 
between commercially available ACIs and some uncertainties exist in the perfor-
mance characteristics of the basic ACI design.

In the case of the multistage liquid impinger (MSLI), cited as one of the standard 
apparatuses for aerodynamic assessment of OIP aerosols in the European 
Pharmacopoeia the values of S/W are lower than the recommended range for all 
except stage 4 and values of Re

f
 are in general much higher than their equivalents 

with the ACI at ca. 30 L/min. Table 2.6 summarizes the design properties of the 
MSLI at different flow rates [33].

Particle bounce and re-entrainment are avoided altogether because particles are 
captured in the impingement fluid ready for recovery and subsequent assay. 
However, this design results in shallower collection efficiency curves that are indic-
ative of poorer size selectivity, and the d

50
 sizes (Table 2.7) are therefore likely to be 

more dependent upon small changes in either S or W compared with either the ACI 
or NGI systems.

The Marple-Miller series of five-stage impactors (MMI), cited in the US 
Pharmacopeia, are currently available in three sizes, all based on the original work 
of Miller [34] and Marple et al. [35]. A low-flow rate version (model 150P) was 
developed in the late 1990s to permit MDIs with add-on devices intended for low- 
flow patients to be tested at more appropriate conditions of use (4.9 and 12 L/min) 
[36]. This addition enables measurements to be made by MMIs at flow rates ranging 
from 4.9 to 90 L/min with d

50
 values that are all located within the useful range for 

all types of OIP testing (Table 2.8).
Stage collection efficiency curves for all versions of this CI expressed either in 

terms of d
ae

 or √St are steep and associated with GSD
stage

 values that are close to or 
below 1.2 (Table 2.9).

Table 2.6 Flow Reynolds numbers (Re
f
 dimensionless) associated with 

the four-stage MSLI at different flow rates (Q)

Q (L/min)

Stage 1 2 3 4

S/W 0.38 0.39 0.50 2.22

X
c

N/A N/A N/A 0.31

20 1,132 2,018  3,552 1,485
30 1,701 3,030  5,334 2,250
40 2,267 4,043  7,115 3,002
50 2,835 5,049  8,886 3,749
60 3,401 6,061 10,667 4,500
70 3,962 7,073 12,449 5,252

Table 2.7 Stage d
50

 values (μm) for the four-stage MSLI at Q = 60 L/min 
(From [26]—used with permission)

Stage 1 2 3 4

d
50

13.0 6.8 3.1 1.7
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These CIs were first designed for OIP testing to make use of collection cups as 
particle collectors, with the purpose of improving productivity. However, API 
recovery can be more difficult than with the simpler geometry of collection plates 
with recovery procedures requiring more than contact with solvent to dissolve the 
collected particles. The model 160 (high flow) MMI is the standard configuration 
intended for use at 60–90 L/min. The model 150 MMI has half the number of 
nozzles per stage compared with the model 160 MMI, for use as an alternative to the 
ACI for MDI characterization at 30–60 L/min.

Although these CIs have not been as widely adopted as the ACI, NGI, or MSLI, 
internal losses for models 150 and 160 MMIs reported by Marple et al. were no 
more than 5% of the incoming aerosol at worst case (4 μm < d

ae
 < 6 μm), decreasing 

to <1% for finer particle sizes and <2% for larger particles [35]. These measure-
ments were based on calibration with monodisperse droplets.

The model 160 MMI has subsequently been reported as having internal losses at 
60 L/min with at least one DPI (Bricanyl Turbuhaler®, AstraZeneca, Sweden) that 
were comparable with those indicated by Marple et al. [35], provided that precau-
tions were taken to eliminate particle bounce and re-entrainment by coating the 
collection surfaces with a tacky surface (silicone oil) [37]. By comparison, losses 
within the low-flow MMI have also been reported as being <5% of the material bal-
ance from two types of MDI-generated formulations [36].

Table 2.8 Stage d
50

 values (μm) for the Marple-Miller five-stage CIs

Stage

Model and design flow rate (Q)

150P 150 160

4.9 (L/min) 12.0 (L/min) 30 (L/min) 60 (L/min) 90 (L/min)

1 10.0 10.0 10.0 10.0 8.1
2 7.2 4.7 5.0 5.0 4.0
3 4.7 3.1 2.5 2.5 2.0
4 3.1 2.0 1.25 1.25 1.0
5 0.77 0.44 0.63 0.63 0.5

Table 2.9 Design characteristics of the Marple-Miller CI variants at Q = 4.9, 12.0, 30, 60, and 
90 L/min

Model Parameter Q (L/min) Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

150/160 Re
f

30, 60 3,160 1,240 1,240 1,260 1,260
90 4,740 1,860 1,860 1,890 1,890

S/W 30, 60, 90 1.0 1.0 1.0 1.2 2.5
X

c
30, 60, 90 N/A 0.37 0.37 0.37 0.36

150P Re
f

4.9 918 539 453 386 548
12.0 1,765 1,320 1,109 945 1,342

S/W 4.9 1.71 5.36 4.43 3.84 5.03
12.0 1.31

X
c

4.9, 12.0 N/A 0.18 0.21 0.25 0.17
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In summary, there is some freedom in establishing the precise location of the 
collection surface beneath the nozzle plate with many impactor designs except per-
haps the MSLI. This flexibility is available for the ACI and NGI, which are the 
apparatuses most likely these days to be used in OIP aerosol characterization. More 
importantly from a user’s standpoint, small variations in the precise thickness 
(depth) of a tacky coating that could be applied under normal circumstances to the 
collection surfaces, to improve particle adhesion, are unlikely to affect stage perfor-
mance. As will be seen in Chap. 10, the ability to mitigate bias due to particle 
bounce and blowoff from the collection surface is particularly important with abbre-
viated systems when used to characterize both MDI- and DPI-generated aerosols.

The NGI represents the state of the art for CI design. Based on their experience 
with the Marple-Miller series of CIs, the developers of the NGI took the opportunity 
to ensure that the criterion for S/W was met for all stages (Table 2.10). Likewise, the 
multinozzle designs of stages 3–7 and the MOC were arranged such that values of 
X

c
 were significantly <1.2. Some values of Re

f
 are <500 for certain stages, particu-

larly those that size fractionate the finer particles and when operating this CI at the 
lower flow rates within its range [38]. Nevertheless, all stage collection efficiency 
curves for this impactor throughout the original design range of operation from 30 
to 100 L/min were shown to be sharply defined with minimal overlap [21]. Even at 
the lower flow rate extension at 15 L/min for nebulizer testing, these curves are still 
acceptable for size-fractionating purposes [22]. Note, however, that the MOC 
should be followed by a final filter or the internal filter option be used to replace the 
MOC when used at 15 L/min [22].

Table 2.10 Values of X
c
, S/W, Re

f
, and d

50
 (μm) for the NGI size-fractionating stages at flow rates 

(Q) associated with its archival calibration

All flow rates

Stage 1 2 3 4 5 6 7 MOCa

X
c

N/Ab N/Ab 0.35 0.41 0.61 0.84 0.85 0.94
S/W 1.0 2.0 3.0 3.0 3.0 3.1 4.9 7.1

Q = 15 L/min
d

50
14.1 8.61 5.39 3.30 2.08 1.36 0.98 Do not use

Re
f

1,482 724 404 338 230 167 166

Q = 30 L/min
d

50
11.8 6.40 3.97 2.30 1.36 0.83 0.54 0.36

Re
f

2,938 1,435 801 669 455 328 324 149

Q = 60 L/min
d

50
8.06 4.46 2.82 1.66 0.94 0.55 0.34 0.14

Re
f

5,876 2,870 1,602 1,339 909 757 647 298

Q = 100 L/min
d

50
6.12 3.42 2.18 1.31 0.72 0.40 0.24 0.07

Re
f

9,793 4,783 2,671 2,231 1,515 1,095 1,079 496
aMOC micro-orifice collector—used as an alternative to a backup filter; note that the size corre-
sponding to 80% collection efficiency (d

80
) rather than d

50
 values are quoted for this equivalent to 

a backup filter, rather than an impaction stage
bSingle-nozzle geometry; therefore, cross-flow parameter does not apply
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In the designs of the ACI (Fig. 2.8a), MSLI (Fig. 2.8b), and MMI (Fig. 2.8c) 
systems, the individual impaction stages are connected together in a more-or-less 
vertical alignment. It is notable, however, that the NGI has all of its stages located 
adjacent to each other in the horizontal plane (Fig. 2.8d, e). This configuration was 
chosen primarily for ease of use for semi- or fully automated operation.

The function of a multistage CI is primarily to fractionate the incoming aerosol 
into progressively finer particle sizes, beginning with the coarsest particles. The 
linear air velocity, U, is therefore increased in a series of well-defined steps as the 
aerosol particles move from one stage to the next throughout the sequence. These 
increases are put into effect primarily by reductions in the nozzle diameter (W) from 
one stage to the next in the series. However, the number of nozzles per stage (n) as 
well as the number of stages within the CI can also be adjusted to optimize size 
resolution and minimize pressure drop across especially the stages that size separate 
the finest subfractions. It is important to note that inserting more than five stages per 
decade of particle size is counterproductive with this technology, because the 
stage(s) immediately before a given stage will interfere with efficient particle col-
lection, due to the nonideal nature of their collection efficiency curves. This practical 

Fig. 2.8 External appearance of the (a) ACI, (b) MSLI, (c) MMI, and (d) and (e) NGI
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restriction therefore limited the design of the NGI such that a maximum of five 
stages with d

50
 sizes in the range from 0.5 to 5 μm aerodynamic diameter was 

 possible at most flow rates within the range 30–100 L/min [38].

2.5  Potential Bias Arising from the Assumption That Stage 
Collection Efficiency Profiles Are Each Step Functions  
at the d50 Value Appropriate to the Stage  
Under Consideration

In the previous section, the performance characteristics for the most widely used 
CIs were described on the basis of an assumption that each stage d

50
 size is truly 

representative of the particle aerodynamic diameter at which size fractionation takes 
place. Hence, APSDs are usually reported with data points for the stages on the size 
axis based on their d

50
 values so that in a typical data analysis method, the size of 

particles on each CI stage is considered to be larger than its d
50

. With this assump-
tion, it is possible to calculate the values of MMAD and GSD representing measures 
of central tendency and spread respectively of an APSD. Note that the determina-
tion of GSD is calculated on the basis that the APSD is both unimodal and lognor-
mal, assumptions that are in most cases valid for OIP-generated aerosols.

In atmospheric aerosol research where CIs are also widely used, the nonideal 
nature of stage collection efficiency profiles has been tackled by many groups, with 
well-accepted methods in place, based on MPS data inversion that is predicated on 
knowing the functional form of the stage collection efficiency curves [39–41]. 
However, this approach had not been brought into the assessment of OIP aerosols 
until recently. It is highly germane to the abbreviation of CIs, since any overlap that 
might be significant in the collection efficiency profiles of adjacent stages of the 
full-resolution CI configuration is likely no longer present.

Roberts and Mitchell have therefore evaluated theoretically the potential impact 
of assuming a step function change in stage collection efficiency in both the full- 
resolution ACI and NGI systems [42] and have also extended the analysis to include 
abbreviated versions of these CIs [43]. In the analysis of the full-resolution CIs, they 
postulated an aerosol entering the NGI or ACI to have a lognormal distribution of 
particles with known MMAD and GSD, an assumption not far from the true condi-
tion for most OIPs. On this basis, the fraction of the mass that deposits on stage “N” 
is given by
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Here, σ
g
 is the geometric standard deviation (GSD). The quantities E

0
…E

N
 are 

the fractional efficiency curves of stages 0–N of the CI.
They then developed analytical forms of the real stage efficiency curves of both 

CIs. For the NGI, these were based on the hyperbolic tangent functional form first 
described by Rader et al. [40] to compute how this model aerosol distributed itself 
on each stage of the CI under consideration:

 
E d

d
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Z
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( ) tanh=
















  

(2.13)

in which d
pc

 is the modified particle diameter corrected for slip in accordance with 
the expression

 

d d C d C dpc p
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(2.14)

and Y
i
 and Z

i
 are best fit parameters for each impaction stage. The values of the 

parameters in (2.13) that fit the archival calibration data for the NGI are in the sup-
plementary information associated with Roberts [14] and available on-line at http://
www.tandfonline.com/doi/suppl/10.1080/02786820903204060

For the ACI at 28.3 L/min, Roberts and Mitchell used the exponential function 
developed by Gulak et al. [44] for the stage efficiency curves:

 
E d

A d Bi ae
i ae i

( )
exp( )

=
+ +

1

1  
(2.15)

Table 2.11 lists the values of the parameters A
i
 and B

i
 that best fitted the adjusted 

calibration data of Vaughan for this CI.
When calculated MMAD and GSD parameters for selected APSDs were com-

pared with those of hypothetical aerosols likely to be encountered with OIPs that 
entered the NGI or ACI (using CITDAS® software; version 3.00, Copley Scientific, 
Nottingham, UK), the differences were at most 5% for the MMAD and 11% for the 

Table 2.11 Parameters for 
ACI stage collection 
efficiency curves at 
Q = 28.3 L/min

Stage A (μm−1) B (dimensionless)

0 −1.324 12.51
1 −1.874 11.39
2 −1.928 9.604
3 −2.808 9.329
4 −4.494 9.668
5 −8.258 8.787
6 −14.82 9.483
7 −17.76 7.725
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GSD values (Table 2.12). The larger discrepancies arose as the result not so much 
because of the nonideal nature of stage collection efficiency curves but because of 
the inaccuracies of the two-point linearization of the lognormal curve fit. These 
divergences were more evident when the MMAD of the input aerosol was nearly 
identical with one of the stage d

50
 values.

The difference between the input and the calculated aerosol APSDs is illustrated 
in the example shown in Fig. 2.9 where the input MMAD and GSD were chosen to 
be 5 μm and 2.0, respectively. This example was chosen because the differences 
between input and calculated APSDs arose mostly as the result of overlap between 
neighboring CI stages. The calculated APSD from the NGI data was very close to 
that of the input aerosol, whereas the calculated APSD for the ACI was shifted only 
slightly to finer sizes, mostly as a result of the significant overlap between stage 2 
and stages 1 and 3 with this CI. This finding most probably arises because of the 

Table 2.12 Comparison of input MMAD and GSD with CITDAS®-generated 
values for both ACI and NGI (From [42], courtesy of DL Roberts and JP Mitchell)

Input APSD ACI: Q = 28.3 L/min NGI: Q = 30.0 L/min

MMAD (μm) GSD MMAD (μm) GSD MMAD (μm) GSD

1.10 2.0 1.16 1.98 1.10 2.00
2.50 2.0 2.53 1.99 2.57 2.08
4.00 2.0 3.96 1.93 4.12 2.07
5.00 2.0 4.77 1.96 5.02 2.06
4.00 1.5 4.00 1.50 4.17 1.57
4.00 1.2 3.98 1.26 4.13 1.33

Fig. 2.9 Input and calculated APSDs from a hypothetical OIP-generated unimodal, lognormal 
distributed aerosol having MMAD of 5 μm and GSD of 2.0 (From [42], courtesy of D L Roberts 
and J P Mitchell)

J.P. Mitchell and D.L. Roberts
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symmetry of each collection efficiency curve about the d
50

 value. Under such a 
condition, the mass of API that is associated with particles large enough that they 
should have been captured is almost counterbalanced by the mass of API contained 
in finer particles that should have penetrated the stage in question.

Roberts and Mitchell concluded that these differences would likely be unimport-
ant in understanding the aerosol coming from an OIP [42]. Their assessment was 
based in part on recent industry guidance from the EMA, in which bounds of ±15% 
are deemed equivalent from in vitro measurements in regulatory submissions (i.e., 
for target dose and for comparison of CI stage deposition between reference and 
test OIP [44]).

In their follow-on assessment of abbreviated ACI and NGI systems, Roberts and 
Mitchell adapted the same approach by comparing abbreviated with full-resolution 
CI results calculated from hypothetical aerosols with unimodal and lognormal 
APSDs [43]. It is important to note that the amount of overlap from stage to 
 neighboring stage in an abbreviated CI is greatly reduced or even abolished com-
pared with the situation that exists in a full-resolution CI of the same design. As a 
result, however, even for the same input aerosol, the APSD of the aerosol approach-
ing a given stage of an abbreviated impactor is different to that which exists when 
approaching the sequence of individual stages of the full-resolution system. This 
situation exists even if some of the stages of the abbreviated CI are identical to those 
of the full-resolution CI.

In the case of the ACI operated at 28.3 L/min, the problem was summarized by 
comparing the stage collection efficiency curves for the full-resolution CI operated 
at 28.3 L/min to the corresponding profiles of the remaining stages of the particular 
abbreviated ACI configuration investigated, in which measures of fine and extrafine 
particle fractions are sought by retaining just stages 2 and 5 and the final filter from 
the full-resolution system (the stage numbering in the abbreviated CI corresponds 
with that of the full-resolution impactor for simplicity). Hence, although stage 2 in 
the abbreviated ACI was physically the first impaction stage, its construction is that 
of stage 2 of a full-resolution ACI. When all the stages were present (Fig. 2.10), 

Fig. 2.10 Stage collection 
efficiency curves for the 
full-resolution ACI at 28.3 L/
min, based on the adjusted 
calibration data of Vaughan 
[19] (From [42], courtesy of 
D L Roberts and J P 
Mitchell)
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overlap of the collection efficiency curves for stages 1 and 3 with that from stage 2 
is prominent. Hence, a 4.7-μm aerodynamic diameter particle could potentially be 
captured on stage 1 or 2 or 3.

However, when only stages 2 and 5 are present, the overlap region between these 
two stages is absent, and a 4.7-μm-diameter particle would either be captured or 
pass the first stage (Fig. 2.11). Consequently, of the particles that would have a 
chance of collecting on stages 1 or 2 or 3 with the full-resolution ACI, a larger mass 
fraction is available to approach stage 2 of the abbreviated ACI configuration. In 
consequence, more particles can penetrate stage 2 of the abbreviated apparatus than 
would be the case if stage 1 is present.

It follows that summing up the masses collected on stages 0, 1, and 2 of the full- 
resolution system will not give the identical result as the mass collected by stage 2, 
in the absence of stages 0 and 1, with the abbreviated CI configuration.

The approach to develop a theoretical interpretation of the behavior above was 
similar to that described already for the full-resolution CIs [42]. On this occasion, 
though, an aerosol that is both unimodal and lognormal in terms of its APSD distri-
bution was considered as it enters and passes through the abbreviated impactor.

To calculate how a lognormal aerosol distributes itself throughout an impactor 
with some stages removed, the stage efficiency functions, E

i
(x), in (2.15) were set 

equal to zero for stages of the full-resolution ACI that are removed and (2.12) 
applied to the remaining stages of the abbreviated ACI configuration.

Roberts and Mitchell also considered an abbreviated NGI likewise, by postulat-
ing that the user removes the airflow after stage 3 and reintroduces it just upstream 
of stage 6 with special cups for the NGI, as described by Svensson and Berg [45]. 
In this arrangement, the abbreviated NGI is much like a full-resolution NGI but with 
fewer stages. It is important to note that Mitchell and Roberts did not consider in 

Fig. 2.11 Collection efficiency curves for the abbreviated ACI at 28.3 L/min, based on the 
adjusted calibration data of Vaughan [19] for stages 2 and 5 of the ACI (From [43], courtesy of D 
L Roberts and J P Mitchell)
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this analysis the Fast Screening Impactor (FSI, MSP Corp., St Paul, MN, USA), as 
this abbreviated system is based on the NGI preseparator [46] and is therefore not 
simply a full- resolution NGI comprising fewer stages.

Roberts and Mitchell first calculated how the lognormally distributed aerosol 
described above would distribute in all stages of a full-resolution ACI or NGI, 
accounting for the actual stage efficiency curves. They then calculated where in the 
appropriate abbreviated apparatus the mass actually distributes, according to the 
stage efficiency curves for this reduced system. Next, they compared these values to 
the relevant values of mass from summed stages of the full-resolution parent CI. 
Finally, to complete the validation, they compared the mass on the summed stages 
from the parent CI and the mass on the abbreviated impactor stages to the actual 
mass in the size range present in the input aerosol.

Equation (2.12) was evaluated numerically using Simpson’s rule to calculate the 
fraction of the input aerosol that goes to a given stage of either a full-resolution or 
an abbreviated CI configuration. Note that numerical integration was not necessary 
for calculating the inlet aerosol mass in a given size range, because an analytical 
expression could be derived by setting the E

i
(x) functions in (2.13) equal to step 

functions at the impactor d
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The error function (erf) given by the expression from Matthews and Walker [47] 
was used:

 
erf exp h dh( ) ( )x

x

= −∫
2 2

0p  

(2.17)

For the incoming aerosol that is in the size range larger than the d
50

 size for the 
first stage, the value of d

50,N−1
 is set to infinity, and it is known that erf(∞) = 1.

As in the investigation of the full-resolution CIs, a series of model aerosols were 
evaluated, having MMAD values in the range 1.0–5.0 μm and GSD values selected 
between 1.2 and 2.0. There was always less mass found on the first stage of the 
abbreviated ACI than on the corresponding sum of the stages on the full-resolution 
CI (see the two examples shown in Figs. 2.12 and 2.13). This bias was ≤5% for the 
broadest (GSD = 2.0) APSDs comprising the largest particles (MMAD = 5.0 μm). 
However, it increased to as much as 11% for narrow (GSD = 1.2) and finer 
(MMAD = 1.0 μm) aerosols. In the context of Figs. 2.12 and 2.13, it should be noted 
that a ratio of mass on “AIM” to “summed stage” of unity would represent an abbre-
viated system without bias arising from the nonideal nature of the stage collection 
efficiency curves.

Similar trends were also detected with the NGI system analysis (Figs. 2.14 and 
2.15). However, the bias associated with the abbreviated NGI was ≤2.5% regardless 
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of APSD profile. Roberts and Mitchell concluded that such a small discrepancy 
would likely not be observable experimentally. In addition, for an aerosol with 
MMAD of 4.0 μm, the fraction on the first stage of the abbreviated NGI was close 
to 0.5 and nearly independent of the dispersity of the input aerosol (Fig. 2.15). This 
was not the case for the corresponding ACI data where the mass fraction on the first 
stage (stage 2) reduced as the dispersity of the incoming aerosol decreased 
(Fig. 2.12). The improved robustness of the NGI system derives from the relative 
sharpness of the individual NGI stage efficiency curves compared with those of the 
ACI and the consequent minimal overlap between neighboring stages [21]. The 
increase in the mass fraction collected by the first stage (stage 2) of the abbreviated 
ACI with the model aerosols having larger MMAD values (Fig. 2.12) and also for 
the corresponding situation with the NGI system (Fig. 2.14) would be a linear func-
tion of MMAD if there is no bias associated with the nonideal nature of the stage 
collection efficiency curves.

From this analysis of both CI systems, Roberts and Mitchell observed that bias 
in measures of the ratio of “AIM” to “summed stages” is systematically in one 
direction but can sometimes expand and on other occasions reduce the difference 
between the input aerosol and the abbreviated CI results in terms of mass fractions. 
Importantly, no cases were observed in which the abbreviated ACI deviated from 

Fig. 2.12 ACI system: mass fraction on first AIM collection stage or ratio of AIM system com-
pared with corresponding summed stages—MMAD varied in the range 1–5 μm with GSD fixed at 
2.0 (From [43], courtesy of D L Roberts and J P Mitchell)
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the input aerosol by more than about 10%. However, it is believed that the potential 
exists for larger discrepancies to arise if the incoming aerosol is more monodisperse 
than those considered and also if it contains finer particles in the range of interest.

In summary, although bias from the assumption of ideal stage collection effi-
ciency behavior appears small with both systems, it can likely be ignored for the 
NGI. However, account may need to be taken of this effect in the most accurate 
work with the ACI and particularly when comparing data from abbreviated systems 
developed from this CI design.

2.6  Overview of the Compendial Full-Resolution CI-Based 
Methods for OIP Aerosol Characterization

Currently, the requirements for OIP in vitro performance assessment throughout the 
product life cycle dictate the need for measurements by full-resolution multistage 
CI, since this type of apparatus has good compatibility for the assessment of all 
formats currently manufactured (Table 2.13).
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Fig. 2.13 ACI system: mass fraction on first AIM collection stage or ratio of AIM system com-
pared with corresponding summed stages—GSD varied with MMAD fixed at 4.0 μm (From [43], 
courtesy of D L Roberts and J P Mitchell)
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The CI method is most suitable for the assessment of aerosols from MDI, DPI, 
and SMI inhaler forms, although in the case of DPI testing, the compendial methods 
require the impactor to be started from zero flow at the beginning of the sample, 
simulating an inhalation maneuver, whereas it is evident from the previous sections 
that CIs ideally operate at a fixed flow rate. Their applicability to the assessment of 
nebulizing systems is slightly more problematic, in that precautions need to be 
taken to prevent heat transfer from the CI to the aqueous aerosols that are produced 
by these systems [48].

Likewise, precautions need to be taken with sprays from nasal MDIs, as these 
frequently comprise aqueous solutions. Aqueous nasal spray characterization is 
normally undertaken by laser diffractometry (LD), as the size range of the droplets, 
which typically lies between 20 and 300 μm diameters, is well outside the range of 
operation of a CI [49]. This is the primary reason why this class of inhalers is largely 
outside the scope of this publication. However, single-stage impactors with d

50
 close 

to 10 μm aerodynamic diameter have been used to identify the small subfraction of 
ultrafine droplets potentially capable of penetrating the nasopharynx and entering 
the airways of the lungs [50].

Chapter 601 of the US Pharmacopeia and the corresponding monograph 2.9.18 
in the European Pharmacopoeia permit several different types of CI to be used for 
OIP evaluations (Table 2.14).

Table 2.14 Multistage CI apparatuses recognized in the European and United States 
Pharmacopeias as of 2011

Impactor or impinger US Pharmacopeia
European 
Pharmacopoeia

Glass twin impinger (TI) Not referenced Apparatus A
Andersen eight-stage (ACI)  

nonviable impactor without preseparator
Apparatus 1 for MDIs Apparatus D

Marple-Miller impactor model 160 Apparatus 2 for DPIs Not referenced
ACI with preseparator Apparatus 3 for DPIs Apparatus D
Multistage liquid impinger (MSLI) Apparatus 4 for DPIs Apparatus C
Next generation pharmaceutical  

impactor (NGI)
Apparatus 5 for DPIs Apparatus E
Apparatus 6 for MDIs

Inhaler class Inhalation route Suitability

MDI Oral Good
DPI Good
SMI Good
Nebulizer Good
Nasal MDI Nasala Fair
Aqueous nasal spray Poor
aNasal inhaled products are shown to illustrate relatively 
poor compatibility with the CI method but are outside 
the scope of the book

Table 2.13 Suitability of the 
cascade impactor method for 
the various inhaler classes
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In a survey undertaken in 2006 by EPAG in connection with CI qualification 
testing, the ACI was identified as the most widely used multistage CI, with the NGI 
following closely in second place [51]. The MSLI came third, but this apparatus is 
not in use outside of European regulatory submissions. Other systems were seldom 
used. It should be noted that the glass TI (Apparatus A of the European 
Pharmacopoeia) would qualify as an abbreviated impactor method, since it size 
classifies the incoming aerosol into only two subfractions with its d

50
 size at 6.4 μm 

aerodynamic diameter, when operated at its design flow rate of 60 L/min.

2.7  Preseparators and Induction Ports

Some form of inlet to the CI is required to ensure that the aerosol produced by the 
inhaler enters the impactor in a reproducible manner. Most OIPs are designed such 
that they emit their medication in the horizontal plane and entrances to impactors 
are typically oriented in the vertical downward direction. The solution to the 
problem is the induction port, which also mimics to a greater or lesser extent 
depending on its design, the human oropharynx. There are many designs of 
induction port currently in use, with their shape and capacity reflecting differing 
viewpoints on how inhaler aerosols should be sampled. Seven examples are illus-
trated in Fig. 2.16 [52]. By far the most commonly encountered is the relatively 

Fig. 2.16 Assortment of induction ports used in OIP testing (From  [52]—used with permission)

J.P. Mitchell and D.L. Roberts
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straightforward metal right- angle bend (so-called USP/Ph.Eur. design) described in 
both regional pharmacopeias.

It is important to note that this inlet is not intended to be an accurate representa-
tion of the upper airway but rather a simplified arrangement that reproducibly col-
lects incoming aerosol for the purpose of product quality assessment. Chapter 12 
contains information about more anatomically appropriate inlets, including the new 
generation of “idealized” geometries that have been developed at the University of 
Alberta, Canada.

In its role as a model of the entrance to the respiratory tract, the induction port 
collects almost all the fast moving “ballistic” component of MDI-produced aerosols 
that is formed by flash evaporation of the propellant and therefore likely to deposit 
in the oropharynx [53]. It also serves to remove larger and often aggregated particles 
generated by most DPIs. The USP/Ph.Eur. design is intended to provide a common 
benchmark to compare different formulations by standardizing its critical dimen-
sions (internal diameter and unobstructed path length). Unfortunately, unlike a CI 
stage, its collection efficiency is not easily determined, since there is significant 
turbulence at flow rates encountered typically for inhaler testing [54], and particles 
in the ballistic component from MDIs have velocities greater than that of the sur-
rounding airflow when entering the induction port. Nevertheless, recently, Zhou 
et al. reported calibration data with monodisperse particles for this inlet (Fig. 2.17), 
from which they estimated d

50
 sizes to be 14.4- and 20.2-μm aerodynamic diameters 

for flow rates of 60 and 30 L/min, respectively, by fitting their experimental data to 
flow rate-dependent empirical relationships linking deposition fraction and d

ae
 [55].

Their term “deposition fraction” can be considered equivalent to collection effi-
ciency. They found that d

50 
at

 
the lowest flow rate investigated (15 L/min) could not 

be obtained, as the collection efficiency was found to be <50% regardless of particle 
size to an upper limit close to 30 μm aerodynamic diameter (Fig. 2.17). It should be 
noted that Zhou et al. grease coated the interior surfaces to mitigate particle bounce 
and re-entrainment, a practice that is possible but rarely undertaken with OIP 
testing.

In summary, although several attempts have been made to develop an under-
standing of how this particular induction port performs, given the complexity of the 
fluid dynamics and particle motion through its flow path, particularly when captur-
ing the ballistic fraction emitted by MDIs, it should not be regarded as an additional 
impactor stage in routine work.

A preseparator is often required to be located immediately after the induction 
port when sampling aerosols produced from DPIs, since these formulations in many 
instances contain the API attached to the surface of much larger (lactose) carrier 
particles. The shear forces generated by inhalation from the DPI detach some, but 
not all, of the API particles from the carrier material, but the detached particles are 
sufficiently fine to penetrate beyond the oropharyngeal region into the lungs [56]. 
Both pertinent USP and Ph.Eur. compendial monographs refer to the use of a prese-
parator for DPI-based particle size distribution measurements with the ACI, recom-
mending that its interior surfaces be coated either with a tacky agent in the same 
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way as the collection surfaces of the CI stages or with up to 10 mL of a suitable 
solvent to eliminate particle bounce and re-entrainment. A similar requirement 
exists also for use of the NGI under these circumstances.

The preseparators for the ACI and NGI are illustrated in Figs. 2.18 and 2.19, 
respectively. Ideally, the preseparator should not starve the first stage of the impac-
tor of particles. However, the preseparator used with the ACI has been shown by 
calibration at 28.3 L/min to have its cut size close to 9 μm in aerodynamic diameter, 
almost identical with the d

50
 size of the first stage (stage 0 in Table 2.2) at this flow 

rate [58]. Its sharpness of cut is relatively poor by comparison to equivalent values 
for the CI stages (GSD

pre-sep
 is about 1.55), due primarily to the strong influence of 

gravity. The preseparator therefore starves the second as well as the first stage of this 
impactor.

Recognizing the limitations of the ACI preseparator, the consortium developing 
the NGI designed its preseparator to function as a single component [57] but with 
two distinct steps in the size-separation process (Fig. 2.19). The incoming aerosol is 
first passed through a so-called scalper impingement stage that removes the coarsest 
particles. The remaining aerosol then passes immediately through a more conven-
tional impaction stage before leaving the preseparator. Calibration with monodis-
perse particles has demonstrated that its GSD

pre-sep
 is close to 1.3 at 30, 60, and 

100 L/min. This value is only slightly greater than estimates of GSD
stage

 for well- 
designed CI stages in which inertial rather than gravitational or turbulent size- 
separation predominates. Its measured d

50
 values (10.0, 12.7, and 14.9 μm at 100, 

60, and 30 L/min, respectively) are sufficiently separated from the corresponding 
values for stage 1 (6.07, 8.29, and 11.4 μm) that starvation of the first stage of the 
CI does not occur to a significant extent.

Fig. 2.17 Calibration data for the USP/Ph.Eur. induction port at 15, 30, and 60 L/min (From 
[55]—used with permission)

J.P. Mitchell and D.L. Roberts
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Pre-separator body

Catch

Nozzle diameter

central cup

Pre-separator insert

Pre-separator base

Fig. 2.19 Preseparator for the NGI (From [57]—used with permission)

Fig. 2.18 Side cross section and top view of the preseparator for the ACI
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2.8  Add-On Devices Used with MDIs

The evaluation of add-on devices that are widely prescribed for use with MDIs 
[59–61] poses some additional considerations beyond those that exist for the testing 
of the inhaler alone. Spacers are open extensions to the MDI actuator mouthpiece 
whose primary purpose is to place distance between the inhaler and the patient, such 
that plume development and impaction of the ballistic fraction takes place within 
the spacer itself (Fig. 2.20).

As such, they do not retain the medication should the patient fail to either inhale 
at the time of MDI actuation or exhale into the add-on device. Their evaluation is 
therefore probably best accomplished following the compendial methods for MDI 
performance evaluation, without any attempt to simulate delayed inhalation.

The valved holding chamber (VHC), on the other hand, has a valve at its exit that 
enables the aerosol to be retained if the patient is poorly coordinated. These devices 
are equipped with either a mouthpiece (Fig. 2.21) or face mask (Fig. 2.22) as the 
patient interface, as they are used by patients of all ages from infants to geriatrics.

As such, it follows that it is logical that these devices be evaluated simulating 
delayed inhalation, rather than by the methods in the pharmacopeias that currently 
require the tester to sample the aerosol immediately upon MDI actuation.

Fig. 2.20 Open-tube spacer 
for use with MDIs

Fig. 2.21 VHC mouthpiece 
as patient interface for use 
with MDIs

J.P. Mitchell and D.L. Roberts
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Given the lack of guidance in the (then) compendial methods, about 10 years 
ago, a group of Canadian stakeholders met to develop a national standard that for 
the first time set out detailed methods for the evaluation of these add-on devices, 
including sections on the simulation of delayed inhalation following inhaler 
 actuation [62]. This standard retains the CI as the apparatus of choice for the evalu-
ation of emitted aerosol APSD but contains the following extensions to existing 
methodology [63]:

 (a) Measurements are made initially with the MDI alone following the compendial 
method to provide benchmark data.

 (b) The VHC is then evaluated simulating a 2 s delay following inhaler actuation, 
chosen to mimic the behavior of a typical uncoordinated user; testing at other 
delay intervals is also possible.

 (c) The flow rate chosen should be appropriate for the intended age range of the 
VHC; for example, an infant VHC might be evaluated at close to 5 L/min, an 
add-on for a small child at 12 L/min and a product for adult use at ca. 30 L/min.

This approach has recently been proposed for adoption as a future informative 
chapter in the USP through the publication of a Stimulus to Revision article in 
Pharmacopeial Forum, in which the pharmacopeial organization publishes pro-
posed revisions to USP-NF for public review and comment. [64]. This proposal has 
been partly driven by the recommendation from at least one regulatory agency that 
new MDI applications should contain in vitro data with a nominated spacer/VHC 
[65].

Although the Canadian Standard describes the framework for testing by CI, it 
does not contain any detail concerning suitable apparatus(es) to undertake measure-
ments simulating delayed inhalation. At the present time, there is therefore no stan-
dardized “delay” apparatus. However, work undertaken at Trudell Medical 
International shortly after the standard was developed resulted in the apparatus 
shown in Fig. 2.23, seen in conjunction with a model 150P MMI [66].

The use of the NGI at 15 L/min, the lowest flow rate for which calibration data 
are available, would, in principle, also be suitable at least for testing VHCs intended 
for use by small children. In the so-called delay apparatus [67], simulation of the 

Fig. 2.22 Valved holding 
chamber with face mask as 
patient interface for use with 
pressurized metered-dose 
inhaler
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Fig. 2.23 Trudell Medical International “delay” apparatus coupled to USP/Ph.Eur. induction port 
with low-flow five-stage MMI developed for testing inhalation devices intended for use by infants 
or small children

VHC

MIC
Solenoid

OMRON
Timer

Reset

MIC Power Solenoid
Control

Vertical Moving Shutter Plate

Fig. 2.24 Schematic diagram of Trudell Medical International “delay” apparatus showing work-
ing components (From [67]—used with permission)

elapsed time between MDI actuation and the onset of sampling is achieved by inter-
posing a mechanical shutter housed in a purpose-built adapter that locates on axis 
between the VHC and induction port leading to a CI that is operated at a flow rate 
appropriate for the intended patient category for the VHC (Fig. 2.24).

J.P. Mitchell and D.L. Roberts
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The shutter is set in the elevated (closed) position during connection of the VHC, 
MDI actuation, and the subsequent delay period, but air can still be sampled by the 
impactor at the desired flow rate via a bypass channel located on the side of the shut-
ter facing the induction port. A microphone (MIC) located on the adapter detects the 
sound emitted at actuation of the MDI, starting a timer that operates a solenoid 
valve immediately after the expiry of the selected delay period. This movement 
retracts the shutter support pin, thereby permitting the shutter to drop, opening a 
direct flow path from the VHC to the CI. The adapter introduces <5 ml additional 
volume to the aerosol pathway from the VHC to the CI system. The “delay” appa-
ratus avoids the need to start the vacuum pump for the CI after the elapsed delay, a 
situation that would result in undefined stage d

50
 sizes, while the flow rate is increas-

ing to its final stable value.
Although systems have been developed to enable a CI to be used in conjunction 

with a breathing simulator [68–70], which would be the obvious extension of the 
delay technique to mimic more closely tidal breathing, so far a standardized arrange-
ment has not yet been developed to the point at which it could be incorporated as 
part of a compendial procedure for the evaluation of VHCs.
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Abstract The successful implementation of AIM and/or EDA principles to the 
in vitro assessment of inhalable aerosols emitted from OIPs requires the user of 
such methods to have a basic understanding of how these particles and/or droplets 
interact with the human respiratory tract (HRT) upon inhalation. Such processes are 
inextricably governed by the underlying physical processes associated with these 
semi-stable systems, and all of the changes influencing particle size affect the entire 
APSD. This chapter looks at both aspects in some detail, in particular paying atten-
tion to how small changes in APSD might be detected by full-resolution CI systems. 
The information presented herein is a prelude to Chap. 9, in which case studies are 
presented to demonstrate the sensitivity of EDA metrics to such changes.

3.1  Introduction

It is worthwhile briefly reviewing how aerosols are formed in the first place from the 
different inhaler classes, before exploring the ways in which aerosols emitted by 
OIPs are currently measured in the laboratory, and later in the book, how the AIM 
and related EDA concepts may make the process more efficient and effective in the 
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quality decision-making process. There are several textbooks available that address 
the fundamentals of the various aerosol generation processes, and the reader is 
referred to these for more detailed information [1–5]. Although somewhat older 
than the other texts, the book edited by Morén et al. is particularly significant 
because it addresses how inhaler aerosols interact with the respiratory tract in the 
context of the diagnosis and treatment of lung diseases.

The creation of aerosols containing medication for inhalation in general involves 
one of the following basic processes [6]:

 (a) Rapid flash evaporation of a metered dose of formulation containing the API(s) 
in either a high-volatile hydrofluoroalkane (HFA) or an older similarly high- 
volatile chlorofluorohydrocarbon (CFC) propellant by means of a metered-dose 
inhaler (MDI).

 (b) Dispersion of a dry powder containing the API(s); in so-called passive DPIs, 
dispersion takes place by the energy associated with the vacuum created during 
inhalation, and in the newer so-called active systems, the energy comes from an 
external source.

 (c) Atomization of bulk liquid containing the API(s) by various means, including 
the mechanical breakup of liquid forced through one or more fine orifices (soft 
mist inhalers—SMIs), the expansion of air from a narrow orifice entraining the 
liquid stream by the Bernoulli principle (jet nebulizer), the application of ultra-
sonic energy (ultrasonic nebulizer), the electromechanical vibration of one or 
more orifices or capillaries (vibrating mesh/membrane nebulizer), and the 
application of high electrostatic charge to the liquid stream (electro-spray), all 
of which create instability in the emanating liquid stream(s).

 (d) A few inhalers (currently in development) make use of controlled evaporation 
of a low-volatile liquid containing the thermally stable medication by means of 
an integral heat source, followed by condensation as the vapor moves away 
from the heat source to exit the inhaler.

There are thus many variants associated with each form of inhaler. As well as 
hand-operated MDIs, where the patient has to take care of coordinating inhaler 
actuation, in recent years there has been increasing interest in the development of 
breath-actuated MDIs [7] because such devices avoid the coordination issue alto-
gether. Nebulizers, by virtue of their external gas source (either from a fixed com-
pressed gas supply or portable compressor), also avoid the need for patient 
coordination, although breath-enhanced and breath-actuated devices provide 
improved drug output during patient inspiration [8]. Alternatively, tube spacers and 
VHCs have been developed as add-on devices for MDIs during the past 30 years to 
assist patients using MDIs, as they also eliminate the need for perfect coordination 
with inhaler actuation [9]. Passive DPIs, by virtue of the fact that they make use of 
the inspiratory effort from the patient to create the aerosol, ensure coordination, but 
their effective delivery of medication may be impeded if the energy transfer to the 
dry powder is reduced because the user cannot generate sufficient effort [10]. 
However, relatively high-resistance DPIs have been shown to provide better medi-
cation delivery to the lower respiratory tract than do lower resistance devices [10]. 
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The provision of a patient-independent source of energy to disperse the powder, as 
takes place within an active DPI, is one way to address this limitation [6]. There is 
more variety in the design of different DPIs than associated with the other OIP 
classes, and this diversity may have implications when attempting to connect the 
patient interface of the inhaler to the CI system.

At the outset, it is important to realize that all of the changes influencing particle 
size of OIP-generated aerosols that have just been outlined affect the entire APSD. 
That is, they are not particularly size-selective. It follows that there are no processes 
which would selectively make the mass of API collecting on one stage of a CI grow 
and that on its neighboring stage decrease, without a concomitant change in the rest 
of the APSD profile.

In 2000, a consensus statement was developed by a group of experts assembled to 
evaluate critically each of these forms of aerosol generator [9]. This statement includes 
much useful information concerning the advantages and limitations of each OIP-
based aerosol generator from the perspective of the practicing clinician and based on 
currently available medications at the time of publication. Individual papers from 
these authors, describing each type of inhaler class can be found in the same issue 
(June 2000) of the peer-reviewed journal, Respiratory Care. Although CFC propel-
lants for MDIs have almost entirely been withdrawn from most first- world markets 
since that statement was published, the descriptions of the principles of aerosol gen-
eration provided at this conference still apply to HFA-propellant operated MDIs today.

3.2  Deposition of Aerosols in the Human Respiratory Tract

The human respiratory tract (HRT) has evolved to act as an airborne particle size 
classifier to prevent the ingress of inhaled aerosols to the gas-exchange region in the 
distal lung [11]. Thus, moving from the proximal carina to the distal alveolar sacs, 
the airways in successive generations steadily decrease in diameter, such that par-
ticles from an incoming aerosol are deposited in size order, beginning with the larg-
est [5]. The dimensions of the airways enlarge as the result of growth from the fetal 
to adult stage [12]. API delivery by pulmonary inhalation exploits the use of aero-
solized particles which are least efficiently trapped in the upper airways and best 
able to reach the conducting airways (for local drug action) or the respiratory air-
ways (for either local action or systemic absorption) [13–15].

The current International Commission on Radiological Protection (ICRP) human 
respiratory tract model for radiological protection provides a profile of the likely 
deposition fate of incoming aerosol particles based on their aerodynamic size 
(Fig. 3.1).

These curves are based on a large repository of data associated with radiological 
protection and therefore relate to the prevention rather than delivery of particulates 
to the HRT.

The aerodynamic diameter size scale (d
ae

), introduced in Chap. 2, defines most 
closely the transport and deposition of particles in the critical size range from about 
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0.5 to 15 μm. In the case of an oral tidal-breathing adult, particles with d
ae

 larger 
than approximately 5 μm deposit mainly in the oropharyngeal region, central (bron-
chial) airway deposition peaks with particles with d

ae
 between 7 and 9 μm, and 

peripheral (alveolar) deposition in the lung reaches a maximum with particles hav-
ing d

ae
 between 2 and 4 μm (Fig. 3.2). Particle aerodynamic size is therefore a sensi-

tive measure of likely HRT deposition location. This fact has formed the basis of 
several attempts to develop either mathematically rigorous in vitro-in vivo correla-
tions (IVIVCs) or somewhat less predictive relationships (IVIVRs) from the stand-
point of proportionality, thus far with limited success [16]. This situation is due to a 
variety of reasons, not least the relative insensitivity of clinical metrics based on 
lung mechanics to the action of APIs whose purpose and function are other than 
dilatation of the airways (e.g., inhaled corticosteroids that are used to reduce under-
lying inflammatory disease).

In summary, the creation and delivery of an aerosol containing micron-sized 
particles by any of the OIP forms mentioned previously is favorable for the efficient 
delivery of medication past the oropharynx (upper respiratory tract) to the airways 
of the lungs where the receptors are located for the treatment of the various diseases 
associated with this organ, commonly but not restricted to asthma, COPD, and 

Fig. 3.1 Regional deposition of particles in the adult respiratory tract, based on the ICRP human 
respiratory tract model for radiological protection (From [15]—used with permission)
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 cystic fibrosis. There is also the potential for delivery of medication for systemic 
rather than topical application via the lungs [17] because of the large surface area 
for gas exchange to the blood circulation in the alveolar region.

3.3  Linking Aerosol Behavior to APSD Changes

3.3.1  Aerosol Formation from OIPs

This chapter has introduced the concepts that inhaled aerosols are useful for both 
topical and systemic delivery of medication to the patient, using the HRT as the 
portal of entry. However, aerosols are by their nature quasi-stable two-phase sys-
tems comprising either solid particles or liquid droplets (from now onwards referred 
to collectively as particles) separated from each other by a supporting gas [18].

3.3.1.1  Dry Powder Inhalers

The aerosols produced by dry powder inhalers (DPIs) are the result of a combina-
tion of several factors that result in the de-aggregation of the bulk powder that is 
stored either as a single-dose pre-metered unit (e.g., blister or capsule) until use or 
as bulk powder within the inhaler. The physicochemistry of DPI formulations is 

Fig. 3.2 Regional particle deposition in an oral tidal-breathing adult (Courtesy of Trudell Medical 
International)
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complex and beyond the scope of this book; however, there are comprehensive 
reviews on the topic for readers interested in more detail [19–22].

In the context of aerosol formation, the use of large lactose carrier particles that 
are an order of magnitude or more larger in physical diameter than the primary API- 
containing particles is one way to avoid problems with cohesiveness of a formula-
tion, if it contained just the latter [23]. Alternatively, API-containing particles may 
be made less cohesive by preprocessing [24] or forming them to have a nearly 
spherical shape [25]. As a general rule, the formulators seek properties that opti-
mize the efficiency with which single aerosol particles are formed in the airflow 
generated by the patient upon inhalation. The vast majority of DPIs currently on the 
market are passive, in that they rely on the inspiratory effort of the patient to provide 
the energy to de-aggregate and aerosolize the API-containing particles [26]. 
However, a few newer devices are considered “active,” in that powder dispersion is 
accomplished by a suitable component of the inhaler, such as an electronic vibrator 
or impeller. Whichever option is under consideration, ultimately the APSD of the 
aerosol that is inhaled therefore depends upon a combination of the formulator’s 
ability to optimize the powder disaggregation process and the device developer’s 
ability to adjust DPI resistance to focus the available energy where it is needed. 
In terms of making measurements of DPI aerosol APSDs, the compendia have stan-
dardized the process, whereby sampling a fixed 4 L volume of air from the inhaler 
occurs at the designated flow rate, using a critical orifice at the flow adjustment 
valve to achieve sonic flow, rather than simulating the profile of an individual inha-
lation [27, 28]. Under these circumstances, small changes in APSD are likely to 
originate as much from the result of the environmental conditions under which the 
measurements are conducted (in particular high relative humidity that may affect 
powder cohesiveness [29] and the presence or absence of electrostatic charge [30]), 
as they are from the inhaler itself.

3.3.1.2  Pressurized Metered-Dose Inhalers

MDI-based aerosol formation is also closely linked to the physicochemical charac-
teristics of the formulation contained in the pressurized canister, in particular if the 
API is in solution or suspension [31]. However, the presence of the liquid propellant 
under pressure introduces the ability for these inhalers to self-deliver the aerosol to 
the patient when actuated, as the result of flash evaporation that takes place upon 
actuation as the metered dose of liquid is exposed to ambient pressure and tempera-
ture [32]. Device design factors, in particular the construction of the metering valve 
and orifice, play an important role in determining the APSD of the aerosol that is 
ultimately released [33] for the patient to inhale. The APSD that is measured by CI 
during MDI testing can be influenced by the temperature and relative humidity of 
the testing environment, especially at high temperatures and relative humidity levels 
[34]. For example, Lange and Finlay observed APSD changes when making mea-
surements at temperatures above about 35°C with the relative humidity above about 
95% [35]. They attributed their findings as being likely due to changes in the  droplet 
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evaporation rate caused by interaction of water vapor with the surfaces of the evapo-
rating droplets. However, such extreme conditions are unlikely to be encountered in 
testing laboratories with basic heating ventilation and air conditioning controls in 
place for the building.

Electrostatic charge associated with triboelectrification of the metered-dose con-
tents as they emerge from the metering valve and are atomized results in intrinsic 
charge associated with the aerosol that is different from one product to another 
(Fig. 3.3) [36]. The charge associated with fine particles (fine particle dose in 
Fig. 3.3) depends on many factors including the formulation itself, as well as the 
materials used for the metering valve system. This intrinsic charge combined with 
the presence of surface charge associated with the inhaler mouthpiece or add-on 
device that may be present is a major source of APSD variability [37] and must be 
mitigated or better eliminated altogether, for reproducible results to be obtained in 
cascade impactor-based measurements [38].

3.3.1.3  Nebulizing Systems and Soft Mist Inhalers

Nebulizing systems and SMIs operate on the basis of atomization of a liquid (usu-
ally an aqueous solution or suspension of the API in physiologically normal saline) 
by various methods, including pneumatic pressure, ultrasonics, and mechanical 
pressure through ultrafine orifices (SMIs), or by applying vibration of the bulk 

Fig. 3.3 Intrinsic electrostatic charge series for different MDI products (From [36]—used with 
permission)
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liquid against a mesh or membrane containing a multitude of similar-sized orifices 
[39–42].

The pneumatic atomization process generally produces bimodal droplet distri-
butions [43, 44]. Baffles and other obstructions are therefore located close to the 
orifice(s) through which the liquid stream emerges as the result of the Bernoulli 
effect, when the driving gas pressure is applied to operate the nebulizer. The aero-
sol available for inhalation therefore comprises a higher proportion of fine drop-
lets <5 μm d

ae
 than would be the case for unrestricted atomization of a liquid 

stream [45]. The electronics associated with ultrasonic, SMI, and vibrating mesh/
membrane nebulizers can be adjusted so that the aerosol is predominantly of fine 
droplets [40].

The measurement of APSD for nebulized suspension formulations is compli-
cated by the fact that the relative size of the API particles to the droplets of nebu-
lized liquid influences the measurement [46]. For example, a shift to finer droplet 
sizes caused by either a variation in critical components associated with the nebu-
lizer itself, or more likely, an increase in driving gas pressure, will likely result in 
less efficient incorporation of the API particles, especially if their size is commen-
surate with the liquid droplets.

Solution formulations by definition are a homogeneous dispersion of the API, so 
that the resulting droplet APSDs determined by cascade impactor reflect only the 
operating conditions of the nebulizer (i.e., driving gas pressure and flow rate for 
pneumatic systems, vibration frequency for vibrating mesh/membrane systems, liq-
uid pressure for SMIs), together with the local environment into which the aerosol 
is dispersed. In particular, control of relative humidity is important, particularly 
when the nebulized aerosol is not surrounded by saturated gas, as is the case with jet 
nebulizers without air entrainment that creates a locally saturated environment [47].

A further concern when evaluating nebulizing systems is the transfer of heat 
from the cascade impactor to the droplets, enhancing their evaporation, and thereby 
resulting in bias to finer sizes [48]. For this reason, the new normative chapter in the 
European Pharmacopoeia concerned with nebulizer testing recommends that the 
impactor be chilled [49, 50].

3.3.2  Aerosol Transport and APSD

Once the OIP aerosol has been created, there are several processes that affect its 
APSD during transport to either the CI or to the patient. These aerosols are in a 
continuous process of change as the relative motion of the individual particles com-
bines them (agglomeration), inertial forces associated with their movement relative 
the flow streamlines of the surrounding support gas removes them by impaction 
onto adjacent surfaces (inertial/turbulent deposition), or the influence of gravity 
deposits them (gravitational sedimentation). The presence of electrostatic charge 
either intrinsic to the aerosol or present on adjacent nonconducting surfaces can also 
have a major effect on the APSD that gets measured.
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3.3.2.1 Particle–Particle Agglomeration

Agglomeration is the process whereby individual particles collide to produce larger 
particles and is continuously occurring once an aerosol has been formed. Coagulation 
refers to the process of agglomeration in which the combined particles merge 
together by the process of coalescence immediately on contact and is confined to 
liquid droplets [51]. Thermal coagulation or agglomeration is the result of the ran-
dom motion of particles caused by transfer of energy by collisions with adjacent gas 
molecules (Brownian diffusion) and is most evident with only the finest particles  
< ca. 1 μm d

ae
 produced from OIPs [15]. As well as thermal agglomeration/coagula-

tion, particles may come together as the result of relative motion caused by kine-
matic processes, such as the result of differing settling velocities due to gravity. 
Whenever a flow velocity gradient exists, gradient or shear agglomeration/coagula-
tion will occur, as in turbulent flow [51].

The classical theory for agglomeration was developed initially for monodisperse 
aerosols, based on Smoluchowski theory, and the reader is referred to the textbook 
by Hinds [51], for a full description of the processes involved, including exact solu-
tion of equations that enable time-dependent changes to particle number concentra-
tion and associated size distribution to be calculated.

In this chapter, it is necessary to focus on understanding time-dependent changes 
in OIP aerosol APSD that might be detected by the CI method; however, such aero-
sols are as a general rule polydisperse. An explicit mathematical solution, similar to 
that for monodisperse systems, describing the agglomeration process does not at 
present exist. It is therefore necessary to make some assumptions about the proper-
ties of the aerosol, the most common being that it is unimodal and lognormally 
distributed. Under such circumstances, Lee and Chen have described the process for 
agglomeration of an aerosol having a count median diameter (CMD) and geometric 
standard deviation (σ

g
) by the relationship [52]:
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in which k is the Boltzmann constant, λ is the mean free path length of gas (air) 
molecules supporting an aerosol, T is the absolute temperature (degrees Kelvin), η 
is the gas (air) density, and K is the average agglomeration coefficient for the sys-
tem. It should be noted that a simpler relationship exists for monodisperse aerosols, 
in which the coagulation coefficient becomes K

mono
, and:
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where N
0
 is the initial number concentration (density) of the aerosol and N(t) 

describes the time-dependent decrease due to agglomeration. Using this equation, 
if the aerosol number concentration is close to 1013 particles/m3 (high in relation 
to the likely scenario in association with an OIP [53]) with CMD of 0.2 μm 
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(a conservative estimate of the size effect) with GSD close to 2.0 (typical of the 
 dispersity of OIP aerosols), after a 2 s delay, N

2s
 is only reduced to 9.98 × 1012 par-

ticles/m3, and CMD has increased by less than 10%. Agglomeration is therefore 
unlikely to result in significant changes to the overall APSD of typical OIP aerosols, 
during the short transit time from creation to size fractionation, except perhaps in 
the immediate time interval after atomization takes place from MDI products, where 
aerosol number densities are at their highest.

3.3.2.2 Particle Inertia

The influence of inertia on particle motion is a significant factor in the development 
of the APSD both during inhalation by the patient [54] and during the transit of the 
aerosol to the measurement equipment in laboratory testing [55]. At its simplest, the 
effect of inertia can be related to how the motion of an individual gas-borne particle 
takes place relative to the suspending gas [usually air, oxygen, oxygen-enriched air, 
or occasionally a helium–oxygen (Heliox) mixture]. Finlay [53] has shown that the 
particle Stokes number (St) describes the influence of inertial force on particle 
motion in accordance with:
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in which U
0
 is the mean velocity of the gas flow; D is a characteristic size related to 

that of the particle, typically the diameter of the airway through which it is moving 
as it passes through the HRT; and the differential term represents particle accelera-
tion. g� is the non-dimensionalized gravitational term (g/g) and v

rel
 is the particle 

velocity relative to that of the surrounding gas. t is the particle relaxation time, 
which is particle size-dependent, through the relationship:
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where r
p
 is the particle density, h is the gas (air) viscosity, and C

c
 is the Cunningham 

slip correction factor (close to unity for particles >2 μm d
p
).

Both particle velocity (v′) and time (t′) are in nondimensional forms where:
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St is the coefficient before the differential term in (3.3), and:
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(3.7)

or more familiarly by substitution into (3.4):
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Equation (3.8) [which is similar to (2.6) for the special case of a single-stage 
impactor] can be used to calculate particle Stokes numbers in order to assess the 
likelihood of inertial deposition to adjacent surfaces. From this equation, it can be 
seen that the square root of St is directly proportional to the square root of [ rp vd 2 ] 
and therefore also to d

ae
 (assuming a dynamic shape factor of unity). As a practical 

guide, the probability of inertial deposition increases with larger particle size, since 
as St approaches zero, (3.3) indicates that the particle motion will converge to be 
identical with that of the supporting gas. Conversely, if St approaches unity or larger, 
the likelihood of the particle following the streamlines of the local gas flow 
decreases. In the round-nozzle CIs described in Chap. 2, it was mentioned that a 
value of √St of 0.49 or greater is associated with inertial deposition [20], and similar 
estimates for this parameter have been made in modeling particle deposition in both 
models of the oropharynx and upper airways of the HRT [54, 56, 57] and with actual 
airways in vivo [58, 59].

3.3.2.3 Gravitational Sedimentation

Gravitational sedimentation is a potentially important external force affecting aero-
sol particle motion during transit from the inhaler to the patient or measurement 
equipment. Under Stokesian conditions, which apply to the sampling of OIP- 
generated aerosols, the drag force generated by passing through the support gas on 
the particle under consideration (F

d
) is counterbalanced by the relative motion of the 

particle with respect to the gas (v
particle

 − v
gas

) in accordance with:

 
F v vd p particle gas= − −3p hd ( )

 
(3.9)

from which the particle sedimentation velocity (v
t
) in a still gas is reduced to:

 
F vd p t= −3p hd

 
(3.10)

The force on the particle, with volume V
p
 and density r

p
, due to gravity is:

 
mg = rp pV g

 
(3.11)
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For a spherical particle where Vp p= pd3 6/ , (3.11) becomes:

 
mg = r pp pd g3

 
(3.12)

When the force on the particle equals the drag force, the particle will travel at a 
constant settling velocity, v

t
, given by:

 
v t
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r

h
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18  
(3.13)

Values of v
t
 for unit density particles (cgs system) can be tabulated as a function 

of d
p
 in the size range of interest for OIP inhaled aerosols being size fractionated by 

cascade impactor (Table 3.1). The numerator of (3.13) is multiplied by the 
Cunningham slip correction factor (C

c
) for particles <0.5 μm; the correction for air 

at ambient pressure and temperature increases the settling velocity by 34 % when d
p
 

is 0.5 μm [53].
The velocity acquired through gravitational sedimentation is relatively unim-

portant in relation to typical sampling velocities involved with cascade impaction 
measurements, which approach 17 mm/s at the entry to the 19 mm internal diameter 
USP/Ph. Eur. induction port, when a typical flow rate of 28.3 L/min is used to sam-
ple the aerosol via an ACI. However, if the aerosol is collected by a VHC in connec-
tion with MDI testing with this type of add-on device, the test protocol is likely to 
be modified to include a delay interval of several seconds between MDI actuation 
and the onset of sampling in order to mimic how the device might be used by a 
patient [60]. The loss of aerosol due to gravitational sedimentation with elapsed 
time may become observable, but only after very long intervals greater than 10 s, as 
long as the confounding influence of electrostatic charge is eliminated [61]. In the 
testing of these devices recommended by a Canadian standard, the delay interval is 
kept to 2 s, as this is more typical of the elapsed time that might occur if a patient 
exhales instead of inhaling when actuating their inhaler [62]. Under these circum-
stances, the influence of gravity on both mass concentration and APSD can be 
treated as of minor consequence.

Table 3.1 Sedimentation 
velocity (v

t
) at selected sizes 

for spherical, unit density 
particles

dp (μm)

vt (mm/s)

Uncorrected for Cc Corrected for Cc

0.1 0.00030 0.00086
0.5 0.0076 0.0100
1.0 0.0302 0.0348
2.0 0.121 0.134
5.0 0.749 0.782

10.0 3.014 3.060
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3.3.2.4 Molecular Diffusion (Brownian Motion)

Particle motion in relation to the motion of the supporting gas molecules (i.e., 
molecular diffusion or Brownian diffusion) becomes important at sizes <1–2 μm 
[53]. D

d
, the diffusion coefficient, is given by the expression:

 

D
kTC

dd
c

p

=
3ph

 

(3.14)

Finlay has compared the random particle motion as the result of Brownian diffu-
sion with the downward-directed motion due to gravitational sedimentation in 
accordance with the relationship:
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in which p
diff

 is the root mean square displacement of a particle of diameter and d
p
, 

due to molecular diffusion in time t. p
sed

 is the distance travelled by the same particle 
in the same time interval.

Molecular diffusion can be considered negligible if p
diff

/p
sed

 < 0.1 [53] and is 
therefore, in general, less important than either sedimentation or inertial behavior, 
except within the highest generations of the HRT in which the dimensions of the 
airways are finest or in cases where a breath-hold of several seconds takes place at 
the end of inhalation to extend the residence time of the particles in these airways 
and the alveolar sacs [53]. In this context, Landahl has reported that the influence of 
molecular diffusion becomes important in terms of deposition in the HRT only for 
particles ≤0.1 μm [63], significantly finer than the range of interest in connection 
with currently marketed OIPs. Its impact on CI-measured APSDs of OIP aerosols is 
also likely to be minimal, given the short residence times between the inhaler and 
size-fractionating apparatus, even when a VHC is present in the context of MDI 
testing.

3.3.2.5 Electrostatic Charge

Electrostatic charge-based particle motion is a significant and somewhat unpredict-
able contributor to APSD changes with almost all OIPs, except perhaps nebulizing 
systems. The likelihood that MDI-produced aerosols will carry significant intrinsic 
charge has already been discussed in connection with aerosol formation. This sec-
tion is concerned with how electrostatic charging can affect the particle transport 
process from the inhaler. In contrast with the previous physical mechanisms, there 
are no analytical expressions that can reliably be used to describe the motion of 
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ensembles of aerosol particles, most likely because of the complexity of evaluating 
particle behavior while considering both intrinsic charge and size distributions, as 
well as the influence of local electric fields, likely of both polarities associated with 
charges on nearby surfaces.

There are three mechanisms by which aerosol particles can acquire electrostatic 
charge [64]:

 (a) Triboelectrification, whereby charge transfer takes place as each particle is sep-
arated from the bulk material or removed from a surface with different tribo-
electric properties

 (b) Diffusion charging, where random collisions between particles and unipolar 
ions cause charge accumulation on the particles

 (c) Field charging, where particles acquire charge from collisions with unipolar 
ions in an applied electric field

Diffusion and field charging are seldom encountered in inhalation therapy, except 
with specific liquid electro-hydrodynamic atomization systems, in which an applied 
electric field is used to charge the liquid stream containing medication emerging 
from an orifice or series of orifices.

Triboelectrification is a widespread phenomenon. It may be further subdivided 
into (1) contact charging, where there is an initial attachment between particles or 
particle–surface touching, followed by separation without rubbing together, and  
(2) frictional charging where relative movement of the two surfaces takes place 
while still in contact [65]. In practice, however, it is difficult to distinguish the two 
processes, and the term “triboelectrification” is therefore often applied to include 
both forms of static electrification.

The influence of electrostatic charge on the measurement of OIP aerosols is 
largest with systems not producing electrically conductive aerosol particles. 
Hence, the measurement of aerosols containing physiologically normal saline 
that are produced from wet dispersion systems (nebulizers and SMIs) is less 
likely to be affected, but charging effects have nevertheless been observed with 
nongrounded systems [66]. However, electrostatic phenomena are a much more 
significant issue to contend with when measuring DPI-generated aerosols, 
because they acquire bipolar charge during the dispersion process [65, 67]. 
Given that the materials of most DPIs are nonconducting and may therefore 
themselves acquire charge by contact electrification, the possibility of subtle 
changes in the aerosol dispersion and transport from the inhaler to the measure-
ment apparatus may result in measurable shifts in APSD [68]. Sensible precau-
tions to minimize the influence of such behavior are (a) controlled ambient 
conditions, especially relative humidity, and (b) electrically grounded worksta-
tions and operators undertaking the testing [38]. Triboelectrification is also a 
major consideration when measuring the APSDs of MDI-generated aerosols 
[69, 70], especially if nonconducting add-on devices are present [37, 71]. 
Similar precautions as those identified for DPI testing therefore apply equally 
with MDI-related evaluations.
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3.3.2.6 Evaporation and Condensation Processes

Whenever there is either a volatile species (e.g., water, ethanol) present, or the 
 presence of hygroscopic solid particles, consideration needs to be given to the 
effects of either evaporation or condensation (primarily from environmental mois-
ture) upon the APSD of the OIP aerosol being measured. Generally, the flash evapo-
ration of HFA or CFC propellants takes place rapidly on MDI actuation [72]. This 
process is largely complete by the time that the resulting aerosol has stabilized by 
eliminating the initial ballistic motion through drag on the individual particles by 
the surrounding gas molecules. From this time onwards, the particles retain the local 
gas velocity associated with inhalation or being sampled by the CI. Orifice design 
characteristics, specifically expansion orifice diameter, orifice jet length and expan-
sion chamber sump depth, have been shown to be important in determining aerosol 
plume development associated with the propellant evaporation process [73]. 
However, these dimensions are fixed in early-stage product development, so that 
APSD changes originating from a manufactured inhaler design are likely to be 
small. However, if the atomized droplets contain a low-volatile cosolvent for the 
API, most usually ethanol, the process of evaporation to form the residual particles 
may take several seconds [74], so that the measurement process can be challenging 
to obtain reproducible results [34]. Unfortunately, the compendia currently do not 
provide guidance on how to compensate for incomplete cosolvent evaporation, and 
it is therefore likely that the process will not be complete until the aerosol has passed 
through the initial stages of the CI [74].

The evaporation of aqueous droplets formed from nebulizing systems has already 
been discussed in connection with the aerosol formation process (Sect. 3.3.1.3). The 
process can be extremely rapid, especially under dry conditions [53, 75], taking 
place within a few tens of milliseconds. The time scale for evaporation can be 
appreciated by referring to the data on time-dependent droplet diameter reduction at 
15 L/min and 30 L/min, in which the ambient RH was 40%, presented in Fig. 3.4. 
Put in perspective, the time taken for an aerosol to pass through the 85 mL Ph. Eur./
USP induction port [76] at 15 L/min and 30 L/min, assuming plug flow, would be of 
the order of 0.34 s and 0.17 s, respectively.

Droplet evaporation kinetics are strongly related to the initial droplet formation 
process, as well as the local relative humidity of the surrounding gas [53]. The 
example of droplet evaporation kinetics associated with sampling from a vibrating 
mesh nebulizer [initial droplet diameter (d

ini
) = 4.3 μm, liquid feed rate (Q

l
) = 0.296  

ml/min], by an NGI at two different flow rates at room ambient conditions (T
amb

 and 
RH

amb
 of 21°C and 40%, respectively) as shown in Fig. 3.4, is helpful to understand 

the time scale of the evaporation process. However, it should not be seen as being 
more than an illustration of the scenario that can be anticipated under subsaturated 
conditions. Droplet evaporation is suppressed when the surrounding air is saturated 
(RH

amb
 = 100%), and this may be closer to conditions in the human oropharynx 

(RH
op

 ca. 75%) for oral breathing [77], than room ambient relative humidity values 
that are typically <50%. However, there are practical limitations to working under 
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saturated atmospheric conditions in the laboratory, which is why RH
amb

 is normally 
subsaturated. However, it follows that good controls of both ambient temperature 
and in particular relative humidity are important to obtain reproducible CI-measured 
APSDs for these systems.

Water vapor absorption onto hygroscopic powders is a well-known source of 
aerosol APSD shifts, predominantly in the direction of larger sizes, as the locally 
bound water increases particle–particle cohesiveness [78]. The processes involved 
include local dissolution and recrystallization, leading to irreversible aggregation 
through solid bridge formation [79]. While such processes are most likely to take 
place in storage, they may need to be considered with highly hygroscopic particles, 
such as cromolyn sodium, even when sampling the resulting aerosol [80]. The best 

Fig. 3.4 Predicted droplet size-time profiles for two different sampling flow rates using an evapo-
ration model developed by Rao et al. (From  [75]—used with permission)
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precaution when making measurements of APSD with hygroscopic materials is to 
control local environmental conditions, especially keeping the relative humidity 
constant and preferably at a value where hygroscopic growth does not take place.

3.3.2.7 Summary

Table 3.2 is a qualitative summary of the effects on a hypothetical OIP APSD, 
assumed to be unimodal and lognormal, caused by the various processes that have 
been considered.

In this table, an upward facing arrow indicates an increase in the APSD property 
concerned, with a downward arrow showing the opposite behavior. The “≈” symbol 
indicates a small or insignificant effect, whereas the “↔” symbol represents a 
highly variable effect that can affect the indicated variable in either direction.

Agglomeration/coagulation is continuously present but is only likely to be 
important in the aerosol sampling and APSD measurement process by CI when 
extra-fines are present as a large portion of the total mass sampled. Inertial impac-
tion takes place only when particles are accelerated or decelerated close to a nearby 
object in the flow path; this process dominates size classification in the CI, but is 
also important during the aerosol transport via the induction port and pre-separator 
(if used). Gravitational sedimentation, like agglomeration, is continuously present 
but is most important with the largest particles that enter the measurement system. 
Molecular (Brownian) diffusion is unimportant, except maybe in cases where 
 extra- fine particles predominate in the APSD. Electrostatic charge has both a large 
and variable effect on aerosol APSD, depending upon the acquired charge distribu-
tion combined with the corresponding charge distribution on adjacent surfaces. 
It is therefore highly recommended that electrostatic charge is mitigated or avoided 

Table 3.2 Physical processes associated with aerosol transport and influence on CI-measured 
APSD; the upward and downward arrows indicate increases and decreases, respectively; the 
sideway arrows indicate variable/unpredictable influences on the magnitudes of MMAD and GSD

Process Relevance to OIP aerosols

Influencea on  
MMAD and GSD

MMAD GSD

Agglomeration/coagulation Low, unless extra-fines present ↑ ↑a

Inertial impaction High ↓ ↓
Gravitational sedimentation High ↓ ↓
Molecular diffusion Low ≈ ≈
Electrostatic charge High and variable—mitigate where 

possible
↔ ↔

Evaporation High where volatile species present ↓ ↓
Condensation/hygroscopic  

absorption of water
High if hygroscopic species are present ↑ ↑

aThermal agglomeration/coagulation by itself will increase GSD to about 1.35 and have no further 
effect thereafter. This change is therefore unimportant for OIP aerosols
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 altogether, where the latter is feasible. The avoidance of low ambient relative humidity, 
the grounding of operators handling the apparatus, the use of electrically conductive 
and grounded surfaces, and, as a last resort, ionization of the air-stream containing 
the aerosol have each been found useful in this respect [64]. Evaporative changes to 
the APSD have to be considered where volatile species (i.e., water, ethanol) are 
present. Mitigation measures include cooling of the CI, a procedure that is recom-
mended for the evaluation of aerosols derived from preparations for nebulization in 
the USP [81] and Ph. Eur. monograph chapters [49]. Finally, condensation of mois-
ture on hygroscopic particles can be significant with certain OIPs, such as those 
containing cromones. This effect can be controlled by operating the CI system in an 
ambient environment set to a stable RH that is either kept as low as possible, if the 
object is to prevent hygroscopic growth as is likely to be the case in a QC environ-
ment or at conditions near to saturation, in order to simulate the environmental 
conditions in the upper airway upon inhalation.

It is important to stress at this stage in the book that none of these underlying 
physical processes is likely to give rise to the development of fine structure in the 
original APSD. Thus, the entire APSD is affected by each process. If discretized 
into a finite number of size bins (essentially the function of the CI as a size fraction-
ator), the magnitude of changes to the API mass weighting assigned to each bin, 
moving from the smallest to largest size bins or vice versa, will always vary in a 
continuous but gradual way. Chapter 9 contains more information about possible 
changes to OIP APSD in the context of determining situations in which the related 
concept, effective data analysis (EDA), might fail.

3.3.3  Detectability of APSD Changes by the Cascade  
Impaction Method

In vivo aerodynamic performance is considered a Quality Target Product Profile 
(QTPP) property for OIPs [82], since the aerosol particle size characteristics affect 
delivery of drug to the respiratory tract (see Chaps. 2 and 12).

Currently, aerodynamic particle size testing by the cascade impaction method is 
the primary in vitro method in the regulatory environment used for assessing perfor-
mance of OIP-generated aerosols (Chap. 2). The purpose of such in vitro testing is 
to act as a surrogate for in vivo testing with patients in order ultimately to provide 
assurance to stakeholders that such patients receive product within demonstrated 
acceptability limits derived from clinical trial data. This goal is ideally best achieved 
when the in vitro measurements can be related directly to in vivo aerodynamic per-
formance that is in turn linked with intended outcomes for the disease modality 
being treated. Given the limited success thus far in the search for suitable IVIVRs/
IVIVCs to link laboratory with clinical measures of OIP aerosol performance [16], 
this goal must be achieved indirectly. Under these circumstances, the impactor- 
based measurement approach to APSD characterization becomes the active control 
strategy tool for assessing the capability of an OIP to meet appropriately defined 
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and established in vitro aerodynamic performance. The question of the capability of 
the CI method to meet this requirement is therefore of crucial importance, regard-
less of the foregoing discussion concerning the capability of EDA with or without 
AIM to detect changes in aerosol APSD that can be related in a meaningful way to 
in vitro performance change of the OIP.

The sensitivity of the CI method to detect real shifts in aerosol APSD to finer or 
coarser sizes is linked to the size-resolving capability of the system as a whole. 
Hence, at the simplest level, taking a hypothetical CI whose d

50
 values for the first 

and last stage are fixed at 10.0 and 0.5 μm aerodynamic diameter representing upper 
and lower bounds for a typical OIP APSD, resolving capability can be increased as 
more intermediate stages are inserted between the extremes, because the resulting 
APSD is defined in terms of the mathematical relationship between API mass and 
d

50
 at more locations. This reasoning partly drove the decision to design the NGI to 

have a minimum of five stages within the critical size range from 0.5 to 5.0 μm 
aerodynamic diameter throughout its operating flow rate range from 30 to 100 L/
min for MDI and DPI APSD measurements [83]. On this basis, rather than simplify 
the CI to an AIM-based system, in which two or at most three size-measuring stages 
are present within this size range, the number of stages should be further increased 
as a means to improve resolution, much as is done with multichannel time-of-flight- 
based aerodynamic particle size analyzers [84]. However, there are at least two fun-
damental limitations:

 1. The size-selectivity of the individual stages is finite. In Chap. 2, size-selectivity 
was defined in terms of GSD

stage
, by analogy with the geometric standard devia-

tion for a unimodal and lognormal APSD. At one extreme, a stage with ideal 
size-selectivity would have a GSD

stage
 of 1.0 and would be capable of resolving 

infinitesimally small shifts in APSD. The most well-designed CI stages from the 
aspect of their fluid-handling properties have GSD

stage
 values no smaller than 1.2. 

In practice, this limit restricts the number of stages in the critical range to 5, hav-
ing optimally spaced individual stage d

50
 values at equidistant loci on a logarith-

mically scaled aerodynamic diameter axis. Attempts to increase this number of 
stages will result in loss of size-resolving power brought about by overlapping 
collection efficiency curves for adjacent stages.

 2. The measurement precision based on the true stage d
50

 associated with each indi-
vidual stage is also finite, being controlled largely through the degree of control 
over the nozzle diameter of a stage comprising an individual jet or the effective 
diameter (D

eff
) for multi-jet stages [85]. D

eff
 is related in explicit form to the area 

mean (D*) and area median (D
median

) diameters of a multi-nozzle stage in accor-
dance with the expression [84]:

 D D Deff median= ( *) ( )/ /2 3 1 3

 (3.16)

Roberts [85] reported stage acceptance values with the NGI for D
eff

 varying 
between 2.185 ± 0.02 mm for stage 3, 1.207 ± 0.01 mm for stage 4, 0.608 ± 0.01 mm 
for stage 5, 0.323 ± 0.01 mm for stage 6, and 0.206 ± 0.01 mm for stage 7. There were 
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an insufficient number of nozzles for a statistically meaningful calculation of limits 
for stages 1 and 2, but it is reasonable to expect their tolerances to be at least as good 
as for lower stages based on the fact that the nozzles are larger and therefore easier to 
measure precisely. Roberts [85] also showed that D

eff
 and stage d

50
 are related through 

the expression:
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where Q is the volumetric flow rate, n is the number of nozzles for the stage in ques-
tion, St

50
 is the particle Stokes number at which the stage collection efficiency is 

50%, and the other terms have been previously defined. Importantly, in the present 
context, Roberts reported that the limiting precision associated with stage d

50
 can be 

kept close to 1.5% of the nominal value by keeping the uncertainty in flow rate to 
3% of nominal operating value and at the same time as keeping the uncertainty in 
the nozzle diameters to 1% [85]. The ability to control flow rate within the limit 
indicated by Roberts is well within the capability of current flow measuring equip-
ment. In an experimental estimation of the precision of commercially available opti-
cal image analysis systems used to stage mensurate CIs, Chambers et al. [86] 
confirmed that their overall capability was within the current pharmacopoeial stage 
specifications for two Andersen 8-stage “nonviable” cascade impactor “reference” 
stages that were representative of jet sizes for this instrument type (stages 2; 
d

eff
 = 0.914 ± 0.0127 mm and 7; d

eff
 = 0.254 ± 0.0127 mm). These findings confirm 

that the 1% uncertainty in this d
eff

 advocated by Roberts [85] is also a feasible 
proposition, in association with a regular program of stage mensuration for a 
given CI.

On the basis of these assessments, the capability of the CI method to resolve 
APSD shifts is dominated by limitation (1) above.

Changes to OIP aerosol APSDs may also occur in terms of an increase or 
decrease in the absolute magnitude of the mass of API that is collected within the 
size-fractionating portion of the CI system. Here, the capability of the method is 
controlled by the sensitivity of the recovery and assay method for the API [38]. It 
follows that for a given analytical sensitivity, the method will become less capable 
of resolving small differences as more stages are incorporated into the system. This 
trade-off is especially true when adding stages whose d

50
 values are located furthest 

from the MMAD of the aerosol being detected, as by definition they will capture the 
lowest mass of API per determination. Increasing the number of actuations per 
determination is one way to offset such loss of sensitivity, but this approach has 
been discouraged by regulators on the basis that the clinical dose of the OIP may be 
as small as one or two actuations [87]. If this option is not available, then an AIM- 
based approach, in which the number of intermediate stages is minimized, becomes 
an attractive proposition for detecting changes in APSD amplitude. The underlying 
rationale for introducing the AIM approach to the assessment of OIP APSDs is 
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presented in Chap. 5, and case studies in which abbreviated impactors have been 
used successfully with all types of OIP are contained in Chap. 10.

3.4  Concluding Remarks

This chapter has reviewed the most likely physical causes underlying potential 
shifts in APSDs of aerosols emitted from the various forms of OIP and has provided 
some case studies that are indicative of how a multistage CI responds to such 
changes. In conclusion, it is important to appreciate that none of the causes of the 
shifts that have been described affect only a select portion of the APSD, in other 
words they are not especially size-selective. Hence, there are no processes envis-
aged that would selectively make the mass that is collected on one particular stage 
of a multistage CI grow, while the mass on a neighboring stage drops, without a 
concomitant change in the rest of the APSD profile.
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Abstract The CI-based methods for measuring the APSD properties of OIP- 
produced aerosols are complex, exacting, and laborious to undertake. Yet they are 
the only accepted methods by regulatory agencies worldwide for determining par-
ticle aerodynamic size-related properties. In 2003, a group within the Product 
Quality Research Institute (PQRI), a body set up by pharmaceutical industry, the 
FDA, and academia to explore complex scientific and regulatory problems, devel-
oped a guide to good cascade impactor practices (GCIP). This chapter contains a 
review of the essence of their work, augmented by developments that have taken 
place since the original article was published.

4.1  Intrinsic Variability Associated with CI Methodologies

The multistage CI is well known to be both a complex and labor-intensive  apparatus, 
whatever compendial variant is used in OIP aerosol aerodynamic particle size 
assessment. In discussions within the European Pharmaceutical Aerosol Group 
(EPAG) following the development of the NGI, the comment was made on several 
occasions that a technician, well trained in the “art” of cascade impaction is highly 
sought after and difficult to replace. More seriously, the difficulty in replicating CI 
measurements undertaken in the same laboratory or when transferring a method to 
another laboratory is a significant hindrance to both OIP development and quality 
control processes. In 2004, Nichols reported a survey of members of the EPAG in con-
nection with what they viewed as contributors to variability in CI-based measure-
ments [1]. These estimates of causes of measurement variability that were based on 
individual experience rather than a formal work study and statistical analysis 
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(Fig. 4.1) are probably unsurprising. Not considering human-related factors, airflow 
and laboratory  environmental  controls were estimated to contribute ±10% of total 
variability between them, followed by impactor geometry causes (mainly nozzle 
size control) at ±2%, and finally internal losses in the CI providing ±2% to the mea-
sures of OIP performance. CI-related contributors were only part of the overall mea-
surement variability process, with a further ±20% estimated to come from the 
inhaler itself in the form of actuation-to-actuation reproducibility through life, as 
well as a contribution  estimated to be ±3% from the recovery and assay of the API.

4.2  Assessment of Factors Contributing to CI  
Measurement Variability

Bonam et al. [2], in a comprehensive review of sources of measurement variability 
in the CI method, were able to break down the causes of CI method variability in 
more detail (Fig. 4.2). They established that there are four major contributors to 
overall variability in CI measurements:

 1. Man—the CI operator/analyst
 2. Machine—the CI System
 3. Measurement—the API recovery and analysis procedure
 4. Material—the inhaler including its drug product, including both device and 

formulation

Fig. 4.1 Five principal causes of nonhuman factor-related CI method variability, showing their 
contribution to the overall variability of the method (Adapted from [1]—used by permission)
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4.2.1  Contribution to Variability from “Man”

Performing a CI measurement requires several manual operations, such as impactor 
assembly, connections to vacuum valves and pump, adjustment of airflow rate, 
inhaler manipulation and actuation, quantitative recovery of the deposited API, 
dilution for subsequent HPLC–spectrophotometric assay of API, or other types of 
analysis. Human involvement in these steps, both due to imperfect technique and as 
a result of unintentional mistakes, increases the likelihood of bias and increased 
variability even when adequate precautions are taken [3]. Semi- and fully automated 
systems are part of the answer to minimize operator-based variability, but they are 
relatively expensive, especially full automation, and so unlikely to be available to all 
except the largest organizations.

Bonam et al. went on to conclude that despite these alternatives, the conventional 
ACI, NGI, and other manual systems based on highly laborious methods are likely 
to remain in use by most organizations for the foreseeable future, especially for 
regulatory purposes [4]. They also emphasized that man-related variability can be 

Fig. 4.2 Ishikawa cause and effect diagram for CI method variability (From [2]—used by 
permission)
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expected to continue to be a significant contributing factor to the overall CI test 
outcomes. Key issues relating to this contributor to overall method inconsistency 
were identified as follows:

 1. CI Assembly: Bonam et al. noted that operator training in impactor assembly is cru-
cial, in particular with stack designs such as the ACI, due to the need to assure correct 
stage order as well as ensuring that there is a proper seal between  impactor stages [2].
They proposed that under such circumstances, a gantry-type system could be used to 
ensure that the stack is properly aligned. Proper sealing could be checked via leak 
tests and/or pressure-drop tests or by including a differential mass flowmeter between 
the induction port and the impactor exit. They proposed that a checklist may be a 
helpful aid, particularly for an inexperienced operator. However, even with proper 
training, it is evident from discussions with laboratory management that occasional 
errors in the assembly of ACI-type impactors are likely, given the complexity of the 
process, leading to “failed” CI tests. For example, incorrect ordering (switching) of 
CI stages or misalignment of collection plates in an ACI are inadvertent errors that 
may happen even to a well- trained operator. In the case of the NGI, a complete set of 
collection cups can be fixed permanently into a carrier that makes the process of 
loading and unloading the impactor more efficient. Furthermore, for this CI, the stage 
order is fixed due to the integral nature of the impactor body itself [5].

 2. Impactor handling and sample introduction: In 2001, Purewal, reporting on an 
EPAG-based assessment of test methods to check OIP performance under both nor-
mal and unintentional use conditions, reported that proper training in sample collec-
tion is critical because of a wide variety of different test methods,  including variations 
in inhaler handling and introduction of the sample to the CI [6]. Even with proper 
training, individual differences between operators (e.g., inhaler shaking frequency 
and intensity, delay between shaking and actuation, alignment of inhaler to ACI, 
actuation) may go unnoticed but may result in different systematic biases (e.g., dose-
through-use trends) and also may contribute to the seemingly random variability 
when results are compared from several operators or even from the same operator on 
different occasions. For example, Purewal commented that a different rate of actuat-
ing an MDI may lead to different  cooling of the canister and, therefore, different 
evaporation behavior of the propellant, leading to variations in measured APSD, even 
when the inhaler units are  identical. Using a bench timer may help standardize this 
aspect of the method and minimize the associated variability. Stewart et al. [7] and 
Miller et al. [8] have observed that automation of some of the steps in the CI measure-
ment process may further reduce this type of variability.

 3. API analytical method (commonly HPLC with either UV-visible spectrophotometric 
or fluorescence detection): When HPLC is used for API assay, Bonam et al. noted 
that an analyst might introduce an “individual” bias into APSD results by preparing 
the HPLC standard at the upper or lower limit of the  predefined range. Under such 
circumstances, all recoveries from the CI stages would either be slightly over- or 
underestimated. It is self-evident that similar considerations would apply with newer 
assay methods, such as ultrahigh- pressure liquid chromatography (UPLC) that is 
frequently combined with mass spectrometric API identification.
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 4. CI sample collection and subsequent analysis for API: From an analyst’s  perspective, 
the procedure for API recovery from the CI and subsequent quantification of mass 
deposited in each component part of the system offers multiple opportunities for 
errors. Furthermore, the potential for loss of API on disassembly of the impactor 
prior to API recovery should not be ignored [2]. Therefore, careful handling of the 
assembled CI, together with collection surfaces  containing deposited API upon dis-
assembly, is highly important. In addition, a robust technique for recovering API 
material is critical, as is proper organization of samples to prevent wrong dilutions 
and incorrect sample vial filling [2]. It is well known that the operation of pipetting 
aliquots of recovery solvent will also contribute to random method variability, since 
more careful pipetting will result in a complete discharge of liquid, whereas less care-
ful operation is likely to result in some liquid left over in the pipette. Bonam et al. 
therefore suggested that the use of automated pipettes should be considered as stan-
dard practice [2]. Another potential source of variability they identified is due to the 
use of different volumes for stage dissolution or for dilution of recovered samples, 
e.g., in order to obtain the same concentration for all API stage-by-stage samples to 
be quantified using HPLC/UPLC analysis. They therefore recommended that poten-
tial errors and increased variability should be weighed against potential benefits of 
this procedure. Evaporation of solvent during sample recovery will give an overesti-
mation of the API amount and its effects should be minimized, e.g., by inclusion of 
an internal chemical standard in the solvent used for recovery. If the HPLC/UPLC 
method has good linearity, it is also possible to dispense the same volume of internal 
standard solution to each impactor stage/cup/throat and to the standard used for API 
quantitation. In this case, the sample solution is transferred directly to the LC vial and 
the exact volume transferred is of no importance. Bonam et al. noted that the exact 
concentration of the internal standard solution is not critical as long as the internal 
standard dispenser is repeatable and the same dispenser is used for both samples and 
standard solutions [2].

 5. Operator stress and fatigue: It is self-evident that during complex operations, such as 
those associated with the CI measurement process, stress and fatigue always deterio-
rate human performance. The consequence is an inevitable increased incidence of 
errors. Stress and fatigue can be minimized by limiting the number of samples to be 
analyzed per operator per working day. In addition, mechanical aids and procedural 
steps might be introduced to counteract potential operator-related errors. For exam-
ple, to prevent delivery of an incorrect number of doses to the impactor, Bonam et al. 
suggested that the use of “counters” linked to actuation of the airflow valve may be 
considered for DPIs, or the weighing of MDIs could be used before and after the CI 
test to verify the correct number of doses actuated [2]. As another example, to enable 
detection of a mix-up of vials from different stages during API analysis, for unimodal 
and lognormal APSD distributions, plotting log-probability versus log-particle-size 
and calculating the regression coefficient could be used as a system suitability tool. 
Furthermore, mixed-up dilutions could be avoided by using the same amount of 
solvent for each impactor stage or by eliminating the dilution step altogether if the 
detection sensitivity and API detection method linearity allow.
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 6. Bias introduced by the experienced operator: It is perhaps less well documented 
than the previous cause of unintentional variability, but even well-trained and 
experienced operators can develop habits that lead to repetitive mistakes in 
 technique. Such errors can often be small, but taken together they can accumu-
late so that the rate of measurement failures increases above typical. Bonam et al. 
proposed that biases from individual operators could be detected through use of 
control charts (e.g., mass of API reported on key stages tracked as a function of 
time), and upon further investigation, they might be traced to one of the errors 
listed above [2]. Control charts are particularly useful with repeated testing of 
established products. However, broader metrics, such as API mass balance, may 
be more useful at tracking operator-introduced bias when testing OIPs in early 
development.

4.2.2  Contribution to Variability from “Machine”

An APSD measurement is never “absolute” but depends on the technique [9–12], 
instrument calibration [13], its intrinsic size resolution [14], as well as the dynamic 
nature of the aerosol cloud as it interacts with the environment when it enters and 
passes through the CI (e.g., evaporation of volatile species or hygroscopic growth 
[15]). Therefore, the outcome of an APSD measurement should always be reported 
along with the specific instrument and technique used.

Compared to other types of analytical measurement, a CI does not have an 
inhaler-aerosol-like reference material that is ultimately traceable to the interna-
tional length standard, such as a standardized polydisperse aerosol, with which to 
validate the method [16]. In that sense, every CI measurement is unique. 
Monodisperse certified reference particles do exist as an alternative to a polydis-
perse standard [16], but their valid application is a slow and difficult process [17], 
which is unsuited to being used on a regular basis to verify CI performance [18]. 
This lack of a simple-to-do calibration procedure utilizing standard particles of 
known aerodynamic size has made CI data prone to bias and increased variability 
prior to the introduction of stage mensuration as an alternative and fully traceable 
approach to CI performance verification [18, 19].

The application of stage mensuration is therefore recommended in the compen-
dial procedures for OIP aerosol aerodynamic particle size analysis in both European 
and US pharmacopeias [20, 21]. This process is the automated measurement of 
individual nozzles of each stage by computer-aided image analysis and has now 
become the current technique of choice [18]. Recently published data confirm that 
bias introduced by several widely used and commercially available mensuration 
systems is small [18]. Furthermore, a collective measure of average diameter for a 
multi-nozzle stage, termed effective diameter, D

eff
, calculated in terms of the 

 area- weighted median (D
median

) and area-weighted mean (D*) diameters of the group 
of nozzles in accordance with the expression [19]
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 (4.1)

can be used to define the in vitro performance of that stage in terms of its D
50

 size 
[22]. However, errors in mensuration using stop-go pins for the larger mm-sized 
nozzles have been reported [23], although these pins, if used carefully, could be use-
ful for cleaning impactor jets. Recently, the determination of the flow resistance 
(equivalent to pressure drop) across each stage has been proposed by Millhomme 
et al., as an “in-use” test and a surrogate for stage mensuration [24]. This is because 
the pressure drop (ΔP

stage(i)
) across an impactor stage “i” with the CI operated at flow 

rate, Q, can be described well by a Bernoulli-style equation:
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where r
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 is the support gas (i.e., air) density and A
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 is the total area of the nozzle 

array. This group also showed that a change in the area-mean jet diameter of a given 
CI stage, D* from D*

0
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1
, can be related to a variation in ΔP
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in which the subscripts “0” and “1” represent the initial and final states, respectively, 
for ΔP

stage(i)
. For well-maintained impactors, characteristic of good laboratory phar-

maceutical practices, there is little difference between the area-mean and effective 
jet diameters [19] so that (4.3) may be rewritten on a stage-by-stage basis in terms 
of the effective diameter for that stage, D

eff
 [(4.1)], given by
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In principle, if the discharge coefficient for the nozzle set remains at a constant 
value stage pressure drop may be conveniently performed immediately before every 
APSD measurement, as a system suitability test, thereby guaranteeing that the CI is 
fit for purpose. The potential of this approach requires further investigation. This 
situation directly contrasts with stage mensuration, which is a comparatively com-
plex task requiring that the stages are individually inspected and is therefore only 
likely to be undertaken on an infrequent (i.e., annual) basis. In the event that D

eff
 is 

found to be outside acceptable limits (most likely the manufacturer tolerances asso-
ciated with nominal nozzle diameter), the validity of an indefinite number of APSD 
determinations that have taken place since the previous inspection could be called 
into question. Furthermore, the measurement of the pressure drop across the entire 
CI system (ΔP

CI
) may also be used as an in-use test of leak tightness before each 

measurement.

4 Good Cascade Impactor Practices



90

Even with the CI-based method including validation of the CI system itself opti-
mized, unnoticed biases and variability may remain, making it difficult to comply 
with an a priori specification which disregards data from that particular impactor 
and method. Careful method development work should therefore be done in an 
attempt to try to identify and counteract all major sources of imprecision and bias.

Bonam et al. [2] went on to describe the various sources of impactor-related vari-
ability in more detail:

 (a) Jet dimensions, stage cutoffs, calibration, and mensuration: The process of con-
verting API mass-weighted deposition data obtained from a multistage CI into 
an APSD depends on the established magnitudes of the stage d

50
 sizes, as has 

been described in Chap. 2. Although ideally every CI of a given design should 
have an identical d

50
 for a given stage, several studies have shown that stages of 

so-called identical CIs have often slightly different nozzle sizes, due either to 
manufacturing variations or by wear, corrosion, or accumulation of debris 
[25–27]. It is self-evident that time- and use-dependent processes that result in 
partial plugging, wear, and corrosion will change the actual size of the nozzles 
of a given stage and, therefore, its d

50
 value. These effects can ultimately result 

in shifts of API mass between stages and, therefore, introduce bias accompa-
nied by increased variability of APSD measurements, especially when data 
from several impactors are used together [25].

 (b) Flow rate, flow profile, acceleration, and control: It is well known that CI stage 
d

50
 sizes are affected by the flow rate at which the measurement system is 

 operated, decreasing as flow rate increases and vice versa [28]. Relatively speak-
ing, nozzle-diameter-caused variability in d

50
 is likely to be small in terms of its 

overall impact on performance and is relatively easily monitored [29]. Flow- 
rate-induced variability, however, is likely to be more significant and less trac-
table, given the fact that in the pharmacopeial method, the specified flow control 
is typically no better than ±5% of the nominal flow rate [20, 21]. An alternative 
to the pharmacopeial method, using a flowmeter calibrated for the entering, 
rather than exiting, flow rate has been shown to yield similar performance [30].

Flow-rate variability therefore is an important source of APSD measurement 
uncertainty in addition to changes in stage d

50
 values. In contrast to the latter which 

tends to change only gradually through repeated use, the flow-rate setting may 
vary from one instance of using a given CI to the next instance of using the same 
impactor. For MDIs, stage d

50
 sizes are determined by the magnitude of the (con-

stant) flow rate achieved during testing; for DPIs, in addition, the flow-time profile 
(rise time, acceleration) affects stage d

50
 values and consequently the measured 

APSD. The magnitude and direction of these effects depend on the CI design and 
internal geometry, in particular the magnitude of the internal dead volume [31, 
32]. It is therefore important to define the vacuum tube length for repeated use of 
the same impactor type in order to keep the dead volume as constant as possible. 
The airflow rise time could also be measured as part of the installation checks of a 
new instrument setup. In summary, flow-rate bias can be minimized if flowmeters 
are well maintained, properly calibrated, and regularly qualified.
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 (c) Internal dead volume in the CI system: In the context of DPI testing, the 
 magnitude of the internal dead volume (i.e., the open space within the a ssembled 
CI, including accessories such as the induction port or pre-separator and  vacuum 
tubing) will influence both the time taken for particles to traverse the system 
and be collected and the rise time for the flow rate to increase to the final value 
when the flow-control solenoid valve is opened to initiate sampling [33]. Since 
2005, accurate measures of the dead volumes of the ACI, NGI, and multistage 
liquid impinger (MSLI) have been available, with and without the various 
accessories [34]. This basic information about the impactor system configura-
tion provides a useful starting point when selecting a CI for a new product. Bias 
introduced to APSD measurements by dead volume will be fixed for a given 
impactor type and configuration, and ideally the internal volume should be as 
small as possible. However, the tradeoff between potential bias arising from 
dead volume and other more important constraints, such as ease of (semi) auto-
mation or improved aerodynamic size-separating characteristics, may result in 
the choice of a system with a higher internal volume.

 (d) Air leakage: Air leakage into the CI can arise from incorrectly placed or  defective 
seals or misaligned stages, since a partial vacuum always exists within the flow 
channel through the CI once flow is enabled through the system. The problem is 
particularly prevalent with the standard O-rings used with ACIs, which are prone 
to cracking with repeated use and exposure to solvents. Defective seals are most 
significant when they occur at stages closest to the impactor exit, where the inter-
nal vacuum is at its greatest with respect to the surrounding atmosphere. It there-
fore follows that although the APSD may be shifted (in some cases significantly), 
the magnitude of the displacement being dependent on leak location and size, the 
mass balance (MB) for the recovered API should likely be unaffected. However, 
if the leakage caused an increase on inter-stage deposition, MB might be reduced 
unless internal losses are included in the analysis [3]. However, broader metrics, 
such as API mass balance, may be useful at tracking operator-introduced bias, 
when testing OIPs in early development. Air leaks are detected and prevented 
through periodic visual inspection and replacement of defective seals, and careful 
attention to system assembly. A final system suitability check can also be made 
by comparing the volumetric flow rate at the impactor inlet (at ambient atmo-
spheric pressure) with that measured downstream of the system at the vacuum 
pump (corrected for the local reduced pressure) [30] or by the measurement of 
flow resistance (pressure drop) across the entire CI system (Sect. 4.3.2). However, 
even if these checks are made, it is possible for a small leak between stages to go 
unnoticed. As part of the CI method development, Bonam et al. observed that it 
would be prudent to study the effect of leaks on the APSD of the product through 
the use of designed experiments, e.g., by introducing controlled leaks through 
small cuts in O-rings and observing the changes in APSD resulted from such 
simulated failures [2]. This information could later be used for root- cause analy-
sis when atypical APSD profiles are observed, in combination with reassessment 
of the tested unit to confirm that the failure is not related to the product.

4 Good Cascade Impactor Practices



92

 (e) Environmental conditions, temperature, and humidity: It is widely known that 
the local environmental conditions surrounding the aerosol as it is generated by 
the inhaler may influence variability of the aerosol and thereby contribute to 
measured product variability. However, local temperature and relative humidity 
also may influence the aerosol APSD during the process of measurement. The 
first type of influence is not considered in this chapter because it is product- 
specific. The second type of effect could, however, be categorized as CI 
(method)-related variability. In particular, the relative humidity will influence 
electrostatic (i.e., triboelectric) effects that are discussed later. Together with 
temperature, local humidity will also affect droplet growth or evaporation 
throughout the CI system [35–39], especially for aqueous droplets such as those 
produced by SMIs and the various types of nebulizer. Unless corrected for, 
ambient temperature variations may additionally bias measured volumetric 
flow rate through the system and thus further affect the APSD measurement. 
Bonam et al. observed that usually, temperature and nowadays relative humidity 
are both normally monitored and controlled to minimize these effects [2]. The 
extent of environmental influences and the needed controls depend on the prod-
uct type (API, carriers, propellants, cosolvents, etc.), as well as on the CI sys-
tem and its other operating conditions (e.g., whereas the flow rate may affect the 
rate of particle growth and evaporation, the CI temperature may affect heat 
transfer and droplet evaporation).

 (f) Electrostatic charge and triboelectrification: Several groups have demonstrated 
that aerosolized particles acquire and carry intrinsic electrostatic charges (of 
either sign). This acquisition of electric charge is chiefly by triboelectric effects 
(contact electrification). It takes place always during aerosol formation from 
either DPIs [40–45] or MDIs [45–52]. However, triboelectrification is unlikely 
with aerosols from SMIs and nebulizers, as the preparations used with these 
classes of OIP nearly always contain physiologically normal saline which is 
fully ionized. Horton et al. have shown that electrostatic charge may also be 
acquired by CI components that are nonconducting or electrically insulated and 
can significantly influence particle collection behavior [53], thereby adding to 
the variability of the measured APSD and MB. Unless the OIP is a nebulizer, 
exploratory studies are likely to be warranted to optimize the CI method.

 (g) Collection surface coating material and coating thickness: Several groups, 
including Nasr et al. [54], have shown that grease-coating CI plates reduces or 
eliminates particle bounce and reentrainment altogether. At the micron-size 
scale, the addition of a tacky coating modifies the impaction surface such that the 
incoming kinetic energy associated with the particles whose trajectories inter-
sect with the surface is absorbed more efficiently than would be the case with a 
smooth and hard surface that has a relatively high coefficient of  restitution. In 
2003, Mitchell surveyed EPAG member organizations, reporting that almost all 
practice some form of collection surface coating to reduce bias and v ariability of 
CI measurements [55]. This effect is particularly important for DPI formulations 
[56, 57] and may also occur with some MDI products [58]. However, it may be 
unimportant for the collection of liquid droplets arising from nebulizing systems 
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[59], including metered liquid inhalers. The choice of the most appropriate coat-
ing material and thickness appears to be inhaler type/drug product-dependant. 
At the present time, it is not known whether coating prolongs or shortens 
 collection surface-life by either preventing or causing corrosion, though 
p revention is more likely if the coating presents an impermeable barrier to aque-
ous ionic species. Bonam et al. observed that (semi)-automation or use of a 
hand-operated tool that ensures a uniform depth of coating across the collection 
surface could be considered as part of CI method development in order to stan-
dardize both coating depth and coverage [2].

 (h) Stage loading and number of actuations of the inhaler into the CI: Kamiya et al. 
have shown that it is important to consider potential accumulation of material 
on CI stages to the point at which further incoming particles bounce when 
working with formulations requiring multiple actuations for CI testing and con-
taining a high mass loading of particulates [60]. The amount of API mass 
depositing on stages needs to be low enough to prevent collected particulate 
becoming reentrained in the airflow and transferred to stage(s) further in the CI 
system. Furthermore, the mass per stage of excipient (and also carrier particles 
for some DPIs) should be taken into account [2]. In the extreme, excessive 
actuations may result in stage overloading that could affect the jet-to-plate dis-
tance. If the number of actuations used per a single CI test is too large, an appar-
ent shift to finer particle sizes will be observed as the result of particle 
resuspension from the stage at which they should have been collected and reen-
trainment in the flow to more distal stages of the CI [58, 61, 62]. Merrin et al. 
have shown that the type of formulation may also play a role with high unit dose 
MDI products emitting >1 mg/actuation [63]. Such sources of bias should be 
studied and eliminated in method development, prior to any method validation, 
by undertaking measurements with progressively increased numbers of 
actuations.

 (i) Collection surface properties: Bonam et al. also considered the fact that differ-
ent roughness of uncoated stage surfaces at the micro-size scale commensurate 
with incoming particle dimensions may influence ballistic behavior of aerosol 
particles and therefore measured APSD variability [2]. This effect may depend 
on the surface properties of the formulation (i.e., material hardness), wear in use 
experienced by a particular CI, as well as the cleaning and drying procedures in 
use. From a survey of EPAG users, Mitchell, in 2006, concluded that the use of 
collection cups or plates that have surface roughness that is 100% inspected will 
assist with uniform coating and that any that are scratched, bent, or dented 
should not be used [64]. Currently, there are no published data in which the 
effect of surface roughness on APSD has been systematically  investigated, but 
both ACI and NGI vendors [65], as well as the pharmacopeias [20, 21], now 
describe tolerances for surface roughness. In the case of the compendia, these 
are ~0.4 μm for the inner surfaces of the induction port, and entrance cone to the 
ACI, and between 0.5 and 2 μm for the collection cups of the NGI. However, 
these values are currently informative, rather than normative in nature.
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 (j) Cleaning/drying of CI components: It is self-evident that thorough cleaning 
and drying of impactor surfaces as part of the maintenance process between 
measurements will keep them as close to their specifications as possible [2]. 
Appropriate cleaning/drying procedures should therefore be determined 
 during method development. In this context, users should be aware that varia-
tions in the cleaning/drying procedures, such as the use of a new cleaning 
solvent or a move from hand washing to an automated system may potentially 
affect variability of APSD measurements. Such an outcome is obvious from 
the standpoint of minimizing corrosion in long-term use, as well as maintain-
ing the nozzles fully unobstructed before each measurement in day-to-day 
use. At the present time, however, there are no published data systematically 
studying the effect of different cleaning/drying regimens on APSD results. For 
the new user or for cases where the cleaning regimen is suspected as being the 
cause of more than desirable variability in measurements, the EPAG has pub-
lished the results of a survey on CI cleaning methods [66].

 (k) Internal (wall) losses of API within the CI: Mitchell et al. have shown, through 
a calibration of an ACI with monodisperse particles of different aerodynamic 
diameters in which internal losses were systematically investigated as a func-
tion of particle size, that there is a strong association between these two vari-
ables [67]. This is especially true when d

ae
 exceeds 5 μm. It follows therefore 

that internal losses of API to the non-collection surfaces within a CI (wall 
losses) may be an important source of error to be considered in method develop-
ment [2]. Mitchell et al. further showed that losses in the standard pre- separator 
supplied with this impactor for use at 28.3 L/min were especially significant 
[67]. The pharmacopeial compendia have for some time required that internal 
losses not accountable for in API mass recovery be <5% of the delivered mass 
ex inhaler [20, 21]. If this limit is breached, the material from the entire stage 
including jets and walls (and not only the impaction plate) should be collected 
and added to the total dose recovered from the CI as a compromise position 
[20, 21]. Since such losses result from grazing interactions between airborne 
particles and the internal surfaces not associated with normal collection, their 
magnitude almost certainly depends on the physicochemical properties of the 
emitted aerosol (linked to the formulation of the product) as well as the CI 
preparation method (e.g., coating type, number of actuations delivered per 
measurement).

 (l) Choice of induction port: The induction port (IP) is particularly important for 
MDI testing, due to the need to capture the ballistic component (i.e., the fraction 
of the metered dose that is expelled rapidly in projectile-like motion from the 
inhaler mouthpiece, due to propellant flash evaporation), separately from the 
fraction that is intended to penetrate beyond the oropharynx into the lower 
respiratory tract [20, 21, 68]. The IP presents the first impaction surface for the 
moving aerosol once it has left the inhaler (and any add-on device), and there-
fore, it strongly affects the proportion of the emitted mass entering the CI. 
For this reason, Bonam et al. pointed out that the use of adapters to align the 
MDI actuator with the IP is important for ensuring correct angle of entry of the 
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aerosol plume emitted from the inhaler mouthpiece [2]. This plume initially 
moves faster than the sampling flow into the IP, resulting in limited time for 
 evaporation and for the reduction in emitted droplet sizes. It therefore follows 
that deviations from nominal dimensions and associated tolerances will influ-
ence APSD measurements for any given design of IP [69–71].

The compendia advise that consideration should also be given to the internal 
surface roughness as its magnitude may influence measurement variability (see 
collection surface properties). It should be noted that although identified as part 
of the CI system in one compendial monograph [68], an IP is not strictly neces-
sary for the testing of droplets emitted by nebulizing systems, including the 
soft-mist plume from SMIs, because of the absence of the ballistic fraction.

 (m) Vacuum pump: Different pumps may produce different time-dependent flow- 
rate profiles, which are important for DPI testing [73]. In the compendial meth-
odologies for evaluating this class of OIPs, the pump-capacity-related variability 
is minimized by operating the impactor with the flow set by means of a critical 
orifice (Fig. 4.3) and by measuring the critical flow (P

3
/P

2
 < 0.5, where P

2
 and P

3
 

are pressures upstream and downstream of the flow-control valve) [20, 21]. P
1
 

is the upstream near-to-ambient pressure at the inhaler- induction port, and Q is 
the volumetric flow rate through the CI system.

Because some pumps heat up and lose efficiency over time if left running, 
flow-rate setting/verification and APSD measurement should be conducted as 
quickly as possible, if needed.

 (n) Impactor design: Bonam et al. also identified the design of a CI as another fixed 
contributor to the overall method variability [2]. Detailed descriptions of the 
design characteristics of each of the CI systems identified in the pharmacopeial 
monographs covering aerodynamic particle size analysis have therefore been 
provided as a reference source in Chap. 2. Bonam et al. noted that although this 
aspect of the test method is often fixed at the outset by the availability of equip-
ment and preference within the organization, the choice of CI may be driven by 

Fig. 4.3 Schematic diagram showing the principle of compendial methodology for DPI testing 
with CI
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the type of OIP being characterized, as well as the preferences of regulatory 
agency involved with the product submission [2]. For example, the NGI operated 
at 15 L/min has been identified for the assessment of preparations for nebulization 
in both Ph. Eur. monograph 2.9.44 [68] and its equivalent in 2012 in develop-
ment for incorporation as Chapter 1601 in the US Pharmacopeia [72]. As well 
as affecting its size-discriminating capability, the CI design influences the inter-
nal airflow characteristics and, therefore, the magnitude of nonideal deposition 
on internal surfaces. These processes in turn influence both the variability and 
potential bias of CI results.

4.2.3  Contribution to Variability from the Measurement  
and API Analysis

HPLC or UPLC combined with some form of spectroscopy (UV-visible light 
 detection, fluorescence, or mass spectrometry) is widely applied to assay API 
deposited on CI stages. Fluorescence detection is limited to APIs that fluoresce at 
detectable wavelengths, and MS, though highly sensitive and discriminating, is a 
relatively sophisticated and expensive technique, requiring careful sample prepara-
tion, especially if volatile species are present.

Although UPLC, being a newer technique, is in the process of becoming more 
widely adopted, HPLC-UV-visible spectrophotometry is a well-characterized and 
easily standardized technique that is available in almost all laboratories carrying 
out OIP testing. Despite its familiarity, this is another area contributing to both 
random and systematic uncertainty of CI measurements. For example, one of the 
difficulties of using this type of assay for API recovery and quantitation may be 
poor chromophore properties of the API. Often, low amounts of the API are 
recovered for assay because the collection stage under consideration has its 
p articular d

50
 size located far from the center of the APSD. Under such circum-

stances, the mass of API recovered could be near to its limit of detection (LOD) 
or limit of quantitation (LOQ) established for a given method. Another difficulty 
can be the high number of dilutions and wide ranges of concentrations for a given 
API delivered from multiple strengths of an inhaled product. In a given dataset 
encompassing maximum and minimum strengths, the mass of API recovered 
from each stage of the set of stages contained in the CI may range from the LOQ 
for the lowest strength tested for stages with d

50
 values distant from the aerosol 

MMAD to 150% of the highest  deposition for the highest strength tested collect-
ing on stages having d

50
 values closest to the MMAD. The number of actuations 

used per determination might need to be adjusted to enable an accurate and pre-
cise detection method. Additionally, there may be product-specific complications 
contributing to the overall method variability, for example, use of highly volatile 
solvents (which may be necessary for certain APIs), leading to erratic results due 
to solvent evaporation during pipetting. Careful method development, involving 
iterative evaluation and optimization, may help minimize variability arising from 
the API recovery and analysis procedures.

J.P. Mitchell



97

4.2.4  Contribution to Variability from the Drug  
Product (Material)

Bonam et al. observed that the APSD of the aerosol delivered by an OIP will have 
an intrinsic variability that is truly attributable to the product [2]. They identified a 
number of factors potentially influencing this true APSD variability, including the 
following attributes:

 (a) Product orientation during storage
 (b) Formulation interaction with excipients
 (c) Interaction with components of container closer system
 (d) Sensitivity to moisture
 (e) Product age
 (f) Temperature and humidity during storage
 (g) Tolerances of device components
 (h) Electrostatic effects during de-aggregation of some DPI formulations
 (i) Static electrification due to interaction of MDI aerosol particles with noncon-

ducting elastomers used in MDI valve manufacture [40, 73, 74]

All such factors should be studied during product development and are not con-
sidered here in detail because they are specific to the product rather than the CI 
method, which is the focus of this chapter.

In addition, Bonam et al. noted that the physicochemical characteristics of cer-
tain OIPs may make the CI method more variable [2]. For example, suspensions by 
nature will tend to produce more variable aerosols than originate from homoge-
neous solutions. This outcome happens because of the intrinsic tendency for particle 
sedimentation from the suspending fluid (i.e., sinking) or particle–particle coales-
cence above the suspending fluid (i.e., creaming) in suspensions, thereby adding to 
product variability. Furthermore, in the case of suspension-formulated MDIs, the 
magnitude of the elapsed time between shaking and actuation (which is part of the 
CI assessment “method”) may influence the measured APSD variability. The 
accompanying drop in the MDI canister temperature immediately following actua-
tion may affect the measured APSD from a subsequent actuation if insufficient time 
is allowed to elapse. 30 s is a widely practiced minimum elapsed time between 
replicate actuations to avoid variability in aerosol delivery characteristics arising 
from this source.

Bonam et al. also noted that OIPs containing more than one API can present 
special challenges for the development of a precise and accurate CI method [2]. For 
example, one of the API components could be a strong chromophore and the other 
a weak one, or the particular API might produce a high-density (mass concentra-
tion) aerosol, whereas the other(s) are present in lower mass concentrations in the 
formulation. In consequence, the mass of the relatively highly concentrated API 
may rapidly reach the limit for stage loading. At the same time, the mass of the rela-
tively lower concentration API(s) present on the same stage might only be close to 
or at the LOD level for the same number of inhaler actuations. Alternatively, one 
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API might be a hydrophilic compound and the other a hydrophobic one, resulting in 
the potential for different collection characteristics if the surface coating of the col-
lection substrate on the stages is also markedly hydrophobic or hydrophilic.

4.2.5  Contribution to Variability from Interactions Between 
Contributing Causes

Bonam et al., in concluding their assessments on causes of CI method variability, 
also considered the possibility of interactions between the four factors previously 
considered separately (material, man, machine, and analysis) [2]. From Fig. 4.2, it 
is evident that some factors appear more than once, that is, they arise in more than 
one category of influences governing the overall variability of the CI method. For 
example, the number of inhaler actuations may conceivably affect the APSD uncer-
tainty through man (e.g., due to repetitive stress or differences in delay times when 
firing multiple actuations), machine (e.g., due to stage overload and particle bounc-
ing), measurement (e.g., due to the limit of detection when the number of actuations 
is small), and material (e.g., due to suspension resettling time). In another example, 
incorrect device cleaning may induce particle growth, giving rise to a man–material 
interaction component of variability. Specifically designed experiments might be 
conducted to separate variability components. However, the total mass collected 
from the CI system (mass balance) may be used more routinely as a diagnostic tool 
to distinguish between a method-related and product-related abnormality when 
deviating APSD results are observed [3, 75].

Bonam et al. advised method developers to be aware of this degree of potential 
complexity either when optimizing a given CI-based measurement procedure or 
conducting an investigation for deviating results [2].

4.3  Summary of GCIP

Recognizing the complexity of the CI methodology and its importance in the assur-
ance of OIP quality, the Product Quality Research Institute (PQRI), a forum for tech-
nical interaction between the USFDA, the pharmaceutical industry, and academia, 
formed the APSD-Mass Balance Working Group in 2002 to address issues associated 
with API recovery from multistage CI measurements [76]. Although the main focus 
of this activity was on resolving the appropriate specification for mass balance from 
multistage CI measurements, during the course of discussions, it became evident that 
the complexity of the compendial methods was one of the most important contributors 
to the variability associated with this measure of system suitability.

The GCIP guidance document developed from this working group [3] was its 
main achievement and provided the basis for subsequent investigations into how the 
methodology could be simplified.
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GCIP can be considered the sum of two basic parts:

 1. Factors affecting the performance of the CI system that should be considered in 
method development

 2. Factors that should be considered in day-to-day use

As might be expected, most of the issues raised in this guidance are the same as 
those already discussed largely from the subsequent assessment of Bonam et al. [2].

The factors identified in the GCIP document as influencing APSD as well as MB 
are summarized in Tables 4.1 and 4.2, respectively. These lists provide a systematic 
guide to those involved in CI method development and routine use as to signposts 
for potential causes of deviations in both MB and aerosol APSD.

These tables serve to highlight the desirability for a simpler-to-perform yet as 
precise as possible process for determining OIP quality based on emitted aerosol 
particle size-related data. These factors are each linked to one or more of the causes 
of variability discussed in the previous section.

4.3.1  CI Method Failure Investigation Tree

The compilers of the GCIP document were primarily focused on addressing the issue 
of how to manage MB values that are outside the current ±15% label claim dose  
limit set in the 1998 draft CMC Guidance for OIPs by the FDA [4]. An issue of signifi-
cance is the lack of a fallback method in the event that an out-of-specification (OOS) 
or out-of-trend (OOT) MB is determined. The MB failure investigation tree, which 
might also be termed as CI method failure investigation tree (Fig. 4.4), was a signifi-
cant achievement, in that for the first time, a process for addressing OOS/OOT events 
associated with CI/MSLI-based measurements was established that provides a work-
able pathway for the analyst faced with such circumstances.

Table 4.1 Factors to be considered in CI method development (Adapted from [3]—used by 
permission)

Method development

Factor potentially affects Cause(s) MB APSD

API recovery solvent Measurement Yes Yes
Quantitation lower limit Measurement Yes Yes
Use of collection surface coating Machine Yes Yes
Recovery techniques Man/measurement Yes Yes
Use of a pre-separator Machine No, except for carrier 

based DPIs
Yes

Cleaning procedure Man/material Yes Yes
Electrostatic charge Machine/material Yes Yes
Environmental factors (barometric 

pressure, temperature, humidity)
Material Yes Yes

Use of a backup filter Machine Yes Yes
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The need for a failure investigation tree for the cascade impaction method rein-
forces the complexity of the procedure and brings into question why an alternative 
approach has not become the accepted norm by stakeholders involved in the testing 
of OIPs. The lack of an alternative measurement technique having similar capability 
in terms of traceability to the aerodynamic diameter size scale and, at the same time, 
specificity for mass of API are the main reasons why this relatively historic method 
for aerosol analysis remains the standard approach. The search for more rapid and 
easy-to-use measurement apparatuses together with a more effective data analysis 
technique has been one of the driving forces underlying the development of the 
methodologies that are discussed later in this book. Although alternatives to 
CI-based measurement of OIP APSD exist and are widely used, particularly in the 
research and development environment, with few exceptions, none of the techniques 

Table 4.2 Factors that should be considered in CI day-to-day use (Adapted from [3]—used by 
permission)

Routine CI setup and operation

Factor potentially affects Cause(s) MB APSD

Locating collection surfaces Man/machine Yes Yes
Accounting for collection 

surfaces and final filter
Man Yes Yes

Assertion of stage order Man No Yes
Air leakage into CI/MSLI Man/machine Yes, unless wall losses  

are accounted for
Yes

Poor seal and orientation 
between induction port/
pre-separator/CI

Man/machine No No, unless  
the leak is 
massive

Improper alignment between 
inhaler mouthpiece and 
induction port

Man No Yes

Inadequate liquid volume or 
liquid missing from 
liquid-based collection 
surfaces

Man Yes, due to analytical 
procedure differences

Yes

CI/MSLI flow rate Man Not normally, but consider for 
highly flow-rate-dependent 
DPIs if tested at flow rates 
different to dose content 
uniformity testing

Yes

Timer operation of two-way 
solenoid valve for DPI 
testing and MDIs with 
integrated spacers

Man/machine Yes Yes

Cleaning of stage nozzles Man Yes Yes
Worn/corroded stage nozzles Machine No Yes
Insufficient or excessive number 

of inhaler actuations
Man Yes Yes

Improper sample recovery Man Yes Yes
Electrostatic effects Machine Yes Yes
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developed thus far meet the needs of regulatory agencies to provide data that are 
unambiguous in terms of both recovered API mass and aerodynamic diameter [77]. 
This situation, however, may change, as API-specific measurement techniques, 
such as Raman spectroscopy, are combined with microscopy-image analysis, as a 
means of quantifying particle size distributions for systems comprising compact, 
near-to-spherical particles. In such circumstances, the dynamic shape factors (χ) are 
close to unity, making it possible to approximate to the aerodynamic diameter scale 
from microscopy-measured circle/volume-equivalent diameter (d

v
), provided that 

the particle density is close to unity (see Chap. 2).

4.3.2  The Potential in CI Methodology Simplification

The advantages of CI method simplification become obvious when the number of 
operations associated with a typical eight-stage full-resolution CI measurement 
(Fig. 4.5 shows the situation for the ACI as an example system) is compared with 

Fig. 4.4 A CI method failure investigation tree (Adapted from [3]—used by permission)
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those needed if the number of stages is reduced to one plus the backup filter in an 
abbreviated impactor (Fig. 4.6). However, even with method simplification, the 
principles of GCIP, which have been outlined earlier in this chapter, are equally 
applicable to ensure the most accurate and reproducible measurements.

Much of the remainder of this handbook is concerned with the development and 
validation of concepts based on the AIM concept, augmented by the adoption of 
new ways of working more effectively with the data that are produced by both 
abbreviated and full-resolution CI systems (EDA).

4.4  Good CI Data Analysis Practices

Although not covered by the GCIP article, the development of good CI data analysis 
principles for APSD assessments was later summarized by Mitchell and Dunbar 
[78] and later augmented by Christopher et al. [79]. These concepts are described 
below in order to complete the process of defining practices that are likely to opti-
mize the overall CI methodology for OIP assessments.

4.4.1  Representation of CI Data

The mass of API recovered from each component of the CI system, from the induc-
tion port to the backup filter constitutes the raw data that are obtained by the cascade 

Full
Resolution

CI

Induction
port

Inhaler
Mouthpiece

Entrance Cone

Sample
Collection

Sample
Preparation

API Assay

Fig. 4.5 Potential steps involved in API recovery and assay with eight-stage full-resolution CI 
including backup filter
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impaction procedure. These data may be handled in several different ways in order 
to arrive at meaningful measures of OIP aerosol performance. There are at least 
three distinctly different ways in which to represent the raw data (Table 4.3).

Mitchell and Dunbar noted that the simplest approach is to treat the API mass 
distribution as a nominal function of CI stages and the non-sizing auxiliary compo-
nents, such as the induction port and pre-separator (if used) [78]. These values are 
related to the locations of the discrete stages and auxiliary components in the entire 
CI system by name only and without order (left-hand illustration in Fig. 4.7).

There is no size scaling whichever representation method is chosen, and it is not 
possible to compare findings from different CI systems meaningfully in this way. 
The data are commonly rank-ordered (right-hand illustration in Fig. 4.7), for 
 comparison with equivalent results obtained by the same system.

It therefore becomes necessary to explore other perhaps more informative ways 
of looking at the descriptive statistics that are available from the raw data provided 
by CI measurements and derive inferential statistical relationships from metrics 
such as SPM, LPM, EPM, FPM, CPM, and their related mass fractions, as well as 
ISM and the total mass entering the system, including the non-sizing components.

As the first step in this process, the mass of API can be presented as an ordinal 
function of CI size-separation stage range (Fig. 4.8), the mass of API collected from 
a particular stage, i, is linked to the d

50
 value of the preceding stage (i − 1).

Abbreviated
CI

Sample

Collection

Sample

Preparation

API Assay

Fig. 4.6 Potential steps 
involved in API recovery and 
assay with abbreviated CI 
based on ACI design
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Table 4.3 Representation of data from full-resolution CI measurements

Approach Advantage Application

API mass on each component 
including non-sizing parts, 
such as the induction port

Simplicity OIP quality control

API mass on each size- 
fractionation stage of the CI

Basic aerodynamic 
size-related 
information

OIP development and in 
bioequivalence

API mass mathematically 
linked to aerodynamic 
diameter range of sizing 
stages

Aerodynamic size- 
related information 
comparable from one 
CI system to another

OIP development and in bioequiva-
lence; this approach is essential 
for input to models predicting 
respiratory tract deposition

Fig. 4.7 Representation of CI raw data by mass deposition in both sizing and non-sizing compo-
nents (From [78]—used by permission)

Fig. 4.8 API mass on CI size-separating stages as an ordinal function of stage d
50

 size: example 
from ACI operated at 28.3 L/min (From [78]—used by permission)
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In this instance, API mass is related to the aerodynamic diameter scale through 
the d

50
 values of the size-separating stages, but the non-sizing components (in this 

case stage 0, which has no upper bound defined, the induction port and pre- separator) 
are represented by thin lines rather than a size range, with the size scale broken 
between the data from the two categories to designate the difference in properties 
with respect to aerodynamic diameter. This representation is popular if the measure-
ments are all made using the same CI system and/or the OIP aerosol is captured 
predominantly in the size-separating portion of the system.

However, Mitchell and Dunbar showed that its weakness is the lack of a more 
formal link between API mass and size, making it impossible to compare data from 
two different CI systems in a readily accessible way [78].

To achieve this goal, it is necessary to invoke the formalism of the differential 
mass-weighted APSD, in which the mass frequency of API on each stage of the 
size-fractionating part of the CI system is obtained by dividing the absolute mass by 
the width of the size range associated with that particular stage (Fig. 4.9), in accor-
dance with the relationship:
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in which d
ae,i

 represents the aerodynamic diameter of the ith stage, m
i
 is the mass of 

API recovered from that stage, M
EM

 is the emitted mass from the inhaler (or spacer/
valved holding chamber patient interface in the case of pMDI testing with these 
add-on devices), and Δd

50,i
 is the size width associated with the stage of interest.

Under these circumstances, it is possible to represent APSDs from different CI 
systems on the same graph for direct comparison, and the midpoint of each bar of 
each histogram corresponds to the place at which the curve of the true APSD (i.e., 
size-resolved to an infinitesimally small amount) intersects.

Fig. 4.9 Differential 
mass-weighted APSD showing 
how data for the same aerosol 
(MMAD = 5.0 μm; GSD = 2.0) 
can be meaningfully 
represented from two different 
CI systems (ACI and NGI): 
the dotted line is the true 
APSD (From [78]—used by 
permission)
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Mitchell and Dunbar also noted that the same data can be represented, perhaps 
more conveniently, in cumulative mass-weighted format (Fig. 4.10). It is this 
approach that is most widely used to represent CI-based data because subcompo-
nents of the aerosol, such as extra-fine (EPF), fine (FPF), and coarse (CPF) particle 
mass fractions, are readily obtainable from the ordinate scale (cumulative mass % 
undersize) at the appropriate aerodynamic sizes, using the assumed form of the 
APSD with infinitesimally fine resolution (dotted line). As this form of the APSD 
considers only the impactor-sized mass (ISM), it is also possible to derive the mass 
fractions that correspond to small (SPF) and large particles (LPF) in the context of 
EDA-based data analysis. However, it is easier to obtain the ratio metric LPM/
SPM and ISM from the raw mass/stage data (Fig. 4.7), and these measures are the 
most useful for EDA analysis.

The cumulative mass-weighted APSD shown in Fig. 4.10 will not be helpful, 
however, in cases in which an add-on device (spacer or VHC) is being used in 
conjunction with an OIP, because the influence of the add-on cannot be assessed 
unless the mass fractions are normalized to the total mass emitted from the 
inhaler, including that captured by the non-sizing components, principally the 
induction port.

In the case of spacers and valved holding chambers used with pMDIs, the add-on 
eliminates the ballistic fraction of the aerosol emitted from the inhaler mouthpiece 
that would normally be captured in the induction port [80]. The format illustrated by 
Fig. 4.11, which includes all the mass of API emitted from the actuator mouthpiece 
of the pMDI entering an ACI as the example CI, is more appropriate for compari-
sons with and without add-on device. In this particular configuration, stage 0 has no 
upper size limit, so that the APSD comparison is based on the total mass passing 
beyond this stage compared with the total mass that deposits in the entire system 
including the induction port.

Fig. 4.10 Same data from 
Fig. 4.9 presented in 
cumulative mass-weighted 
format (From [78]—used by 
permission)
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4.4.2  Data Reduction

4.4.2.1  Initial Inspection of the APSD

The APSD by itself, though useful in understanding the behavior of the whole popu-
lation of the aerosol particles that are size-fractionated within the operating limits of 
the CI, is awkward as a means of representing OIP performance parameters that are 
meaningful both in the product QC and clinical environments.

This difficulty arises because the true APSD is a continuous variable function. 
However, data coming from a given CI-based measurement discretizes the APSD 
into a multivariable form with increasing complexity as the number of size- 
fractionating stages in the CI system as a whole becomes greater. Thus, treating the 
APSD as a collection of seven or more independent measurements increases  
the overall error in decision-making due to the effect of multiplicity. Furthermore, 
the time and resources required to arrive at a decision concerning OIP quality from 
such data become more complex than it need be. It therefore becomes necessary to 
adopt a data reduction strategy that is appropriate for the application for which the 
CI data are required. This approach is at the heart of EDA and will be discussed in 
depth in later chapters. However, at this stage when considering good data analysis 
practices, it is a good idea to check for the following when inspecting data obtained 
from the size-fractionating stages of the CI:

 1. More than one mode may be present in the APSD, as processes such as atomiza-
tion of liquids often produce bimodal distributions [81] as the result of Rayleigh 
breakup of the liquid stream via ligament formation into primary and satellite 

Fig. 4.11 Cumulative mass-weighted APSDs considering emitted mass of API entering the size- 
fractionating stages of an ACI having an upper size limit in relation to the mass entering the induc-
tion port of this measurement system (From [78]—used by permission)
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droplets, each with its own APSD. The elimination of one of these modes (e.g., 
the coarser primary droplets) by impaction on baffles within jet nebulizers is one 
way to present a unimodal APSD to the CI system.

 2. If auxiliary moments, such as GSD, are being used to define the spread of the 
APSD, check for deviations from lognormal by plotting the cumulative mass on 
log-probability scaling and ensuring that the relationship between mass of API 
and aerodynamic diameter is both symmetric about the MMAD and linear or 
near to linear (Fig. 4.12).

 3. The GSD is determined from the relationship
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in which d
15.9

 and d
84.1

 are the sizes corresponding to the 15.9th and 84.1st percentiles 
of the cumulative mass-weighted APSD. If the plot similar to that illustrated by 
Fig. 4.12 is not linear or near to linear in shape, then it is recommended that for regu-
latory reporting, at least, that the fact that the APSD is not lognormal be acknowl-
edged and simply the spread of the distribution (S

APSD
) reported as a ratio, where

 
S

d
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Fig. 4.12 Near-normal to lognormal APSD from a pMDI product presented in log-probability 
scaled format
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where d
10

 and d
90

 are the 10th and 90th percentiles of the cumulative mass-
weighted APSD, respectively.

Assuming the APSD is unimodal, the moment of central tendency, MMAD, 
is identical to the size that corresponds to the 50th mass percentile, whether or 
not the distribution is lognormal, so that a relative span factor (RSF), based on 
the relationship

 
RSF =

−[ ]d d
MMAD

90 10

 
(4.8)

can be a useful way to report the spread of the APSD (Fig. 4.13).

4.4.2.2  Estimation of the MMAD

Seldom will the APSD provide an exact value of the MMAD that can be obtained 
directly from the plotted data because of alignment of one of the stage d

50
 sizes with 

the 50th mass percentile of the distribution. Under most circumstances, it is therefore 
necessary to estimate this value. The method described in the pharmacopeias relies on 
the underlying assumption of lognormality, which is frequently not the case with OIP-
generated aerosols. In 2010, the CI Working Group of IPAC-RS published a Stimulus 
to Revision article, in which they provided evidence from an extensive database of 
OIP APSDs that two multipoint curve-fitting methods [Chapman–Richards (CR) and 
Mercer–Morgan–Flodin (MMF) Models], as well as the linear two-point interpolation 
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of data points straddling the 50th mass percentile, all yielded MMADs that were in 
good agreement with each other [79]. More importantly, these estimates of MMAD 
more accurately fitted the actual data than did values derived using the USP method. 
Usefully, the alternative approaches neither require log-transformation of the raw data 
nor rely on underlying assumptions about the form of the APSD, other than requiring 
that it be unimodal. True lognormal distributions are also adequately addressed by any 
of the proposed generalized approaches. The linear two-point interpolation method, 
based on the closest data points straddling the MMAD value, is the simplest of these 
options to implement and therefore the preferred choice.

4.4.2.3  Other Derived Metrics

There are many other metrics beyond the moments that can be derived from 
CI-measured APSDs. These additional measures are conveniently classified into two 
subsets: metrics related to EDA and those associated with the more conventional 
approach to data reduction that focuses on providing measures that may be predictive 
of size-related deposition in the HRT. Table 4.4 summarizes the options for size-
related metrics that are commonly chosen, together with those that can be determined 
by AIM-based methods in which an APSD is not obtainable as part of the process.

Each mass subfraction (LPF, SPF, EPF, FPF, and CPF) can be determined 
directly from a cumulative mass-weighted APSD as the mass fraction correspond-
ing to the chosen size limits for the subfraction of interest. Likewise the correspond-
ing metrics based on absolute mass (LPM, SPM, EPM, FPM, and CPM) are obtained 
from the original raw data expressed as mass per stage. Stage groupings may be 
used to establish these absolute mass values, since more than one stage is usually 
involved in the collection of each mass subfraction. However, EDA is more  efficient, 
in that only LPM and SPM are needed to undertake the assessment of the CI size-
fractionated portion of the OIP aerosol.

It is self-evident from Table 4.4 that the AIM-based approach is capable of pro-
viding the same degree of flexibility with regard to all of these derived metrics, 
regardless of the eventual application.

4.4.3  CITDAS and Other Software for Assessing APSD Data 
from CI Measurements

A laboratory may develop its own computerized techniques for assessing CI APSDs. 
However, commercially available software has been available for some time in 
order to assist those in the quite complex process of deriving the most appropriate 
measures to report. CITDAS® (Copley Scientific Ltd, Nottingham, UK) is the most 
tailored product for OIP-related applications. Lewis has recently reported that this 
software is both versatile and easy to use with an intuitive user interface [82].

CITDAS allows standardized data processing for the operating conditions of four 
alternative impactors: ACI, MSLI, MMI, and NGI. In the current release (CITDAS 
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version 3.10), data from the NGI operated at 15 L/min can be interpreted, thereby 
making this software useful for those testing nebulizing systems in accordance with 
compendial guidance to operate the CI at this relatively low flow rate, as well as with 
MDIs and DPIs. In addition to plotting the raw mass/component data, CITDAS 
reports the cumulative mass-weighted APSD and associated descriptive statistics (i.e., 
MMAD, GSD). An interesting new feature is the ability to specify up to five different 
interpretations of subfraction mass, defined either by impactor stage locations or in 
terms of aerodynamic particle diameter range. Therefore, in addition to reporting 
FPM, the reported delivered mass ex OIP can be subdivided into as many as this num-
ber of discrete subpopulations. CITDAS determines the profile of each subpopulation 
by interpolation, which means that it is possible for users to process multimodal par-
ticle size distributions as a series of lognormal subpopulations.

CITDAS has certain features that make it attractive to those who need to use CI 
data but do not want to get deeply involved in understanding all the complexities 
associated with good data analysis practice. For instance, it carries out the following 
data integrity checks:

 1. Limit of detection (LOD) is reported for measures of FPD and FPF if the follow-
ing criteria are met:

 (a) Values are associated with a cumulative drug mass <2% of the total mass.
 (b) The cumulative mass on fewer than three stages is greater than 1% of the 

total mass.

Table 4.4 Metrics in common use with APSDs from OIPs

Metric

Related to OIP QC
Related to particle deposition  
in HRT

Full resolution AIM Full resolutiona AIM

EPM or EPF Yes Yes
FPM or FPF Yes Yes
CPM or CPF Yes Yes
LPM or LPF Yes Yes
SPM or LPF Yes Yes
ISM Yes Yes
IMb Yes Yes
TEMc Yes Yes Yes Yes
MBd Yes Yes Yes Yes
aEPM or FPM or CPM can be established from groupings of stages. In the case of FPM, the group-
ing may be defined with both an upper and lower bound (i.e., from 1.1 to 4.7 μm aerodynamic 
diameter from stages 3 to 5 of the ACI operated at 28.3 L/min), or just with the upper bound 
defined (i.e., <4.7 μm aerodynamic diameter from stages 3 to the backup filter in the example 
quoted beforehand)
bIM includes the mass collected in the first stage of the CI where the upper bound size is undefined 
(e.g., stage 0 in the ACI configuration for use at 28.3 L/min)
cTEM includes all non-sizing components of the CI system (i.e., the induction port, pre-separator 
(if used), and the first stage of the CI)
dMB includes IM + the mass retained by the OIP and is only included to identify the need for a 
system suitability test in CI-based determinations of OIP performance
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 2. Not applicable (NA) is reported for MMAD and GSD if the following situations 
occur:

 (a) Greater than 50% of the cumulative drug mass is deposited on the lowest 
impaction stage (backup filter or MOC (in the case of the NGI—if used)).

 (b) Fewer than three stages have a cumulative drug mass >1% of the total mass 
collected.

In addition, GSD is calculated after applying a test such that the APSD distribu-
tion is determined to be lognormal within ±1 standard deviations of the MMAD. 
CITDAS calculates whether or not to report GSD by performing a linear regression 
of the cumulative mass % undersize plot (applying the log-probit scale) between the 
probit (+5) values 4 and 6 (Fig. 4.14). If the R2 coefficient for the regression exceeds 
the user defined value (default is 0.95), GSD is reported; otherwise, the value for 
GSD appears as “NA.”

The “import CSV file” function in CITDAS provides a powerful feature with the 
potential to enable this software to link up with other applications, such as EXCEL 
(Microsoft Corporation, Redmond, WA, USA). This capability allows files exported 
from CITDAS in CSV format to be modified/edited and reimported. Use of this func-
tion with appropriate verification of data integrity streamlines data input into CITDAS, 
potentially reducing manual data entry requirements in repetitive situations.

DISTFIT 2008® (Chimera Technologies Inc., Forest Lake, MN, USA) is an 
 alternative software package, and though not specifically tailored for OIP aerosol 
 measurement applications, has considerable capabilities in being able to handle a 
much wider range of particle size, as well as count (number), surface area and 
 volume (mass) weightings. Its main advantage is the ability to join particle size 
distributions from different measurement techniques into a contiguous whole for 
subsequent data manipulation. Much of its content is based on the chapter on par-
ticle size statistics in the textbook by Hinds on the topic Aerosol Technology [83].

Fig. 4.14 APSD presented using CITDAS software with log-probit (+5) scaling for left-hand 
ordinate axis: The linear relationship with this scaling used to estimated GSD by (4.6) is shown on 
right-hand ordinate axis
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    Abstract     AIM and EDA concepts were developed to address the high variability 
and susceptibility to error of the conventional full-resolution CI methods in OIP 
quality control. Abbreviated measurements allow increased throughput during 
product development and routine quality control testing.    Effi cient data analysis sim-
plifi es data analysis (by using only two metrics for making decisions about presence 
or absence of APSD changes while in most cases, reducing the rate of false-positive 
and false-negative decisions). Each of these aspects is explored in more detail in 
later chapters. This chapter presents an overall rationale for the development of 
these alternative approaches, with emphasis placed on how they could fi t into the 
OIP life cycle.  

5.1         Current Experience with CI Measurements: 
The Need for Strict Controls 

 The previous chapter highlighted the fact that full-resolution multistage CI mea-
surements, when carried out to best current practices, are labor-intensive, involv-
ing numerous steps with the possibility of error likely even when stringent 
precautions are taken [ 1 ].    In 2003, an across-industry survey of CI users was 
undertaken by the Particle Size Distribution Mass Balance Working Group of the 
Product Quality Research Institute (PQRI) to assess the frequency of CI-based 
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measurement failures [ 2 ]. Replies were received from 14 different organizations 
representing both small and large pharmaceutical companies. There were 21 
instances of simultaneous mass balance (MB) with APSD failure, 10 of which 
were assignable (9 to product, 1 to analyst); 261 instances of APSD failure with 
acceptable MB, of which 71 were assignable (65 to impactor, 6 to analyst); and 33 
instances of MB failure with acceptable APSD, of which 19 were assignable (5 to 
product, 14 to analyst). Although not a large number of failures, considering that 
4,300 individual CI measurements were represented, each instance would have 
resulted in an out-of-specifi cation investigation with associated inconvenience, 
delay, and possible rejection of  good  product. In essence, this survey confi rmed 
that the multistage CI method is over-complex for the purpose of inhaler quality 
control (QC). Alternative approaches are therefore necessary to mitigate or pref-
erably avoid altogether errors of the sort identifi ed by this survey. The ultimate 
goal for the CI method is to be able to develop a methodology that is as sensitive 
as possible to detect APSD shifts that are truly due to the product and not to some 
other confounding cause.  

5.2     AIM and EDA: A  Road Map  

 It is worthwhile reviewing the context in which CI-based measurements are 
acquired and assessed before discussing the details of how AIM and EDA con-
cepts can assist in the simplifi cation of the process of determining OIP aerosol 
metrics that are meaningful as descriptors for either quality of the product or for 
likely deposition behavior in the HRT. The relationships between EDA metrics 
and their determination methods, as well as the primary purpose and method of 
determination of each pertinent CI-derived metric, were introduced in Chap.   1    . 
This material is built upon by Fig.  5.1 , which contains the  road map  for the pro-
cess of data collection and analysis as a whole. It begins with presenting the 
underlying rationale for making OIP aerosol particle-size measurements (A). It 
then moves to the mechanics of the measurement process (B), followed by the 
establishment of the nature of the APSD as a continuous multivariate function 
between mass of API and aerodynamic diameter that is constructed from the raw 
data of mass of API per size-fractionating stage in the CI (C). If the APSD is uni-
modal, as most OIP aerosols are, its  MMAD , as the prime measure of central 
tendency, is readily derived from the size at which the cumulative mass-weighted 
APSD reaches 50% (D). Furthermore,  GSD  can be used as a descriptor of spread 
between 15.9 and 84.1 mass percentile values, if the APSD is lognormal in shape 
(or close to this mathematical description) (D). The map continues by introducing 
the various metrics that are derived mathematically from the continuous form of 
the cumulative mass-weighted APSD (E), distinguishing them from those metrics 
that can be obtained directly from the raw data (F). These metrics as a whole pro-
vide a framework for assessing OIP aerosol performance changes throughout the 
product life cycle, as will be seen in Chap.   6    .
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5.3        How an AIM-Based Method May Help Simplify the 
Process of Determining Metrics Related to OIP APSD 

 Ideally, a measurement with the relative simplicity of the dose content uniformity 
apparatus would be the perfect solution to the problem of reducing the complexity 
of the cascade impactor-based measurement process. 

 In practice, however, at the minimum, it is likely to be necessary to distinguish 
between the fi ne mass fraction of particles that have the potential to carry API(s) to 
target receptors in the respiratory tract where a therapeutic benefi t may be obtained 
[ 3 – 7 ] and the coarse mass fraction that will likely not penetrate much beyond the 
oropharyngeal region [ 8 ,  9 ]. There may even be a requirement to quantify the extra- 
fi ne fraction less than ca. 1 µm aerodynamic diameter; as such particles are prone to 
being exhaled without depositing in the lungs, due to their lack of susceptibility to 
the forces governing their movement (predominantly Brownian diffusion) from the 
air stream to sites of deposition [ 10 ]. 

 Early work with a variety of two-stage impaction systems in the 1980s paved the 
way towards simplicity in distinguishing solely the coarse from fi ne particle mass 
fractions of OIP-generated aerosols [ 11 – 13 ]. However, in 1992, Miller et al. pointed 
out that the Twin Impinger (and by implication, other simple two-portion classifi -
ers) would be incapable of distinguishing unimodal and lognormal APSDs with 
particular  MMAD  and  GSD  combinations based on the size selectivity and location 
of the collection effi ciency curve defi ning the divide between the two fractions [ 14 ]. 
This study was important because it provided a timely warning to those intending to 
size-characterize OIP aerosols using such equipment and likely infl uenced the 

  Fig. 5.1    OIP aerosol performance measurements and metrics       
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thinking of the regulatory agencies, particularly in the USA. However, they did not 
go further by recommending that a two-stage size fractionator might be used in 
conjunction with a full-resolution CI system that could be used to verify that the 
simplifi ed measurement system was sensitive to the changes in APSD of relevance 
to a particular OIP. 

 Pioneering work by Van Oort and Roberts [ 15 ] in the mid-1990s pointed the way 
forward in terms of setting out a hierarchy of reduced stack Andersen cascade 
impactor (ACI) measurements, supported by the full-resolution eight-stage system 
(Fig.  5.2 ). However, the regulatory approach at that time favored the inclusion of at 
least fi ve stages with cut-point sizes between 0.5 and 5.0 µm aerodynamic diameter, 
and this requirement was a signifi cant contributor to the design of the NGI [ 16 ].

   In the mid-2000s, the abbreviated impactor measurement (AIM) concept and 
related effi cient data analysis (EDA) approach were simultaneously developed 
out of the need to reduce method complexity. In addition, there was an increasing 
recognition by stakeholders involved with the regulatory process for OIPs that 
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  Fig. 5.2    Abbreviated impactor measurement approach to DPI and MDI testing pioneered by Van 
Oort and Roberts  (adapted from ref [  15  ]—used with permission)        
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the  multistage CI, although adequate for size-fractionating aerosol particles, is 
not an analogue of the particle deposition processes that take place in the HRT 
[ 17 ] (see Chap.   2    ). 

 Early on in the process of developing the two concepts, an understanding devel-
oped that there are two fundamentally different reasons why OIPs are evaluated in 
the laboratory (Fig.  5.3 ). Each stream can be further subdivided into a series of 
 different purposes (Fig.  5.4 ).

  Fig. 5.3    Two streams for laboratory measurements of OIP aerosol performance       

  Fig. 5.4    Purposes for making CI-based measurements in either OIP quality control or to predict 
HRT deposition       
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    The description of the approaches taken to obtain the most appropriate in vitro 
OIP performance metrics for these different purposes forms the main topic for the 
remainder of the handbook. At this introductory stage, though, it is important to 
appreciate that the provision to stakeholder confi dence that the inhaler will deliver 
medication safely and effi caciously is common to all these types of laboratory 
evaluation.  

5.4     AIM Applied in OIP Quality Assessment 

 Tougas et al. have claimed that an approach involving an abbreviated CI measure-
ment has the potential to offer at least equivalent and possibly greater sensitivity 
than that achievable by multistage impactor in the OIP quality control environment 
[ 18 ]. In the so-called AIM–QC approach, they recommended that the process of 
measurement be simplifi ed to its maximum extent (Fig.  5.5 ), namely, the determina-
tion of the size fractions related to large ( LPM ) and small particle mass ( SPM ) that 
are sensitive to shifts in the APSD.

   In the example shown, the size boundary between small and large mass fractions 
does not necessarily have to be fi xed at a physiologically relevant particle size, such 
as 5 µm, that is defi ned as the bound between fi ne and coarse fractions in the 
   European Pharmacopoeia [ 19 ]. In fundamental terms, changes in a mass-weighted 
APSD obtained from full-resolution CI measurements can be reduced to those asso-
ciated with position of the mass distribution profi le on the abscissa (size) scale and 
with its area under the curve or amplitude position of the mode(s) on the ordinate 
(mass) scale [ 18 ]. Tougas et al. showed that two metrics, namely, the ratio,  LPM / SPM  
and the sum,  LPM  +  SPM , are foundational to the EDA concept [ 18 ], explained in 
more detail in Chap.   6    . It is important to note that the sum,  LPM  +  SPM , is identical 
with the impactor-sized mass ( ISM ) and is the total mass of API collected by size- 
fractionating stages of the CI that have a defi ned upper bound size limit. 

 An essential aspect of the EDA approach is that it is as applicable to full- 
resolution CI data as to the assessment of results from an abbreviated system. 

 In addition to reducing measurement complexity, it was realized that there is the 
potential to undertake more determinations in a given time period of a batch being 
QC tested, thus achieving greater coverage, associated with increased statistical 
power. This benefi t, of course, only applies if the time saved is allocated to making 
more replicate determinations. 

 Importantly, due to elimination of confounding variables, EDA-based measures 
of OIP aerosol APSD should be less prone to method and analyst error (which may 
lead to wrong decision-making) [ 20 ]. This benefi t of EDA is expanded upon in 
Chap.   7    . 

 As well as its more obvious use in OIP QC, the AIM–EDA approach should also 
be an excellent tool in exploratory stability studies which are performed at the early 
product and formulation development stages. This aspect is discussed further in 
Chap.   6    , and some case studies are presented in Chap.   9    . Since the identifi cation of 
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changes relating to OIP APSD as a function of elapsed time relative to the  properties 
measured at stability start is the main objective, a well-designed stability study 
involving rapid AIM–EDA-based assessments offers the potential as a fi t-for-pur-
pose methodology in this application. Finally, the ability to make measurements in 
a given time that are more useful in the batch disposition decision-making process 
than the determination of equivalent metrics from fewer full-resolution CI measure-
ments could be benefi cial in the context of defi ning design and control spaces in the 
quality-by-design paradigm [ 21 ,  22 ] that is currently being encouraged by regula-
tory agencies [ 23 ]. 

 As a signifi cant by-product, AIM-based methods, by virtue of their relative sim-
plicity, have the potential to improve product batch disposition decision-making by 
allowing more samples from the lot (coverage) to be evaluated in a given time 
period and, importantly, by improving the signal-to-noise ratio, thanks to EDA met-
rics [ 24 ]. AIM-based methods also overcome the problem that for products with 
narrow particle-size distributions (small  GSD ), several stages of full-resolution CIs 
capture little or no active pharmaceutical ingredient (API), reducing the overall pre-
cision of the method [ 25 ]. Furthermore, Tougas et al. observed that there is the 
potential that accurate and precise measurements may be made possible with the 
clinical dose (typically 1–2 actuations of the inhaler), rather than after several actua-
tions, as is typical with full-resolution systems to acquire suffi cient drug deposits on 
stages collecting particles at the periphery of the APSD to permit acceptably accu-
rate and precise assay of the API collected at these locations [ 18 ]. However, the 
variability will be altered when the dose number changes, so this must be handled 
with care. 

 In summary, moving away from full-resolution CI measurements and associated 
stage groupings towards product-specifi c EDA metrics for routine quality control, 
Tougas et al. observed that the latter approach has the following advantages [ 24 ]:

    1.    Easier operation of an AIM system.   
   2.    Similar sensitivity to APSD changes compared to current methods.   
   3.    Fewer false-positive results.   
   4.    More sensitive measures are available for detecting shifts in position and ampli-

tude (area under the curve) of an APSD, leading to better diagnostic capability 
and predictability.   

   5.    Fewer inhaler actuations per CI measurement are possible due to the acquisition 
of suffi cient mass in fewer subfractions, which has the potential to reduce errors, 
experimental uncertainty, and makes it potentially possible to test APSD with the 
prescribed dose, at least for moderate- and low-potency formulations.   

   6.    Less time is required per CI measurement, making it possible to design suffi -
ciently powerful experiments for assessing product and CI method variability on 
a sound statistical basis.    

  These advantages, together with others that have become apparent since the orig-
inal assessment, are summarized in Table  5.1 . However, since the article by Tougas 
et al. was published, it has become evident that many pharmaceutical companies are 
also examining the potential for AIM-based measurements for rapid screening of 
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potential candidate formulations. Chapter   10     contains examples of many such 
 studies. The general observation is that AIM-based measurements can be success-
fully made, provided that certain precautions, described in detail in Chap.   10    , are 
taken. The ability to make more rapid measurements is a distinct advantage, even 
though such preliminary work needs later to be supported by full-resolution CI data 
for candidate products that pass the screening process.

5.5        AIM Applied in Research and Development as a Tool 
for Rapid Assessment of Likely Particle Deposition 
Behavior in the HRT 

 In the research and development environment, where the focus of attention is shifted 
towards predicting the likely clinical response related to particle deposition behavior 
in the lungs, the process of measurement is still simplifi ed with respect to that associ-
ated with the full-resolution CI, but an additional stage is added to enable the propor-
tion of extra-fi ne particles <ca. 1 µm aerodynamic diameter to be determined (Fig.  5.6 ).

   In Fig.  5.6 , the quantity  IM  refers to the impactor-collected mass, which differs 
slightly from  ISM , in that the mass on the fi rst stage of the CI is included, even if its 
upper size limit is undefi ned, since the purpose here is to quantify the total mass of 
API that penetrated beyond the induction port that serves to model the oropharynx. 
Terms  Ex-ACT  and  Ex-MVM  refer to the total mass of API ex actuator mouthpiece 

   Table 5.1    Advantages of AIM and EDA approaches   

 AIM  EDA with AIM  EDA with full-resolution CI 

 Simpler apparatus  Similar sensitivity to 
APSD changes compared 
to current methods 

 Complete APSD—useful 
in diagnosis in event of 
OOS/OOT with AIM 
system 

 Fewer samples for assay  More sensitive measures of 
APSD shifts than with stage 
groupings from full-resolu-
tion CI 

 Greater mass of API per 
sample than with single 
stages in full-resolution CI, 
therefore improved 
sensitivity per inhaler 
actuation 

 Potential for fewer false-positive 
results in batch release 

 Less recovery solvent volume 
( Green Chemistry  compatible) 

 Less time to make 
measurement 

 Less time per measurement in 
data processing with potential 
for more powerful experi-
ment designs improving 
 coverage  of the batch 
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and total mass of API ex metering valve, in this example that is based on the evalu-
ation of a pMDI, where it is necessary to distinguish between the two quantities, 
since an add-on device may be interposed between the inhaler mouthpiece and the 
entry to the CI system. It is only necessary to defi ne the total mass ex inhaler mouth-
piece for other types of OIP. 

 In the so-called AIM–pHRT apparatus, the boundary size delineating fi ne from 
coarse mass fractions is fi xed at 5 µm aerodynamic diameter, in accordance with 
monographs 2.9.18 and 2.9.44 of the Ph. Eur. [ 19 ,  26 ] (Fig.  5.6 ). It is important to 
note that the standard Ph. Eur./USP induction port may be replaced by an idealized 
upper airway, such as that developed by Finlay and colleagues [ 27 ], or an anatomi-
cally accurate model airway cast to add further realism in terms of the fl uid dynam-
ics associated with aerosol entry from the inhaler into the measurement system [ 28 ]. 
The development of AIM–pHRT systems is described in Chap.   12    , where it will be 
seen that prototype systems have been successfully evaluated side by side with a 
full-resolution CI as the reference technique.  

  Fig. 5.6    Nomenclature for a hypothetical abbreviated impactor system based on the Andersen CI 
operated at 28.3 L/min for potential HRT application (AIM–pHRT system)       
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5.6     Selection of an AIM System 

 In practical terms, when selecting an appropriate technique, it is important to under-
stand that the AIM concept is not confi ned to one particular confi guration of impac-
tor (Fig.  5.7 ). Instead, many options exist, from potentially the Twin Impinger to 
reduced versions of the Andersen cascade impactor (ACI), semiautomated ACI, 
fast-screening impactor (FSI), and modifi ed versions of the NGI. The choice of 
AIM platform should ultimately depend on the familiarity of the testing laboratory 
with the equipment and its limitations, the preference for (semi)automation, as well 
as the nature of the product being evaluated (MDI with or without add-on device, 
DPI, or nebulizing system), as the latter will dictate important operating variables, 
in particular fl ow rate through the system.

   The adoption of AIM together with EDA concepts by regulatory agencies and 
eventually the pharmacopeial compendia will depend upon the assembly of both 
experimental and theoretical evidence that can be developed in support of a para-
digm shift from multistage CI-based measurements. 

 Work continues to understand and characterize AIM and EDA approaches [ 29 , 
 30 ]. AIM and EDA topics were presented and extensively discussed in a workshop 
held by the USP in December 2011. 

 In Europe, the Inhalanda Committee that has oversight of the aerosol-based mono-
graphs of the European Pharmacopoeia took on the AIM concept as a new work item in 
2011 and is seeking high-quality validated data sets with currently marketed OIPs to 
support moving forward with this concept. In the long term, it is to be hoped that both 

  Fig. 5.7    Examples of the various options for AIM-based measurements  [Courtesy of Copley 
Scientifi c Ltd., Westech Instrument Services Ltd., MSP Corporation, and GSK plc (r-NGI)]        
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European and United States pharmacopeias can harmonize their approaches, certainly 
with respect to the adoption of AIM approaches, even if the acceptance of EDA as an 
alternative to current European practice takes longer to achieve. Regulatory and com-
pendial aspects associated with AIM and EDA are discussed in more detail in Chap.   11    .  

5.7     The Right Approach for the Task in Hand 

 This chapter has presented what could be seen as a bewildering set of options for 
those contemplating AIM and/or EDA implementation, so Table  5.2  contains guid-
ance developed by Mitchell et al. [ 31 ] on questions that should be addressed at the 
outset when considering these concepts within the OIP life cycle.

   Table  5.3  then addresses the practicalities that follow when responses to these 
questions have been made. A detailed assessment of the approaches that are poten-
tially available during the OIP life cycle is provided in Chap.   6    .

   Table 5.2    Applications for full-resolution and AIM-based CI measurements in the OIP product 
life cycle: questions      

 APSD measured for 

 Product characteriza-
tion and development  Product quality control 

 In vitro assessment for 
equivalence comparisons 

 What stage in 
OIP life 
cycle? 

 Product under 
development 
(either brand 
name or generic) 

 Approved and 
understood product 
(either brand name 
or generic) 

 Generic OIP or brand-name 
OIP if needed for bridging 
studies during develop-
ment or post-approval 

 What are the 
questions 
to be 
answered? 

 What is APSD 
(typical distribu-
tion, typical 
variability, etc.)? 

 What factors affect 
the distribution? 

 How does it change? 

 Is the APSD of a 
product from a 
given manufactur-
ing run essentially 
the same as in the 
pivotal clinical 
trials? 

 Are there any clinically 
important differences 
between distributions from 
the two products being 
compared? 

  Note that the defi nition of a 
“clinically important 
difference in APSD” 
should be set, ideally, from 
clinical considerations  

 How soon is 
the decision 
needed? 

 Within days of a test  Within hours of a test  Within days of a test 

 How fre-
quently is 
the test 
conducted? 

 As needed while the 
product is under 
development 

 After each manufactur-
ing run and on 
stability 

 As needed while the product 
is under development. 
Typically many tests over 
several months are needed 

 For how long 
are the tests 
conducted? 

 Typically many tests 
over several 
months are needed 

 During entire commer-
cial phase 

 Typically many tests over 
several months are needed 

 What is the 
goal for 
these tests? 

 Difference between 
different versions 
of a candidate 
product 

 Disposition of a given 
batch 

 Reject null hypothesis that 
two products (test and 
reference) have different 
APSDs 
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   The following considerations also apply:

    1.    The full-resolution CI, ideally an apparatus of the same type as the abbreviated 
system, is always present as the reference apparatus, in the event that discrepan-
cies between full- and AIM-based systems arise.   

   2.    EDA is as applicable to full resolution as to abbreviated CI data.   
   3.    The implementation of AIM or EDA approaches will be more likely to be suc-

cessful when discussed in advance with the appropriate regulatory agencies for 
the OIP, and where a good correlation between AIM and full-resolution CI 
results can be demonstrated.     

 Finally, the choice of AIM platform should ultimately depend on the familiarity 
of the testing laboratory with the equipment and its limitations, the preference for 
(semi)automation, as well as the nature of the product being evaluated (MDI with or 
without add-on device, DPI, or nebulizing system), as the latter will dictate impor-
tant operating variables, in particular fl ow rate through the system.     
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    Abstract     Over the OIP life cycle (from development to commercial production, to 
the development of generic/follow-on products), APSD measurements are used 
extensively but for different purposes. The analytical and statistical approaches to 
the measurements and data analyses at these stages must therefore be different, 
depending on the specifi c questions pursued in a given situation. For some of those 
questions, full-resolution CIs are the instrument of choice. For others, an AIM sys-
tem can provide all the needed information and support decision-making. This 
chapter describes how the utilization of specifi c measurement approaches changes 
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over the product life cycle, and how the entire body of APSD data is interlinked to 
enable those transitions (e.g., by establishing correlations or by establishing  typical  
profi le parameters), thereby enhancing product knowledge, appropriate control, and 
comparisons between innovator and generic OIPs.  

6.1         Choosing an AIM System Suitable for Purpose 

 The reasons for making APSD measurements vary throughout the product life cycle, as 
has been described in detail in Chap.   5    , and a summary of the goals and recommended 
CI system for different life cycle stages was presented in Table   5.2    . These consider-
ations include discovery and screening of early candidate formulations, followed by 
development and characterization of lead candidates,  introduction of the technique for 
QC in commercial production, and fi nally, demonstration of in vitro equivalence for 
modifi ed versions of the original OIP or follow-on (generic) copies of the product. At 
each of the life cycle stages, a suitable APSD measurement system, together with data 
analysis procedure, must be employed, while appropriate continuity should be built in, 
to allow the justifi cation of, and to enable switches between, different systems. 

 The present chapter addresses the considerations for choosing an AIM-based 
approach, recognizing at the outset that such a system would be used to augment 
and not replace the need for some APSD measurements by full-resolution CI. There 
are many different AIM-based confi gurations that are currently available, some of 
which are available “off the shelf,” such as the FSA (Copley Instruments Ltd, 
Nottingham, UK), FPD (Westech Instruments Services, Upper Stondon, Beds., 
UK), and the FSI (MSP Corp., St Paul, MN, USA). Other systems must be con-
structed from existing components of the full-resolution system, as can be done 
with the ACI, or by relocating stages within the existing fl ow path, as is possible 
with the NGI. Even when an off-the-shelf apparatus is selected, there are still further 
considerations to be made before use, such as the selection of the most appropriate 
cut-point size(s) for the stage(s) in the reduced system. These, and other related 
decisions, are the topic of the remainder of the chapter.  

6.2     Selecting Size Ranges for an AIM-Based Apparatus 

 When selecting an AIM apparatus, OIP-appropriate size ranges should be chosen, 
based on the full-resolution APSD data that are already available for the product, 
and to the extent possible, be directed by the clinical importance of specifi c size 
ranges of that product [ 1 ]. If an AIM-based system is being considered for candi-
date formulation screening in early stage OIP development, it may be necessary to 
experiment with more than one confi guration, depending upon the expected shifts 
in APSD that may be encountered in such preliminary work. 

 For an AIM–QC system, where the goal is to maximize sensitivity to any APSD 
change (increased area under the curve, shift in  MMAD , and/or change in shape of 
the APSD profi le), the boundary between  LPM  and  SPM  should be chosen as near 
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as possible to the  MMAD . However, as will be seen in the following chapters on the 
EDA concept, precise alignment with the  MMAD  is not essential if the choice of 
stage cut point available at the chosen fl ow rate for these measurements is restricted 
by the hardware availability. If there is a particular (e.g., clinical) need to control 
some other type of change encountered in a given product, the boundary could be 
placed elsewhere, as determined and justifi ed during product development. One 
alternative boundary placement that could be considered is around 5 µm aerody-
namic diameter, which would be in accordance with the current European pharma-
copeial method [ 2 ], and therefore aligned with the appropriate EMA guidance [ 3 ]. 

 Although the work by Tougas et al. has shown that the boundary between LPM 
and SPM can be anywhere between 0.3 and 3.0 times the  MMAD  value without 
sacrifi cing signifi cant sensitivity to detect changes in  MMAD  [ 4 ], setting a single 
boundary may not work for all OIPs. In such circumstances (which would be for the 
product developer to decide, based on the evidence from full-resolution CI measure-
ments), it may be necessary to introduce a second boundary to distinguish between 
fi ne and extra-fi ne particles. Under such circumstances, EDA could still be used to 
assess movements in  MMAD  based on the ratio of coarse to fi ne particle fractions 
(analogous to  LPM  and  SPM ), but the measure of extra-fi ne particle mass would be 
separate. Since extra-fi ne particle mass, by being a component of the fi ne particle 
fraction, and fi ne particle mass are linked measures, an EDA-type approach based 
on these two metrics would be inappropriate. However, in principle, it may be pos-
sible, by combining fi ne and coarse particle masses as a single metric termed, for 
convenience, super-micron mass, to compare extra-fi ne particle mass and super- 
micron mass by the EDA approach to follow changes in  MMAD . However, to the 
best knowledge of the authors, this approach has not been done thus far, and caution 
is therefore advocated. 

 For an AIM–pHRT impactor, published research has focused on extra-fi ne and 
fi ne particle fractions defi ned as <1.1 µm and <4.7 or <5.0 µm aerodynamic diam-
eter, respectively [ 5 – 8 ], which seem to be relevant in light of available clinical evi-
dence that is discussed in Chap.   12    . The specifi c sizes appropriate for a given 
product need to be considered based on the APSD profi le of the product and the 
clinical importance of various size ranges for the active ingredient in question. The 
question of clinical relevance remains an area of active research with no single 
answer yet, so the sponsor is advised to review all pertinent current literature and 
sponsor’s own studies to guide the selection of size ranges. Other considerations, 
such as the use of alternative induction port/throat geometries and breath simulation 
that are appropriate with this type of abbreviated system, are described in Chap.   12    .  

6.3      Qualifying AIM-Based Systems Against an Appropriate 
Full-Resolution CI 

 Regardless of the abbreviated or full-resolution systems that are chosen, there are 
common concerns, such as the magnitude of internal wall losses, particle bounce, 
and re-entrainment, all of which require attention as potential sources of bias, as 
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have been reviewed in Chap.   4    . Most of these considerations have already been 
explored with all types of abbreviated CIs, and outcomes of such experimental 
 studies are reviewed in Chap.   10    . This chapter should therefore be consulted before 
choosing an AIM-based approach. 

 Whether a sponsor selects their own size ranges or uses one or more of the ranges 
recommended in Sect.  6.3 , the chosen size ranges need to be not only justifi ed but 
also qualifi ed against the only widely accepted  gold standard , i.e., full-resolution CI 
data for the given product. This exercise will form a sound basis for future use of the 
chosen system by the sponsor and any potential troubleshooting or investigations of 
deviations. It may also alert the sponsor to underappreciated or overlooked factors 
infl uencing accuracy and precision of CI measurements. 

 The issue of which “parent” full-resolution CI to choose as the reference appara-
tus against which to validate measurements made by the chosen AIM-based system 
will in many cases be obvious (Fig.  6.1 ). For example, the designs of the fast- 
screening Andersen impactor (FSA) and the fi ne particle dose-abbreviated system 
(FPD-AVCI) are based on those of the nonviable and viable forms of the ACI, 
respectively (see Fig.   10.28     and associated explanatory text in Chap.   10     for a com-
parison between the two types of Andersen impactor). Likewise, the full-resolution 
NGI would be the obvious choice as reference CI, if modifying this system into an 
abbreviated apparatus. However, some abbreviated CIs, in particular the fast- 
screening impactor (FSI), have no obvious parent full-resolution impactor, as they 

  Fig. 6.1    AIM CIs in relation to parent full-resolution systems ( Courtesy Copley Scientifi c Ltd, 
MSP Corp., Astra Zeneca and Westech Instrument Services Ltd )       
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were developed from the outset as AIM-based systems. Likewise, the twin impinger 
(TI) was an abbreviated system from its inception.

   It is not strictly necessary to choose an abbreviated impactor that has a parent 
full-resolution system, since several groups have reported good results matching 
data obtained by the FSI with the NGI, as can be seen from the data reviewed in 
Chap.   10    . However, in some instances (e.g., when using the rNGI as the abbreviated 
impactor confi guration), it may be more convenient in terms of the ability to use the 
same components that have already been qualifi ed in terms of stage mensuration. 
However, in this context, it is desirable, particularly in the case of DPI testing, to 
match apparatus-specifi c variables, such as the magnitude of the internal volume 
(also called  dead volume ), between abbreviated and full-resolution CI when there is 
no obvious parent system.  

6.4      The Role of APSD in OIP Life Cycle Management 

6.4.1     Overview 

 APSD testing is used for a variety of purposes during the life cycle of an OIP. In the 
various stages of development, the sponsor studies safety and effi cacy of the prod-
uct and establishes the target APSD with associated metrics and specifi cations. 

 By contrast, in commercial production, QC testing is meant to confi rm whether 
the APSD is the same as that of the clinical batches. Because the intent of QC test-
ing is not to repeat the extensive studies required for safety and effi cacy studies, the 
most reasonable and practical goal of QC testing is to ascertain that the APSD is 
within the specifi cations established for the product for release of the clinical 
batches and during stability studies. 

 Developers of add-on devices for OIPs rely on the already established safety and 
effi cacy profi les of the approved drug product. Therefore, their purpose of determin-
ing APSD-related data is related to the need to minimize the undesirable coarse 
particle mass that deposits in the oropharyngeal region while maintaining the 
amount of emitted fi ne particles ideally equivalent to that from the OIP device with-
out add-on [ 6 ,  9 ]. Consequently, once the behavior of the add-on in this respect has 
been established by full-resolution CI, there is no need to reestablish or retest the 
entire detailed APSD profi le in future measurements of in vitro performance.  

6.4.2     Management Strategy 

 It is highly desirable to have a defi ned strategy for optimizing the use of the different 
variants of CI measurements throughout a product’s life cycle. Figure  6.2  and the 
following subsections of  6.4.2  contain the outline developed by Tougas et al. [ 4 ], 
showing how such a management strategy might be developed where the need for 
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APSD-pertinent data is identifi ed in relation to several distinct but complementary 
processes. While this example uses the ACI for full characterization, the approach 
would apply equally to the NGI and the related rNGI or FSI abbreviated systems.

6.4.2.1       During Product Development 

     1.    Select an appropriate AIM apparatus (guidance on the performance of the differ-
ent options is given as part of Chap.   10    ).   

   2.    Use either the AIM–pHRT or the AIM–QC CIs as screening tools in early for-
mulation development, noting that the AIM–QC system may provide greater 
sensitivity for detecting important changes in the APSD profi le while taking 
advantage of higher throughput. The AIM–pHRT confi guration could be used to 
obtain additional resolution if an in-vivo, in-vitro (IVIV) relationship has already 
been established. Note, however, that once the formulation and delivery system 
(MDI, DPI, etc.) have been developed, the full-resolution CI would still be used 
to defi ne product’s APSD characteristics for the clinical batches.   

   3.    Establish the full-resolution APSD profi le of the OIP with full-resolution CI based 
measurements. This process would require multiple determinations representative 

  Fig. 6.2    Scheme for full-resolution CI and abbreviated impactor confi gurations together with 
likely relative use during development and production phases of the OIP life cycle ( From  [ 4 ] —used 
by permission )       
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of the product, for example from different units, different batches, different life 
stages through individual inhaler content testing (as a minimum from beginning 
and end of unit) and at various times during stability testing, in numbers suffi -
cient to obtain adequate statistical power.   

   4.    Choose  LPM ,  SPM  values and correlate AIM–QC CI-based measurements of 
both metrics to their equivalents determined by full-resolution CI measurements 
after: (1) selecting an optimum particle size boundary between  LPM  and  SPM ; 
and (2) demonstrating preferably that a linear relationship exists between 
 LPM / SPM  and  MMAD.  

 Note the following considerations:

    (a)    The appropriate boundary between  LPM  and  SPM  must be determined by 
full-resolution CI.   

   (b)    The traditional coeffi cient of determination ( R  2 ) may not be appropriate for 
all cases, when establishing the correlation between AIM- and full resolution- 
based metrics. For instance, when the range of  MMAD  values for a given 
product is narrow, the value of  R  2  may appear low relative to other products 
possessing higher variability in  MMAD , even though their correlation is just 
as good. This coeffi cient is therefore more appropriate for comparisons of 
distributions with similar ranges of  MMAD , and not as an absolute indicator 
of goodness of fi t. The root mean square error ( RMSE ) divided by the slope 
of the linear regression ( b ) is an alternative goodness-of-fi t statistic that may 
be more robust in terms of predictive power [ 4 ].   

   (c)    Release batches against specifi cations based on  MMAD , together with EDA 
metrics,  LPM/SPM  and  ISM , after correlation between EDA metrics obtained 
from the full resolution and AIM systems has been established, and the tar-
get profi le has been created. Establishing the correlation could occur either 
in development or after approval (depending on when a suffi cient number of 
batches is available to justify the proposed approach—a sponsor company 
may make that decision based on its own risk assessment).   

   (d)    Based on their regulatory strategy, the sponsor company will also have to 
determine if they are going to include the AIM method as the primary APSD 
method in the NDA submission (or a similar appropriate application for 
product registration in Europe, Canada or other countries), to support the 
registration stability program, or whether, the switch to the AIM method will 
be a post-approval submission. It is recommended to obtain prior approval 
from regulatory agencies if a matrix approach is to be utilized in the NDA 
registration stability studies.   

   (e)    For the near term, determination of appropriate acceptance limits for  LPM/
SPM  ratio and  ISM , could be accomplished by developing limits that produce 
operating characteristic (OC) curves that match existing approaches (i.e., 
groupings) with respect to type II error (false acceptance) consistent with lim-
its for approved products, to achieve the same minimum acceptable quality 
standard. Longer term, QbD is likely to drive the desire for limits driven by 
some relationship to product performance, i.e., OIP effi cacy and/or safety.   
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   (f)    Establish suitable precision for both  LPM/SPM  and  ISM  determinations 
(which is also necessary for full-resolution CI). Many replicate measure-
ments by both full-resolution CI and AIM–QC system, ideally from several 
different batches or at a minimum from widely spaced intervals during man-
ufacture of a single batch, will be needed in order to assess how small of a 
change in  MMAD  and total mass entering the sizing part of the impactor can 
be detected by the EDA metrics for that particular product.   

   (g)    Quantify the minimum number of batches required to achieve a statistically 
robust correlation between EDA metrics obtained from the full-resolution 
and the chosen AIM systems. In line with the QbD philosophy, the OIP 
sponsor will likely need data from many different batches (suffi cient to rep-
resent adequately sources of variability in the manufacturing process, input 
materials, analysis and stability effects), with multiple CI runs per batch 
(suffi cient to assess within-batch variability) in order to get a good estimate 
of the target distribution (mean and variability), which would be representa-
tive of future production batches at release and for stability testing. The fol-
lowing outline provides an idea of what may be required:

   (i) Establish the APSD of the product, which will require a large body of 
full-resolution CI data.  

  (ii) In both the product release and stability programs run abbreviated 
impactor based measurements in parallel to the full-resolution systems 
to establish correlation between EDA metrics from both abbreviated and 
full-resolution systems to enable use of AIM for routine control later on. 

   In totality, the data required in part (ii) will likely amount to hundred(s) 
of CI measurements spread over numerous batches, refl ecting different 
lots of API, device components, etc. However, the cost of this upfront 
work should be more than offset later by the option to use EDA in con-
junction with abbreviated CI measurements in the QC environment. 
This sequence of events mirrors the principle underlying the Quality-by-
Design approach, in which the full resolution CI essentially maps out the 
“design space” for the product APSD, with the abbreviated CI working 
within the “control space.” Such a regimen will also improve decision 
making by virtue of enabling more samples from the batch under con-
sideration to be assessed for a given expenditure in terms of effort and 
equipment. 

 However, despite the advantage of the approach just outlined, it is rec-
ognized that some companies may chose to collect these data only after 
the product has been approved. In such instances, the switch from full-
resolution CI measurements with traditional data assessment to AIM-
based CI determinations coupled with EDA could still take place. 
Nevertheless, it should be recognized that delaying this decision could be 
associated with some business risk, because complete understanding of 
the APSD-properties of the product in both measurement regimens (with 
suffi ciently different batches) is also postponed.          
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   5.    Establish acceptable limits and associated acceptance criteria for  ISM ,  LPM  and 
 SPM  for the product with the same AIM–QC CI procedure that will be used later 
in product quality control.   

   6.    In designed experiments undertaken during product and method development, 
use full resolution CI data to identify possible in-vitro failure modes of the sort 
that have been identifi ed by looking at underlying physical causes and through 
case study assessments, described in Chaps.   3     and   9     respectively. In other words, 
undertake the following:

    (a)    Establish ways that an APSD could potentially change and determine asso-
ciated root causes. Such sources might include manufacturing trends, dimen-
sions of the device components, analytical instrumentation, and methods, 
etc.   

   (b)    Develop control strategies to mitigate identifi ed risks and potential failure 
modes, and evaluate the ability of the chosen QC (EDA) metrics to detect 
signifi cant changes. These insights should be helpful for setting product- 
appropriate specifi cations for the EDA metrics, and later on, during com-
mercial production, for OOS investigations.    

      7.    Use full-resolution CI based measurements as part of an in-depth investigation 
of any OOS results as well as when any changes are introduced.      

6.4.2.2     During the OIP Commercial Phase 

     1.    Release the commercial product against the already established QC specifi ca-
tions based on  LPM/SPM  and  ISM .   

   2.    Continue stability testing of the product using the QC metrics and specifi cations 
for  LPM/SPM  and  ISM .   

   3.    Bring in full-resolution CI measurements for an OOS investigation, i.e., to 
explore the nature of a change that was detected by EDA, or any time that unex-
pected or unusual trends are observed (e.g., increase in variability). Note that 
since the EDA metrics have the ability to detect changes quickly (due to the high 
sensitivity of EDA to changes), they can serve as an effi cient trigger for such 
action.      

6.4.2.3     Post-approval and Device Changes 

     1.    Use full-resolution APSD measurements and possibly AIM–QC and/or AIM–
pHRT systems as part of the change management process, for instance, when 
substantial changes to the device, formulation, or manufacturing process are 
considered or introduced. The option and choice of the AIM system would be 
determined by the sponsor’s risk assessment of the change.   
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   2.    A developer of OIP add-on devices, or a pharmaceutical manufacturer interested 
in including such add-on device information in their product label, would also 
determine characteristic values of coarse ( CPM ), fi ne ( FPM ), and extra-fi ne ( EPM ) 
particle mass of the product ideally by means of an AIM–pHRT approach, likely 
using either the ACI or NGI as the full-resolution CI benchmark apparatus (see 
Sect.  6.4 ). Ultimately, it is anticipated that these metrics would be correlated to 
clinical response if an adequate IVIVC or IVIVR for product effi cacy can be dem-
onstrated, although it is recognized that such correlations are notoriously diffi cult 
to attain for OIP for a variety of reasons [ 10 ]. In the absence of an established 
IVIVR, the add-on device developer would have to resort to correlating AIM–
pHRT-based measurements with their equivalents obtained by full-resolution CI to 
provide baseline data for comparisons if any changes are introduced post-approval 
or if add-on devices are to be recommended with the OIP.   

   3.    Use the AIM–pHRT system to manage uses with either bespoke or commercially 
available add-on devices (e.g., spacers, VHCs), which are well known to attenu-
ate and therefore modify the oropharyngeal deposition of aerosol particles emit-
ted from an OIP.      

6.4.2.4     Summary of Approaches in OIP Life Cycle Management 

 Table  6.1  (a–d) together maps out a series of considerations as an aid in the under-
standing of the AIM/EDA life cycle approach. Its underlying purpose is to ensure a 
cascading fl ow of information as the product and associated aerosol particle size 
measurement equipment are moved through the process of development, character-
ization, approval, and manufacturing.

6.5          Additional Considerations Concerning AIM and EDA 
Approaches in the Product Life Cycle 

 A number of additional considerations may be of concern to individual o rganizations 
considering the implementation of AIM with or without EDA. These matters tend 
to be misunderstandings concerning either or both concepts, or product specifi c, 
making it more appropriate to deal with as a series of topics here, rather than in the 
previous section, where issues likely to be of more general concern were addressed. 

6.5.1     Use of MMAD as One of APSD Quality Metrics 

 In discussions with stakeholders, there has been some hesitancy regarding the use of 
 MMAD  as an indicator of the OIP quality based on APSD. Such hesitation may have 
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been due in part to the mistaken view that  MMAD  would be the only quality metric. 
Systematic movements in  MMAD  (indicative of shifts in APSD in terms of the 
a erodynamic diameter scale) must be controlled  together  with the total mass that is 
collected by the impactor ( IM ). 

 Systematic movements in  IM  are indicative of shifts in mass output from the OIP 
and may or may not be related to movements in APSD. If detecting shifts in APSD 
is important (while also controlling  IM ), then detecting changes in  MMAD  is impor-
tant since they are directly related. If this premise is accepted, then it follows that 
EDA is a superior approach because it provides a better way to detect  MMAD  shifts 
than either stage groupings from full-resolution CI measurements or mass deposited 
in a particular size range (be it a particular grouping or related to a particular mass 
fraction of potential clinical relevance, such as  FPM ). 

 In some situations, it is believed that  MMAD  could be used directly as a QC 
metric without the need for EDA—namely, when full-resolution CI data are avail-
able. If, however, the additional goal is to reduce labor and time resources for QC 
testing, then AIM–QC would be more effi cient than full-resolution ACI testing, and 
consequently, the EDA ratio  LPM/SPM  (which is directly linked to  MMAD ) would 
be the metric of choice.  

6.5.2      CI Data for Clinical Signifi cance Versus Product 
Quality Confi rmation 

 In Chap.   5    , it was shown that for the effective application of EDA, the location of 
the  LPM -to- SPM  boundary size should be selected based on the underlying purpose 
of the test. If the goal is to maximize the ability of metrics  ISM  and  LPM/SPM  to 
detect changes in APSD, then setting that boundary equal to MMAD should provide 
the optimal outcome in terms of method sensitivity. 

 The question can be asked: Are these EDA-based metrics and the associated 
changes in APSD that are detected clinically relevant? The answer is a qualifi ed  yes , 
to the extent that the entire APSD profi le is clinically relevant, since all impactor- 
sized particles are likely to deposit somewhere within the respiratory tract (ignoring 
losses upon exhalation). However, it is important to appreciate that the underlying 
intent for these metrics is to serve as best possible tools to provide assurance that the 
APSD of the clinical batches matches the target specifi cations and in addition, to 
confi rm quickly and reliably in the QC environment whether a given OIP has an 
APSD within agreed specifi cations. By themselves, therefore, these metrics and 
associated particle subfractions  do not claim to be  and  do not need to be  refl ective 
of the API deposition profi le in precisely specifi ed regions of the HRT or of the 
ultimate clinical response due to drug-receptor interaction. In this context, it is 
worth noting the precedent that current APSD metrics based on grouped stages from 
full-resolution CI data have not been directly linked to clinical performance either. 
Given the large inter-patient variability in clinical trials whose intent has been to 
elicit dose–response relationships, in addition to the seldom considered added 
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 variability introduced with disease modifying patency of airways in the respiratory 
tract, small shifts in mass within the size ranges related to  LPM  and  SPM  s ubfractions 
are unlikely to have measurable clinical consequences [ 12 ]. This situation may be 
true even when a convincing IVIVR is established, as could be argued is potentially 
possible for some bronchodilator-based formulations [ 10 ,  13 ]. Put in another way, 
the precision of existing CI-based methods for determining these QC metrics 
greatly exceeds the precision available to the clinician for the corresponding clini-
cal metrics such as forced expiratory volume in 1 s ( FEV  

1
 ), forced expiratory fl ow 

from 25 to 75% of vital capacity ( FEF  
25–75 %

 ), and similar indicators of airway 
patency obtainable from well-established spirometric measurements to assess 
obstructive disease [ 14 ]. The higher precision of in vitro methods is likely to 
become even more apparent for other therapeutic modalities such as anti-infl amma-
tory products, where IVIVRs are not yet fully established [ 15 ]. In view of these 
considerations, caution is advised when utilizing CI-generated APSDs in the devel-
opment of IVIVRs or IVIVCs. Further consideration of this topic is covered in 
Chap.   12    , in which the type of additional measures that should be considered is 
discussed in the context of making the CI-based measurement process approximate 
more closely to actual OIP use. 

 Another clinically related question that has been asked is as follows: Could one 
use historical therapeutic-class information to set population-based specifi cations 
for APSD? In response, EDA-based specifi cations would allow for such a universal 
approach with OIPs across a particular therapeutic class. Importantly, however, data 
from grouped stages using full-resolution CI measurements will not be useful. This 
potentially counterintuitive outcome arises because the decisions about which 
stages to group and how to set those specifi cations will depend on the specifi c APSD 
profi le for each OIP, irrespective of API.   

6.6     Concluding Thoughts 

 Both full-resolution and abbreviated CI measurements should be employed to fulfi ll 
different goals in support of the various phases through the life cycle of an OIP. This 
chapter has provided a  road map  to assist the developer wishing to implement AIM 
as part of an ongoing process to improve productivity in the measurement labora-
tory and at the same time, to retain sensitivity to important changes in APSD. 

 The establishment of strong correlations between particle size-related metrics 
that are obtained from the selected abbreviated CI to the corresponding particle 
size-related data from a full-resolution system is an important goal. This target 
should ideally be achieved as early as possible in the OIP development process, ide-
ally developing specifi cations common to both techniques. 

 In the commercial phase, it should be possible to release product using abbrevi-
ated impactor measurements combined with EDA to interpret the data. This type of 
data interpretation represents a simpler, yet statistically more powerful approach to 
analyze the APSD data in a quality control setting (see Chaps.   7     and   8    ). It also has 
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intrinsic resource-saving potential that is maximized when combined with an AIM–
QC system. However, it is important to appreciate that EDA is also appropriate to 
interpret data obtained from a full-resolution impactor. There is no  one-size-fi ts-all  
defi nition for the boundary size selection process. Each sponsor must therefore do 
the due diligence to demonstrate the sensitivity of EDA to detect important changes 
in a given product, using their in-house particle size data obtained during the prod-
uct development phase. Such an approach, if undertaken effectively, has the inbuilt 
advantage that the full-resolution CI is always available for the management of 
investigations, change control, and troubleshooting. A combination of AIM and 
EDA can ultimately optimize resource allocation in the product QC environment. 

 An approach making use of abbreviated impactors based on the AIM–pHRT 
design would be more appropriate, if the development of a robust IVIVR in cases 
where the clinically relevant sizes are known. Such an outcome could be the ulti-
mate goal of CI-based measurements for the OIP, where the clinical performance of 
the product is the primary focus of interest. Such measurements could serve as a 
quick indicator that clinically relevant size fractions associated with the product 
have not altered during the transfer from development to production phases and also 
in the management of intentional changes post-approval.     
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Abstract Efficient Data Analysis (EDA) was designed specifically to address quality 
control (QC) decisions with respect to the CI-measured APSD from an OIP. The 
general goal of QC testing is to confirm that the batch in question is of suitable qual-
ity. In the case of EDA, this testing is intended to confirm that the OIP in question 
generates an aerosol with expected particle size characteristics to deliver drug to the 
human respiratory tract. Note that this process necessarily takes the form of sam-
pling a relatively small number of units, measuring properties of the aerosols gener-
ated by these samples, and making a decision concerning the quality of the sampled 
batch. This practice leads to three primary considerations:

 1. The properties measured should be relevant to detecting significant abnormali-
ties from the expected APSD.

 2. The measurements should possess sufficient precision and accuracy over the 
range of interest.

 3. The decision process based on the measurements should reliably make correct 
inference about the quality of the batch by appropriately minimizing and balanc-
ing the risk of decision errors, i.e., judging a batch suitable when it is not suitable 
and conversely judging a batch unsuitable when it is suitable.

This chapter will briefly introduce the latter two considerations, but will primar-
ily focus on the first. A detailed discussion of the evaluation of measurements and 
the decision-making process is the topic of Chap. 8.

Chapter 7
Theoretical Basis for the EDA Concept
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7.1  Introduction

It is often stated that the aerodynamic particle size characteristics of orally inhaled 
products (OIPs) are critical to their performance [1]. What remains ill defined is 
exactly what is meant by particle size characteristics. In a simplistic sense, aerosol 
particles need to be small enough to reach the intended deposition site in the human 
respiratory tract, but not so small that they are exhaled and not deposited [2]. There 
is a further consideration that aerosol particles are not too large and consequently 
end up in the GI tract posing a potential safety concern [3]. While there has been 
some discussion concerning monodisperse aerosols and specific targeting of sites 
within the human respiratory tract [4–8], the current commercial technologies 
employed in OIPs are limited to producing polydisperse aerosols. Further compli-
cating the situation are the technical challenges posed in obtaining in vivo/in vitro 
data specifically elucidating the relationship between aerosol properties and recep-
tor locations that are presumed to be related to the in vivo response (safety and 
efficacy) associated with OIPs [9, 10].

The basic premise of EDA is that the fundamental critical quality attribute (CQA) 
of an OIP with respect to particle size is the multivariate APSD that is characteristic 
of a particular product [11]. In other words, OIPs are designed to deliver an aerosol 
with a nominal APSD containing the appropriate chemical composition of active 
pharmaceutical ingredient (API) and associated excipients (if the latter are present 
as part of the formulation).

Given that basic premise, EDA was designed specifically to address quality con-
trol (QC) decisions with respect to the APSD [11]. In other words, it was intended 
to be sensitive enough to be able to detect small changes to the APSD. In general 
terms, the goal of end-product QC testing is to confirm that a particular batch of OIP 
product in question is of suitable quality. In the case of EDA, the testing is intended 
to confirm that the particular OIPs under assessment, when actuated under normal 
conditions of use, generate aerosols possessing expected APSD characteristics 
defined from the outcome of product development efforts and subsequently approved 
by regulatory authorities. Note that this process of assurance necessarily takes the 
form of sampling a relatively small number of units and measuring properties of the 
aerosols seen to be critical to the performance of the OIP in question. Thus, rela-
tively few aerosols generated by these samples are actually assessed, and the deci-
sion concerning the quality of the entire sampled batch is ultimately made from the 
outcome of these assessments. This process leads to three primary considerations:

 1. The properties measured should be relevant to detecting significant abnormali-
ties from the expected APSD.

 2. The measurements should possess sufficient precision and accuracy over the 
range of interest.

 3. The decision process based on the measurements should reliably make correct 
inference about the quality of the batch by appropriately minimizing and balanc-
ing the risk of decision errors, i.e., judging a batch suitable when it is not suitable 
and conversely judging a batch unsuitable when it is suitable.
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The first bullet relies on risk assessment, i.e., what can go wrong that will impact 
APSD and if it did would the QC test detect the resulting abnormality (see Chap. 9 
for a more complete discussion of risk assessment). This present chapter will briefly 
introduce the latter two considerations. A detailed discussion of the evaluation of 
measurements and the decision-making process will follow in Chap. 8.

7.2  Measurement Theory and Evaluation

In the design and implementation of any measurement, it is important to consider 
the purpose of the measurement as this informs both the design and evaluation of 
the effectiveness of the measurement. For example, there are different consider-
ations for a measurement intended to characterize or describe an attribute of a par-
ticular object versus one intended to make a decision about a batch of objects with 
respect to a particular characteristic based on representative samples. Wheeler has 
described this concept in more detail [12].

Measurements can be classified into four categories based on the general purpose 
of measurement:

 1. Description
 2. Characterization
 3. Representation
 4. Prediction

Description refers to measurements that inform about the attributes of the item 
being measured. Characterization is similar to description except that it also 
involves comparison of the measurements to some expectation for the particular 
object studied, i.e., a requirement or limit. Representation involves using measure-
ments on a representative sample to make inference about the population the sample 
is intended to represent. This is in essence the QC application where a batch is 
released or rejected on the basis of testing performed on a sample(s) taken from the 
batch in question and comparing the measurement results to some requirement. 
Finally, prediction is based on using measurements of samples from current batches 
to predict the attributes of future batches. Since EDA is proposed for QC purposes 
where batch disposition is decided based on a representative sample, it is classified 
as a representation measurement.

The adequacy of a particular measurement with respect to precision should 
inherently consider the variability of the measurement versus the variability of 
product being measured or the tolerances imposed on the product. This is the fun-
damental essence of measurement system analysis (MSA) [13], which typically 
employs ANOVA designs to estimate measurement and product variances. These 
types of designs are also collectively known as gage repeatability and reproducibil-
ity (Gage R&R) studies [14]. Application of MSA concepts to compare the relative 
performance of the EDA metrics with CI stage groupings in the assessment of OIP 
APSDs is covered in Chap. 8.
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7.3  QC Testing: Purpose and Limitations

As an element of the quality control strategy, end-product testing schemes should 
reflect an in-depth understanding of the required performance characteristics of the 
product. There should be thoughtful selection of those critical tests that are best 
performed at the end-product stage. It is important to avoid redundant testing of the 
same quality attribute through multiple tests either at the end-product stage or in- 
process. There should be an evaluation of the overall control scheme to avoid mul-
tiplicity issues. By “multiplicity issues,” we mean testing the same attribute multiple 
times and not considering the statistical consequences in the setting of specification 
limits [15]. Finally, statistical design and evaluation of the tests and acceptance 
criteria should be an integral part of the development process [i.e., the end product 
in process analytical technology (PAT)].

It is also important to understand the limitations of end-product QC testing. This 
topic has been discussed in some detail by Tougas [15]. First and foremost of these 
limitations is that the outcome of end-product testing is primarily limited to an 
“accept” or “reject” decision. If a product exhibits substandard characteristics at the 
end of the manufacturing process, there is typically little recourse, but to reject the 
batch. This is particularly true of pharmaceutical manufacture where the impact is 
related to human health. A further limitation arises if the end-product testing is 
destructive in nature (common in pharmaceutical manufacture). Destructive testing 
relies on testing a relatively small number of units that are representative of the batch 
or lot. The results from such testing can be used to make inference about the batch 
characteristics (mean or variability of measured characteristic), but are ineffective at 
detecting low-frequency aberrant units that arise from an intermittent failure mode. 
This is illustrated in Fig. 7.1 which depicts batch distributional characteristics that 
are nominal, abnormal, and the case of intermittent failure modes.

This figure depicts four ways in which the frequency (number)-weighted distribu-
tion of a quality attribute related to the batch may lie with respect to quality limits, in 
this example fixed at 98% and 102% of the nominal value. In the first instance, A, the 
mean of the symmetrical distribution is centered within the quality limits, and the 
variance is such that essentially no units are outside the quality limits. This represents 
a batch with acceptable quality. Testing of this batch via representative samples 
should result in a decision to accept this batch as being of suitable quality. Case B 
illustrates a batch distribution where the variance is suitable, but the batch mean is 
abnormal such that a significant portion of the units are outside the quality limits, and 
therefore, QC testing should result in a decision that the batch is not of acceptable 
quality. Case C illustrates a batch distribution with a nominal mean, but an abnormal 
variance resulting in a significant fraction of units (both high and low) outside the 
quality limits. As in case B, QC testing should result in a decision to not accept this 
batch as being of suitable quality. In the final example, D, the overall distribution is 
similar to case A, but the overall distribution contains additional modes such as might 
arise from some intermittent failure mode. QC testing based on representative sam-
ples is unlikely to be effective at detecting these types of failures.
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More sophisticated schemas can include tiered testing or simultaneous evalua-
tion of mean and variance. In all cases, the decision-making capability of any par-
ticular schema can be evaluated through an operating characteristic curve (OCC [16]). 
In essence, an OCC is a transfer function that relates the probability of a particular 
decision (accept or reject) to true values of the quality attribute being evaluated. 
“True” in this context refers to the population parameter that is estimated by mea-
surement of samples. OCCs are also discussed in more detail in Chap. 8.

7.4  Fundamental Properties of the APSD

Back in Chap. 2, the idea was presented that data from a CI are not to be linked 
directly to specific regions within the HRT. However, CIs by virtue of having a 
number of stages in series, each of which acts as a size fractionator to the incoming 
aerosol particles, are capable of providing API-linked, mass-weighted APSDs when 
combined with appropriate analytical assay method(s) for the API(s) emitted by the 
OIP whose in vitro performance is being investigated [17].

It is important to note several limitations and trade-offs with using the CI 
approach to characterizing particle size. First, the resolution of the histogram 

Fig. 7.1 Potential distributional properties of a quality attribute in relationship to quality limits: 
case A reflects a nominal distribution of a batch with acceptable quality, case B illustrates a quality 
failure due to an abnormal batch mean, case C reflects a quality failure due to abnormal variability, 
and case D illustrates a situation where conventional (representation) end-product testing is 
unlikely to detect the quality failure
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 estimating the APSD is directly related to the number of impactor stages. For practical 
reasons (i.e., to minimize errors due to overlapping stage collection efficiency 
curves with respect to the aerodynamic diameter axis), the resolution between the 
important size range for OIP aerosols from 0.5 to 5.0 μm aerodynamic diameter is 
limited to five measurements of API mass [18].

This outcome arises because the CI-generated APSD is not a continuous fre-
quency distribution, as shown by the blue line in Fig. 7.2, but is a series of discrete 
values of API mass that are connected by the appropriate stage cut sizes (d

50
) values 

for the CI at the flow rate (Q) at which it is being operated (black histogram in 
Fig. 7.2). The width (size range, Δd

50,i
) for each value of API mass is determined by 

the relationship between adjacent stage d
50

 sizes, whose values for the CIs listed in 
the pharmacopeial compendia are given in Chap. 2. This relationship for stage “i” is 
described by the equation

 
D = --d d di i i50 50 1 50, , ,( )

 
(7.1)

in which “i − 1” represents the immediately preceding stage in the CI.
The assumption is normally made that the collection efficiency E

stage,i
 of a given 

stage is a step function at its d
50

 size. In reality, E
stage,i

 is a smooth function of aero-
dynamic diameter, transitioning from its minimum to maximum values about the 
aerodynamic size at which the stage is 50% efficient (solid line in Fig. 7.3). This 
relationship is often assumed to be symmetrical, in that the mass of particles larger 
than d

50,i
, but which penetrate the stage in question, is exactly compensated by the 

mass associated with particles which are finer than this size, but which are collected 
thereon [19]. Thus, d

50,i
 can still be defined as a single-valued constant for operation 

Fig. 7.2 Comparison of a continuous APSD (frequency distribution) with a corresponding mass- 
weighted histogram obtained from an 8-stage ACI operated at 28.3 L/min
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of the CI at a fixed flow rate, Q. This simplification avoids the need to invoke mass- per-stage 
data inversion measures that would require the shape of the response function for 
each stage of the CI to be defined mathematically [20].

In Chap. 2, the effect of making this assumption on the accuracy of measure-
ments using the ACI and NGI has been investigated further. The main conclusion 
from this analysis is that any inaccuracy introduced is sufficiently small to be of no 
consequence for full resolution CIs, but the simplification concerning stage collec-
tion efficiency may require consideration for AIM-based apparatuses, particularly 
those derived from the ACI.

Figure 7.2, which is taken from product w9j601 (CFC-suspension MDI) of the 
blinded IPAC-RS database of APSDs from marketed OIPs, alludes to the fact that 
the mass-weighted APSD from the CI experiment cannot be directly related to a 
continuous APSD since there are two different y-axes in the plot. The latter is inher-
ently a frequency distribution that can only be estimated from a mass-weighted 
cumulative APSD.

An estimate of the mass-weighted cumulative APSD is directly derived from the 
mass-weighted CI results. This is illustrated in Fig. 7.4. The continuous APSD is 
then the derivative of the continuous cumulative APSD (Fig. 7.5).

Fig. 7.3 CI stage collection efficiency curve showing “ideal” step function case (red dashed line) 
and realistic but simplified case for establishing cut point size (d

50
); the square root of the ratio of 

the sizes corresponding to the 84.1st and 15.9th percentiles for E
stage,i

 is the stage geometric stan-
dard deviation by analogy with the properties of a unimodal, log-normal distribution for this 
variable
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Internationally the current requirements are varied with respect to the metrics 
specified. In the USA, the FDA expects that results from multistage cascade impac-
tors are evaluated based on groupings of the individual stage results [21]. Acceptance 
criteria are established for each of the 3–4 expected groupings, and samples from a 
particular batch must meet the acceptance criteria for each grouping independently 

Fig. 7.4 Derivation of the cumulative mass-weighted APSD from the mass API-per-stage results 
following a CI measurement

Fig. 7.5 Relationship between the frequency APSD and the cumulative mass-weighted APSD
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in order for the product to be considered “fit for purpose.” In contrast, the expectation 
in the European Union and Canada is that acceptance criteria are established for 
“fine particle dose/mass” where FPM is defined as the mass of active ingredient in 
the collected size fraction below about 5 μm aerodynamic diameter [22, 23].

EDA was developed primarily as a quality control tool with the intended purpose 
of detecting aberrant aerodynamic particle size distributions (APSD) [11]. In other 
words, EDA was designed primarily to address the QC decision: accept or reject a 
batch (with respect to APSD). In order to characterize the performance of EDA, the 
Cascade Impactor Working Group (CI-WG) has utilized CI data gathered by 
IPAC-RS and used three fundamental statistical approaches: measurement system 
analysis (MSA), operating characteristic curves (OCCs), and principal components 
analysis (PCA). Basic background information on measurement processes and 
these two statistical approaches is given in the following section to aid the reader in 
assessing the subsequent material that compares the performance of EDA to current 
approaches.

Making good quality decisions relies on the following principles:

 1. Measuring the right quality attributes
 2. Understanding how well one can measure those attributes and apply the 

 measurements to quality decisions

The work of the CI-WG has paralleled these concepts. To understand what to 
measure, the group has explored from a risk assessment perspective what impacts the 
aerosol properties of OIPs. To characterize the measurement capabilities, the group 
has evaluated the accuracy and precision of proposed measurements and applied the 
findings from these investigations and other related information to undertake formal-
ized statistical analyses evaluating the ability to make the correct quality decision 
concerning the release, rejection, or recall of a batch of pharmaceutical product. This 
approach quantifies the fundamental uncertainties in the CI measurement system that 
give rise to type I and II errors, cast in terms of QC decisions as the probability of 
rejecting acceptable product and releasing unacceptable product, respectively. Thus, 
the capability of a QC test of metrics derived from CI-generated APSD data can be 
judged based on a characterization of these error rates.

7.5  Defining the EDA Metrics and Their Background

The EDA metrics were developed out of a need to have a practical set of metrics for 
OIP QC purposes. Mathematically, APSD is a multivariate measurement (i.e., it 
requires an array of numbers to describe it). For QC purposes, it is desirable to have 
univariate metrics (i.e., single-numbered) that sufficiently describe the distribution 
and that are sensitive to variation in the original APSD (Fig. 7.6).

These ideas have driven the selection of the two EDA metrics, with the underly-
ing intent that both metrics can be easily obtained from CI-generated data. 

7 Theoretical Basis for the EDA Concept
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The ratio metric, large to small particle mass (LPM/SPM) is highly correlated with 
the mass- weighted mean of the APSD (represented customarily by its MMAD), but 
independent of the area of the APSD, defined by the AUC (Chap. 1) [11]. The sec-
ond metric, impactor-sized mass (ISM) is related to the area defined by the APSD 
when expressed in differential mass-weighted format, but independent of the 
mean of the distribution [11]. Both metrics can be readily obtained directly either 
from full resolution or abbreviated CI measurements (the latter is discussed in 
Chap. 5).

In order to characterize the performance of EDA, the CI-WG has utilized CI data 
from marketed OIPs previously gathered by the parent IPAC-RS organization into a 
blinded database, employing two fundamental statistical approaches in its assess-
ment: measurement system analysis (MSA) and operating characteristic curves 
(OCCs). Background information on measurement processes and these two statisti-
cal approaches is provided here in order to aid the reader in understanding the theo-
retical principles that underlie EDA, before assessing the subsequent material that is 
presented in Chap. 8.

Fig. 7.6 Possible variation types in a unimodal OIP APSD
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7.6  What Constraints Do Various QC Metrics Impose  
on CI-Determined APSD?

The cumulative mass-weighted form of the APSD is a unique and direct transformation 
of the frequency form of the distribution [24]. The cumulative form is the best way to 
understand how the various metrics attempt to control the APSD. Figure 7.7 illustrates 
three different approaches to APSD assessment [EDA, “grouped stages,” and “fine 
particle dose” (FPD)]. In the case of EDA, the ratio metric constrains the (sigmoidal) 
cumulative distribution near to its point of inflection, i.e., it controls the measure of 
central tendency (MMAD). It should be noted that the value of ISM constrains the sig-
moid at its upper asymptote. By comparison, the grouped stages approach and FPD 
constrain the amplitude of the APSD at three different chosen size locations and at one 
size location defined as 5 μm aerodynamic diameter, respectively. The “grouped 
stages” approach indirectly constrains the ISM through the value of the sum of the mass 
of API allocated within the groups, while FPD does not.

The logic that drove the selection of the two EDA metrics was as follows [11]:

 1. Both can be easily obtained.
 2. The ratio metric, LPM/SPM, is highly correlated with the mass-weighted mean 

of the APSD (represented customarily by the MMAD), but independent of the 
AUC of the APSD.

 3. The other metric, ISM, is related to the AUC of the APSD, but independent of the 
mean of the distribution.

Fig. 7.7 Comparison of constraints to the APSD imposed by various QC approaches
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A significant change from the typical mean aerodynamic particle size should 
therefore be detectable as a change in the LPM/SPM ratio, and a significant change 
in the sized portion of the inhalable dose should be reflected in a change in the ISM. 
In addition, any significant change in the APSD impacting both the mean and the 
area under the APSD should be detectable as changes in both metrics.

Tougas et al. [11] showed that the aerodynamic particle size boundary differen-
tiating LPM from SPM can be selected based on the characteristics of the target (i.e., 
nominal) APSD and depends on the product being tested. Therefore, the boundary 
does not have to be a universal value for all OIP types and products. Furthermore, it 
should not be considered as a necessity for it to have clinical significance, although 
it may be chosen to be related to a clinically meaningful particle size established in 
prior clinical trials on a particular product. Ideally, this boundary should be selected 
so as to maximize the sensitivity of these metrics to meaningful changes in APSD 
from the perspective of measuring product quality.

Even though the boundary size demarcating LPM and SPM is potentially unique 
to every OIP, the impaction equipment used for the proposed testing need not be 
unique to every product. Importantly, the proposed method is relatively robust to the 
choice of the boundary (Fig. 7.8). In addition, the CI could be operated at a different 
flow rate to adjust the boundary between LPM and SPM using the simple and well- 
defined relationship between flow rate through the system and stage cutoff size that 
is described in Chap. 2. Furthermore, the range of possible MMAD values (and 
therefore selection of boundaries) is not large for inhalation products since they are 
all intended to target the lung. For example, among the eight products from the 
IPAC-RS database, which were purposely selected to be as diverse as possible 
(Table 7.1), Tougas et al. showed that only three different boundaries (2.1, 3.3, and 
4.7 μm aerodynamic diameter) were required. It is likely that these locations will 
prove to be suitable for all OIPs, and consequently only two or three versions of an 
AIM-type instrument/method would be needed.

Figure 7.8 provides experimental evidence from analysis of CI results taken from 
the IPAC-RS database concerning selection of the boundary. The precision of the 
relationship between the ratio metric LPM/SPM and MMAD is insensitive to the 
placement of that boundary over a wide range. Each point in this figure character-
izes the quality of the correlation between LPM/SPM and MMAD for a given bound-
ary location associated with a specific OIP. The boundary location in this analysis 
was moved such that the corresponding ratio varied over four orders of magnitude 
around unity. The value of unity for LPM/SPM by definition represents the bound-
ary location that is coincident with the MMAD for the APSD in question. Both 
panels of this illustration depict the goodness of fit of the regression between ratio 
LPM/SPM and MMAD as a function of the average ratio for a given product. Using 
average ratio as the abscissa allows comparison across all OIPs studied in a single 
plot based on how close the boundary is selected relative to the MMAD for each 
product.

The upper plot shows the relationship with respect to a conventional goodness- 
of-fit statistic [coefficient of determination (R2)] for each regression as a function of 
the average ratio. Due to some shortcomings of this statistic when applied to survey 
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data where there is no control of the span of the data, an alternative goodness-of-fit 
approach was taken, resulting in the lower plot. This plot depicts the root-mean-
square error (RMSE) of the individual regressions divided by the slope of the regres-
sions (b) versus the average LPM/SPM ratio. The RMSE is the standard deviation 

Fig. 7.8 Analysis of the goodness-of-fit statistics as a function of boundary size; the dashed line 
depicts the hypothetical optimum for the ratio selected at the target MMAD, and the solid lines 
illustrate arbitrarily defined bounds for the region of acceptable performance. (a) Relationship with 
respect to the coefficient of determination (R2) for each regression as a function of the average ratio 
LPM/SPM. (b) Root-mean-square error (RMSE) of the individual regressions divided by the slope 
of the regressions (b) versus the average LPM/SPM ratio (From [11]—used with permission)
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of the residuals about the individual regressions (LPM/SPM vs. MMAD), and by 
definition reflects the precision of the fitted regression. RMSE is transformed by 
dividing by the slope of the regression to express this statistic in terms of precision 
of the estimated MMAD.

Both of these plots do the following:

 1. They verify that setting the LPM/SPM boundary at the target MMAD provides 
optimum precision.

 2. They confirm that the precise selection of the boundary location with respect to 
the MMAD value is not critical and can vary by an order of magnitude in the ratio 
(from 0.3 to 3.0, as indicated by the placement of the solid vertical lines for ratio 
in both plots), without serious degradation of precision.

7.7  Experimental Evidence for Ratio LPM/SPM as Measure  
of Mean of the APSD

The most important aspects of applying abbreviated data acquisition and analysis 
strategies for OIPs are the initial determination of the full-resolution APSD profile 
for each product in a robust manner and subsequent confirmation that an AIM sys-
tem with a particular chosen boundary between LPM and SPM provides acceptable 
predictive capability for MMAD.

Overall, Tougas et al. [11] showed in their investigations of OIP APSDs that 
the LPM/SPM ratio appears to be capable of detecting small changes in MMAD of 
the order of tenth(s) of microns. This finding is reflected in the magnitude of the 
goodness- of-fit statistic (R2) and [RMSE/b], obtained for regressions of the 
LPM/SPM ratio versus MMAD reported in Table 7.1.

Tougas et al. observed that the relationship between MMAD and the LPM/SPM 
ratio was approximately linear for every OIP type studied, illustrated by the magni-
tudes of the coefficient of determination and RMSE/b goodness-of-fit statistics [11]. 
They also noted that a small degree of systematic deviation from linearity was 
observed in some cases and observed that such behavior is consistent with the 
expectations for the ratio metric LPM/SPM. Thus, as values of MMAD approach the 
lower bound (finest particles) of the size range of the CI, the LPM/SPM ratio trends 
towards zero. Similarly, as values of MMAD approach the upper bound (coarsest 
particles) of the size range, this ratio trends towards infinity.

The results in Table 7.1 reflect outcomes for the LPM/SPM boundary placement 
that provided the best correlation between LPM/SPM ratio and MMAD (denoted as 
the optimum boundary in this table). Figure 7.9 illustrates the nature and quality of 
these regressions for two cases selected as examples (OIPs w9k001 and w9k901). 
The 95% prediction bounds at the mean LPM/SPM ratio were projected onto the 
x-axis (aerodynamic diameter in μm). Tougas et al. noted that the difference between 
these projections of the upper and lower prediction intervals reflects the ability of 
the LPM/SPM ratio to detect differences in MMAD and indicates that changes of a 
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few tenths of a micron are easily detected. Note that the value of the goodness-of-fit 
statistic RMSE/b is directly proportional to the difference between the projected 
prediction bounds at the mean LPM/SPM ratio by a factor related to the selected 
confidence level.

While both goodness-of-fit statistics (R2 and RMSE/b) are in general agreement 
about the quality of the correlation between LPM/SPM ratio and MMAD, they do 
not rank order the products in exactly the same way. Note, for example, that the two 
DPIs (w9jk01 and w9k901) have the lowest values of R2 yet the corresponding 
RMSE/b values are in the middle of the range of results at 0.047 and 0.054 μm, 
versus an overall range from 0.020 to 0.071 μm. This apparent discrepancy arises 
primarily from the survey nature of this study and the inherent characteristics of the 
particular products included. Individual MMAD values from these two products 
exhibited two of the three smallest variations in MMAD (interquartile range from 
0.133 to 0.159 μm) among all eight products (total range of the interquartile ranges 
is from 0.133 to 0.444 μm). A smaller range of MMAD values results in more uncer-
tainty in the estimation of the regression parameters and hence poorer R2 values for 
a given RMSE. Conversely a better R2 would result for a wider range of MMAD 
values with a similar RMSE. Thus, at a given level of RMSE, the value of R2 is a 
function of the range of values in the dataset. In contrast, the RMSE/b statistic is a 
measure of the uncertainty in estimated MMAD values at the mean LPM/SPM of the 

Fig. 7.9 Example regression plots for LPM/SPM ratio versus MMAD (From [11]—used with 
permission)

T.P. Tougas and J.P. Mitchell
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particular data set. The RMSE/b values for both DPIs indicate that the LPM/SPM 
ratio is about average in performance with respect to detecting changes in MMAD. 
Based on these considerations, Tougas et al. came to the conclusion that the RMSE/b 
statistic is believed to be the better predictor of the relative performance of the 
LPM/SPM ratio among the product types surveyed.

In contrast, the performance of regressions of stage groupings versus MMAD 
reported in Table 7.2 was significantly inferior with respect to this statistic. The results 
in Table 7.2 are believed to reflect the performance of the current practice of construct-
ing stage groupings based on empirical inspection. Besides exhibiting inferior correlation 

Table 7.2 Regression analysis and goodness-of-fit statistics for stage groupings versus MMAD

OIP  
filecode Product type

Stage 
grouping Slope (b) RMSE

Coefficient  
of determination,  
R2 (%)

RMSE/b 
(μm)

w9k201 HFA suspension MDI >9.0 22.1 4.69 48.2 0.212
9.0–4.7 12.3 1.28 79.4 0.104
4.7–2.1 −2.93 2.56 5.2 −0.874
<2.1 −2.81 0.986 25.5 −0.351

w9j901 HFA suspension MDI >9.0 3.25 5.72 0.5 1.760
9.0–3.3 8.57 0.624 74.5 0.073
3.3–1.1 11.3 3.55 13.6 0.314
<1.1 0.096 0.767 0.0 7.990

w9j801 HFA solution MDI >9.0 21.8 9.04 33.9 0.415
9.0–3.3 5.21 1.08 67.0 0.207
3.3–1.1 2.53 6.10 1.0 2.411
<1.1 −24.1 3.28 82.5 −0.136

w9jk01 DPI >8.6 −9.98 6.09 2.8 −0.610
8.6–4.4 8.58 0.733 59.2 0.085
4.4–1.1 13.1 4.42 8.5 0.337
<1.1 0.391 0.960 0.2 2.455

w9k901 DPI >8.6 0.990 5.85 0.2 5.909
8.6–4.4 18.0 1.43 91.8 0.079
4.4–1.1 −10.2 3.47 37.7 −0.340
<1.1 −1.34 0.43 13.4 −0.317

w9j601 CFC suspension MDI >9.0 2.02 8.93 0.1 4.421
9.0–4.7 2.30 0.376 50.1 0.163
4.7–1.1 0.09 4.03 0.0 44.778
<1.1 −1.71 0.413 31.5 −0.242

w9k001 CFC suspension MDI >10 11.3 3.78 12.0 0.335
10–4.7 14.9 1.52 59.4 0.102
4.7–2.1 −2.68 3.49 0.9 −1.302
<2.1 −9.54 1.02 57.1 −0.107

w9kw01 CFC suspension MDI >10 7.62 2.97 10.6 0.390
10–4.7 9.65 1.01 62.3 0.105
4.7–2.1 5.68 3.19 5.4 0.562
<2.1 −18.0 1.29 77.9 −0.072
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with MMAD, there is no apparent approach to selection of stage groupings that opti-
mize this correlation or is even predictive of positive or negative correlation.

The slope of plots of LPM/SPM ratio versus MMAD, with LPM/SPM ratio as the 
directly measured dependent variable, reflects the sensitivity of this metric towards 
detecting changes in MMAD (the steeper the slope, the higher the sensitivity). Thus, 
slight changes in MMAD resulted in magnified variations in LPM/SPM ratio when 
the slope was steep.

Tougas et al. [11] concluded that the ratio metric LPM/SPM is superior to using 
either the separate variables LPM, SPM, or grouped stages as individual metrics, 
since the ratio removes the confounding influence of AUC of the APSD in trying to 
detect changes in MMAD. In this context, it should be noted that ISM, which, as has 
already been mentioned, is directly related to the AUC, is determined simultane-
ously as the sum of LPM and SPM. LPM, SPM, or metrics derived from grouped 
stages are each influenced by both changes in MMAD and AUC. In contrast, the 
LPM/SPM ratio used in conjunction with the sum of LPM and SPM will detect sepa-
rately changes in either MMAD or AUC.

Tougas et al. [11] also verified the lack of influence of AUC on the LPM/SPM 
ratio by performing regression analysis of this ratio versus ISM. Table 7.3 summa-
rizes the results of these regression analyses and compares goodness-of-fit statistics 
for the LPM/SPM ratios versus ISM to the ratios versus MMAD. The results, corre-
lating LPM/SPM versus ISM, exhibited poorer coefficients of determination (R2 and 
RMSE/b values). For instance, the R2 values for LPM/SPM versus ISM were 2.5–240 
times smaller than those from the corresponding LPM/SPM versus MMAD correla-
tions. Likewise, RMSE/b values for LPM/SPM versus ISM were 2–3 orders of mag-
nitude larger than the corresponding RMSE/b results from the LPM/SPM versus 
MMAD correlations.

The good correlation between LPM/SPM and MMAD, taken together with the 
absence of a correlation between this ratio and ISM, is further illustrated graphically 
in Fig. 7.10, by comparing representative plots for a selected OIP product, w9kw01 
(CFC suspension MDI).

7.8  Conclusions

The EDA metrics have a solid theoretical basis that has been confirmed experimen-
tally with consistent performance over a wide range of different types of OIP- 
generated aerosols. They are simple to apply to CI raw data, yet have the potential 
to be very sensitive to changes in the APSD in terms of both central tendency 
(MMAD) and AUC.

T.P. Tougas and J.P. Mitchell
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Abstract In this chapter, APSD data are examined from real products using several 
different strategies to compare the ability of EDA to detect APSD changes with 
grouped stages from full-resolution CI measurements. These comparisons were made 
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relative to decision making associated with OIP disposition in the QC  environment. 
The strategies involve (1) measurement system analysis (MSA), (2) operating charac-
teristic curves (OCC), and (3) principal component analysis (PCA). A general descrip-
tion of these techniques and their basic concepts is provided in the first part of the 
chapter, while the computational details and results for each of the employed strate-
gies are given following the same order in the later part of the chapter. All results point 
to the conclusion that compared to grouped stages, the LPM/SPM ratio from EDA is 
more accurate and more sensitive to APSD changes. Each of the examination strate-
gies used different statistical methodologies, based on different assumptions, and one 
of the approaches used a different set of data independent of the other two. Yet the 
same qualitative conclusion validating the superior decision-making ability of the 
EDA concept was reached, regardless of approach.

8.1  Introduction

The current practice generally used by the FDA for assessing changes in APSD is 
based upon selected stage groupings from full-resolution, multistage CI testing. 
Each grouping represents a different portion of the APSD profile, in which the total 
mass in each stage grouping is compared to specified acceptance limits [1]. The 
grouped-stage approach typically includes the deposition sites of the impactor sys-
tem that are non-sized (e.g., actuator, induction port (throat), pre-separator), plus 
three groupings that represent the upper, middle, and lower size fractions of the sized 
material captured in the CI. In practice, the “coarse tail” grouping may or may not 
include the first impactor stage (sometimes referred to as stage 0), for which, in the 
case of the ACI, there is no upper cutoff limit and, therefore, for which there can be 
no definitive size range. In the latter case, the first stage (S0) is usually included in 
the non-sized grouping, and this has been done in this chapter. The remaining stages 
were allocated to three sized groupings for the present analysis (groups 2, 3, and 4, 
as defined in Table 8.1), which is consistent with the current FDA practice [2].

The reader will recall from previous chapters that the two metrics used in EDA 
assessment are (1) the large-to-small particle (LPM/SPM) ratio of API mass and (2) 
the sum of LPM and SPM collected in the impactor-sized portion of the emitted dose 
from the inhaler (Fig. 8.1).

Table 8.1 Typical stage groupings adopted by FDA 
[2] and used in the comparisons within this chapter; 
identities for each grouping are based on the 8-stage 
nonviable ACI and are described in Fig. 8.1

Grouping ACI stages

1 Group 1 (actuation adapter-S0)
2 Group 2 (S1–S3)
3 Group 3 (S4–S6)
4 Group 4 (S7-filter)

J.D. Christopher et al.
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The sum (LPM + SPM) is numerically equal to the total mass collected on all 
stages of the impactor, which have an upper-bound size, and is termed the impactor- 
sized mass (ISM). The values of these two metrics, ISM and ratio, defined as LPM/
SPM, can be mathematically independent: thus, the total mass of API collected in 
the CI can change without affecting the relative masses contained in the large- and 
small-sized fractions. Even though there could be physical causes that lead the two 
metrics to change “in synchrony” and thus to appear correlated, mathematically, 
the ratio can vary without ISM being changed, and vice versa. In other words, a 
change in one metric does not require a concomitant variation in the other. This 
means that the effects detected by these metrics can be measured independently 
(i.e., a shift of the entire profile or a shift of mass between stages—by the ratio and 
total area under the curve—by the value of ISM).

Even when there is physical correlation between the two effects, a change in one 
does not affect the ability to measure or interpret the other. This is not the case for 
the grouped-stage approach, in which there is a mathematical relationship that, for 
any change in total mass, requires a change in mass assigned to one or more of the 
stage groupings. However, it is possible for there to be changes in two or more 
groupings due to a shift that may or may not affect the total mass collected. 
Furthermore, since decisions for grouped stages are made for each grouping sepa-
rately, it may be difficult to correctly interpret the meaning of a change in a stage 

Fig. 8.1 EDA concept illustrated for a hypothetical CI using the ACI at 28.3 L/min to represent 
the full-resolution measurement system; the pre-separator, if used, would provide a data bar 
between the induction port and S0

8 Performance Characterization of EDA…
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grouping (e.g., an increase in mass assigned to one stage grouping could either be due 
to mass transfer from one group to another group, because of a shift in APSD, or it 
could be due to an increase in both groupings, due to an increase in total mass col-
lected). The magnitude of ratio, which measures the relative proportions of API 
assigned to coarse and fine fractions, is not affected by changes in the total amount 
collected. Ratio has been shown to be more capable of detecting smaller shifts in APSD 
than can be achieved by the current practice of grouped stages (2), and this conceptual 
reasoning is exemplified by the quantitative analysis presented in this chapter.

8.2  A “Road Map” for the Comparative Assessment of EDA 
Versus Grouped Stages for the Interpretation  
of CI-Measured Aerosol APSDs in the Context of OIP 
Quality Control

The remainder of this chapter is concerned with testing the power of the EDA 
 metrics compared with the grouped-stage approach to discriminate changes in 
CI-measured OIP APSDs that might be used to come to a decision regarding the 
quality of a lot in the context of QC. Figure 8.2 is a “road map” that describes the 
different ways in which such data have been assessed. Each of the avenues “A” 

Fig. 8.2 “Road map” for APSD assessments: posing the question
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through “E” will be explored in turn, with the ultimate objective of finding a 
 definitive answer to the question posed concerning the relative discriminating abil-
ity of the two approaches. Importantly, these assessments have been made with real 
OIP data, not computer-generated APSDs, so that the variability seen (Fig. 8.3) is 
likely to be typical of the real world in terms of the quality of the data obtainable for 
these products by the current compendial methods that involve full-resolution CIs.

8.3  Underlying Data for Metric Comparisons

The data sets for eight products analyzed using operating characteristic curves 
(OCC) and measurement system analysis (MSA) came from the IPAC-RS APSD 
database from OIP performance measurements that were collected in 2000. For that 
database collection, pharmaceutical companies were asked to submit aerodynamic 
particle size data for individual CI determinations, on a stage-by-stage basis, for as 
many OIPs as possible, obtained from batch release testing and/or from real-time 
stability studies. Data were presented as a percent of the amount of API stated in the 
label claim (%LC). No other manipulations or normalizations were applied. To 
avoid bias, it was recommended that companies submit either:

 1. All available data for the product
 2. Data for a random selection of batches
 3. Data for all batches manufactured during a defined time span

The database does not have information about regulatory specifications applica-
ble to particular products; therefore, data could be included from batches that 
“passed” as well as “failed” the regulatory APSD requirements. The data are there-
fore considered representative of real manufacturing capability and variability. 
Companies were asked, however, not to include any batches that had clear quality 
problems or manufacturing faults, as would have been detected by other (non- 
APSD) tests and investigations. Each product was tested following its analytical 
method.

The original database encompassed 34 OIPs [3]. For this analysis, eight products 
were selected that had the largest amount of data per product. The selected OIPs 
represent different product types (CFC suspension MDIs, HFA suspension MDIs, 
an HFA solution MDI, and two DPIs) as well as having different APSD profiles, as 
can be seen from the “spaghetti” plots of all available data points (Fig. 8.3a, b).

The six MDI products were tested with ACI, and the two DPI products were 
tested with a modified ACI. The number of CI runs available for each product is 
listed in Table 8.2.

The assessments based on principal component analysis (PCA) described 
later in this chapter used a data set that was unrelated to the IPAC-RS database. 
The PCA data set consisted of 1,990 individual NGI measurements for varia-
tions of a real (blinded) product throughout the development process, of which 
252 measurements were derived from the dose-ranging clinical batches. The 
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Fig. 8.3 APSD profiles of eight OIPs used for comparisons analysis; each line corresponds to a 
single CI determination. (a) OIPs w9k201, w9j901, w9j801, and w9jk01. (b) OIPs w9k901, 
w9j601, w9k001, and w9kw01 (From [3]—used by permission)
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product in question was a dry powder formulation of the API in association with 
lactose carrier particles. The product has been used in dose-ranging clinical 
studies at four nominal strengths, which were all designed to be dose propor-
tional in terms of respirable dose (≡FPM). The test method applied to control 
the product was NGI (with pre-separator) at a flow rate of 60 L/min with data 
collected on a single actuation of the device. Final quantitative analysis of each 
of the NGI stages was conducted by reverse phase HPLC using an external ref-
erence standard. For the purposes of the PCA work, the data for each of the 
stages of the NGI was normalized as a percentage of the nominal dose to allow 
all four product strengths to be evaluated together. The data from the mouth-
piece, induction port (MT), and pre-separator (PS) were excluded from the PCA 
model for the following reasons:

 1. Only the profile of the respirable dose was of interest since this would be indica-
tive of lung distribution.

 2. Inclusion of MT and PS data did not change the model but did increase the noise 
level.

SIMCA (Umetrics AB, Umeå, Sweden) was used to conduct the principal com-
ponent analysis with the data being mean-centered throughout.

8.4  Approaches to the Evaluation of CI-Derived Metric 
Performance in Assessment of OIP Quality

8.4.1  Introduction to MSA, OCC, and PCA Approaches

There are many facets of a test or measurement that are usually evaluated prior to 
adoption for a specific measurement situation. These include ease of use, cost of 
instrumentation, acceptance (by regulators and wider industry), and finally the 
quality of results obtained. It is this last item, the quality of results, which is the 
focus of this chapter. Specifically, the intent is to characterize the performance of 
the EDA metrics from the perspective of their use within a quality control strategy. 

Table 8.2 List of products used for MSA and OCC comparisons in this chapter

File code Product type Number of CI determinations (n)

w9k201 HFA suspension MDI 80
w9j901 HFA suspension MDI 39
w9j801 HFA solution MDI 201
w9jk01 Dry powder inhaler 279
w9k901 Dry powder inhaler 279
w9j601 CFC suspension MDI 43
w9k001 CFC suspension MDI 272
w9kw01 CFC suspension MDI 272
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In  addition to simplify the characterization of this approach, EDA performance 
will be  compared to the current regulatory data reduction procedure used for qual-
ity control (QC) purposes related to OIP aerosol APSD, which makes use of 
grouped impactor stages.

As was mentioned in Chap. 6, in the design and implementation of any measure-
ment system, it is important to consider the purpose of the measurement as this 
informs both the design and evaluation of the effectiveness of the measurement and 
associated system. For example, there are different considerations for a measure-
ment intended to characterize or describe an attribute of a particular object versus 
one intended to make a decision about a batch of objects with respect to a particular 
characteristic and based on representative samples. Wheeler [4] has described this 
concept in more detail.

Measurements can be classified into four categories based on the general purpose 
of measurement:

 1. Description
 2. Characterization
 3. Representation
 4. Prediction

Description refers to measurements that inform one about the attributes of the 
item being measured. Characterization is similar to description except that it, in 
addition, involves comparison of the measurements to some expectation for the par-
ticular object studied (i.e., a requirement or limit). Representation involves using 
measurements on a representative sample to make inference about the population 
the sample is intended to represent. The category of representation is in essence the 
QC application where a batch is released or rejected on the basis of testing per-
formed on a sample(s) taken from the batch in question and comparing the measure-
ment results to some requirement. Finally, prediction is based on using measurements 
of samples from current batches to predict the attributes of future batches (i.e., in 
skip-lot testing). Since EDA is proposed for QC purposes, where batch disposition 
is decided based on a representative sample, it is classified as a representation 
measurement.

The adequacy of a particular measurement with respect to precision should con-
sider the variability of the measurement versus the variability of product being mea-
sured or the tolerances imposed on the product. This is the fundamental essence of 
measurement system analysis (MSA) [5], which typically employs analysis of vari-
ance (AnOvA) designs to estimate measurement and product variances. These 
types of designs are also collectively known as gage repeatability and reproducibil-
ity (Gage R&R) studies.

Besides an evaluation of the adequacy of measurements employed for QC, it 
is important to consider the adequacy of the schema used to make the QC deci-
sion. In practice, measurements are made on some number of samples. The 
results are then used in accordance with a previously established specification to 
make an inference about the batch quality and decide on the disposition of the 
batch (either release or reject). There are many possible “protocols” (schemas 
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and factors) for using sample measurements to reach a disposition decision. 
Some simple examples include:

• Averaging a specified number of results and comparing averages to limits
• Comparing all individual results to limits
• Comparing both sample mean and sample standard deviation to limits

In all of the above cases, the sample size has an impact on the inference that can be 
drawn on the related population (batch). More sophisticated schemas can include 
tiered testing or simultaneous evaluation of mean and variance. In all cases, the deci-
sion-making capability of any particular schema can be evaluated through an OCC.

Finally but importantly, given the context of this chapter, PCA is one possible 
technique that can be used to compare data in the form of distributions,  multivariately. 
The purpose of including PCA is to compare the ability of the multivariate classifi-
cation achieved through this technique with the allocations obtained through the use 
of univariate metrics in either MSA- or OCC-based techniques.

8.4.2  MSA Approach: Definitions and Basic Concepts

MSA can be used to characterize measurements, to analyze total variance, and to sepa-
rate product- and measurement-related sources of variance. Fundamentally, this 
approach views obtaining a measurement as a process, the “product” of which is the 
measurement value obtained. The information obtained through MSA therefore speaks 
to the precision of the measurement. In turn, this allows evaluations of the adequacy of 
measurement and measurement system relative to their intended purpose.

It is useful to start a discussion of MSA and the approach used in the evaluation 
of EDA with some definition of terms. In their manual describing MSA, the 
Automotive Industry Action Group (AIAG) has published the following definitions 
pertinent for the current discussion [5]:

• Measurement is defined as “the assignment of numbers [or values] to material 
things to represent the relations among them with respect to particular  properties.” 
This definition was first given by Eisenhart [6]. The process of assigning the 
numbers is defined as the measurement process, and the value assigned is defined 
as the measurement value.

• Gage is any device used to obtain measurements, frequently used to refer specifically 
to the devices used on the shop floor, and includes go/no-go devices (also, see [7]).

• Measurement system is the collection of instruments or gages, standards, opera-
tions, methods, fixtures, software, personnel, environment, and assumptions 
used to quantify a unit of measure or fix assessment to the feature characteristic 
being measured; the complete process used to obtain measurements.

If we consider a typical pharmaceutical QC situation, where multiple units from a 
large batch are sampled and tested, then the variance of these multiple  measurements 
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can be modeled as the sum of variances associated with the units (i.e., product related) 
and the variance associated with the measurement system. The latter can, in principle, 
be partitioned among components of the measurement system (e.g., according to 
components outlined in the AIAG definition). An MSA for this situation might consist 
of an experiment designed to allow estimation of these variances with the goal of 
understanding if the measurement system is appropriate. For the QC situation, “appro-
priate” means that the measurements could be reliably used as the basis for QC deci-
sions. This definition implies that a product deemed unacceptable could be detected 
through the measurements. It also follows that some type of comparison of the esti-
mated variance of the measurement system is made to either the variance of the prod-
uct or to some limits that distinguish between acceptable and unacceptable product.

The ideal situation for MSA is where measurements can be made repeatedly on 
the same object. This provides a simple direct means of distinguishing variability 
due to the measurement system from the variability of the actual objects being mea-
sured. This situation is possible when testing is nondestructive but is problematic 
when samples are destroyed by the measurement process. The latter is typical in 
chemical analysis and is the case in the specific situation associated with APSD 
determinations obtained by cascade impaction.

Destructive measurements are very common in pharmaceutical analysis, where 
often a sample must be transformed (e.g., dissolved, diluted, reacted, etc.) to make 
a chemical or physical measurement. The normal recourse for an MSA is to seek an 
experimental design that minimizes the influence of sample-to-sample variability. 
For example, a larger composite sample might be generated to enable drawing mul-
tiple measurement samples from a homogeneous blend, or product is sampled from 
a discrete portion of the batch in which production variation is minimized.

The data, analyzed in the MSA section, represent an example of destructive test-
ing. OIPs generate an aerosol that is intended to be inhaled by the patient. Each 
actuation of a given inhaler results in a unique aerosol influenced by both the formu-
lation and the delivery device (e.g., MDI, DPI, or other inhalation device). CI test-
ing consists of actuating the OIP, size fractionating and collecting the resulting 
aerosol particles on different stages of the apparatus, and subsequently performing 
a chemical assay of the mass deposited on these stages and related accessories.

The cascade impaction data for the MSA were not generated from a planned 
experimental design, as might be typical for an MSA design. The data represent 
historical cascade impaction results from the IPAC-RS database, and thus, the anal-
ysis could be considered a historical MSA. The statistical approaches for this sec-
tion are intended to characterize, using regression techniques, the variability in the 
EDA measurement and stage grouping measurement relative to the MMAD values 
from the full-resolution CI results. Hence, even though there was only one physical 
process of performing the testing that resulted in the original measurements from 
individual stages, four additional metrics—the values of MMAD, the LPM/SPM 
ratio, ISM, and the stage groupings—can be calculated from those original 
 measurements. MMAD in this instance was determined according to the approach 
described by Christopher et al. via construction of the cumulative mass-weighted 
APSD from the individual stage data [8].
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The statistical approach presented in the MSA section uses regression techniques 
to relate the LPM/SPM ratio and stage groupings to MMAD. This, in turn, allowed 
an estimation of measurement system variability of either LPM/SPM ratio or 
grouped stages and a comparison of this variability relative to changes in MMAD.

8.4.3  OCC Approach: Definitions and Basic Concepts

The concept of operating characteristic curves derives from the view of testing as a 
decision-making process. Typical pharmaceutical quality control (QC) testing 
involves making measurements on representative samples of a batch and using the 
results as the basis to judge the quality of the material being tested either against 
some predetermined quality standard (which is conceptually and statistically the 
preferred way) or against a predetermined set of rules (which has been regulatory 
practice to date) [9]. This assessment of the quality is used to decide on some action, 
i.e., release or reject the batch. In the statistical sense, such decision-making is a 
form of hypothesis testing. As with all hypothesis testing, one strives to design the 
statistical test to be as reliable as possible in terms of mitigating decision-making 
error, within the practical constraint of obtaining a sufficient number of sample 
measurements. In the presence of some level of measurement noise and variability, 
however, a finite probability of making an incorrect decision exists. The terminol-
ogy for corresponding error types is illustrated in Fig. 8.4.

Type I and II errors (which could also be considered “misclassifications” rather 
than errors) arise out of the uncertainty in the estimation of the true value of a qual-
ity attribute associated with the batch being tested. In general, there are two ways to 

Fig. 8.4 The product QC decision process, possible outcomes, and potential error types
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minimize these errors. One could either improve the fundamental measurement by 
reducing the variability of the measurement or increase the number of measure-
ments in order to improve the precision of the estimate of the quality attribute.

As discussed earlier, in the context of Wheeler’s classification of measurements, 
the QC testing discussed here corresponds to “characterization” and “representa-
tion.” It is important, however, to make the distinction between these two categories. 
In the former case, the decision is strictly with respect to the measured entity. Thus, 
in a practical sense, characterization implies both nondestructive testing and 100% 
inspection. The much more common situation for pharmaceutical products is repre-
sentation. The typical batch release process involves testing a relatively small num-
ber of samples drawn from the batch and then releasing or rejecting the batch on the 
basis of the measurement results based on some a priori sampling plan and decision- 
making process.

While MSA focuses on characterizing the precision of the measurement, an 
OCC considers and characterizes the entire schema used to make the QC decision, 
including the sampling plan and the rules used to arrive at the final decision. The 
OCC approach recognizes that the quality of decisions made based on testing is a 
function of not only the measurement characteristics (precision and accuracy) but 
also the sampling plan and decision rules. The construction of this decision-making 
process (i.e., “design of the test”) allows one to adjust the relative anticipated rates 
of type I (false rejection) versus type II (false acceptance) error, although there is 
always some trade-off between the two types of error. This may be important 
depending on relative consequences of making either of these errors. In the pharma-
ceutical world, there is in general more emphasis on minimizing type II errors at the 
expense of type I errors.

Simply stated, an OCC is the determination of the probability of acceptance (or 
rejection) as a function of the true value of the quality attribute being estimated. In 
essence, an OCC is a transfer function that relates the probability of a particular 
decision (accept or reject) to true values of the quality attribute being evaluated. The 
“true” value of a population parameter can never be known in practice because even 
a 100% inspection would yield only an estimate, whose accuracy and precision is 
influenced by the analytical uncertainty and other limitations of the measurement 
technique. The OCC approach requires simulating, or modeling, of the underlying 
data distribution (so that “true” attributes and parameters are known exactly) and 
evaluating the ability of a test (i.e., a combination of limits and a specified schema) 
to make correct reject/accept decisions, as a function of the (assumed) quality of the 
material under consideration.

Consider the hypothetical case of a tablet assay where the desired absolute batch 
mean is between 90% and 110% LC. The ideal situation would be where the true 
value of the assay for any batch (all tablets) is known with certainty, with no measure-
ment error and consequently no type I or II errors. The resulting OCC would consist 
of a step function where the probability of acceptance would be zero for all assay 
values above 110% and below 90% and unity for all values between 90% and 110%.

Now consider the impact of measurement error. For batches where the true assay 
was well below 90% or well above 110%, the probability of acceptance would 
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remain essentially zero. Likewise, for batches where the true assay was well within 
the 90–110% critical values, the probability for acceptance would be essentially 
unity. However, as the true assay approaches the critical values of 90% or 110%, the 
impact of indeterminate measurement error would be to cause deviation from the 
ideal step function such that there would be some finite probability of accepting a 
batch with a true assay slightly below 90% or slightly above 110% and, conversely, 
a finite probability of rejecting a batch that had an assay slightly above 90% or 
slightly below 110%. This is illustrated in Fig. 8.5. The uncertainty of the mean 
estimate due to the finite sample size (i.e., less than 100% inspection) in this exam-
ple will work in the same way as the analytical measurement uncertainty.

The example described above employed a two-sided limit, i.e., an upper and 
lower bound. There are many examples of one-sided limits, where the quality attri-
bute (in some specified representation, e.g., as a sample average, or a batch mean 
estimate, or individual measurements in a sample) is required to be either below an 
upper bound or above the lower bound. An example of the former might be an upper 
limit on moisture content or the level of an impurity. An example of the latter might 
be a minimum allowable level for an antioxidant. The same principles apply to the 
one-sided case as two-sided cases, although the shapes of the OCCs will change. 
Examples of ideal and real one-sided OCC are illustrated in Fig. 8.6.

The general interpretation of OCCs is that the closer the OCC is to the ideal step 
function, the better the decision-making process, i.e., better discrimination among 
batches, particularly those close to the limits. OCCs provide information about type 
I (false rejection) and II (false acceptance) error rates as a function of the true value 
of the quality attribute under consideration. This is also illustrated in Fig. 8.6.

Fig. 8.5 Comparison of an ideal step function (dashed black) versus a real (solid red) OCC for a 
two-sided limit
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The degree to which a real OCC deviates from the ideal step function is  influenced 
by the magnitude of the indeterminate measurement error, the number of sample 
measurements obtained, and the decision rules used to make the disposition deci-
sion. For example, Fig. 8.7 illustrates the impact of increasing the number of repli-
cate measurements and comparing the average of the results to the same limits.

If a different decision rule were employed (e.g., instead of comparing the average 
of results as above, the decision rule required that all individual results must meet 
the limits), the consequence would be a different set of OCCs (Fig. 8.8).

The following sections in this chapter focus on applying the concepts of OCCs 
to evaluating the performance of the EDA ratio metric (LPM/SPM) and conven-
tional stage groupings. Three approaches to generating OCCs were considered in 
this work, differing primarily in the level of sophistication and underlying assump-
tions. Fundamentally, to construct an OCC, one needs to specify the proposed 
decision- making process together with critical limits and to have or obtain informa-
tion concerning the measurement precision. From this information, one can esti-
mate the probability of a particular decision (accept or reject) as a function of 
assumed true values of the quality attribute.

As described above, the OCC work presented here relied on CI results from the 
IPAC-RS database. One difference from establishing an OCC in a real QC situation 
was that the actual regulatory requirements for APSD of these blinded products 
were unknown. For the purpose of comparing the performance of the various met-
rics studied, limits were therefore assumed. As a consequence, the results presented 
here reflect the ability of a specified metric to discriminate among product batches 
on the basis of those assumed limits (in an “apples-to-apples” comparison). 

Fig. 8.6 Comparison of an ideal step function (solid black) versus a real (solid red) OCC for a 
one-sided limit
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However, it is important to appreciate that these results have no bearing on the 
actual quality of any product or particular batch.

Another important difference between the use of OCCs in this chapter and the 
customary use of OCCs in industrial practice is that here, we are conducting an 

Fig. 8.7 Effect of increasing the number of replicate measurements on the steepness of the OCC 
for a one-sided limit; decision rule based on comparing the average of results

Fig. 8.8 Effect of increasing the number of replicate measurements on the steepness of the OCC 
for a one-sided limit; decision rule required that all individual results must meet the limits
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evaluation of different metrics using the same specification criteria applied to the 
same data set. By contrast, customarily, OCCs are used to evaluate a different speci-
fication criteria or different test designs using a range of simulated data sets 
(Table 8.3). The metrics being compared here are the LPM/SPM ratio and the 
grouped-stage API mass depositions in the specified groupings, both of which 
reflect a breakdown of the mass of API into their specified sub-fractions.

8.4.4  PCA Approach: Definitions and Basic Concepts

Both QC testing and in vitro equivalence testing of APSD share the essential goal 
of comparing a range of numbers (i.e., the APSD profile) against another range of 
numbers and determining their “sameness.” For QC, that “another” range of num-
bers represents APSD of clinical pivotal batches. For equivalence testing, it is the 
original product or initial version of a product. Comparing APSD profiles could be 
done simplistically by overlaying the APSD profiles and “eyeballing” them to deter-
mine similarity or differences; however, devising a more objective means of deter-
mining whether a difference in the shape of a profile is statistically relevant or not 
presents a more complex challenge. PCA is one way of accomplishing such a 
comparison.

Principal component analysis is mathematically defined as an orthogonal linear 
transformation that transforms the data to a new coordinate system such that the 
greatest variance by any projection of the data comes to lie on the first coordinate 
(called the first principal component), the second greatest variance on the second 
coordinate, and so on [10].

PCA operates on the principle of reducing the dimensionality of a given data set 
containing a large number of variables. PCA has been used to deal with distribu-
tional data successfully in a number of fields [11]. For example, PCA has been used 

Table 8.3 Differences between the construction and meaning of OCCs in this chapter examples 
and in the customary QC use

OCC in this chapter examples OCC in customary use

Demonstrates and compares the performance  
of different metrics (LPM/SPM and grouped- 
stage depositions) to detect changes in APSD  
by the ability to predict MMAD

Demonstrates and compares performance 
of a test (i.e., a combination of metrics, 
decision-making rules, sampling plan, 
and acceptance criteria) or different 
tests to make correct decisions

The goal is to characterize the metric’s ability  
to make correct decisions regarding shifts  
in MMAD

The goal is to characterize the ability of 
the entire test(s) to make correct QC 
decisions about batch disposition

False rejections and false acceptances are  
“misclassifications” by the metric

False rejections and false acceptances are 
errors in decision-making

“Limits” for the metric’s values are chosen to  
enable a consistent and fair comparison

“Limits” or “acceptance criteria” are given 
as part of the test that is being studied
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as a means of assessing near-infrared (NIR) spectroscopic data sets [12], in the 
newspaper industry for process monitoring [13], as a means of assessing stationary 
phase selectivity in HPLC analysis [14] and to classify beer taste profiles [15]. More 
closely related to the subject of this book is the work of Sandler and Wilson, where 
PCA was used as a means of comparing particle size and shape data from laser dif-
fraction analysis [16]. In all of these cases, PCA was utilized in order to deal with a 
large data set, where each sample consists of multiple variables, which would be 
impossible to cross-correlate in a univariate fashion.

PCA generally consists of two types of graphical presentation: a scores plot and 
a loadings plot:

• The scores plot is a Cartesian scatter plot where the abscissa axis contains a user- 
selected principal component (PC). The ordinate axis contains another user- 
selected PC. The plot contains points that represent the original samples projected 
onto the user-selected PCs. By default, the scores plot shows data on the first two 
PCs (PC1 versus PC2).

• The loadings plot is another Cartesian scatter plot that displays the individual 
elements of the PCs. Since each PC is a vector, it has constituent elements which 
are called the coefficients or loadings. By mathematical definition, the vector 
length of each PC is 1. The loadings of a given PC represent the relative extent 
to which the original “variables” influence the PC.

An APSD profile derived from either an ACI or NGI is very similar to the data 
of Sandler and Wilson [16]. For the study described further on in this chapter, a 
model was established that was based on 252 clinically relevant batch measure-
ments (described in Sect. 8.2). All other measurements were then assessed in 
 relation to this model. A comparison was subsequently made between the EDA and 
grouped-stage approaches using the same data set. The number of errors was evalu-
ated using the PCA as the reference point.

8.5  Results and Assumptions from the Three Approaches  
to the Evaluation of CI-Derived Metric Performance  
in Assessment of OIP Quality

8.5.1  MSA Approach

A detailed measurement system analysis characterizing and comparing the perfor-
mance of the metric LPM/SPM to stage groupings was conducted using cascade 
impactor results from IPAC-RS database. The MSA performed on the IPAC-RS 
data set benefits from the nature of the data employed. This data set includes stage- 
by-stage CI results for the eight products studied. Normally, for destructive testing, 
as is the case with CI testing, the design would attempt to minimize sample-to-
sample variability and treat them as replicate measures. In this instance, the goal 
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was to determine the ability of EDA to discriminate or detect differences in APSD 
on the basis of MMAD as the measure of central tendency of each APSD. MMAD 
by itself does not describe the APSD. However, once such a distribution is given (as 
in examples used in this study), the MMAD value is an important characteristic as 
well as a key indicator of any change to that APSD.

The advantage arising from using full-resolution CI results is that both the EDA 
metrics and stage groupings can be compared to MMAD values determined on the exact 
same CI run. This situation eliminates the need to obtain replicate measurements, and 
the measurement variability can be directly estimated by assuming all the measurement 
error resides with the EDA or stage grouping metrics when applied to the estimation of 
MMAD. This latter assumption is reasonable considering the expected precision of 
determining MMAD from the cumulative APSD obtained through the CI-based mea-
surement. Further, since one goal was to compare the performance of EDA to stage 
groupings, any observed difference in the relative performance of the metrics should be 
unaffected by any slight noise contribution from the MMAD determination.

In practice, values of MMAD were determined for each individual CI run according to 
the method outlined by Christopher et al. [8]. A logistic model was fit to the cumulative CI 
stage data and the resulting model was used to determine the MMAD of that particular 
measurement. Next, the LPM/SPM ratio and stage groupings were also computed for each 
corresponding individual CI measurement. The LPM/SPM ratio was obtained at a previ-
ously determined optimum boundary between LPM and SPM (see Chap. 7).

The particular stage groupings were preselected consistent with FDA recom-
mendations outlined in Table 8.1 (Sect. 8.1). Regression analysis was then per-
formed on the metrics versus MMAD, on a product-by-product basis. The 
relationship between LPM/SPM and MMAD was already known to be nonlinear, 
and therefore, simple power functions were observed to provide an adequate fit to 
the data. An a priori model for the relationship between stage groupings and 
MMAD was unknown. Linear models appeared to provide an adequate fit and 
were used to fit stage grouping results to MMAD. In all cases, 95% prediction 
bands were computed for each regression. An example of the results is depicted 
in Figs. 8.9, 8.10, and 8.11 for a CFC suspension MDI (IPAC-RS blinded database 
code: w9kw01).

Table 8.4 is a summary of the full results of the regression analyses for all eight 
products that were evaluated. The expressions for the power and linear models were 
of the form

 metric = b MMAD b
0

1[ ]  (8.1)

and

 metric = +b b MMAD0 1[ ]  (8.2)

respectively.
An examination of Table 8.4 yields some general observations. In all cases, the model 

fit for the ratio metric was superior to any grouped stage (group 1–group 4) for all prod-
ucts, as evidenced by the relative magnitudes of the coefficients of  determination (R2). 
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Further, the data for all OIPs exhibited consistent monotonic trends between the ratio 
metric, LPM/SPM, and MMAD. Based on a general lack of  correlation, neither group 
1 (unsized particles) nor group 3 appears to contain any significant information  
concerning the mean of the APSD (taken as the MMAD). With one exception (product 

Fig. 8.9 Ratio metric LPM/SPM versus MMAD from individual CI APSD determinations for a 
CFC-formulated MDI

Fig. 8.10 CI stage group 2 versus MMAD from individual CI APSD determinations for a CFC- 
formulated MDI
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w9jk01), there was a consistent pattern concerning groups 2 and 4. In general, group 
2 increased, while group 4 decreased as a function of MMAD.

To perform an MSA, the prediction bands determined through the regression 
analysis were in turn used to construct figures of merit that reflect the measurement 
capabilities of the respective metrics. Prediction bands are an estimate of the inde-
terminate error associated with a regression model. In the present case, this is an 
approximation of the measurement error associated with estimating MMAD by the 
particular metric considered (i.e., LPM/SPM or stage grouping).

Calculations based on the prediction intervals, called figures of merit, were con-
structed from the regression models. These figures of merit reflect the measurement 
capabilities and the measurement variability of the respective metrics, EDA, and 
stage groupings. In the present case, based on inverse regression techniques, this is 
an estimate of the measurement error associated with estimating MMAD by the 
particular metric considered (i.e., LPM/SPM or stage grouping). The figures of 
merit constructed from the regression models are for comparative purposes to give 
an indication of the performance of EDA compared to grouped stages. These were 
not intended to make statistically exact absolute statements about the population; 
they were intended to be used in a relative sense to compare performance between 
two different metrics.

One such figure of merit was constructed based on inverse regression. As an 
example, from Fig. 8.9, at the LPM/SPM ratio corresponding to the average MMAD, 
the limits of the prediction interval were projected onto the MMAD axis.

Fig. 8.11 CI stage group 4 versus MMAD from individual CI APSD determinations for a CFC- 
formulated MDI
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This represents an interval expected to contain 95% of the time or with 95% 
confidence, an individual MMAD value associated with a particular ratio value.

The projected prediction intervals from the different regression models are 
reported in Table 8.5. The prediction intervals for the ratio are narrower than for the 
grouped stages, highlighting the fact that the ratio is able to detect changes in 
MMAD with more precision compared to grouped stages.

Table 8.4 Regression analysis of eight OPIs from the blinded IPAC-RS APSD database

Product Metric b
0

b
1

Model R2 (%)

w9k201 Ratio 0.00284634 3.69211 Power 99.9
Group 1 −40.84 22.076 Linear 48.2
Group 2 −32.049 12.2654 Linear 79.4
Group 3 41.951 −2.929 Linear 5.2
Group 4 16.653 −2.8122 Linear 25.5

w9k901 Ratio 0.118678 3.0304 Power 99.7
Group 1 58.888 3.252 Linear 0.5
Group 2 −17.71 8.5686 Linear 74.5
Group 3 −7.11 11.301 Linear 13.6
Group 4 6.8964 −1.3431 Linear 13.4

w9j901 Ratio 0.00618604 4.24202 Power 99.8
Group 1 42.328 0.995 Linear 0.2
Group 2 −30.489 18.0471 Linear 91.8
Group 3 68.16 −10.151 Linear 37.7
Group 4 17.988 −5.67 Linear 28.9

w9j601 Ratio 0.0684496 3.53278 Power 99.8
Group 1 65.34 2.018 Linear 0.1
Group 2 −2.9706 2.2962 Linear 50.1
Group 3 41.459 0.088 Linear 0.0
Group 4 7.97 −1.7094 Linear 31.5

w9j801 Ratio 0.10997 2.85358 Power 99.6
Group 1 30.549 20.56 Linear 31.9
Group 2 −3.5972 6.4721 Linear 59.3
Group 3 56.861 −10.406 Linear 15.1
Group 4 25.0026 −11.1332 Linear 73.5

w9k001 Ratio 0.00731676 4.1528 Power 99.9
Group 1 −20.109 11.304 Linear 12.0
Group 2 −36.46 14.9147 Linear 59.4
Group 3 58.554 −2.684 Linear 0.9
Group 4 41.804 −9.5447 Linear 57.1

w9jk01 Ratio 0.0150038 3.24843 Power 99.3
Group 1 90.81 −9.985 Linear 2.8
Group 2 −18.585 8.5812 Linear 59.2
Group 3 −9.537 13.078 Linear 8.5
Group 4 6.522 0.3908 Linear 0.2

w9kw01 Ratio 0.0292224 2.99468 Power 99.9
Group 1 −4.411 7.623 Linear 10.6
Group 2 −15.472 9.6498 Linear 62.3
Group 3 25.338 5.684 Linear 5.4
Group 4 73.147 −17.9754 Linear 77.9
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Table 8.5 MSA comparisons of EDA ratio metric (LPM/SPM) to results from stage groupings for 
eight OPIs from the blinded IPAC-RS APSD database

Product Metric

CI 
Stage 

d50(mm)

average 
MMAD 
(mm)

95% Prediction 
Interval

Discrimination 
mindex(m-1)

Precision/ 
Total 
Variability 
(%)

Lower 
limit

Upper 
limit

w9k201 Ratio 4.7 3.91 3.836 3.980 6.96 18.0

Group 1 3.484 4.336 1.17 106.6

Group 2 3.700 4.120 2.39 52.5

Group 3 2.158 5.662 0.29 438.6

Group 4 3.207 4.613 0.71 175.9

w9j901 Ratio 3.3 2. 57 2.495 2.638 6.99 13.9

Group 1 −9.494 14.632 0.04 2343.8

Group 2 2.407 2.733 3.07 31.7

Group 3 1.868 3.272 0.71 136.4

Group 4 1.714 3.426 0.58 166.3

w9j801 Ratio 2.1 1.50 1.415 1.577 6.18 13.9

Group 1 0.643 2.357 0.58 147.8

Group 2 1.014 1.986 1.03 83.8

Group 3 0.109 2.891 0.36 240.0

Group 4 1.148 1.852 1.42 60.7

w9jk01 Ratio 3.3 2.66 2.567 2.747 5.55 44.7

Group 1 1.457 3.863 0.42 597.1

Group 2 2.492 2.829 2.97 83.6

Group 3 1.993 3.327 0.75 330.8

Group 4 −2.184 7.505 0.10 2404.4

w9k901 Ratio 2.0 2.59 2.490 2.682 5.21 39.4

Group 1 −0.879 6.058 0.14 1425.0

Group 2 2.446 2.734 3.48 59.0

Group 3 1.971 3.209 0.81 254.2

Group 4 1.965 3.215 0.80 256.6

w9j601 Ratio 2.1 2.54 2.474 2.602 7.83 20.1

Group 1 −6.497 11.576 0.06 2844.1

Group 2 2.206 2.874 1.50 105.3

Group 3 −91.011 96.114 0.01 29448.5

Group 4 2.047 3.034 1.01 155.4

(continued)
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An alternative approach commonly used in MSA is to consider the levels of 
 discrimination possible with a particular measurement within a critical range, typi-
cally the specification requirements. In the present case, MMAD did not have spe-
cific requirements, but a reasonable range can be assumed and applied to all metrics 
(i.e., EDA and grouped stages), leading to a valid relative comparison of perfor-
mance. A range of 1 μm aerodynamic diameter was assumed, and figures of merit 
were computed as 1.0 μm divided by the width of the transposed 95% prediction 
interval at the mean value of MMAD from the inverse regression approach above. 
The resulting values are tabulated in Table 8.5. The discrimination index was much 
higher for the ratio metric, LPM/SPM, compared to the grouped stages, again show-
ing the ability of the ratio metric to detect smaller shifts or changes of the MMAD, 
compared to grouped stages.

The precision to total variability figure of merit was also examined through a 
graphical representation. In Fig. 8.12, 95% prediction intervals for these metrics 
were compared to intervals constructed to encompass the total variability for each 

Product Metric

CI
Stage
d50(µm)

average 
MMAD 
(µm)

95% Prediction 
Interval

Discrimination
index(mm-1)

Precision/
Total 
Variability
(%)

Lower
limit

Upper
limit

w9k001 Ratio 3.3 3.54 3.504 3.575 13.96 14.8

Group 1 2.880 4.200 0.76 272.8

Group 2 3.339 3.741 2.48 83.3

Group 3 0.974 6.105 0.19 1060.7

Group 4 3.329 3.751 2.36 87.4

w9kw01 Ratio 3.3 2.86 2.807 2.910 7.43 19.6

Group 1 2.091 3.630 0.65 292.1

Group 2 2.654 3.066 2.42 78.4

Group 3 1.753 3.967 0.45 420.3

Group 4 2.718 3.001 3.53 53.7

Discrimination Index Color Code Range

>10

>5

>1

<1

Table 8.5 (continued)
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of the products. The intervals that represent the total variability were just under 4σ 
units in width, σ representing the estimated standard deviation (SD) and μ 
r epresenting the estimated mean in MMAD for that product. This interval was spe-
cifically defined as

 
m s m s s+ - - =( . ) [ ( . )] .1 96 1 96 3 92

 (8.3)

in which 1.96σ is the width of an interval that would contain, approximately, 95% 
of the individual MMAD values. This figure of merit is a comparison of the vari-
ability associated with estimating the average MMAD to the total variability in the 
individual MMAD measurements. In all cases, the variation in estimating the aver-
age MMAD through the LPM/SPM ratio was consistently severalfold smaller than 
the variability expected from individual measurements, indicating the consistent 
ability to adequately detect difference in MMAD within the normal observed vari-
ability of the product.

In contrast, the grouped stages consistently exhibited poorer performance. 
Groups 1 and 3 were consistently unable to detect difference in MMAD within this 
range, and groups 2 and 4 exhibited inconsistent performance with respect to being 
able to detect differences. Even in those cases where one of these metrics might be 
judged adequate to detect changes in MMAD, its performance was inferior to the 
corresponding LPM/SPM metric.

The results in Table 8.5 and Fig. 8.12 confirm that for the eight products exam-
ined, the LPM/SPM ratio consistently out-performed all stage groupings with 
respect to a measurement related to the central tendency of the APSD (as reflected 
in the values of MMAD). Note that the CI stage d

50
 in this table refers to the cut- 

point size of the stage separating LPM from SPM. The two MSA figures of merit 
also confirmed the early observations concerning groups 1 and 3, i.e., that these 
stage groupings contain virtually no information related to the central position of 
the APSD.

The values obtained for the discrimination index indicate that the LPM/SPM 
ratio is consistently able to detect differences in MMAD of the order of tenths of 
microns. While groups 2 and 4 exhibited some ability to detect changes in MMAD, 
the performance was both inconsistent and always inferior to the LPM/SPM ratio 
for the same product.

Another graphical approach to comparing performance is to plot MMAD pre-
dicted by the metric through the regression model versus the actual MMAD as deter-
mined through the full-resolution CI results. The comparison was limited to 
comparing the ratio metric to only the group 2 and group 4 results since the other 
two groupings consistently appear unable to offer any information about the MMAD. 
The results of this analysis are depicted in Figs. 8.13, 8.14, 8.15, 8.16, 8.17, 8.18, 
8.19, and 8.20 and again clearly demonstrate the consistent superiority of the ratio 
metric over stage groups with respect to measuring changes in the MMAD, i.e., any 
shift in the average particle size of the emitted aerosol from any OIP.
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Fig. 8.13 Comparison between predicted (by metric) versus actual MMAD from CI data: CFC 
suspension product code, w9kw01

Fig. 8.14 Comparison between predicted (by metric) versus actual MMAD from CI data: HFA 
suspension MDI product code, w9k201
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Fig. 8.15 Comparison between predicted (by metric) versus actual MMAD from CI data: CFC 
suspension MDI product code, w9j601

Fig. 8.16 Comparison between predicted (by metric) versus actual MMAD from CI data: HFA 
solution MDI product code, w9j801
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Fig. 8.17 Comparison between predicted (by metric) versus actual MMAD from CI data: HFA 
suspension MDI product code, w9j901

Fig. 8.18 Comparison between predicted (by metric) versus actual MMAD from CI data: DPI 
product code, w9jk01; group 4 results excluded due to exceptionally poor correlation with actual 
MMAD
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Fig. 8.19 Comparison between predicted (by metric) versus actual MMAD from CI data: CFC 
suspension MDI product code, w9k001

Fig. 8.20 Comparison between predicted (by metric) versus actual MMAD from CI data: DPI 
product code, w9k901
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8.5.2  OCC Approaches

Two different strategies were used to develop OCC curves to compare the relative 
capability of the grouped-stage metrics versus EDA to make the correct decision 
about shifts in MMAD. The first strategy described below, developed by Tougas and 
termed the “Tougas” approach, is based on a more simplistic model with basic 
assumptions. The second strategy, developed by Christopher and Dey and termed the 
“Christopher–Dey” approach, uses the same concepts but incorporates a more sophis-
ticated modeling of the actual CI data with simulation relying on fewer assumptions 
and driven more by characteristics of the actual CI data. The two different assessment 
strategies, however, lead to the same conclusion that the EDA approach, even under 
conservative assumptions, has a higher probability of correct decisions.

The purpose of this exercise was not to compare or assess product quality. 
Consequently, the values of acceptance limits were selected for the purpose of 
 comparing the two approaches. These limits were based on the body of data for 
eight different OIP cases available from the IPAC-RS blinded database, considered 
to represent process capability. However, actual specification limits for those prod-
ucts are unknown and may well be wider than the limits used here.

In this assessment, the stage groupings included only those impactor stages with 
upper cutoff limits (groups 2–4 from Table 8.1). This is to ensure that both the EDA 
and grouped-stage approaches are equivalent in terms of the total mass of sized 
material (i.e., possessing the same ISM).

8.5.2.1  Overview of “Tougas” Strategy

In the Tougas approach, individual stage means were calculated from actual CI data 
for each product considered, and a cumulative particle size distribution was fit to 
establish a reference, or “ideal” APSD.

As discussed above, the direct determination of an OCC requires both limits and 
an estimate of measurement precision. To construct OCCs that reflect the ability to 
discriminate based on changes in MMAD, a series of assumed limits for MMAD 
were selected, and overall measurement precision values were applied to all eight 
OIP cases. The basis of the selected measurement precision (LPM/SPM and grouped 
stages) was the observed precision within the studied products. The actual values 
applied to this analysis were 0.05% and 1% LC for LPM/SPM and grouped stages, 
respectively. Normally, the computation of an OCC would also require the test plan 
and decision schema. For simplicity and a fair comparison, it was assumed in the 
present case that the decision was based on the result from a single measurement.

The overall procedure can be summarized as follows:

 1. Consider a particular OIP.
 2. Calculate the means of all individual stages for all available runs.
 3. Fit cumulative particle size distribution to stage means. This defines the refer-

ence/ideal APSD (a 4-parameter logistic model with the minimum forced to 0 
was used in the described work, according to the method described by 
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Christopher, et al. [8]). Note that the fitted parameters in this model directly 
relate to the MMAD value, maximum size limit, minimum size limit, and 
“s teepness” of the cumulative mass-weighted form of the APSD. Besides MMAD 
and steepness, the parameters include the two asymptotes (i.e., the minimum and 
maximum mass), noting that the former is forced to zero.

 4. Define two cumulative particle size distributions that bracket the reference/ideal 
cumulative APSD fit in step 3. These two cumulative particle size distributions 
represent distributions that are considered equivalent/similar to the reference/
ideal. The degree of sameness/similarity to the reference/ideal APSD was estab-
lished by computing a goodness-of-fit statistic between the displaced cumulative 
APSD and the reference/ideal APSD. That procedure is described below. Region 
of similarity to the target APSD moving the distribution below and above— self- 
imposed similarity—reproducible methodology for characterizing minimum 
and maximum batches with similar APSD properties and MMAD value.

 5. From the displaced cumulative APSD distributions, limits that represent equiva-
lency to the reference/ideal APSD curve could be calculated for MMAD, 
LPM/SPM ratio, and grouped stages. This procedure1 established “goalposts” 
across all three metrics of equivalency to the reference/ideal cumulative APSD 
metric. Label these equivalency “goalposts” θ

L
 and θ

H
.

 6. Based on the parameter estimates from step 3, create a series of cumulative 
APSDs where only the MMAD was varied.

 7. Compute the corresponding APSD metrics (LPM/SPM ratio and grouped stages) 
from the series of cumulative APSDs generated in step 6.

 8. Assuming standard deviations for LPM/SPM of ±0.05 and ±1% LC for each 
stage grouping and an acceptance criterion based on a single measurement, cal-
culate the probability of meeting the limits established; i.e., calculate the follow-
ing probability:

 
prob normal orL
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(8.4)

where X represents either LPM/SPM ratio or grouped stages and μ represents the 
appropriate metric value computed in step 7 from the series of cumulative APSDs 
that generated varying MMAD. The observed data, either ratio or grouped stages, 
were unimodal and approximately symmetric; therefore, normality is not an 
unreasonable approximation from which to base the comparison.

 9. The final OCCs are a plot of probability acceptance or probability of the appro-
priate metric producing values within the equivalency goalposts, plotted as a 
function of MMAD.

1It should be noted that the assumed limits were established by computing a goodness-of-fit 
 statistic between each displaced cumulative APSD and the target cumulative APSD. Several levels 
of this statistic (0.9, 0.8, 0.7, and 0.6) were applied to each studied product, and the resulting limits 
are provided in Table 8.6. While this provided a systematic process for establishing assumed lim-
its, the actual values are not critical. The important constraint for comparing the performance of 
the two metrics is that each particular limit was converted to equivalent requirements with respect 
to each metric.
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8.5.2.2  Overview of “Christopher–Dey” Strategy

Using the same stage groupings as those chosen by Tougas (Table 8.1), Christopher–
Dey established, for the purpose of this assessment, a range considered to represent 
acceptable values of MMAD and determined the relationship between each of the 
grouped stages and values of MMAD over that range. From this, acceptance limits 
for each of the grouped stages were determined, which were confirmed to be 
 consistent with typical FDA limits. Applying the same technique, the relationship 
between the metric LPM/SPM ratio and MMAD was established, along with corre-
sponding acceptance limits for LPM/SPM, thus providing a basis for an “apples-to-
apples” comparison of the grouped-stage and EDA approaches. It was necessary to 
expand the range of CI results while maintaining characteristics of the actual CI data 
in order to obtain robust estimates of performance characteristics at and beyond the 
range of acceptable values for MMAD. To accomplish this objective, the original 
data were shifted toward either higher or lower values of MMAD in a way that is 
consistent with physical mechanisms that govern and constrain APSD shifts in OIPs.

8.5.2.3  Results from “Tougas” Strategy

The generation of OCCs by this approach started with defining a target APSD for 
the specific product under consideration. Figure 8.21 illustrates the cascade impac-
tor results from the IPAC-RS database for one of the products studied, a CFC sus-
pension MDI identified as w9j601. This figure is a superimposition of all individual 
CI determinations (n = 43) and presents individual stage data as a function of 
 aerodynamic particle size. Note that the process of defining a target APSD in a real 
OIP development situation would depend on gathering sufficient representative 
results that adequately characterize the product in question. In this case, all avail-
able data from the IPAC-RS database were utilized. The target APSD was selected 
from these data, by first averaging the individual mass API-per-stage data on a 
stage-by-stage basis, then converting to cumulative weighting, and finally fitting a 

Table 8.6 Assumed limits used to construct operating characteristic curves comparing the 
performance of the ratio metric LPM/SPM to “grouped stages”

Goodness-of-fit  
criterion (R2) Assumed limits for MMAD (μm)

w9j601 w9j801 w9j901 w9jk01
0.9 2.03–3.04 1.14–1.83 2.25–3.00 2.11–2.97
0.8 1.81–3.24 1.02–1.98 2.09–3.15 1.94–3.14
0.7 1.62–3.40 0.93–2.08 1.96–3.27 1.81–3.27
0.6 1.47–3.54 0.85–2.17 1.86–3.36 1.71–3.38

w9k001 w9k201 w9k901 w9kw01
0.9 3.17–4.04 3.49–4.31 2.26–3.10 2.56–3.36
0.8 2.99–4.23 3.33–4.47 2.08–3.27 2.39–3.52
0.7 2.85–4.37 3.19–4.59 1.95–3.40 2.26–3.66
0.6 2.73–4.49 3.08–4.69 1.84–3.51 2.15–3.77
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logistic sigmoidal model to the cumulative APSD. Figures 8.22 and 8.23 illustrate 
the outcomes for product w9j601.

Limits were established by first constructing a goodness-of-fit statistic based on the 
concept of a coefficient of determination (R2). The target APSD was displaced by its 

Fig. 8.22 Stage-by-stage box plots of CI results for CFC suspension MDI w9j601; the encircled 
“plus” signs represent the stage mean values for all n = 43 results

Fig. 8.21 Superimposed CI-measured APSDs for CFC suspension MDI (w9j601) from the 
IPAC-RS database
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Fig. 8.23 Identification of target cumulative APSD for CFC suspension MDI w9j601: fit of logis-
tic model to cumulative mass-weighted APSD; %LC % label claim; “APS” in equation = aerody-
namic particle size (μm)

MMAD value, and its pseudo R2 values were computed as a function of the displaced 
MMAD. Limits in terms of MMAD were then established by selecting arbitrary R2 
values (0.9, 0.8, 0.7, and 0.6) and selecting the corresponding MMAD values as the 
assumed limits. The calculation for the pseudo R2 is given by Eq. (8.5) for clarity.
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(8.5)

It is important to note that the differences were calculated for particular fixed 
particle sizes as measures of distance between the curves vertically. This is one 
approach for determining a bound around the target/reference APSD curve that 
defines a range of acceptable MMAD values.

Again the reader is reminded that these selections are not connected in any man-
ner to the actual quality limits for the studied products. They were selected exclu-
sively to study the characteristic of the APSD-related metrics. Figure 8.24 illustrates 
this process for OIP w9j601 when R2 is set at 0.9. The entire set of limits (Table 8.6) 
employed for constructing OCCs were obtained via this process.

Using these assumed limits for the MMAD values, both cumulative APSDs 
(Fig. 8.25) and APSDs plotted in the form of individual values of API per stage 
(Fig. 8.26) could be constructed for hypothetical APSDs at the assumed limits. Note 
that this exercise considers the case of a shift in MMAD of the distribution without 
a change in its shape.
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Comparison of Ideal APSD vs Limiting Quality Cases
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Fig. 8.25 Cumulative mass-weighted APSDs for OIP product w9j601 illustrating target and limit-
ing APSDs derived with R2 set at 0.9

Fig. 8.24 Process for establishing assumed limits for construction of OCCs: the limit is defined 
by the value of MMAD corresponding to the intersection of the selected R2 value (in this case 0.9) 
and the goodness-of-fit curve

Corresponding and equivalent limits for the metrics of interest in the context of 
EDA and “stage groupings” could be established primarily from these limiting 
cumulative APSDs, once the limits were established in terms of MMAD and the cor-
responding extreme cumulative APSDs were computed. Figure 8.27 tracks the ideal 
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Fig. 8.26 Individual API mass API-per-stage values derived from target and limiting cumulative 
APSDs for OIP product w9j601 whose cumulative mass-weighted APSD is shown in Fig. 8.25

Fig. 8.27 Expected ideal behavior of CI stage groups as a function of shifting the MMAD value of 
the target APSD for OIP product w9j601. The horizontal lines represent one-sided limits that were 
established for the groupings related to the upper and lower tail of the APSD (groups 2 and 4) and 
the two-sided limit for the central grouping (group 3)
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behavior of stage groupings used for OIP w9j601 as a function of shifting the MMAD 
of the target APSD and superimposes the limits derived from the limiting cumula-
tive APSDs. One-sided limits were established for the groupings related to the upper 
and lower tail of the APSD (groups 2 and 4), as is the common current practice, 
while a two-sided limit was established for the central grouping (group 3).

Some immediate observations arise from closer inspection of Fig. 8.27. Firstly, this 
presentation supports the concept of using one-sided limits for groups 2 and 4 to 
detect shifts in particle size through the mass-weighted median of the APSD (MMAD). 
In principle, an increase in mass of API on stage group 2 signals an increase in MMAD, 
and conversely, an increase in mass of API collected by stage group 4 signals a 
decrease in MMAD. Secondly, the predicted behavior of stage group 3 suggests that it 
is unlikely to provide a practical control for changes in MMAD. This plot predicts only 
a 4.25% label claim difference corresponding to a 1 μm shift in the value of MMAD. 
Further, the relationship between stage group 3 mass content and MMAD is not mono-
tonic, having its maximum value at MMAD = ca. 3 μm.

The final steps to generate OCCs were to compute the probability of acceptance 
for each metric based on the estimated precision of each metric (s = 0.05 for 
LPM/SPM and s = 1.0 for stage groupings) with the assumed limits as a function of 
the MMAD of the displaced APSDs.

In the case of the stage grouping strategy, the overall requirement includes the 
condition that the limits for all groupings are met. The final probability of acceptance 
could thus be computed by considering the probability that the assumed limits are 
simultaneously met for all stage groupings. As discussed above, the inclusion of a 
group 3 requirement is predicted to be problematic. This fact is borne out by the 
shapes of the actual OCCs generated by this scheme (Fig. 8.28). This illustration 
presents the contributions of the individual stage groupings to the overall OCC for 
one particular case and illustrates the issue of including a stage group 3 requirement 
with respect to monitoring movement in the value of MMAD. As a result of this 
finding, an additional set of OCCs were produced that dropped the requirement for 
stage group 3 and instead considered the probability of acceptance for meeting 
simultaneously only the stage group 2 and 4 requirements.

All resulting OCCs for LPM/SPM and stage groupings are compared and pre-
sented in Figs. 8.29, 8.30, 8.31, 8.32, 8.33, 8.34, 8.35, 8.36, and 8.37. Figure 8.29 
illustrates OCCs for LPM/SPM, “stage groupings,” including all three groupings, 
and “stage groupings,” considering only groups 2 and 4, all superimposed on the 
ideal OCC for comparison. The reader will recall that this particular case illustrates 
the results for CFC suspension MDI (product w9j601) where the limits were derived 
from setting R2 to equal 0.9.

The issue of including group 3 is apparent in this figure where the probability of 
acceptance (p

accept
) never reached 1.0 over the entire range of MMADs that were 

considered. This feature was consistently observed over all limits and OIPs that 
were considered. In this particular case, the same issue, though to a lesser extent, 
was observed for stage grouping when only groups 2 and 4 were considered. At the 
same time, the LPM/SPM metric demonstrated superior performance with a corre-
sponding OCC that exhibited appropriate acceptance and rejection characteristics, 
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Fig. 8.28 Contributions of individual requirements for grouped stages to the overall combined 
probability of acceptance for OIP product w9j601. LL lower acceptance limit, UL upper accep-
tance limit

Fig. 8.29 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs for OIP product w9j601 at limits defined by R2 = 0.9
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Fig. 8.31 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs: HFA suspension MDI (w9j901)

Fig. 8.30 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs: HFA suspension MDI (w9k201)
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Fig. 8.32 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs: HFA solution MDI (w9j801)

Fig. 8.33 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs: DPI (w9jk01)

8 Performance Characterization of EDA…



214

Fig. 8.35 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs: CFC suspension MDI (w9j601)

Fig. 8.34 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs: DPI (w9k901)
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Fig. 8.36 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs: CFC suspension MDI (w9k001)

Fig. 8.37 Relative performance of LPM/SPM versus grouped stages based on a comparison of 
OCCs: CFC suspension MDI (w9kw01)
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with the overall curve closer to the ideal OCC then to either of the stage grouping- 
based alternatives.

Tables 8.7 and 8.8 summarize qualitatively a comparison of these OCCs in the 
critical regions related to type I (false acceptance) and type II (false rejection) errors 
(Fig. 8.38).

The entries in the cells in Tables 8.7 and 8.8 indicate superior performance for 
the indicated metrics in the critical region of the OCC. Where no significant differ-
ence is observed, a character “≈” appears. Bolded values indicate that only the indi-
cated metric is capable and that there is a serious performance issue with the 
alternative metric.

Table 8.7 Key to comparisons in Table 8.8

R2 value used to establish limits

(a) Type I region, lower limit (b) Type I region, upper limit

(c) Type II region, lower limit (d) Type II region, upper limit

Table 8.8 Qualitative comparison of OCCs for OIP APSDs from the IPAC-RS database in the 
critical regions related to type I and II errors: EDA = decision based on ratio metric (LPM/SPM); 
Gr24: decision based on stage groups 2 and 4 (excluding group 3)

HFA suspension MDI (w9k201) HFA suspension MDI (w9j901)
R2 = 0.9 R2 = 0.8 R2 = 0.9 R2 = 0.8
EDA EDA EDA EDA EDA EDA ≈ EDA
EDA EDA ≈ EDA ≈ EDA ≈ EDA
R2 = 0.7 R2 = 0.6 R2 = 0.7 R2 = 0.6
≈ EDA ≈ EDA ≈ EDA Gr24 EDA

≈ EDA ≈ EDA ≈ EDA Gr24 EDA
HFA solution MDI (w9j801) Dry powder inhaler (w9jk01)
R2 = 0.9 R2 = 0.8 R2 = 0.9 R2 = 0.8
EDA EDA EDA EDA EDA EDA EDA EDA
EDA EDA EDA EDA EDA EDA EDA EDA
R2 = 0.7 R2 = 0.6 R2 = 0.7 R2 = 0.6
Gr24 EDA Gr24 EDA ≈ EDA ≈ EDA
Gr24 EDA Gr24 EDA ≈ EDA Gr24 EDA
Dry powder inhaler (w9k901) CFC suspension MDI (w9j601)
R2 = 0.9 R2 = 0.8 R2 = 0.9 R2 = 0.8
EDA EDA EDA EDA EDA EDA Gr24 ≈
EDA EDA EDA EDA ≈ EDA Gr24 EDA
R2 = 0.7 R2 = 0.6 R2 = 0.7 R2 = 0.6
EDA EDA EDA EDA Gr24 EDA Gr24 EDA
≈ EDA ≈ EDA Gr24 EDA Gr24 EDA
CFC suspension MDI (w9k001) CFC suspension MDI (w9kw01)
R2 = 0.9 R2 = 0.8 R2 = 0.9 R2 = 0.8
≈ EDA ≈ EDA ≈ EDA Gr24 EDA
≈ EDA Gr24 EDA Gr24 EDA Gr24 EDA
R2 = 0.7 R2 = 0.6 R2 = 0.7 R2 = 0.6
Gr24 EDA Gr24 EDA Gr24 EDA Gr24 EDA
Gr24 EDA Gr24 EDA Gr24 EDA Gr24 EDA
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8.5.2.4  Results from “Christopher–Dey” Strategy

Christopher–Dey compared the EDA and grouped-stage approaches statistically using 
multivariate modeling of the APSD profiles. Assessment of the relative capability of 
the two methods to correctly detect shifts in the APSD via shifts in MMAD was based 
on misclassification due to false rejection rates (type I errors) and false acceptance rates 
(type II errors) using simulations of multivariate non-normal data and OCCs.

Shifts of mass within a distribution or shifts of the entire APSD will necessarily 
change its MMAD. The ability of a given approach (EDA or grouped stages) to 
detect shifts in APSD can therefore be assessed by their ability to correctly deter-
mine whether MMAD falls within an acceptable range of MMAD values. The same 
range of acceptable MMAD values was used to evaluate each metric in order to 
ensure an equitable comparison of the two approaches.

The two sets of metrics as well as the corresponding MMAD value (see Fig. 8.39) 
were each calculated for the CI-measured APSD data from each OIP (i.e., the iden-
tical CI data values were used to calculate each metric). In the EDA approach, the 
focus was on the magnitude of the LPM/SPM ratio. In the grouped-stage approach, 
the focus was on the mass of API assigned to stage groupings 2, 3, and 4 (Table 8.1). 
The particular EDA and grouped-stage metrics are illustrated side by side in 
Fig. 8.40, together with appropriate size boundaries for the ACI, when operated at 
28.3 L/min.

For an outcome indicating that MMAD is within the acceptable range of values, 
each of the grouped-stage results must fall within established acceptance limits. The 
ability of the grouped-stage approach to make the correct decision as to whether 
MMAD is within acceptable limits is directly related to how well the combined 

Fig. 8.38 Definitions for type I and II error regions in relation to data presented in Tables 8.7 and 8.8
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Fig. 8.39 MMAD calculated 
for each APSD using a 
4-parameter logistic curve fit 
as shown in Fig. 7.4

Fig. 8.40 Representative APSD histogram and corresponding EDA and grouped-stage metrics 
chosen by Christopher–Dey

outcome of the grouped stages predicts MMAD. Similarly, the ability of the EDA 
approach to make the correct decision is directly related to the ability of the ratio 
metric to predict the value of MMAD.

In the context of hypothesis testing, the null hypothesis presented here is that a 
characteristic of the CI data, MMAD (analogous to a population mean), lies within 
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some range of values (upper and lower acceptance limits for MMAD). Three 
grouped-stage test statistics—group 2, group 3, and group 4 mass depositions (anal-
ogous to sample statistics such as the mean or a distribution percentile)—are calcu-
lated from the CI sample data. If all three test statistics lie within some range 
(upper and lower acceptance limits for the respective groupings), we fail to reject 
the null hypothesis (i.e., there is no evidence that the MMAD is outside the range of 
acceptable values).

If any one of the three grouped-stage test statistics falls outside acceptance  limits, 
the null hypothesis is rejected (i.e., there is evidence that the MMAD is outside the 
range of acceptable values). In the same way, the null hypothesis is tested using the 
LPM/SPM test statistic. If the ratio falls within acceptance limits for ratio, we fail to 
reject the null hypothesis that the MMAD is outside an acceptable range of values. 
If the ratio falls outside its acceptance limits, the null hypothesis is rejected, indicat-
ing evidence that the MMAD is outside an acceptable range of values.

As described previously, for the grouped-stage approach, the value of ISM is 
completely confounded with shifts in APSD. Therefore, ISM is used as an addi-
tional test statistic in assessing the performance of both EDA and stage groupings. 
For the grouped-stage approach, all three stage grouping test statistics and ISM must 
be within their respective acceptance limits to indicate no evidence that the value of 
MMAD is outside an acceptable range. Similarly, both LPM/SPM ratio and ISM 
must be within acceptance limits to fail to reject the null hypothesis.

In this case it is not feasible to determine the distributions of the test statistics, so 
a closed-form approach, such as for a test statistic assumed to follow a t- distribution, 
is not used. Instead, the method used here is similar to other non-closed-form 
approaches such as bootstrapping.

The assessment process used to compare the two approaches is illustrated here as 
an example using data for a specific product in the IPAC-RS APSD database (prod-
uct w9k001). The basis for establishing comparable acceptance limits for EDA 
LPM/SPM ratio and grouped stages for a common range of acceptable MMAD val-
ues is illustrated in Fig. 8.41.

Acceptance limits for each of the stage groupings were established by calculat-
ing distribution percentiles for each of the grouped-stage results and then selecting 
percentiles at the extremes of the distributions (e.g., 1st and 99th percentiles), which 
were consistent with typical FDA limits [2]. Regression analysis was then used to 
determine the relationship between values of mass on each grouped stage and the 
corresponding MMAD, with a prediction interval, representing some level of uncer-
tainty, around the regression line. The intersection of the prediction interval with the 
upper and lower limits for the grouped stages was used to establish, for the purpose 
of this assessment, a range considered to represent acceptable values of MMAD, as 
illustrated in Figs. 8.42, 8.43, and 8.44.

Group 3, which represents the middle portion of the APSD, showed poor correla-
tion with MMAD (R2 = 0.009). Groups 2 and 4, representing the “tails” of the APSD, 
showed similar, strong correlation with MMAD (R2 = 0.58 and 0.59, respectively) and 
resulted in similar limits for the range of MMAD (3.02–4.04 μm and 3.00–3.98 μm). 
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Fig. 8.42 Stage group 2 mass deposition data as a function of MMAD; the dashed lines represent 
the prediction interval limits with the circles defining the upper and. lower limits for MMAD, each 
defined by the intersection between the appropriate prediction interval limit and the corresponding 
acceptance limit for group 2

The averages of group 2 and group 4 limits were therefore subsequently used as a 
common range of acceptable values of MMAD for assessment of the two approaches.

It was found necessary to expand the range of the data using simulation tech-
niques that maintained the characteristics of the original CI data. This procedure 
was undertaken in order to determine suitably robust estimates of the performance 
of the two approaches at the limits of the established MMAD range, which 
c orresponded to the limits of the observed data. For each set of CI data, a cumulative 
mass-weighted APSD curve was generated using a 4-parameter curve fit (Fig. 8.39).

To shift the curve and thereby shift the MMAD, by some delta amount, predicted 
values were calculated at delta distance from each of the CI stage d

50
 sizes.

Fig. 8.41 Process diagram 
for establishing comparable 
acceptance limits for 
LPM/SPM ratio and grouped 
stages for a common range of 
acceptable MMAD values
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Fig. 8.43 Stage group 3 mass deposition data as a function of MMAD; the dashed lines represent 
the prediction interval limits, and the extremely small value of R2 is highlighted, demonstrating the 
lack of a correlation

Fig. 8.44 Stage group 4 mass deposition data as a function of MMAD; the dashed lines represent 
the prediction interval limits with the circles defining the upper and. lower limits for MMAD, each 
defined by the intersection between the appropriate prediction interval limit and the corresponding 
acceptance limit for group 4

A new set of shifted data was created by matching these predicted values to the 
original d

50
 sizes, and by scaling the deviation from the original predicted value, 

assuming constant coefficient of variation (CV), to maintain variability  characteristics 
consistent with the original data and with principles governing particle size shifts in 
OIPs. Shifted sets of data were generated at the appropriate deltas to provide sufficient 
coverage at and slightly beyond the extremes of the MMAD range to provide a suit-
ably expanded data set for assessment. The process used is illustrated in Fig. 8.45.
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Fig. 8.45 “Christopher–Dey” expansion of the range of OIP CI-determined APSD data using 
simulation techniques that maintained the characteristics of the original CI data; the process 
involved shifting the cumulative APSD by a size amount “±Δ”

An example of this approach applied to a set of CI data is shown in Figs. 8.46  
and 8.47.

Using the original data and the approach described in Tougas et al. [3], the 
LPM/SPM ratios were calculated using a boundary near the average MMAD to sepa-
rate the ISM into its component parts, LPM and SPM. As with the grouped-stage 
data, a suitable regression model was used to determine the relationship between the 
LPM/SPM ratio and MMAD, with a prediction interval, representing some level of 
uncertainty, around the regression line. The intersection of the prediction limits with 
the acceptable MMAD range was used to determine the acceptance limits for the 
LPM/SPM ratio that corresponded to grouped-stage acceptance limits for the estab-
lished range of acceptable MMAD values (see Fig. 8.48).

Simulated cascade impactor-generated data was generated (SAS version 9.1, 
SAS Institute, Cary, NC, USA) using the expanded data set to model the original CI 
data, incorporating not only the mean and variability of the deposited mass on each 
impactor stage but also the interrelationships among the stages [17, 18].

For example, the simulated data reflected the same pattern as the observed data 
such that in a given CI run, a higher mass deposited on one stage generally results 
in a lower amount on another stage, and vice versa.

Another important aspect of the simulation is that the modeling does not require 
that mass deposition on each stage follow a normal distribution. For each of the sets 
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Fig. 8.46 Cumulative mass-weighted APSD curves for a set of CI data shifted both left and right, 
with deviations from the predicted cumulative curve adjusted to a constant CV to maintain consis-
tent variability characteristics to the original data

Fig. 8.47 Expanded data set showing LPM/SPM ratio versus MMAD; red points represent the 
original APSD data; left shifted are blue, right shifted are green, providing sufficient coverage at 
and beyond limits of the established range of acceptable MMAD values
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Fig. 8.48 Acceptance limits for the LPM/SPM ratio that corresponded to grouped-stage accep-
tance limits for the established range of acceptable MMAD values; the red circles represent the 
upper and. lower bounds for the ratio LPM/SPM

of original, left- and right-shifted data, 10,000 simulated APSD profiles were gener-
ated for a total of 30,000 profiles over a sufficiently wide range of MMAD values, 
with characteristics similar to the original data and consistent with the mechanisms 
involved in particle size shifts in OIPs.

This simulated data set was used to assess the performance characteristics of the 
two approaches under a variety of comparable acceptance limits.

It was possible to compare the two approaches on the same basis under different 
conditions, by using different combinations of distribution percentiles to set group-
ing acceptance limits (e.g., 5th and 95th versus 1st and 99th percentiles) as well as 
different prediction intervals (e.g., 95% versus 99.9% prediction intervals). For 
example, using the 1st and 99th percentiles to establish grouped-stage acceptance 
combined with a 99.9% prediction interval to establish the MMAD range resulted in 
48% and 0% false rejection (type I) and false acceptance (type II) rates, respec-
tively, for grouped-stage decisions based on combined group 2, 3, and 4 results. 
A different scenario with the same grouping distribution percentiles but with a 90% 
prediction interval resulted in a 0.09% type II error rate and a 21% type I error rate 
for the grouped-stage approach. A variety of scenarios and the corresponding error 
rates for the LPM/SPM ratio metric are shown in Table 8.9.

It is also possible to apply a scaling factor to the prediction interval to adjust 
acceptance limits for the LPM/SPM ratio to produce false acceptance rates to match 
that of the grouped-stage method.

The results of these simulations can be presented in the form of OCCs. For exam-
ple, the scenario presented in the last row of Table 8.9 is shown in Figs. 8.49, 8.50, 
8.51, and 8.52.
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Table 8.9 Simulation results for various scenarios showing type I and type II error rates for the 
two approaches and the relative type I error rates for grouped stages compared to EDA; results 
from groups 2–4 are combined to yield the overall grouped-stage decision (i.e., if any of the groups 
2–4 fails, the overall decision fails)

Grouping 
distribution 
percentiles

Prediction 
interval 
(%)

Error rates Relative type I 
error rates: 
grouped stages 
versus EDA

LPM/SPM ratio Grouped stages

Type I Type II Type I Type II

10, 90 95  6.57 0.03 22.82 0 3.47

99 10.86 0.01 30.51 0 2.81

99.9 17.01 0.01 41.82 0 2.46

5, 95 95  8.48 0.04 23.08 0 2.72

99 13.89 0.01 32.39 0 2.33

99.9 19.66 0.01 43.09 0 2.19

1, 99 90  9.61 0.09 20.95 0.09 2.18

95 12.24 0.08 26.05 0.02 2.13

99 17.38 0.05 39.03 0 2.25

99.9 20.81 0.02 48.04 0 2.31

Fig. 8.49 OIP product w9k001: OC curve (solid green line) and results for LPM/SPM ratio; black 
symbols are correct decisions, blue symbols are false rejections (type I errors), red symbols are 
false acceptance (type II errors). LAL and UAL are lower and upper acceptance limits, 
respectively

In addition to the relative rates of false rejections and false acceptances, the 
 pattern of incorrect decisions is also important in assessing the decision-making 
capability of a method. If the errors are near acceptance limits, but a method is 
clearly discriminating in the majority of acceptable and unacceptable regions, that 
method could be considered more useful in making correct decisions than the one 
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Fig. 8.51 OIP product w9k001: OC curve (dashed green line) and results for stage group 3; black 
symbols are correct decisions; blue symbols are false rejections (type I errors). Outcomes and the 
OC curve are based on the combined results of all three groups. The OC curve for LPM/SPM ratio 
is superimposed for comparison

that produces errors well away from regions near the limits (and thus in the areas of 
clearly acceptable or clearly unacceptable quality). This can be seen in the shape of 
the OC curves. Incorrect decisions which only occur near the boundaries of the 
acceptance region produce an OC curve with relatively steep sides and a flat top 
across the major portion of the acceptance region. This contrast can be observed in 
the figures by comparing the shapes of the OC curves and the pattern of incorrect 

Fig. 8.50 OIP product w9k001: OC curve (dashed green line) and results for stage group 2; black 
symbols are correct decisions; blue symbols are false rejections (type I errors). Outcomes and the 
OC curve are based on the combined results of all three groups. The OC curve for LPM/SPM ratio 
is superimposed for comparison
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decisions. The LPM/SPM ratio exhibits a broad flat curve with relatively steep sides 
compared to the grouped-stage OCC, which never attains 100% probability of 
 passing even in the center of the acceptance region. The false rejection outcomes 
represented by the blue plot symbols occur consistently further away from the 
boundaries of the acceptance region, and even through the middle of the region for 
the grouped-stage approach than for the LPM/SPM ratio approach.

Another way of comparing the patterns of outcomes between the two approaches 
is presented in Fig. 8.53. All nine possible pairs of outcomes for the two approaches, 
“G” for grouped stages and “R” for LPM/SPM, are plotted versus MMAD. Correct 
decisions are represented by “0,” type I errors by “1” and type II errors by “2.” 
In this case both approaches indicated the correct decision 52% of the time as shown 
by the “G0/R0” category. This occurred in middle of the MMAD acceptance region 
and also just outside the range and beyond. Both approaches indicated false 
 rejection (type I errors, represented by “G1/R1”) approximately 21% of the time, 
which occurred just inside the limits of the acceptance region. However, approxi-
mately 27% of the time, the grouped-stage approach indicated false rejection (type 
I errors) well inside the acceptance region, while LPM/SPM ratio indicated the 
 correct decision (represented by “G1/R0”). Increased occurrence of false rejection 
away from the acceptance limits indicates less discrimination of the grouped-stage 
approach to correctly predict MMAD.

This difference in discrimination capability is illustrated in Figs. 8.54 and 8.55, 
which show the relative size of the uncertainty of the estimate of MMAD compared 
to the range of acceptable values for stage group 2 and LPM/SPM, respectively. 
A smaller amount of estimate uncertainty relative to MMAD acceptance limits indi-
cates a higher capability to detect differences in MMAD within the acceptance region.

Fig. 8.52 OIP product w9k001: OC curve (dashed green line) and results for stage group 4; black 
symbols are correct decisions; blue symbols are false rejections (type I errors). Outcomes and the 
OC curve are based on the combined results of all three groups. The OC curve for LPM/SPM ratio 
is superimposed for comparison
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Fig. 8.54 Plot illustrating the ability of stage group 2 to predict MMAD; the width of the range of 
acceptable MMAD values is only slightly larger than the uncertainty interval of the prediction 
(MMAD range/uncertainty interval for prediction = 1.4 levels of discrimination per micron), indi-
cating a relatively low capability to discriminate different values of MMAD compared to the range 
of acceptance limits

Fig. 8.53 OIP product w9k001: plot showing paired outcomes for grouped stages (G) and 
LPM/SPM ratio (R) for correct decisions represented by “0,” type I errors represented by “1,” and 
type II errors represented by “2,” with percent of total for each category

The assessment process described for IPAC-RS file code w9k001 was also 
applied to the other products in the IPAC-RS database (Table 8.10).

The APSD characteristics of some of the products were more challenging than 
others to successfully model and expand the range for assessment, especially for the 
two products designated by file codes w9j901 and w9j601 for which there were only 
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Fig. 8.55 Plot illustrating the ability of LPM/SPM ratio to predict MMAD; the width of the range 
of acceptable MMAD values is approximately eight times larger than the uncertainty interval of the 
prediction, indicating a relatively high capability to discriminate different values of MMAD with 
the acceptance limits

43 and 39 CI data sets, respectively. The techniques used for expanding the range of 
APSD shifts also allowed for potential changes in ISM that could be expected to 
occur due to physical mechanisms associated with APSD shifts in OIPs. In some 
cases shifts in APSD were accompanied by an increase or decrease in the mass of 
API entering the size-fractionating CI stages contributing to ISM, resulting in a 
 corresponding increase or decrease in this metric.

These assessments show that when ISM is included, the decision-making process 
can detect changes in the amount (mass of API) as well as the shape of the APSD. 
The OC curve plots show instances of correct rejection, due to unacceptable ISM, 
even when the MMAD was still within an acceptable range. This is evident in the 
black plot symbols (indicating a correct decision), within the acceptable range of 
MMAD, but outside the acceptable range for grouped stages or ratio. Assessments 
presented in Figs. 8.56, 8.57, 8.58, 8.59, 8.60, 8.61, and 8.62 show results consistent 

Table 8.10 IPAC-RS database file codes for OCC assessment process

File code OIP type
Figure(s) depicting 
OCC assessment

w9k001 CFC suspension MDI 8.49–8.53
w9j601 CFC suspension MDI 8.56
w9j801 HFA solution MDI 8.57
w9j901 HFA suspension MDI 8.58
w9jk01 DPI 8.59
w9k201 HFA suspension MDI 8.60
w9k901 DPI 8.61
w9kw01 CFC suspension MDI 8.62
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Fig. 8.56 OIP product w9j601: OC curves for grouped stages (dashed green line) and LPM/SPM 
ratio (solid green line) and results for LPM/SPM ratio and groups 2, 3, and 4. Also shown are 
paired outcomes for grouped stages (G) and LPM/SPM ratio (R) for correct decisions represented 
by “0,” type I errors represented by “1,” and type II errors depicted by “2,” with percent of total for 
each category. LAL and UAL are lower and upper acceptance limits, respectively
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Fig. 8.57 OIP product w9j801: OC curves for grouped stages (dashed green line) and LPM/SPM 
ratio (solid green line) and results for LPM/SPM ratio and groups 2, 3, and 4. Also shown are 
paired outcomes for grouped stages (G) and LPM/SPM ratio (R) for correct decisions represented 
by “0,” type I errors represented by “1,” and type II errors depicted by “2,” with percent of total for 
each category. LAL and UAL are lower and upper acceptance limits, respectively
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Fig. 8.58 OIP product w9j901: OC curves for grouped stages (dashed green line) and LPM/SPM 
ratio (solid green line) and results for LPM/SPM ratio and groups 2, 3, and 4. Also shown are 
paired outcomes for grouped stages (G) and LPM/SPM ratio (R) for correct decisions represented 
by “0,” type I errors represented by “1,” and type II errors depicted by “2,” with percent of total for 
each category. LAL and UAL are lower and upper acceptance limits, respectively
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Fig. 8.59 OIP product w9jk01: OC curves for grouped stages (dashed green line) and LPM/SPM 
ratio (solid green line) and results for LPM/SPM ratio and groups 2, 3, and 4. Also shown are 
paired outcomes for grouped stages (G) and LPM/SPM ratio (R) for correct decisions represented 
by “0,” type I errors represented by “1,” and type II errors depicted by “2,” with percent of total for 
each category. LAL and UAL are lower and upper acceptance limits, respectively
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Fig. 8.60 OIP product w9k201: OC curves for grouped stages (dashed green line) and LPM/SPM 
ratio (solid green line) and results for LPM/SPM ratio and groups 2, 3, and 4. Also shown are 
paired outcomes for grouped stages (G) and LPM/SPM ratio (R) for correct decisions represented 
by “0,” type I errors represented by “1,” and type II errors depicted by “2,” with percent of total for 
each category. LAL and UAL are lower and upper acceptance limits, respectively
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Fig. 8.61 OIP product w9k901: OC curves for grouped stages (dashed green line) and LPM/SPM 
ratio (solid green line) and results for LPM/SPM ratio and groups 2, 3, and 4. Also shown are 
paired outcomes for grouped stages (G) and LPM/SPM ratio (R) for correct decisions represented 
by “0,” type I errors represented by “1,” and type II errors depicted by “2,” with percent of total for 
each category. LAL and UAL are lower and upper acceptance limits, respectively
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Fig. 8.62 OIP product w9kw01: OC curves for grouped stages (dashed green line) and LPM/SPM 
ratio (solid green line) and results for LPM/SPM ratio and groups 2, 3, and 4. Also shown are 
paired outcomes for grouped stages (G) and LPM/SPM ratio (R) for correct decisions represented 
by “0,” type I errors represented by “1,” and type II errors depicted by “2,” with percent of total for 
each category. LAL and UAL are lower and upper acceptance limits, respectively
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with that for product w9k001. OC curves for LPM/SPM ratio have steep sides with 
a wide, flat top compared to the grouped-stage OC curves, and the pattern of incor-
rect decisions for grouped stages occurs over a much broader range of the accept-
able region than for the EDA approach.

8.5.3  PCA Approach

8.5.3.1  Overview

In this section, a multivariate approach to deciding whether a set of APSD profiles is 
similar or dissimilar to the original population is presented. In multivariate  terminology, 
the original population is labeled the training data set, and the new measurements that 
are being compared to the training data are labeled the prediction set. In the case pre-
sented in this chapter, the original “training set” population consisted of 252 NGI 
cascade impaction measurements normalized for total impacted to account for dose 
differences. This population of APSD profiles reflected typical product, process, and 
analytical variability expected from a product in late-stage development. The approach 
presented here includes a principal component analysis model (PCA). The output 
from this multivariate technique, in terms of detecting differences or changes in a set 
of data, was then compared to an approach for detecting differences based on EDA 
and grouped stages. Summary conclusions were made from this comparison.

A PCA of the 252 NGI measurements (Sect. 8.2), used to build the model, gave 
very good results with >90% of the variability being captured in the first two com-
ponents (Fig. 8.63).

A quantitative measure of the goodness of fit of the PCA model is given by the 
statistic, R2X. The value of R2X is a statistic that indicates how well the PCA model 
explains the variation in the 252 measurements. In addition to this metric, there is 
another measure, Q2, which reflects the predictive ability of the PCA model to pre-
dict new data unseen by the model. These predictions are made either internally via 
existing data or through the use of an independent validation set of observations, a 
prediction set. In this case, a high value was also obtained for Q2 from an internal 
validation, indicating that the model was fit for purpose.

A Hotelling T 2 ellipse [19] (a multivariate distribution analogous to the u nivariate 
t-distribution) was established from the scores plot of the data set with a 99% con-
fidence interval, as indicated in Fig. 8.64. The influence of the individual stages in 
the NGI on the model can be seen from the loadings plot in Fig. 8.65.

The loadings plot is a scatter plot of the loading or weight (p[1] versus p[2]) 
applied to each of the individual stages to construct the principal component. The 
farther a data point lies from the origin, the more influence that stage has on the value 
of the principal component, and thus, the more overall variation in the data set is 
explained by changes in that factor. For example, from the loadings plot in Fig. 8.65, 
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Fig. 8.64 Scores plot of clinically relevant measurements of APSD based on the 252 NGI mea-
surements of a real (blinded) OIP

Fig. 8.63 PCA model overview: plot of the proportion of variation either explained [R2X (cum)] 
or predicted [Q2 (cum)] as a function of the number of components in the PCA model
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Fig. 8.65 Loadings plot of clinically relevant measurements of APSD: S1 through S7 refer to NGI 
stages, and MOC refers to the micro-orifice collector; PC[1] and PC[2] are principal component 1 
and 2; the influence of each of the stages on PC[1] or PC[2] can be positive or negative—meaning, 
for example, that high deposition on S2 would increase the PC[2] score but decrease the PC[1] score

a majority of the variation or change in the APSD profiles can be explained by the first 
component, which applied positive loadings primarily to stages 5 and 6 and negative 
loadings to stages 2 and 3 so a large percentage of the variation in APSD shifts in the 
training data set can be explained by differences in shifts between those stages.

Using this model as the training data set, the remaining 1,738 measurements 
acquired throughout the product development process were overlaid, and each data 
point or batch indicated with green color for a “pass” (i.e., the data point lies within 
the Hotelling T2 ellipse of the model) and red for a “fail” (i.e., the data point lies 
outside of the Hotelling T2 ellipse of the model).

A data point in this plot represents a multistage CI APSD profile with loadings 
applied to the data to reduce the dimensionality down to two components. The com-
ponent values or scores from these batches, the prediction set, are then plotted and 
presented in this scores plot. The labels, tPS[1] and tPS[2], represent the scores or 
component values of the first two principal components of the prediction set. The 
Hotelling T 2 0.99 confidence limit ellipse represents the space of the “typical” 
APSD profiles from the training data set. Therefore, a profile colored as a “pass” in 
this plot means that the profile is “similar” to the population of APSD profiles used 
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to build the model, whereas a profile colored as “fail” means that the full-stage 
APSD profile is not similar to the 252 APSD profiles used to build the model.

The scores plot with this coloration applied is shown in Fig. 8.66. Of the 1,738 
measurements, 934 fell within the Hotelling T 2 0.99 confidence limit of the  clinically 
relevant data set and could therefore be considered as “passing,” while 804 fell 
 outside and could therefore be considered as “failing.”

Next, EDA and grouped-stage approaches were evaluated using the same data 
set, and the data generated by each was cross-referred to the scores plot for the full- 
resolution NGI data.

8.5.3.2  Results for EDA Metric LPM/SPM

LPM/SPM ratio versus MMAD was compared using the same data set described in 
the previous section. This plot was therefore based on the 252 clinically relevant CI 
APSD profiles that formed the training data set of the PCA model. The MMAD was, 
again, estimated from a logistic curve fit as described in Sect. 8.4.1, in connection 
with data preparation for MSA. Here, the LPM consisted of the sum of the material 
deposited on S1–S3 of the NGI, and the SPM consisted of the sum of material 

Fig. 8.66 PCA scores plot of full data set; tPS[1] and tPS[2] are predicted principal component 
scores (1 and 2) derived from overlaying the data onto the PCA model established using the 252 
clinical measurements
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deposited on S4–MOC. Both linear and quadratic models (Figs. 8.67 and 8.68, 
respectively) were fit to the data, regressing LPM/SPM by MMAD. There was little 
difference between the two model fits, and therefore, the linear model was used for 
simplicity. A 99% prediction interval was applied [3]. This interval would be 
expected to contain 99% of the individual, clinically relevant APSD profiles. In this 
way, the prediction interval was serving the same general purpose as the Hotelling 
T2 ellipse from the PCA model.

The acceptable range for the variation in LPM/SPM ratio was found to lie from 
0.417 to 0.893, based on the linear modeling of the data (Fig. 8.67) that was 
 comparable with quadratic modeling (Fig. 8.68). The data set generated 1,258 mea-
surements that “passed” and 480 measurements that “failed” in the EDA approach, 
applying this acceptance criterion to the 1,738 points that remained outside of the 
clinically relevant data (i.e., the prediction set). This outcome means that 1,258 of 
the 1,738 APSD profiles were deemed similar, but the remaining 480 profiles were 
deemed dissimilar to the 252 clinically relevant profiles.

An additional criterion for ISM, which is the sum of deposition on S1 through to 
the MOC for the NGI, was included to remove data in which the MMAD is 
unchanged, but the overall impactor mass (IM) has increased beyond that of the 
clinical batch data. Thus, a range of ISM of 21.67–32.17% of LC was derived, 
which, in combination with the LPM/SPM ratio, reduced the number of “passed” 
batches to 872 and accordingly increased the number of “failed” batches to 866—
again, “passing,” meaning more similar to the 252 clinically relevant APSD profiles, 
and “failing,” indicating less similar. This criterion was not necessary for the PCA 
model, as large changes in the ISM values would be reflected in changes in deposi-
tion on individual stages, and the data would then have appeared outside the 
Hotelling T2 ellipse.

Fig. 8.67 EDA plot with linear criteria between LPM/SPM and MMAD
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8.5.3.3  Results for Stage Grouping

Four groups of stages were used for the grouped-stage analysis, which were 
r epresentative of FDA regulatory requirements. In each case, the sum of the mass 
obtained on each of the stages in the NGI was presented as a percent of the nominal 
strength of the product. Acceptance values were derived from the clinical batch 
data, as presented in Table 8.11.

Each of these groups was evaluated individually versus PCA as a means of 
detecting change in APSD, and the combination of all four stage groups was also 
evaluated (Table 8.11). Data for these stage groupings in combination gave 635 
“passes” and 1,103 “failures.”

8.5.3.4 Comparison of EDA and Stage Grouping

Comparison of the EDA and the grouped-stage analysis was made with cross- 
reference to the PCA as the control. PCA acts as a suitable control because it is 
purely a statistical representation of the data. The results of this comparison are 
presented in Table 8.12. In both of these analyses, there is possibility of generating 
an erroneous result with respect to the PCA work. These broadly fall into two cat-
egories and are labeled type I and type II errors. Type I errors represent an incorrect 
rejection, i.e., where the data represent a “good” batch but are rejected by the analy-
sis. In other words, in this context, a type I error occurred when the APSD profile 
from a batch in the prediction set was deemed similar to the 252 clinically relevant 
profiles from the PCA analysis but was classified as not similar by the other methods. 
Type II errors represent an incorrect acceptance, i.e., where the data represent a 

Fig. 8.68 EDA plot with quadratic criteria between LPM/SPM and MMAD
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“bad” batch but are accepted by the analysis. Again, a type II error occurred when 
an APSD profile was deemed dissimilar from the PCA analysis but was deemed 
similar to the 252 clinically relevant profiles by the other methods.

A graphical representation of these errors in terms of the PCA scores plot is 
given in Figs. 8.69 and 8.70 for EDA and stage grouping, respectively. Batches or 
APSD profiles colored purple that lie inside the Hotelling T2 ellipse were deemed 
similar to the training data set through the PCA analysis, but were deemed dissimi-
lar by EDA or grouped-stage analysis.

Batches or profiles indicated by light blue coloring were deemed outside the 
training data set population but were deemed similar to the training data set by the 
EDA or grouped-stage analysis.

8.5.3.5 Outcomes

The number of type II errors was slightly lower for stage groupings (2.3%)  compared 
to EDA metric-based criterion: LPM/SPM + ISM (5.1%), by using PCA as a refer-
ence. There was, however, a significant difference between EDA and stage grouping 
with regard to type 1 errors, where EDA gave considerably fewer type 1 errors than 
the grouped-stage approach. This analysis demonstrated the potential value of PCA 
as a tool in the development of APSD control strategies to allow changes to be 

Table 8.11 Stage groupings 
and PCA acceptance limits

Group NGI system Acceptance range (%LC)

1 IP and PS 59.2–95.5
2 S1 to S3 7.7–12.4
3 S4 to S6 10.7–20.5
4 S7 and MOC 0.3–2.3

Table 8.12 Summary of classification of data points in test set by EDA metrics and stage grouping

Method Pass rate
Agreement  
with PCA

Type I  
error rate Type II error rate

PCA 934 (54%) – – –
LPM/SPM ratio 1,258 (72%) 809 (46.6%) 125 (7.2%) 449 (28.8%)
LPM/SPM ratio and ISM 872 (50%) 783 (45.1%) 151 (8.7%) 89 (5.1%)
Grouping 1 869 (50%) 693 (39.9%) 241 (13.9%) 175 (10.1%)
Grouping 2 1,068 (61%) 777 (44.7%) 157 (9.0%) 291 (16.7%)
Grouping 3 1,366 (79%) 923 (53.1%) 11 (0.6%) 443 (25.5%)
Grouping 4 1,665 (96%) 929 (53.5%) 5 (0.3%) 736 (42.4%)
All stage groups 635 (37%) 595 (34.2%) 339 (19.5%) 40 (2.3%)
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Fig. 8.70 PCA scores plot colored by stage grouping criteria

Fig. 8.69 PCA scores plot colored by LPM/SPM ratio combined with ISM criteria
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evaluated with respect to the performance of the product in an “ideal” state. It also 
revealed the superior sensitivity of the EDA method over the stage grouping 
approach, as a means of picking up incorrect rejection of batches in the OIP QC 
environment, i.e., as a means of detecting differences that are true differences, as 
defined by a multivariate approach.

In this work, batch data from dose-ranging clinical batches were used to estab-
lish the “ideal” state of the product, but in a production environment, this data set 
could consist of the pivotal registered stability batches or another representation of 
the normal-operating range of the OIP.

8.6  Outcomes from the Different Approaches and Their 
Relevance to the Development of Improved Methodology 
for OIP Aerosol Assessment

If EDA metrics are proposed to be used as an alternative compendial method for 
assessing compliance of an OIP, they should “possess some property for which 
there is an advantage” over the registered method [20]. The results of the previous 
sections indicate with strong evidence that the EDA metrics LPM/SPM and ISM are 
less variable and provide better decision-making ability than those of the grouped-
stage metrics at detecting important differences in sets of individual CI-generated 
APSD profiles.

The comparisons made in the previous sections of this chapter are based on four 
distinct assessment approaches, each of which was retrospective in nature; that is, 
the raw data (individual APSD profiles) were not generated as part of a designed 
experiment with the express purpose of comparing EDA metrics to grouped-stage 
metrics. The first assessment (Tougas-MSA approach), the second assessment 
(Tougas OCC approach), and the third assessment (Christopher–Dey OCC approach) 
were each used as the starting basis, individual APSD profile data on various mar-
keted products obtained from the blinded IPAC-RS database (six MDIs and two 
DPIs all measured by the compendial ACI technique). On the other hand, the fourth 
assessment (PCA) compared two independently generated data sets of a single 
product (252 clinically relevant APSD profiles to 1,738 APSD profiles generated 
throughout the development of an unspecified OIP).

Although APSD measurements for OIPs are destructive, in that the aerosol tested 
is consumed by the measurement system and therefore unable to be remeasured, 
both the EDA and the grouped-stage metrics were derived from the same physically 
and analytically generated APSD profiles. From a statistical perspective, any 
 performance differences detected in the EDA metric and grouped-stage metrics 
would not be a result of the physical process that generated the APSD profile.
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The goal of each performance evaluation was to assess the ability of the 
LPM/SPM ratio to discriminate or detect differences in APSD as it relates to changes 
in the central tendency. MMAD is not sufficient by itself to describe the entire 
APSD; however, once the expected distribution of MMAD values for an OIP is char-
acterized, it can be used to assess atypical behavior or acceptability of the product, 
much like any other QC metric.

In the performance evaluations excluding PCA, the MMAD value for each APSD 
was used as the pivotal comparison parameter (i.e., MMAD was treated as a known 
variable without error). The approaches developed by Tougas to compare EDA with 
grouped stages involved two quite different techniques. The first methodology was 
essentially a MSA that focused on the predictive relationships between each of the 
grouped-stage metrics and MMAD as well as the relationship between LPM/SPM 
ratio and MMAD. This MSA technique is analogous to the variance equivalent 
approach discussed by Hauck et al. [20]. Its objective involved comparing the mag-
nitude of uncertainty observed in the predicted MMAD values from an inverse 
regression analysis of each grouped-stage metric and LPM/SPM. In other words, a 
regression analysis was performed with MMAD as the known independent variable 
(x-space), and the metric (LPM/SPM or stage group mass) represents the measured 
response (y-space). However, instead of predicting the response/dependent variable 
(y = LPM/SPM, group 2 mass, group 3 mass, or group 4 mass) from the explanatory/
independent variable (x = MMAD), the reverse process was put in place to predict 
MMAD from a given metric value. The uncertainty in that prediction was repre-
sented in terms of its associated 95% prediction interval. This uncertainty measure-
ment was then used to determine performance indicators such as the discrimination 
index, the precision to total variability ratio. These performance indicators pre-
sented in Table 8.5 show that the LPM/SPM metric is more precise in determining 
and assessing the central tendency of an APSD for OIPs.

The second Tougas approach was similar in form to that adopted by Christopher–
Dey approach, in that both groups used OCC-based techniques that are analogous to 
the decision equivalent approach described by Hauck et al. [20]. Both OCC-based 
techniques made use of the blinded IPAC-RS OIP APSD data sets to simulate dif-
ferent APSD populations. The APSD profiles simulated by Tougas were based on a 
simplistic model with a number of assumptions that have been described in 
Sect. 8.5.2.1. The Christopher–Dey OCC approach employed a more sophisticated 
modeling of the actual CI data (see Sect. 8.5.2.2), with simulations relying on fewer 
assumptions and driven more by characteristics of the actual CI data.

In the decision equivalent techniques, the objective was to determine how the 
EDA metrics, relative to the grouped-stage metrics, would declare an individual 
APSD profile acceptable or unacceptable when compared to specifications. Since 
the IPAC-RS database did not contain information regarding the regulatory specifi-
cations applicable to the particular OIP concerned, pseudo-specifications were 
 created to judge acceptable versus unacceptable outcomes.
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The results of the Tougas OCC approach were summarized qualitatively; that is, 
the false accept and false reject regions of the OC curves generated for all products 
and for each metric were visually compared. As shown in Tables 8.7 and 8.8, in the 
majority of the cases, the EDA metric demonstrated better performance in making 
the correct decision relative to the grouped-stage metrics. The results of the 
Christopher–Dey performance evaluation approach was summarized quantitatively 
in Table 8.9 by providing the estimated error rates (type I = false reject and type 
II = false accept). For both the Tougas and Christopher–Dey approaches, the shape 
of the OCC for each product based on LPM/SPM ratio more closely resembled the 
shape of the ideal “top-hat”-shaped OCC than those based on grouped stages. The 
conclusion from both Tougas and Christopher–Dey approaches was therefore that 
the ability of the LPM/SPM ratio metrics to correctly discriminate between accept-
able and unacceptable APSDs was better than the combined-grouped-stage 
metrics.

The PCA multivariate approach is also analogous to a decision equivalent proce-
dure. In this instance, the objective was to decide whether or not a set of APSD 
profiles were similar or dissimilar (typical versus atypical); whereas, in the Tougas 
and Christopher–Dey OCC-based approaches, the focus was on distinguishing 
acceptable versus unacceptable through the use of pseudo-product specifications. 
As there were two distinct PCA data sets, the original data set was used as the train-
ing or reference data set and the other as the performance evaluation set, and there-
fore, it was not necessary to simulate APSD data. The results of the PCA performance 
evaluation method indicate that the false declaration of similarity (type II error) is 
slightly lower for the grouped-stage metrics (overall 2.3%) than the EDA metrics 
(5.1%). And the false declaration of dissimilarity (type I error) is significantly 
higher (19.5%) for the grouped-stage metrics than the EDA metrics (8.7%).

8.7  Conclusions

Because the LPM/SPM ratio is more predictive of particle size changes in the CI 
measured APSD than API mass data derived from grouped-stages, the relative pro-
portion of incorrect rejections (type I errors) to incorrect acceptances (type II errors) 
is much lower for the EDA approach than for the grouped-stages approach.  As a 
consequence, when the LPM/SPM ratio acceptance limits are adjusted to control 
incorrect acceptance to the same rate for both approaches, the number of incorrect 
rejections are much lower for the EDA approach.  Figure 8.71 therefore provides the 
answer to the question posed in Fig. 8.2 that EDA could be more discriminating at 
making correct decisions about changes in OIP APSD that influence specific parti-
cle size ranges, than using the grouped-stage approach currently recommended by 
the FDA in OIP quality assessments.
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    Abstract     Previous chapters have presented the robust theoretical case for EDA in 
comparison with current ways of analyzing API mass distribution profi les from 
OIPs. This chapter is in two distinct parts; the fi rst part examines from the theoreti-
cal standpoint, ways in which changes in APSD could potentially go undetected by 
EDA; the second presents a series of case studies with a variety of OIP types that 
demonstrate the appropriateness of EDA as a powerful, yet simple-to-use tool for 
in vitro assessment of CI data. Discussion of theoretical failure modes is presented 
for general awareness. In a given product/method development, each sponsor would 
have to conduct their own analysis of potential failure modes based on their situa-
tion. Similarly, the case studies are presented as illustrations of EDA and AIM 
applications for several real OIPs. Each sponsor may develop a different way to 
implement AIM and EDA, depending on their purpose.  



252

9.1         Introduction 

 EDA, being a new concept, will require a period of time to allow for confi dence 
building, based on the experience of individual organizations involved with the OIP 
life cycle. The acceptance by regulators that this approach is valid, whether 
approached simply using one of the existing compendial full-resolution CIs or aug-
mented by measurements obtained with an appropriately validated AIM-based 
apparatus, will require a body of validated evidence in which all possible scenarios 
that might result in failure have been assessed. This chapter begins the process of 
acceptance by looking at the EDA concept from two different viewpoints:

    1.    Theoretical considerations, probing the EDA approach beyond conditions that 
are likely in association with currently marketed OIPs, by considering hypotheti-
cal scenarios in which this methodology might fail to have suffi cient discrimi-
nating power to detect APSD changes that may be important in terms of product 
performance;   

   2.    Practical considerations, involving an examination of several case studies 
involving OIP products whose brand names are blinded, that are either in pro-
duction or in development.      

9.2     How EDA Detects APSD Changes 

 Before looking at hypothetical scenarios in which EDA might fail (Sect.  9.3 ), a 
failure modes analysis for EDA (Sect.  9.4 ), and actual case studies (Sect.  9.5 ), it is 
worthwhile reviewing again in brief how EDA works to detect changes in APSDs of 
OIP-generated aerosols. 

 One of the two EDA metrics,  ISM , represents the ability to determine the area 
under the curve of the APSD when presented in differential mass-weighted form. 
The other EDA metric, the ratio  LPM / SPM , enables shifts in the measure of central 
tendency (i.e., either the mass-weighted mean diameter or more usually and 
 conveniently the     MMAD  value) to be observed with respect to the size axis scaled 
as aerodynamic diameter. Taken together, the combination of these metrics enables 
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all the commonly encountered types of a single-mode APSD shift to be detected, as 
illustrated schematically by Fig.  9.1  [ 1 ].

   At this stage, it is worthwhile reiterating a key message presented in Chap.   3     that 
the underlying physical processes that might cause a change in APSD will not lead 
to fi ne structure development, defi ned as the appearance of one or more separate 
modes encompassing size ranges discernible by one or at most two adjacent stages 
of a 7- or 8-stage CI. Instead, changes will take place to an observable extent over a 
wide portion of the size range of interest. This understanding is supported by evi-
dence from a Product Quality Research Institute working group survey of patterns 
of changes observed in real products [ 2 ]. 

 Table  9.1  is an elaboration of the APSD shifts illustrated in Fig.  9.1 , defi ning the 
eight possible scenarios reported by Mitchell et al . , in which the metrics  LPM  and  SPM  
(and therefore the ratio metric (R) and  ISM ) may change with respect to each other [ 3 ].

   For scenarios 1 and 2, a change in  LPM  with approximately the same magnitude 
but opposite directional change in  SPM  will result in a ratio metric ( R ) change but 
not a movement in  ISM  metric and therefore translates to an  MMAD  change without 
an  AUC  change in the APSD. 

 For scenarios 3 and 4, a similar directional but proportionate change in  LPM  and 
 SPM  will result in the same directional change in  ISM  while maintaining a reason-
ably constant  R and R-value  and thus translates to an  AUC  change in the APSD 
without a signifi cant change in  MMAD . 

 For scenarios 5 and 6, the ISM and R metrics will show an increasing or decreas-
ing LPM, respectively. In each case, ISM and R will show the same directional 
change as LPM. Increased  ISM  and  R  correspond to a larger  MMAD  and an increase 

  Fig. 9.1    Basic changes to hypothetical unimodal APSD; (upper left ) represents a hypothetical 
 unimodal APSD; (upper right) describes changes in APSD amplitude, refl ected in AUC variations; 
(lower left ) describes changes in APSD position on the size axis, refl ected in MMAD movement; 
and (lower right) describes changes in both APSD amplitude and position       
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in  AUC . Likewise, decreased  ISM  and  R  correspond to a smaller  MMAD  and a 
decrease in  AUC . 

 For scenarios 7 and 8, the SPM metric will show an increase or decrease, respec-
tively, with ISM and R moving in opposite directions with respect to each other. In 
each case, the ISM change will be in the same direction as the SPM movement. An 
 ISM  decrease with an increase in  R  corresponds to an  AUC  decrease associated with 
a larger  MMAD . Conversely, an  ISM  increase associated with a decrease in  R  cor-
responds to an increase in the  AUC  with a smaller  MMAD . 

 In summary, an increase in  MMAD  without a change in the  AUC  should be read-
ily evident when the value of  R  increases while at the same time, the  ISM  does not 
exhibit change. For four of the scenarios, both the  MMAD  and the  AUC  of the APSD 
change at the same time, while for the remaining four scenarios, two result in a 
change only in the median value and two result in an area only movement. 

 The next question to ponder is how these scenarios play out if the magnitude of 
total mass ex-inhaler that enters the CI system ( TM ) is allowed to vary.  TM  includes 
the non-sizing as well as the sized component of the aerosol emitted by the inhaler. 
It is conceivable that a change in the former alone might go undetected by EDA 
because movements in either or both  R  and  ISM  may not occur as the result of 
changes in the non-sized component. 

 The outcomes from this type of behavior are examined for various sub-scenarios. 
Hypothetical APSDs described in terms of TM, ratio of NISM to ISM, LPM, SPM, 
Ratio of LPM to SPM and ISM were compared to the baseline APSD characteristics 
representing conditions commonly encountered with OIP aerosols:

Total Mass (TM) = 100 mass units
Non-impactor-sized (NISM) mass component = 65 mass units, 
Impactor sized mass (ISM) component = 35 mass units,

   Table 9.1    Eight possible scenarios associated with APSD shifts   

 Scenario 
 Summary of APSD 
changes  ΔMMAD a   ΔAUC b   ΔLPM  ΔSPM  Δ R  c   ΔISM d  

 1 
 2 

 MMAD change with 
no change in AUC 

 ↑ 
 ↓ 

 ≈ 
 ≈ 

 ↑ 
 ↓ 

 ↓ 
 ↑ 

 ↑ 
 ↓ 

 ≈ 
 ≈ 

 3 
 4 

 AUC change with no 
change in MMAD 

 ≈ 
 ≈ 

 ↑ 
 ↓ 

 ↑ 
 ↓ 

 ↑ 
 ↓ 

 ≈ 
 ≈ 

 ↑ 
 ↓ 

 5 
 6 
 7 
 8 

 MMAD and AUC 
change 

 ↑ 
 ↓ 
 ↓ 
 ↑ 

 ↑ 
 ↓ 
 ↑ 
 ↓ 

 ↓ 
 ↓ 

 (≈↓) 
 (≈↓) 

 (≈↓) 
 (≈↓) 

 ↓ 
 ↓ 

 ↑ 
 ↓ 
 ↓ 
 ↑ 

 ↑ 
 ↓ 
 ↑ 
 ↓ 

   a ΔMMAD = shift in MMAD 
  b ΔAUC = shift in area under differential mass-weight APSD profi le 

  c  R  = Ratio =  
LPM

SPM  
  

  d ISM = LPM + SPM  
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Ratio of NISM to ISM =1.857,
LPM component = 17.5 mass units
SPM component = 17.5 mass units
Ratio Metric = 1.00
ISM Metric = 35.0 mass units.

The hypothetical APSDs were generated using

     1.    TM values at 90%, 100%, and 110% of the baseline APSD   
   2.    Non-impactor-sized (NISM) mass to impactor sized mass (ISM) component 

ratios from 0.667 (40:60 NISM to ISM) to 3.0 (75:25 NISM to ISM), and
 3. LPM component to SPM component split from 0.667 (40:60 LPM to SPM) to 

1.50 (75:25 LPM to SPM)       

 The EDA metrics for each of the hypothetical APSDs were computed and cate-
gorized according to the eight possible types of APSD shifts described in Table 9.1, 
a subset of the hypothetical APSDs are provided in Table  9.2 .

  An alternative way to look at the detectability of APSD shifts is to examine how 
possibilities for APSD changes might be observed by the CI method, and then con-
sider the conditions that would have to exist for EDA to fail as a detection method 
(Table  9.3 ). It is useful to consider the small particle ( SPF ) and large particle ( LPF ) 
mass fractions, rather than the corresponding absolute values of  SPM  and  LPM  for 
this type of analysis, as the mass fractions normalize the APSD, making it easier to 
identify changes in shape in data comparisons.

   From the data shown in Table  9.3  (equivalence conditions), several conditions 
can be foreseen where EDA failure would be possible (Table  9.3 ). However, before 

   Table 9.2    EDA metrics representing a subset of the previously described hypothetical APSDs as 
compared to the hypothetical baseline APSD characteristics and metrics, and categorized according 
to the eight possible scenarios associated with APSD shift   s   

 Scenario 

 TM 
mass 
units 

 Ratio NISM to 
ISM (LPM to 
SPM) 

 LPM mass 
units 

 SPM mass 
units 

 Ratio 
(LPM to 
SPM) 

 ISM 
(LPM + SPM) 
mass units 

 Baseline  100  65:35 (50:50)  17.5  17.5  1.00  35.0 

 1. Increased 
ratio and 
equivalent 
ISM 

  90  61:39 (55:45)  19.3 (↑)  15.8 (↓)  1.22 (↑)  35.1 (≈) 
 61:39 (60:40)  21.1 (↑)  14.0 (↓)  1.50 (↑) 

 100  65:35 (55:45)  19.2 (↑)  15.8 (↓)  1.22 (↑)  35.0 (≈) 
 65:35 (60:40)  21.0 (↑)  14.0 (↓)  1.50 (↑) 

 110  68:32 (55:45)  19.4 (↑)  15.8 (↓)  1.22 (↑)  35.2 (≈) 
 68:32 (60:40)  21.1 (↑)  14.1 (↓)  1.50 (↑) 

 2. Decreased 
ratio and 
equivalent 
ISM 

  90  61:39 (40:60)  14.0 (↓)  21.1 (↑)  0.67 (↓)  35.1 (≈) 
 61:39 (45:55)  15.8 (↓)  19.3 (↑)  0.82 (↓) 

 100  65:35 (40:60)  14.0 (↓)  21.0 (↑)  0.67 (↓)  35.0 (≈) 
 65:35 (45:55)  15.8 (↓)  19.2 (↑)  0.82 (↓) 

 110  68:32 (40:60)  14.1 (↓)  21.1 (↑)  0.67 (↓)  35.2 (≈) 
 68:32 (45:55)  15.8 (↓)  19.4 (↑)  0.82 (↓) 

(continued)
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 Scenario 

 TM 
mass 
units 

 Ratio NISM to 
ISM (LPM to 
SPM) 

 LPM mass 
units 

 SPM mass 
units 

 Ratio 
(LPM to 
SPM) 

 ISM 
(LPM + SPM) 
mass units 

 Baseline  100  65:35 (50:50)  17.5  17.5  1.00  35.0 

 3. Equivalent 
ratio and 
increased 
ISM 

  90  25:75 (50:50)  33.75 (↑)  33.75 (↑)  1.00 (≈)  67.5 (↑) 
 60:40 (50:50)  18.0 (↑)  18.0 (↑)  36.0 (↑) 

 100  25:75 (50:50)  37.5 (↑)  37.5 (↑)  1.00 (≈)  75.0 (↑) 
 60:40 (50:50)  20.0 (↑)  20.0 (↑)  40.0 (↑) 

 110  60:40 (50:50)  22.0 (↑)  22.0 (↑)  1.00 (≈)  44.0 (↑) 
 65:35 (50:50)  19.25 (↑)  19.25 (↑)  38.5 (↑) 

 4. Equivalent 
ratio and 
decreased 
ISM 

  90  65:35 (50:50)  15.75 (↓)  15.75 (↓)  1.00 (≈)  31.5 (↓) 
 75:25 (50:50)  11.25 (↓)  11.25 (↓)  22.5 (↓) 

 100  70:30 (50:50)  15.0 (↓)  15.0 (↓)  1.00 (≈)  30.0 (↓) 
 75:25 (50:50)  12.5 (↓)  12.5 (↓)  25.0 (↓) 

 110  70:30 (50:50)  16.5 (↓)  16.5 (↓)  1.00 (≈)  33.0 (↓) 
 75:25 (50:50)  13.75 (↓)  13.75 (↓)  27.5 (↓) 

 5. Increased 
ratio and 
increased 
ISM 

  90  40:60 (55:45)  29.7 (↑)  24.3 (↑)  1.22 (↑)  54.0 (↑) 
 60:40 (60:40)  21.6 (↑)  14.4 (↓)  1.50 (↑)  36.0 (↑) 

 100  40:60 (55:45)  33.0 (↑)  27.0 (↑)  1.22 (↑)  60.0 (↑) 
 60:40 (60:40)  24.0 (↑)  16.0 (↓)  1.50 (↑)  40.0 (↑) 

 110  40:60 (60:40)  39.6 (↑)  26.4 (↑)  1.50 (↑)  66.0 (↑) 
 60:40 (60:40)  26.4 (↑)  17.6 (↓)  1.50 (↑)  44.0 (↑) 

 6. Decreased 
ratio and 
decreased 
ISM 

  90  65:35 (40:60)  12.6 (↓)  18.9 (↑)  0.7 (↓)  31.5 (↓) 
 75:25 (45:55)  10.1 (↓)  12.4 (↓)  0.8 (↓)  22.5 (↓) 

 100  70:30 (40:60)  12.0 (↓)  18.0 (↑)  0.7 (↓)  30.0 (↓) 
 75:25 (45:55)  11.2 (↓)  13.8 (↓)  0.8 (↓)  25.0 (↓) 

 110  70:30 (40:60)  13.2 (↓)  19.8 (↑)  0.7 (↓)  33.0 (↓) 
 75:25 (45:55)  12.4 (↓)  15.1 (↓)  0.8 (↓)  27.5 (↓) 

 7. Decreased 
ratio and 
increased 
ISM 

  90  50:50 (40:60)  18.0 (↑)  27.0 (↑)  0.7 (↓)  45.0 (↑) 
 60:40 (45:55)  16.2 (↓)  19.8 (↑)  0.8 (↓)  36.0 (↑) 

 100  50:50 (40:60)  20.0 (↑)  30.0 (↑)  0.7 (↓)  50.0 (↑) 
 60:40 (45:55)  18.0 (↓)  22.0 (↑)  0.8 (↓)  40.0 (↑) 

 110  60:40 (40:60)  17.6 (≈)  26.4 (↑)  0.7 (↓)  44.0 (↑) 
 65:35 (45:55)  17.3 (↓)  21.2 (↑)  0.8 (↓)  38.5 (↑) 

 8. Increased 
ratio and 
decreased 
ISM 

  90  65:35 (55:45)  17.3 (↓)  14.2 (↓)  1.22 (↑)  31.5 (↓) 
 70:30 (60:40)  16.2 (↓)  10.8 (↓)  1.50 (↑)  22.5 (↓) 

 100  70:30 (55:45)  16.5 (↓)  13.5 (↓)  1.22 (↑)  30.0 (↓) 
 75:25 (60:40)  15.0 (↓)  10.0 (↓)  1.50 (↑)  25.0 (↓) 

 110  70:30 (55:45)  18.2 (↓)  14.8 (↓)  1.22 (↑)  33.0 (↓) 
 75:25 (60:40)  16.5 (↓)  11.0 (↓)  1.50 (↑)  27.5 (↓) 

Table 9.2 (continued)

coming to a conclusion concerning the overall robustness of the EDA principle, an 
evaluation of their likelihood has to take place, and this step requires an in-depth 
analysis of the physical processes that operate on aerosol particles once they are 
created by operation of the OIP.  
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     Table 9.3    Changes in APSD of aerosols from OIPs, their detection by the CI method, and 
potential for EDA to fail to detect such shifts   

 Nature of change  CI observation  Condition required for EDA failure 

 Increasing  MMAD   Shift in mass from higher- to 
lower-numbered stages in CI 

 Entire APSD contained within 
either  LPF  or  SPF  

 Decreasing  MMAD   Shift in mass from lower- to 
higher- numbered stages 

 Entire APSD contained within 
either  LPF  or  SPF  

 Broadening APSD 
(constant  MMAD ) 

 Decreased mass on middle 
stages and increased mass 
on peripheral stages 

 Either:  LPF/SPF  boundary 
coincident with  MMAD  

 Or: entire APSD contained within 
either  LPM  or  SPM  

 Narrowing APSD 
(constant  MMAD ) 

 Increased mass on middle stages 
and decreased mass on 
peripheral stages 

 Either:  LPF/SPF  boundary 
coincident with  MMAD  

 Or: entire APSD contained within 
either  LPF  or  SPF  

 Change in overall 
shape 

 Change in mass distribution 
across all stages accompanied 
by change in  MMAD  

 Entire APSD contained within 
either  LPF  or  SPF  

 Change in modality 
(unimodal to 
bimodal) 

 Emergence of mass at new 
mode, balanced by decrease 
mass at original mode 

 Entire APSD contained within 
either  LPF  or  SPF  

9.3      Potential Failure Modes: Theoretical Considerations 

 This topic is best approached by fi rst deriving conceptual changes to the APSD in 
which both the sum,  ISM , and the ratio,  LPM/SPM , terms would remain unaltered 
during transport from the inhaler through to the CI-based measurement system. 
This strategy is similar to that which would have to be taken in the wider consider-
ation of APSD changes to the OIP-produced aerosol, in the context of product sta-
bility evaluations, forming part of that specifi c OIP development process. 

 Mitchell et al .  envisaged a series of hypothetical situations that have the potential 
for EDA to fail [ 3 ]. However, at the outset, it was recognized that the probability is 
small that such changes would occur precisely so that the portion of the APSD 
beyond the boundary between either  LPF  or  SPF , depending on the scenario under 
consideration, is unaffected. 

 Figure  9.2  summarizes in simplifi ed form the aerosol transport conditions appli-
cable in a typical CI system.

   Apart from the intentional deposition of particles to the various stages following 
size-fractionation on the basis of their differing inertia, nonideal deposition to the 
interior walls of the system may occur to a greater or lesser extent, depending on the 
CI design. The backup fi lter is assumed 100% effi cient as a collector of particles 
that penetrate beyond the last impaction stage, but this assumption may not be true 
for the MOC used with the NGI. Besides mechanisms responsible for particle depo-
sition, there is the possibility of APSD change being brought about as the result of 
particle–particle interactions in the aerosol phase. 
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 Note that the presence of an induction port and in some cases also a pre- separator 
is not identifi ed here. These components would also contribute to losses of particles, 
primarily as the result of turbulent inertial deposition downstream of the 90° bend 
of the USP/Ph. Eur. confi guration [ 4 ], and where the air fl ow direction changes take 
place in the highly turbulent environment associated with fl ow through a pre- 
separator [ 5 ]. 

 The situations that Mitchell et al .  considered might lead to potential EDA failure 
[ 3 ] are described in the following three subsections. 

9.3.1     Change of Shape in the Large Particle Mass Fraction 
Alone But the Same Absolute  LPM  Before and Afterwards 

 In this fi rst situation, illustrated in Fig.  9.3 , the transfer of mass within the APSD 
takes place exclusively within the size limits defi ned for the  LPF . If the underlying 
physical processes infl uencing the OIP aerosol are considered, both the mechanisms 
of particle-particle agglomeration (coagulation) and de-agglomeration in the aero-
sol phase, as well as inertial/turbulent deposition to nearby surfaces, can account for 
movements in mass from one size to another. However, considering the APSD as a 
whole, Mitchell et al. [ 3 ] considered that their effects are likely never to be so selec-
tive to the extent that the small particle fraction is entirely unaffected, while just the 
large particle fraction experiences the size-related shift. Instead, typically peak 

  Fig. 9.2    Highly idealized model of aerosol transport from OIP through the CI system showing 
potential mechanisms that could infl uence the measured APSD       
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broadening occurs, which by changing the values of both  SPM  and  LPM  affects 
 LPM / SPM , making the change detectable by EDA.

   Particles that come into contact can agglomerate (Chap.   3    ). Typically, four 
 processes that will potentially bring aerosol particles together need to be considered 
during the lifetime of an OIP aerosol:

    1.    The larger particles can sweep out smaller particles along their settling path, 
because the former settle more rapidly under the infl uence of gravity which is the 
dominant force affecting micron-sized particles if no other processes, in particu-
lar turbulence in the fl ow, are operating.   

   2.    Brownian (molecular) motion can move particles across the streamlines of fl ow 
so that they intersect other particles. This process only becomes important for 
particles whose size approaches the mean-free path of the surrounding air 
[0.068 μm at ambient pressure (101.3 kPa)] and can therefore be largely ignored 
with OIP aerosols.   

   3.    Particles can experience diffusion in random directions as the result of localized 
turbulence, resulting in collisions with neighboring particles.   

   4.    Larger particles, unable to respond to acceleration of the gas phase around bends 
and/or obstructions, will cross the streamlines of the fl ow and thereby intersect 
other particles, resulting in inertial-induced agglomeration.    

  Agglomeration, being a particle number—as well as a time-dependent stochastic 
process, results in a smooth change to the whole APSD as particle growth occurs, 
most evident at the fi ne end as there are many more fi ner than coarser particles on a 
number-weighted basis in a typical APSD. Aerosol removal/depletion processes such 
as gravitational sedimentation to nearby surfaces or inertial impaction to obstructions 
will have most infl uence on the large sizes of the APSD, with a smooth steadily 
decreasing effect throughout the remainder of the APSD. Similarly, de- agglomeration 

  Fig. 9.3    Situation 1 for 
potential failure of EDA: 
change of shape in  LPF  alone 
but the same absolute  LPM  
before and afterwards ( From  
[ 3 ] —used with permission )       
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that might occur as the result of locally induced shear stress in  turbulent fl ow will 
cause mass migration to the fi ner end of the APSD as a smooth process in terms of its 
size-dependency, rather than a sudden cutoff located precisely at the  SPF / LPF  bound-
ary. These shifts in APSD are therefore all detectable by EDA through changes in 
 LPM / SPM  and, in the case of removal processes, by a decrease in  ISM . 

 Other processes Mitchell et al. [ 3 ] deemed worthy of consideration are the 
following:

    1.    Brownian diffusion as a removal process from the aerosol phase to the walls of 
the CI system would selectively reduce the concentration of the fi ner particles, 
resulting in a smooth but steadily decreasing effect as particle size increases. 
Such changes, if signifi cant at the size range typical of currently marketed OIPs 
(from 0.5 to 10 μm aerodynamic diameter), would be detectible by EDA as an 
increase in  LPM / SPM .   

   2.    Phoretic processes (i.e., thermophoresis, diffusiophoresis) are generally size 
independent, so that an  LPM / SPM  change might not be anticipated. However, for 
thermophoresis to be effective as a removal process, a temperature gradient 
would need to exist along the axis perpendicular to the cooler walls of the CI 
system. The phenomenon can be readily avoided by operating the CI system 
under controlled temperature conditions, thereby preventing the presence of 
thermal gradients. Diffusiophoresis would require the presence of a condensing 
vapor to the CI walls. Since OIP aerosols are typically not present with this type 
of atmosphere and the water vapor content of the air containing the emitted aero-
sol is usually well below saturation, this type of removal process would not be 
expected to occur.   

   3.    The effect of electrostatic charge on APSD is linked with electric charge distribu-
tion of the aerosol being sampled [both positive and negative charges (Chap.   3    )]. 
It is theoretically more complex and therefore diffi cult to predict. Signifi cant loss 
of particles by attraction to charges on the walls of the CI can be avoided with the 
use of conducting metal surfaces, but some charge may reside on the surface of 
stage-coating materials, such as silicone oil that are insulators. The use of electri-
cally conducting tacky substrates is an obvious solution to the problem. However, 
in the authors’ experience, particle removal from the aerosol phase due to this 
cause is not so size selective as to account for changes solely within the mea-
sured  LPF .   

   4.    Particle fragmentation (de-agglomeration) or more likely the introduction of 
increased numbers of larger particles into the APSD that is sized by the CI by 
changes to the way they are bound to larger carrier particles might conceivably 
result in a shift within only the  LPF  component of an APSD for DPI-based 
assessments. This outcome would most likely be the result of a transfer of 
mass retained in the non-sizing components (induction port and pre-separator 
(if used)) into the aerosol reaching the CI. However, such a change would be 
detected by an increase in both  LPM  and  ISM  and therefore be detectable by 
EDA. Even if in the extremely unlikely case where a simultaneous and exact 
amount of mass transfer also takes place from the  LPF  to the  SPF  component 
thereby maintaining  LPM  constant,  SPM  and therefore  ISM  would increase in 
response, making the change detectable.    
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9.3.2       Change of Shape in Small Particle Fraction Alone But 
the Same Absolute  SPM  Before and Afterwards 

 In the second situation considered by Mitchell et al. [ 3 ] (Fig.  9.4 ), the transfer of 
mass within the APSD takes place exclusively within the bounds for the  SPF , essen-
tially making this process complementary to the fi rst situation.

   Signifi cant removal of particles to the walls of the CI by Brownian diffusion will 
almost certainly be entirely confi ned to the  SPF . If present at all, this effect is only 
likely to be observable on a mass-weighted basis in the extra-fi ne range <0.5 μm 
aerodynamic diameter. Since all  SPF  particles would be captured by the walls of the 
CI or on the backup fi lter regardless of size, it is conceivable that  SPM  might remain 
constant, but only if the API deposited on the walls of the CI is recovered, assayed, 
and assigned to the appropriate mass fraction.  LPM  would also remain constant by 
defi nition in this scenario, so that  ISM  would also be unaffected. However, in reality 
this scenario is a highly remote possibility, given the typically short duration of 
aerosol transport through the portion of the CI in which the  SPF  collects when the 
compendial apparatuses are operated within their recommended fl ow rate range. 

 Since none of these apparatuses operate at fl ow rates <15 L/min, they are not 
low-fl ow impactors, such as the QCM system (California Measurements Inc., Sierra 
Madre, CA, USA) that operates at only 0.24 L/min [ 6 ]. 

 It should be noted that if the MOC is used with the NGI, it is not a perfect fi lter, 
and so any signifi cant changes in the penetration of this stage brought about through 
Brownian diffusion would likely be detected as variations in the  LPM / SPM  ratio. 

 APSD changes due to Brownian diffusion are likely only to affect the tail at the 
fi ne end of the APSD (<1.0 μm aerodynamic diameter), so that they are most prob-
ably only a consideration with solution pMDI products, considering the entire range 
of currently marketed OIPs. Even if EDA were to fail to detect a scenario 2 shift in 

  Fig. 9.4    Situation 2 for 
potential failure of EDA: 
change of shape in  SPF  alone 
but the same absolute  SPM  
before and afterwards ( From  
[ 3 ] —used with permission )       
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APSD, the signifi cance in terms of medication delivery of such a change would 
likely be minimal, given that most extra-fi ne particles do not deposit in the HRT as 
effi ciently as larger fi ne particles [ 7 ], unless combined with a breath-holding 
maneuver [ 8 ]. 

 Turbulent diffusion is not particularly size selective in the range of interest for 
the sized-portion of the OIP-generated aerosol, although this phenomenon is likely 
to be more important than Brownian diffusion in the associated non-sizing compo-
nents of the CI system.  

9.3.3     Simultaneous Change of Shape in  LPF  and  SPF  But the 
Same Absolute  LPM  and  SPM  Before and Afterwards 

 Mitchell et al .  [ 3 ] considered that two different processes must happen simultane-
ously for the third situation to occur (Fig.  9.5 ). One of these must take place entirely 
within the  SPF , thereby unaffecting  SPM  and the other entirely within the  LPF , 
thereby unaffecting  LPM .

   Realistically, the probability of such an event is vanishingly small, given the 
stringency of the criteria for EDA to fail. Nevertheless, considering potential mech-
anisms further, particle-particle agglomeration could increase  LPM  but would also 
decrease  SPM , as has been explained in connection with scenario 1, making the 
effect detectible by EDA. This process always gives rise to peak broadening as well 
as an overall shift in APSD to larger sizes. Note that the mass in the  SPF  would 
always decrease in proportion to the gain in the mass of  LPF , because there is no 
further input of fi ne particles to compensate for the shift in APSD. 

 APSD shifts towards fi ne particle sizes brought about either by gravitational 
sedimentation and/or inertial (turbulent) deposition to the walls of the CI system 
would always result in a reduction in  LPM  that is larger than any corresponding 

  Fig. 9.5    Situation 3 for 
potential failure of EDA: 
simultaneous change of shape 
in  LPF  and  SPF  but the same 
absolute  SPM  and  LPM  
before and afterwards ( From  
[ 3 ] —used with permission )       
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fall in  SPM , making the effects detectible by a shift in  LPM / SPM  and also by a 
decrease in  ISM . Likewise, turbulent de-agglomeration of the aerosol particles 
would result in a shift to fi ner sizes, detectible as a decrease in  LPM / SPM . 

 The introduction of increased numbers of larger particles by changes to the way 
they are bound to the carrier particles of certain DPIs might conceivably result in a 
shift within both  LPF  and  SPF  components of the APSD. However, such a change 
would be detected by an increase in  LPM / SPM . In the extremely unlikely case 
where the exact mass transfer to  SPF  exactly balances the incoming mass to the 
 LPF  component,  SPM  and therefore  ISM  would have to increase, again making the 
change detectible by EDA.  

9.3.4     Summary 

 The theoretical foundation upon which the metrics associated with EDA are con-
structed appears to be robust, given the outcomes from both the case studies with 
real OIPs and from a consideration of aerosol mechanics associated with plausible 
scenarios (however remote) where this approach might fail to detect changes in 
measured aerosol APSDs. The practical examples that follow in Sect.  9.5 , in which 
case studies are examined, are based on full-resolution cascade impactor experi-
ence, because AIM-based measurements are not yet in routine use for product 
qualifi cation. 

 If abbreviated systems are adopted, the underlying physical processes described 
in the scenarios for potential EDA failure will not be affected. However, it would be 
prudent to conduct an appraisal of the effect of reducing internal wall surfaces for 
potential particle loss by deposition in the abbreviated impactor as part of the 
method development process, whichever AIM system is chosen. The next chapter 
describes the large amount of validation work that has already been undertaken in 
support of a variety of AIM-based apparatuses that are available commercially, or 
which have been constructed from existing full-resolution CI components.   

9.4      Failure Mode Analysis 

 Glaab et al. have looked at the robustness of the EDA concept by undertaking a 
failure mode analysis approach [ 9 ]. They fi rst considered the factors that could con-
tribute to changes in the CI-measured APSD associated with (a) the formulation, (b) 
the device, and (c) the raw material of a hypothetical DPI (Fig.  9.6 ).

   They then went on to look at causes arising from the manufacturing process 
(Fig.  9.7 ).

   Looking further down the chain of events leading to the fi nal OIP, they then 
focused their attention on potential causes of APSD changes attributable to the ana-
lytics for the API(s) and the measurement process itself (Fig.  9.8 ).
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   In the second part of the assessment, they repeated the same exercise for a 
hypothetical MDI, considering manufacturing process, formulation, device, 
 device- formulation interactions, storage and accessories, or add-on devices such as 
VHCs (Fig.  9.9 ).

   Glaab et al. [ 9 ] then went on to examine the various control strategies that could 
be put in place not only to detect changes in the quality of the product, excipient, or 
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  Fig. 9.7    Potential causes for APSD changes related to the DPI manufacturing process 
( From  [ 9 ] —used with permission )       
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API but also to detect or prevent changes within manufacturing or analysis of the 
OIP. They found that these strategies can be subdivided into three different 
categories:

    1.    Quality assurance and manufacturing controls   
   2.    Product handling controls   
   3.    Overall quality control for the OIP itself    

  These operate in a continuous cycle as the OIP moves through its life cycle 
(Fig.  9.10 ).

   Glaab et al .  [ 9 ] continued their analysis by examining the various control strate-
gies that can be put in place to mitigate APSD changes for both types of OIP 
(Fig.  9.11 ). Their hypothesis was that if all these strategies were to be adopted, 
changes that could infl uence the aerosol APSD at the fi nal release testing stage 
could be easily detected and mitigated or eliminated at the earliest possible stage. 
If adopted, this degree of control would therefore make the application of EDA in 
the life cycle of such products easier to manage [ 10 ].

   In the fi nal stage of their evaluation, Glaab et al .  [ 9 ] considered the relative mag-
nitudes that the identifi ed risk factors could lead to catastrophic product failure. 
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  Fig 9.8    Potential causes for APSD changes related to the DPI. API analytics and measurement 
processes ( From  [ 9 ] —used with permission )       
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  Fig. 9.9    Potential causes for APSD changes related to MDIs ( From  [ 9 ] —used with permission )       

  Fig. 9.10    Control strategies 
in OIP development and 
manufacture ( From  [ 9 ] —used 
with permission )       
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They appreciated that conducting a classical risk assessment of each factor in a way 
that was generic to all products in a particular class of OIP was not a practical 
proposition. They assumed that all the causal factors identifi ed had the potential to 
impact the aerosol APSD. However, they recognized that it was diffi cult to general-
ize the severity of the consequences, since they were likely to be unique to the 
magnitude of the APSD shift related to each potential causative factor. 

 Glaab et al .  also recognized that it would be a challenging prospect to quantify 
the effect on product performance with particular patient groups or even individual 
patients. In light of these limitations, the risk evaluation was concluded by address-
ing the following questions:

    1.    How dependent on cascade impaction is the detection of the APSD change?   
   2.    How likely will this change lead to catastrophic product failure?    

  They responded to each of these questions in general terms, based upon indi-
vidual experience of the authors. In a further simplifi cation of the assessment, they 
evaluated the likelihood of a catastrophic product failure resulting from a given fac-
tor as either conceivable or inconceivable, with no intermediate conditions. In a 
similar way, they assessed factors as either likely to be detected by tests other than 
CI or likely to only be detected by a CI-based test. 

 Given this approach, it was possible to position the factors relative to quadrants 
defi ned by two orthogonal axes representing the potential for catastrophic product 
failure in relation to the dependence on the CI method for its detection in terms of a 
discernable APSD shift (Fig.  9.12 ).

  Fig. 9.11    Control strategy breakdown by process in OIP design and manufacture ( From  [ 9 ] —used 
with permission )       
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   Once this framework was in place, Glaab et al .  [ 9 ] proceeded to locate the factors 
associated with DPI (Fig.  9.13 ) and MDI products (Fig.  9.14 ). Items assigned to 
quadrant I represent the highest risk given that they are dependent upon CI for 
detection and could conceivably lead to catastrophic product failure. The risk 
associated with items placed in other quadrants was believed to be mitigated either 
by other means of detection method (quadrant II), by the inconceivability of 
resulting in catastrophic product failure (quadrant IV), or by both considerations 
(quadrant III).

    They concluded that the likelihood that the factors identifi ed above infl uencing 
the APSD of an aerosol emitted by an OIP for product release testing depends not 
only on the individual product but also on its developmental status towards com-
mercialization. At late stage development, the majority of the factors identifi ed in 
this risk assessment should be controlled within well-defi ned process parameters, 
supported by rigorous implementation of quality assurance procedures and compli-
ance within quality control parameters. 

 However, there are some APSD changes which are detectable only by cascade 
impaction, primarily because this method, although cumbersome and exacting in 
terms of analyst performance, directly determines mass of API(s) present in terms 
of aerodynamic particle size. 

 This exercise forms a useful complement to the theoretical analysis of aerosol 
APSD changes presented earlier in the chapter, by providing a framework whereby 
it is possible to assess in some detail the risk of EDA failure when developing 
APSD-assessment methodology for a given OIP.  

  Fig. 9.12    Mapping of relative severity of factors that could infl uence the APSD of an OIP 
( From  [ 9 ] —used with permission )       
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  Fig. 9.14    Relative severity of the signifi cant factors linked to possible APSD changes in MDIs 
( Adapted from  [ 9 ] —used with permission )       

  Fig. 9.13    Relative severity of the signifi cant factors linked to possible APSD changes in DPIs 
( From  [ 9 ] —used with permission )       
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9.5       Case Studies in Which EDA Has Been Successfully Applied 

 Perhaps the most signifi cant way in which to demonstrate the potential of the EDA 
principle is through case studies with OIPs, based on real-life experience. The fi rst 
such study was undertaken at Catalent Pharma Solutions and reported by Mao et al. 
[ 11 ]. This group applied EDA to analyze three separate studies where the NGI had 
been used to measure APSDs of aerosols emitted by a group of HFA-based solution 
MDIs. These data were pooled for the analysis. 

 All NGI measurements were performed at 30 L/min on the same model solution 
MDIs for each of the three separate series. The raw data expressed in terms of mass- 
per-CI component were assessed in terms of grouped stages as follows:

    1.    Group 2 = sum of drug deposited on stages 1–3   
   2.    Group 3 = sum of drug deposited on stages 4–6   
   3.    Group 4 = sum of drug deposited on stage 7 to the MOC     

 Group 1, which was not part of the analysis, comprised the sum of the mass of API 
collecting in the non-sizing components (i.e., induction port) upstream of the NGI. 

  MMAD  values for the APSD were calculated using CITDAS ®  (version 2.0, 
Copley Scientifi c Ltd, Nottingham, UK) that interpolates the data points from the 
cumulative mass-weighted APSD closest to the 50th mass percentile.  LPM  was cal-
culated as the sum of API mass deposited on each of the stages above and including 
the stage at the  d  

50
  value defi ning the bound between small and large particles (e.g., 

stage 3 with its  d  
50

  size corresponding to 3.99 μm aerodynamic diameter associated 

  Fig. 9.15    NGI stage deposition (mean ± SD) profi le in relation to  LPM  and  SPM  with bound size 
at 2.30 μm aerodynamic diameter ( From  [ 11 ] —used with permission )       
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with stage 3).  SPM  was likewise calculated as the sum of API mass deposited on 
each of the stages below the NGI stage at the defi ned  d  

50
 , in this case from stage 4 

to the MOC. It is important to note that the boundary size between  LPM  and  SPM  
was varied in the subsequent analysis of the sensitivity of the EDA technique. 

 In the example illustrated in Fig.  9.15 , the location of the boundary between 
 LPM  and  SPM  was set close to the  MMAD  at 2.30 μm aerodynamic diameter 
[i.e.,  LPM =  Σ( m  

1
   + m  

2
   + m  

3
   + m  

4
 )] for optimum EDA sensitivity [ 1 ]. Group deposi-

tion,  MMAD , and  LPM / SPM  ratio at different values of  d  
50

  calculated from the 
component- by-component drug mass deposition (studies 1–3) are summarized in 
Table  9.4  and the corresponding correlations presented in Fig.  9.16 .

     Mao et al .  [ 11 ] found that the correlations ( R  2  - values) between  LPM/SPM  and 
API mass deposition in stage groups 2 and 4 were better compared with the correla-
tion between  LPM/SPM  and API mass in group 3, regardless of the boundary size 
selected for the calculation of  LPM/SPM  (Table  9.5 ). Such an outcome was fully 
consistent with predictive analyses [ 12 ,  13 ] and refl ects the introduction of con-
founding associated with the movement of API mass from either group 2 or 4 into 
this neighboring grouping. Thus, API mass transfer from either direction (group 2 
to 3 or group 4 to 3) is exactly counterbalanced by the change in mass in group 3. 

  This case study demonstrates the high degree of sensitivity of the  LPM/SPM  ratio 
to small variations in MDI-generated aerosol APSDs infl uencing the location of the 
 MMAD  values.  LPM/SPM  can be readily calculated from CI stage deposition data with 
no more diffi culty than is the case in determining API mass-per-stage groupings. 

 In another series of case studies, Strickland examined real stability data from two 
older products no longer in the market in which probable causes for observed mul-
tistage CI-measured APSD shifts had been identifi ed [ 14 ]. The data from multiple 
APSD assessments of product A by ACI over a 24-month stability trial period were 
initially analyzed in terms of stage groupings applying to the following components 
of the CI system, as would be the case in the US regulatory environment:

   Group 1: non-sizing components including stage 0  
  Group 2: coarse mass fraction captured on stages 1 and 2  
  Group 3: fi ne mass faction captured on stages 3–5  
  Group 4: extra-fi ne mass fraction captured on stages 6, 7, and the backup fi lter.    

 When the data expressed as mass % of label claim (LC) are evaluated for the 
groupings involved with the APSD measurement (groups 2–4), it is evident that no 
trend was obtained with the group 2 data, whereas both groups 3 and 4 demon-
strated a decrease in API mass as a function of duration in the trial (Fig.  9.17 ). 
However, it is important to note that the group 4 stability change would not have 
been identifi ed as a specifi cation risk as the specifi cation for this grouping is typically 
a one-sided upper limit. This signifi cant stability trend was also detected when the 
same data were analyzed in terms of FPM, as would be the case in a European 
 regulatory environment (Fig.  9.18 ).
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    EDA was also able to detect the trend as a time-dependent increase in  LPM/SPM  
(Fig.  9.19 ). However, the corresponding decrease in  ISM  pointing to a change in 
mass entering the CI from the OIP would not have been as obvious if viewed either 
from variations in individual stage groupings or  FPM .

   In the case of product B, stability trending was observed with all three groupings 
(Fig.  9.20 );    the shift to larger values for stage 2 is accompanied by decreases in both 
groups 3 and 4 pointing to an overall APSD movement towards larger sized particles.

   This shift in APSD was also detected by a trend towards decreased values of 
 FPM  with time (Fig.  9.21 ).

  Table 9.5    Comparison between EDA and stage groupings approach to the assessment of 
CI-measured data from a solution-formulated MDI (  from   [  9  ]  —used by permission )   

  d  
 50 

  ( μ m) 

 Correlation ( R   2   values) between mass deposition by stage grouping,  MMAD  
and  LPM/SPM  

  MMAD  ( μ m)  Group 2  Group 3  Group 4 

 0.83  0.98  0.7814  0.0655  0.7023 
 1.36  0.92  0.8488  0.0348  0.6057 
 2.30  0.84  0.8623  0.0155  0.5418 
 3.99  0.86  0.9027  0.0110  0.5454 

  Fig. 9.17    OIP product “A”APSD changes in 24-month stability trial assessed by CI stage 
groupings       
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  Fig. 9.18    OIP product “A”APSD changes in 24-month stability trial assessed by movement in  FPM        

  Fig. 9.19    OIP product “A”APSD changes in 24-month stability trial assessed by EDA metrics  R  
and  ISM        

 

 

9 Verifi cation of the EDA Concept Through an Assessment of Theoretical Failure…



278

  Fig. 9.21    OIP product “B”APSD changes in 24-month stability trial assessed by movement in 
 FPM        

  Fig. 9.20    OIP product “B”APSD changes in 24-month stability trial assessed by CI stage 
groupings       
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   This time, EDA also detected the shift by an increase in  R  (Fig.  9.22 ) However, 
 ISM  remained largely unaffected, suggestive of a cause that was associated with the 
portion of the dose that entered the CI and was size fractionated.

   In the third case (product C), Strickland presented APSD data associated with an 
intentional product design modifi cation, in which the aerosol size properties were 
anticipated to change [ 14 ]. In the case of analysis by stage groupings based on 
 normally distributed values for each metric (Fig.  9.23 ), the transition from design 
1 to design 2 was evident with both groups 2 and 3, but not with group 4.

   The same data assessed by EDA demonstrated changes in both position of 
 central tendency and  AUC , evident when measures of  LPM ,  SPM ,  R , and  ISM  were 
considered together (Fig.  9.24 ).

  Fig. 9.22    OIP product “B”APSD changes in 24-month stability trial assessed by EDA metrics  R  
and  ISM        
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  Fig. 9.23    Intentional design change to OIP product aerosol assessed by CI stage groupings       
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  Fig. 9.24    Intentional design change to OIP aerosol assessed by EDA       
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   These case studies [ 11 ,  14 ] demonstrate that far from reducing the information 
that is useful at diagnosing changes to OIP APSDs, EDA enriches the knowledge 
base available from CI data, thereby helping the analyst make correct decisions 
about the product. Although this information is contained in the collection of indi-
vidual and averaged CI APSD profi les (Fig.  9.25 ), it is less accessible as a decision- 
making tool.

9.6        Conclusions 

 Strong arguments supporting the robustness of the EDA approach for the assess-
ment of CI-determined APSD changes have been presented, both from theoretical 
considerations based on aerosol mechanics during the measurement process, failure 
mode assessments based on two of the major OIP categories, and lastly from case 
studies based on products that have been marketed or are in development. Although 
the assumption has been that the underlying measurements were made with full- 
resolution CI systems, it should be recalled that EDA can also be applied to AIM as 
well as full-resolution CI data. Such an AIM-EDA approach has the potential to 
combine the sensitivity of the CI data interpretation to changes in APSD described 
in this chapter with the simplicity and other advantages reviewed in Chap.   5     associ-
ated with abbreviating the measurement system.     
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Abstract The validation of the wide variety of equipment capable of making 
abbreviated impactor measurements is a key component providing proof that the 
AIM concept works in practice. This chapter provides a comprehensive collection 
of validation experiments that have been provided by a variety of different laborato-
ries, mainly through the support of the Cascade Impactor sub-team of the European 
Pharmaceutical Aerosol Group (EPAG), who held a Workshop on the topic in 
December 2010. These studies have involved the whole range of OIP formats, 
thereby increasing confidence in the wide applicability of the approach. A series of 
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“learnings” are summarized at the end of the chapter as guidance for those planning 
on implementing an AIM-based method.

10.1  Introduction

The introduction of AIM-based apparatuses into the mainstream of OIP inhaler 
 performance testing is a highly desirable goal, as has been demonstrated in previous 
chapters. Not only can the methodology for acquiring aerodynamic size-related 
metrics be simplified, with the attendant prospect of reducing measurement vari-
ability, but the application of EDA principles may afford the prospect of better dis-
crimination in terms of product quality than is possible with current methods that 
are based on grouped stages from full-resolution CI measurements or from a single 
performance measure by itself, such as fine particle mass. Validation of the wide 
variety of AIM-based apparatuses with all of the major OIP formats is a critical 
component of this process.

Experimental studies were recognized from the outset as being of crucial value 
to the development of the AIM concept, alongside detailed theoretical rationaliza-
tion. The following is a brief synopsis of key events. Following proof-of-concept 
studies by Trudell Medical International with commercially available suspension 
and solution formulated MDIs undertaken in 2007–2008, a comparative precision 
experiment between abbreviated and full-resolution ACI systems was undertaken at 
the same location by the CI Working Group of IPAC-RS the following year. 
Subsequently, EPAG, through their Impactor sub-team, was responsible for initiat-
ing many follow-on investigations with a variety of inhaler types and abbreviated 
impactor configurations. Since 2010, experimental work has also been undertaken 
by several organizations outside these industry groups and is included in this chap-
ter in order to demonstrate that the AIM-EDA concept is of interest and is gaining 
wider acceptance in the OIP manufacturing community. Included are studies carried 
out using the following abbreviated impactor systems: the C-FSA (Copley Scientific 
Ltd., Nottingham, UK); the FPD (Westech Instruments Services, Upper Stondon, 
Beds., UK); other generic abbreviated Andersen CI stacks, in particular, the Trudell 
(Medical) fast screening Andersen impactor (T-FSA); the FSI (MSP Corporation, 
St. Paul, MN, USA); and differently modified versions of the NGI. In combination, 
these initial results provide information to support use of the AIM concept with 
each type of OIP (DPI, pMDI, and nebulizers).
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Presentations covering much of the large amount of work undertaken by 
many groups in the past 5 years can be found on the websites of EPAG [1] and 
IPAC-RS [2, 3].

10.2  AIM-Based Apparatuses: Developments Before  
the Present Campaigns

The “Copley-Fisons” two-stage metal impactor [4] (Fig. 10.1) and the “Glaxo” Twin 
Impinger [5] (Fig. 10.2) can be considered as two of the earliest physical manifesta-
tions of the AIM concept. Both were listed as apparatuses A and B, respectively, in 
the European Pharmacopoeia up until the 4th edition published in 2002, after which 
apparatus B was withdrawn on the basis that it was no longer used.

The Twin Impinger (TI) is a glassware design based on the multistage liquid 
impinger (MSLI) [6]. The upper stage represents the throat, stage 1 and stage 2 of an 
MSLI, while the final stage corresponds to stages 3 and 4 and the filter. With both 
stages, particles are collected by impaction on liquid surfaces, an especially suitable 
method for both pMDI and DPI analysis. The reported d

50
 for the upper stage of the 

instrument is 6.3–6.4 μm at 60 L/min [7, 8]. This limit is likely to be viewed as too 
large by today’s standards. However, it would not be too difficult to reduce the d

50
 value 

closer to 5μm by decreasing the tube diameter leading into the impingement vessel.
Both instruments separate the aerosol emitted by the inhaler into just two size 

fractions: an upper stage captures particles above a certain stage cut-off diameter 

Fig. 10.1 “Copley-Fisons” two-stage metal impactor (Courtesy of Copley Scientific Ltd., 
Nottingham, UK)
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and all remaining particles pass through to a final collection media. The upper stage 
of the Copley-Fisons impactor has a cut-off diameter of 9.8 μm d

ae
 at 60 L/min, so 

the boundary between fine-coarse particle size separation would again likely be 
viewed as higher than acceptable for present-day OIP applications.

The introduction of the TI was supported at the time by details of its experimen-
tal use, in that the value of the device was perceived as its ability for distinguishing 
between “good” and “poor” aerosols, in particular its application in the detection of 
agglomerating pMDI formulations, during product development [5]. The lack of 
sensitivity relative to fuller APSD measurement by the 4-stage multistage liquid 
impinger was, however, identified in the mid-1990s as a potential drawback for 
more discriminating investigation, especially for the comparison of generic with 
innovator OIPs [9]. Further studies confirmed initial claims about the insensitivity 
of Twin Impinger measurements to variability in operational parameters such as 
collecting fluid composition and volume and test flow rate [7]. The use of the TI at 
flow rates in excess of the design value of 60 L/min for low resistance DPI testing 
may, however, be a practical proposition [10]. Calibration with solid monodisperse 
aerosols has confirmed, that like other types of inertial impactor, its cut-off size for 
the upper stage decreases at sampling flow rates in excess of the routinely used 
60 L/min [8], as predicted by the relationship:

 
d dae,50,1 ae,50,ref

ref=










Q

Q1
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(10.1)

Fig. 10.2 “Glaxo” twin 
impinger (TI) (Courtesy of 
Copley Scientific Ltd., 
Nottingham, UK)
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where Q
1
 and Q

ref
 represent the calibration flow rate and reference flow rate of 

60 L/min, respectively, and d
ae,50,1

 and d
ae,50,ref

 are the cut-off sizes at the calibration 
and reference flow rates, respectively.

In retrospect, it is clear that the study carried out by Miller et al. [7] fuelled 
uncertainty as to the ability of the TI to differentiate between OIP aerosols with 
markedly different APSDs, making the simplification that they are unimodal and 
lognormal, and therefore using MMAD and GSD to represent measures of central 
tendency and spread, respectively. By concluding that because the instrument only 
separated into two size fractions, and, moreover gave a broad rather than sharp sepa-
ration, the impression was given that it could not distinguish between aerosols that 
fell within the same MMAD/GSD “family”. It was possible that a discrete range of 
MMAD/GSD combinations would give the same results when analyzed using just 
two size fractions, and broad separation between fine/coarse size boundary and 
MMAD appeared to exacerbate the problem. Referring to the recent work by Tougas 
et al. [11], it is now clear that the sensitivity of this apparatus for APSD-related 
shifts will vary considerably according to the location of the MMAD of the product. 
The MMAD of many currently marketed pMDIs and DPIs is likely to be located in 
the region from 1 to 3 μm, and this separation is likely to be too far from the stage 
cut-off size for the unmodified TI, therefore potentially impairing its precision.

A further drawback of both the TI (and also the Copley-Fisons 2-stage metal 
impactor) is that, as they are currently supplied, neither instrument has an easily 
varied stage cut-off size. However, despite these disadvantages, in the near future as 
AIM research progresses, there may be cause to reexamine the potential role of this 
apparatus, possibly with a modified stage cut-off diameter, since the impinger 
design is attractive from the point of view of its ability to eliminate size-related bias 
caused by particle bounce and re-entrainment [12]. It would be a relatively easy 
modification to move the cut point for the TI to 5.0 μm aerodynamic diameter in the 
flow rate range from 30 to 100 L/min within which most OIPs are evaluated, by 
modifying the diameter of the tube entering the upper stage, in accordance with the 
relationship (Chap. 2):
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(10.2)

in which St
50

 is the dimensionless Stokes number at the size where the stage collec-
tion efficiency is 50%, W = tube diameter, d

50
 = stage cut size, Q = volumetric flow 

rate, h = air viscosity, r
0
 = unit density (i.e., 1 kg/m3), and C

c,50
 is the Cunningham 

slip correction factor for a particle of size d
50

 [13]. However, the practicality of mak-
ing this change so that this apparatus could be used at close to 30 L/min to evaluate 
pMDIs has not, to the authors’ knowledge, yet been addressed.

The issue of flow rate sensitivity to stage d
50

 size with CIs, which is discussed in 
more detail in Chap. 2, highlights an important potential limitation to the AIM con-
cept in the case of DPI testing. In contrast with MDI or nebulizer performance 
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assessments by the compendial methods in which the flow rate is maintained at a 
fixed value, development of DPI a product often involves testing at multiple flow 
rates. It is a relatively easy process with a full-resolution CI to interpolate the mass 
of API in particles finer than a fixed size limit, typically 5.0 μm aerodynamic diam-
eter, from the cumulative mass-weighted APSD obtained at each required flow rate, 
even though the individual stage d

50
 values change. In contrast, since interpolation 

is not possible when using an AIM-based CI, as an APSD is not generated, a differ-
ent upper stage would be needed for testing at each required flow rate in order to 
maintain a stage d

50
 fixed at the appropriate value.

At this point then it is fair to say that while the AIM concept, in the physical 
form of the Twin Impinger, was seen as a convenient and efficient analytical tool for 
relatively coarse differentiation, doubts remained about its sensitivity. The theoreti-
cal work by Tougas et al. [11] on the development of EDA metrics that is described 
in detail in Chaps. 7 and 8, followed some time after these initial practical studies. 
In summary, EDA points the way to achieve better measurement precision in asso-
ciation with OIP APSD-related data by the following approaches: adoption of a 
ratio of LPM to SPM rather than individual mass fractions, simultaneous use of 
ISM, and the selection of an optimal boundary value for LPM/SPM on the basis of 
MMAD value.

Limited interest in AIM precursor concepts continued through the 1990s, a 
decade marked at its closing by the development of the full-resolution NGI on the 
basis of the very latest understanding of inertial impaction [14]. In the context of 
AIM-based equipment, during the mid-1990s, Van Oort and Downey [15] and Van 
Oort and Roberts [16] returned to the issue of reducing the analytical burden by cut-
ting the number of size fractions, this time by simply reducing the number of stages 
used in an Andersen CI stack (see Chap. 5). In these works, for the first time, there 
was recognition of the importance of tailoring the boundary between the two size 
fractions used for EDA to suit the product under test. Based on full-resolution data 
gathered using an ACI (or NGI), analysis was focused on the stages where most of 
the drug collects to give size fractions that could more precisely and successfully 
capture changes in OIP APSD.

Unfortunately, at that time and up until the early part of the next decade, the sug-
gestion of an abbreviated way of working failed to gain traction with the regulators 
[17], who favored full-resolution APSD measurements, diminishing interest in con-
tinued development of simplified systems. However, since then much has changed. 
In particular, the regulatory landscape has altered dramatically with the introduction 
of new concepts, perhaps most importantly Quality by Design, an approach designed 
to promote product and process development on the basis of thorough and secure 
knowledge [18]. Nevertheless, there are legitimate concerns that this new way of 
working will significantly increase the analytical burden. Hence, both the pharma-
ceutical industry and regulatory agencies alike have become more receptive to new 
approaches, based on sound science, which may help reduce the amount of testing 
required. Interest in the use of AIM systems based on both the ACI and NGI has 
therefore been renewed.
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10.3  Proof-of-Concept Experiments Undertaken at Trudell 
Medical International: Assessing the Performance  
of Systems Based on the Nonviable 8-Stage ACI

In practical terms, abbreviating measurement with the vertical stack design of the 
ACI is relatively straightforward, as the early work by Van Oort and colleagues indi-
cated, being simply a matter of configuring the stack with fewer stages and adjusting 
the length of the retaining springs to compensate for the shorter configuration. 
However, the issue of aerodynamic performance is a critical one; reduced stacks 
potentially may exhibit changed air flow patterns that can significantly affect inertial 
impaction behavior. Particle bounce, the re-entrainment, the distribution of active 
losses to internal surfaces, and the effect of impactor dead volume have all been 
shown to be important considerations [19, 20]. Furthermore, identifying optimal 
stage cut-off diameter values for product QC and also for the potential support of 
human respiratory tract (pHRT)-pertinent studies to develop in vitro–in vivo relation-
ships (the latter being the focus of Chap. 12) are also topics for practical AIM imple-
mentation with this system as well as other designs of full-resolution CI [21].

In 2008, two proof-of-concept studies were undertaken by the group at Trudell 
Medical International (TMI) in order to validate the performance of two abbreviated 
systems for the purpose of improving productivity in testing add-on devices (spac-
ers and valved holding chambers) used with pMDIs. Their work was based on the 
full-resolution 8-stage nonviable ACI, the C-FSA and the T-FSA abbreviated sys-
tems also based on the nonviable ACI operating principle [19, 20].

The C-FSA is a commercially available (Copley Scientific, UK) two-stage pHRT-
based abbreviated stack, based on the Andersen nonviable CI that divides the incoming 
dose into coarse, fine, and extra-fine fractions (CPF, FPF, and EPF), respectively 
(Fig. 10.3a, b). In its commercially available formats, a range of stages enables configura-
tion to give stage cut-off diameters (d

50
 values) of 4.7 and 1.1 μm at 28.3, 60, or 90 L/min, 

or alternatively 5.0 and 1.0 μm at 28.3 L/min, depending on the specific application.
Similar in design to the C-FSA, the T-FSA was also developed from research into 

AIM-based methods at TMI with MDIs delivering “dry particles” of salbutamol (alb-
uterol) following propellant evaporation (Fig. 10.4a). The T-FSA was a hybrid 
C-FSA, which had an upper stage cut-off size of 4.7 μm so that data from this stage 
could therefore be directly compared with mass deposition of API on stage 2 of the 
full-resolution ACI. The d

50
 size of the lower stage was 1.0 μm, rather than 1.1 μm.

In a later modification, the T-FSA also included a non-operable (collection sur-
face removed) ACI stage 0 to provide functional dead space before the first size 
separating stage, enabling closer mimicry of this potentially important aspect of the 
full-resolution ACI.

Two discrete investigations were carried out, each focusing on pMDI-produced 
aerosols, one involving dry particles (after HFA-134a propellant evaporation), the 
other containing low-volatile liquid ethanol excipient that was associated with the 
aerosol particles entering the measurement equipment. In the first study, dry flutica-
sone propionate (FP) particles were produced using a commercially available 
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Fig. 10.3 The standard Copley C-FSA with cut-point sizes of 1.0- and 5.0-μm aerodynamic diam-
eter—other cut-point sizes are also available. (a) External view showing CI with Ph. Eur./USP 
induction port. (b) Internal cross-section of CI without induction port (Courtesy of Copley Scientific 
Ltd., Nottingham, UK)

Fig. 10.4 The T-FSA system with Ph. Eur./USP inlet. (a) Basic T-FSA for initial experiments with 
“dry” aerosol particles containing salbutamol (albuterol). (b) Modified T-FSA containing an addi-
tional stage “0” without collection plate to increase dead space before first impaction stage to be 
more comparable with that in the full-resolution ACI when sampling “wet” beclomethasone dipro-
pionate aerosol particles from formulations containing ethanol as cosolvent (Courtesy of Trudell 
Medical International, London, Canada)
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pMDI, Flovent®-HFA (GSK plc, UK); 110 μg/actuation ex-actuator mouthpiece. 
APSD measurements were made using the T-FSA and C-FSA with uncoated collec-
tion surfaces, and then with collection surfaces coated with polyoxyethylene lauryl 
ether (Brij-35) surfactant. These data were compared with analogous results gener-
ated using a full-resolution ACI (Table 10.1).

In this and other tables in this Chapter, unless otherwise stated, CPF
>4.7μm

, 
FPF

<4.7μm
, and EPF

<1.0μm
 represent coarse, fine, and extra-fine mass fractions with 

the subscripts indicating the pertinent size limit. The cut-point sizes are based on the 
manufacturer’s nominal values with Q at 28.3 L/min, and the numbering in the left- 
most column is based on the stage numbering sequence of the full-resolution ACI, 
with the “A” indicating that stage 2 was not the standard C-FSA stage with 5.0 μm 
cut-point size.

The impact of the number of actuations used during testing was directly investi-
gated. In all the experiments, the mass recovery with each system was found to be 
broadly equivalent and well within the specification set down by the FDA [22] 
(±15% label claim/actuation). Furthermore, with the abbreviated systems, the mass 
of fine particles recovered per actuation was acceptable even with a single actuation. 
This is an important result since the FDA recommends minimizing the number of 
actuations to the clinical dose (typically 2-actuations), within the  constraint of 
reaching a detectable limit on each stage, to improve impactor performance.

With uncoated collection surfaces (Table 10.2), the amount of material in the 
extra-fine fraction decreased with increasing number of actuations; from 9.4 ± 0.7 μg 
with a single actuation to 5.3 ± 0.4 μg with ten actuations (modified C-FSA data). 
This is consistent with previously reported observations suggesting that the deposi-
tion of material on an uncoated collection surface makes it progressively “stickier,” 
potentially reducing the extent of particle bounce [23–25]. The use of surfactant- 
coated collection plates removed this dependence on actuation number and improved 
accuracy for both the T-FSA and C-FSA relative to the benchmark results generated 
with the full-resolution ACI (Table 10.3 and Fig. 10.5).

These measurements with either of the reduced impactors with collection sur-
face coating were found to be substantially equivalent to the full-resolution ACI 
(Table 10.3). This outcome occurred despite the fact that relative API mass depo-
sition per stage in the AIM-based systems was higher than in the full-resolution 

Table 10.1 Cumulative mass-weighted data for Flovent®-110 measured by modified C-FSAa 
(n = 5 replicates) with coating on collection plates (From [19]—used with permission)

Location  
in C-FSA

Size range 
(μm)

Upper size 
limit (μm)

Size 
fraction

Number of actuations per determination

1 2 5 10

Cumulative mass % < stated upper size 
limit (mean ± SD)

Induction port
Upper stage 2A

Undefined
>4.7a

Undefined CPF
>4.7μm

60.8 ± 4.2 60.8 ± 3.3 60.1 ± 1.2 61.4 ± 2.5

Lower stage 1.0–4.7 4.7 FPF
<4.7μm

39.2 ± 4.2 39.2 ± 3.3 39.9 ± 1.2 37.9 ± 3.0
Back-up filter <1.0 1.0 EPF

<1.0μm
 3.1 ± 0.6  3.5 ± 0.3  3.5 ± 0.4  3.3 ± 0.2

a Upper stage cut size was 4.7 μm rather than 5.0 μm aerodynamic diameter
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CI for the same number of actuations of the inhaler, resulting in the potential for 
earlier overloading of stages. Interestingly, the small but measurable wall losses 
associated with those stages in the full ACI that were removed to create the abbre-
viated designs were believed to have been transferred to the lower stage in the 
abbreviated systems. Fortunately this resulted in an increase in extra-fine particle 
mass of only ca. 2%.

It is perhaps to be expected that collection surface coating will be especially 
 critical in abbreviated systems since any tendency toward non-ideal behavior is 
 magnified as a consequence of the increased inertia of particles that would  otherwise 
be collected by previous stages in the full-resolution configuration.

In the follow-on investigation [20], measurements were made with a formulation 
containing 8% w/v ethanol as cosolvent (Qvar™; 80 μg/actuation beclomethasone 
dipropionate (BDP) ex-actuator mouthpiece), using surfactant-coated collection 
surfaces with both the C-FSA and T-FSA. Tests with liquid ethanol-sensitive paper 
confirmed that the ethanol evaporated inside the impactor during measurement, 
penetrating only to the first stage (Fig. 10.6a, b).

Table 10.2 Cumulative mass-weighted data for Flovent®-110 measured by modified C-FSAa 
(n = 5 replicates) without coating on collection plates (From [19]—used with permission)

Location in 
C-FSA

Size range 
(μm)

Upper size 
limit (μm)

Size 
fraction

Number of actuations per determination

1 2 5 10

Cumulative mass % < stated upper size 
limit (mean ± SD)

Induction port Undefined Undefined CPF
>4.7μm

59.3 ± 2.3 61.7 ± 2.6 60.5 ± 1.7 61.1 ± 3.4
Upper stage 2A >4.7
Lower stage 1.0–4.7 4.7 FPF

<4.7μm
40.7 ± 2.3 38.3 ± 2.6 39.5 ± 1.7 37.8 ± 4.0

Back-up filter <1.0 1.0 EPF
<1.0μm

9.4 ± 0.7 7.5 ± 0.6 6.4 ± 0.4 5.3 ± 0.4
a First stage cut size was 4.7 μm

 rather than 5.0 μm aerodynamic diameter

Table 10.3 Key size fraction metrics determined for 5-actuations of Flovent®-110 into the T-FSA 
(n = 5 replicates/CI system): comparison with equivalent data from a modifieda C-FSA and ACI 
(From [19]—used with permission)

Location Size range (μm)
Upper size  
limit (μm)

Size 
fraction

Cumulative mass % < stated 
upper size limit (mean ± SD)

T-FSA C-FSA ACI

Induction port Undefined Undefined CPF
>4.7μm

57.6 ± 3.5 60.1 ± 1.2 57.7 ± 2.2
Upper stagea: 

2A—C- FSA; 
2—T-FSA

>4.7

Lower stage 1.0–4.7: C-FSA; 
1.1–4.7: 
T-FSA, ACI

4.7 FPF
<4.7μm

42.4 ± 3.5 39.9 ± 1.2 42.3 ± 2.2

Back-up filter <1.0: C-FSA; 
<1.1: T-FSA, 
ACI

1.0: C-FSA; 
1.1: T-FSA, 
ACI

EPF
<1.0μm

3.8 ± 0.5 3.5 ± 0.4 1.2 ± 0.2

a First stage cut size of modified C-FSA was 4.7 μm rather than 5.0 μm aerodynamic diameter
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Fig. 10.5 Effect of number of actuations of Flovent-110® on C-FSA-measured data when used 
with surfactant-coated collection plates (From [19]—used with permission)

Fig. 10.6 Use of liquid ethanol-sensitive paper to diagnose presence of liquid droplets within the 
upper stages of the C-FSA. (a) Traces confirming liquid ethanol presence with incoming aerosol 
to C-FSA from sampling 10-actuations of Qvar™-80, using liquid ethanol-sensitive filter paper 
located on collection plate below stage. (b) Traces confirming liquid ethanol presence with incom-
ing aerosol to C-FSA from sampling 10-actuations of Qvar™-80, using liquid ethanol-sensitive 
filter paper located on collection plate below stage 1 (From [20]—used with permission)

The introduction of additional dead space in the T-FSA, compared with the 
C-FSA, was found to improve agreement with the ACI in terms of fine particle 
mass, a result attributed to the provision of more similar conditions for ethanol 
evaporation within the former configuration (Fig. 10.7). Overall, the difference 
between the data using the slightly modified C-FSA and T-FSA was so small that 
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for almost all practical purposes, either of these abbreviated systems could be used 
for this particular formulation. However, care would need to be taken to reevaluate 
the situation for formulations containing higher levels of low-volatile cosolvent.

10.4  The IPAC-RS Impactor Precision Comparison: 
Comparing the Performance of an AIM ACI-Based 
System Configured for pHRT Studies with a Similar 
System Tailored to QC Applications

One of the central issues for AIM implementation is setting the boundary value(s) 
for size-related metrics appropriately given the limited number of size fractions 
produced by abbreviated systems. To a large extent, in the OIP QC environment, this 
decision will likely be taken on a product-by-product basis, depending upon the product 
APSD obtained in early development (see Chap. 6).

Outside of the product QC environment, an alternative strategy is to set boundar-
ies to reflect areas of potential clinical interest—the sub-5 μm fraction being an 
obvious target for FPF, being the size limit defined for the fine particle dose in the 
European Pharmacopoeia [4]. The stage cut-off diameter of stage 2 of the full- 
resolution Andersen CI instrument is slightly finer at 4.7 μm aerodynamic diameter 
at 28.3 L/min, and as a result, this size is often used as the limiting value for conve-
nience during the assessment of pMDIs. In addition to the differentiation between 

Fig. 10.7 Comparative 5-actuations per measurement data for the T-FSA, C-FSA, and ACI with 
Qvar™-80 (From [20]—used with permission)
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fine and coarse mass fractions, there may be a need to evaluate the portion of the 
emitted dose from some OIPs, particularly pMDI solution formulations such as 
Qvar™ and Alvesco® in terms of extra-fine fraction < ca. 1 μm, comprising a sub-
fraction of the fine particle mass. In such instances, a second impaction stage 
provides added flexibility to the abbreviated impactor, with cut-off size exactly at 
this limit or in the case of systems derived by removing stages from a full-resolution 
nonviable ACI, retaining stage 5, whose cut-off size is 1.1 μm at 28.3 L/min. This 
was the rationale underlying the development of the so-called potential-HRT con-
figuration, referred to from now onward as the “AIM-pHRT”-abbreviated impactor 
that was evaluated in the IPAC-RS precision comparison study at Trudell Medical 
International in 2009 [26]. This apparatus is included here for the sake of complete-
ness, as it formed one arm of the precision comparison study. However, the underly-
ing reasons for the development of AIM-pHRT configurations are explored in more 
detail in Chap. 12. Like the T-FSA described earlier, the “pHRT-FSA” configuration 
had a non-operable stage 0 inserted prior to the first separation stage to give dead 
space equivalence to the full-resolution impactor. The “pHRT-FSA” system was 
evaluated together with a so-called AIM-QC configuration having a single stage 
with cut-off size at 2.1 μm (stage 4 from the full-resolution ACI operated at 
28.3 L/min) chosen to be close to the MMAD of the product used in the evaluation 
(AIM-QC apparatus).

The two abbreviated configurations compared with that of the benchmark full- 
resolution system are illustrated schematically in Fig. 10.8. C1, C2, and C3 are the 
configurations for the full-resolution nonviable ACI, AIM-QC, and AIM-pHRT 
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Fig. 10.8 CI configurations used in the IPAC-RS AIM precision experiment; the additional 
“spacer” stage used after filter stage for the AIM-QC system has no measurement function and 
does not interfere with analysis (From [26]—used with permission)
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systems, respectively. A commercially available HFA-salbutamol pMDI was used 
as the test product, and careful attention was made to the design of the experiment 
to minimize the influence of possible confounding sources of error (e.g., operator, 
environment, inhaler, etc.).

The experiment was conducted using a design with the three impactor configura-
tions already described, six inhalers, with three measurements made per inhaler per 
impactor configuration (Table 10.4). The specific objective of the study was to 
assess the repeatability of the impactor configurations (not to assess inhaler product 
performance); consequently, the experiment was conducted so that the following 
sources of variability were reasonably controlled:

 1. Inhaler-to-inhaler variability over manufacturing run of OIP evaluated
 2. Through-life trends of pMDI canister
 3. Inter-operator variability
 4. Inter-impactor system variability

Another feature of the study design was the inclusion of recurrent testing of each 
of the six inhalers on all three impactors. These precautions were taken to enable 
estimation of the intrinsic variability (precision) of each impactor system in  isolation 
from other potentially confounding effects.

The statistical analysis estimated and compared the repeatability of three 
impactor configurations side-by-side, based on first quantifying the following 

Table 10.4 Experiment design with three cascade impactor configurations, six inhalers, three 
dosing sets by inhalers, and three replicates of the same inhalers; the values in square parentheses 
indicate the order of test on a particular day (From [26]—used with permission)

Inhaler Replicate Cascade impactor configuration [dosing set]

1 1 ACI [1] AIM-QC [2] AIM-pHRT [3]
2 AIM-pHRT [5] ACI [6] AIM-QC [4]
3 AIM-QC [9] AIM-pHRT [7] ACI [8]

2 1 AIM-QC [2] ACI [1] AIM-pHRT [3]
2 ACI [4] AIM-pHRT [6] AIM-QC [5]
3 AIM-pHRT [9] AIM-QC [8] ACI [7]

3 1 ACI [1] AIM-pHRT [3] AIM-QC [2]
2 AIM-pHRT [6] AIM-QC [5] ACI [4]
3 AIM-QC [8] ACI [7] AIM-pHRT [9]

4 1 AIM-QC [3] AIM-pHRT [1] ACI [2]
2 AIM-pHRT [5] ACI [6] AIM-QC [4]
3 ACI [7] AIM-QC [8] AIM-pHRT [9]

5 1 ACI [1] AIM-pHRT [3] AIM-QC [2]
2 AIM-QC [5] ACI [4] AIM-pHRT [6]
3 AIM-pHRT [9] AIM-QC [8] ACI [7]

6 1 AIM-pHRT [2] ACI [3] AIM-QC [1]
2 ACI [4] AIM-QC [5] AIM-pHRT [6]
3 AIM-QC [9] AIM-pHRT [7] ACI [8]
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three principal metrics related to the total mass of salbutamol emitted from the 
inhaler, normalized on a per actuation basis:

 1. Impactor mass (IM), defined as the total mass of API recovered from all compo-
nents of the measurement system downstream of the induction port (i.e., mass on 
all stages including stage 0 for the full-resolution Andersen CI).

 2. Ex-actuator mass (Ex-ActM), defined as the total mass of API recovered from all 
components of the measurement system including the induction port.

 3. Ex-metering valve mass (Ex-MVM), defined as the total mass of API recovered 
from the measurement system together with that from the actuator mouthpiece 
of the inhaler.

Values of the subfractions of the mass/actuation were subsequently established 
and the relationship between IM (capable of being measured by all systems) and 
impactor-sized mass (ISM), determined only by the AIM-QC and full-resolution 
ACI, quantified (Fig. 10.9).

The consistent ca. 1 μg/actuation offset between IM and ISM, representing a 
fixed mass of API retained by stage 0 of the full-resolution ACI, enabled the 
precision comparison to take place between the two abbreviated configurations 
and the full-resolution CI, based on IM (Fig. 10.10).

On this basis, both abbreviated impactors had comparable precision with that of 
the ACI (Table 10.5).
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Fig. 10.9 Relationship between IM versus ISM, showing measurements with a different symbol 
for each of the six inhalers evaluated (From [26]—used with permission)
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Fig. 10.10 Box-whisker plots of impactor mass by inhaler and cascade impactor configuration. 
The mean is represented by the tick mark at the center of the line (From [26]—used with 
permission)

Table 10.5 Summary statistics and 95% confidence intervals on ratio of standard deviations of 
abbreviated to full configurations for metrics related to inhaler APSD (From [26]—used with 
permission)

Metric
Impactor 
configuration Mean (μg)

SD [repeatabi-
lity] (μg)

Coefficient of 
variation (%)

95% CIa on ratio of 
SDs of abbreviated 
to full configuration

ISM ACI 38.97 1.57 4.07 –
AIM-QC 38.96 2.68 6.87 [0.93; 3.05]

LPM/SPM ACI 2.70 0.28 9.98 –
AIM-QC 2.69 0.35 12.83 [0.68; 2.24]

aInclusion of 1.00 in confidence interval (CI) indicates no statistically significant difference

Separate estimates of variability were made for each metric (ISM, LPM/SPM 
with the AIM-QC and full-resolution ACI) and FPM (identical with CPM in terms 
of precision) for the AIM-pHRT and ACI. The estimates of precision associated 
with all these metrics obtained by the appropriate abbreviated impactor were 
 substantially equivalent to the corresponding metrics with the full-resolution system 
(Fig. 10.11 and Tables 10.5 and 10.6).

Interestingly, all these metrics consistently tracked minor differences between 
the six inhalers that were used in the investigation (Fig. 10.11b, d, f). When the size 
fractions from either abbreviated impactor were compared with the corresponding 
cumulative mass-weighted APSD data from the ACI (Fig. 10.12), excellent agree-
ment was apparent in almost all instances. However, an unexpected outcome was 
the magnitude of the positive bias associated with EPF measured by the AIM-pHRT 
system, which was almost 8% greater than the corresponding full-resolution data 
(Table 10.6), illustrated in the comparison of this metric with the expected value 
from the ACI (Fig. 10.12).
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Fig. 10.11 Comparison of performance metrics in precision study: (a) ISM by impactor type; (b) 
ISM by inhaler number; (c) ratio LPM/SPM by impactor type; (d) LPM/SPM by inhaler number; 
(e) FPM by impactor type; and (f) FPM by inhaler number (From [26]—used with permission)

Table 10.6 Summary statistics and 95% Confidence Intervals (CIs) on ratio of standard deviations 
of AIM-pHRT system to nonviable ACI for metrics relating to inhaler APSD (From [26]—used 
with permission)

Metric
Impactor 
configuration Mean (μg)

SD [repeatabi-
lity] (μg)

Coefficient of 
variation (%)

95% CI on ratio of 
SDs of abbreviated 
to full configuration

CPM ACI 44.08 2.87 6.52 [0.57; 1.89]
AIM-pHRT 45.17 3.00 6.64

FPM ACI 35.43 1.40 3.88 [0.69; 2.25]
AIM-pHRT 35.00 1.74 4.97

EPM ACI 2.21 0.74 33.72 [0.73; 2.40]
AIM-pHRT 7.93 0.99 12.44
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This observation prompted a follow-on investigation to eliminate the cause of the 
bias [27]. Microscopic inspection of the coated surface below the second stage (cut- 
off diameter 1.1 μm) revealed depressions in the coating directly beneath the noz-
zles, where impaction of particles would be expected (Fig. 10.13).

Interestingly, no other collection surfaces, in either of the abbreviated systems, 
exhibited the same problem. It was concluded therefore that the relatively high 
Reynolds number associated with flow through the nozzles of this lower stage 
(Re

f
 = 292 at 28.3 L/min) leads to displacement of the coating surface, inhibiting its 

ability to trap particles effectively. Particle bounce is therefore relatively high, re- 
entrainment carrying over material that should be efficiently collected into the EPM.

This problem was successfully resolved by floating a filter coated in surfactant on 
top of the collection plate (Fig. 10.14) that provided a surface that was both energy 
absorbent but at the same time resisted relocation by the incoming flow (Fig. 10.15). 
This unexpected outcome adds weight to the argument for a very careful consider-
ation of particle bounce for all abbreviated systems, regardless of OIP class.

Rather surprisingly, increased precision, one of the potential benefits initially 
claimed for AIM systems by virtue of eliminating variability arising from stages 
that collected API close to the lower limit of detection, was not observed with either 
abbreviated system. In explanation, it was hypothesized that precision gains 
achieved by eliminating the analysis of material from stages where little sample 
collects are offset by other factors, possibly related to the flow of aerosol in the 

Fig. 10.12 Comparative measures of impactor-sized subfractions by AIM-QC and AIM-pHRT 
abbreviated systems with ACI (original AIM-pHRT data set) (From [26]—used with permission)
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reduced systems. Despite this finding, measurement time gains were found to be 
significant; analysis with the abbreviated systems taking around 30% of the time 
consumed using the ACI. This finding of more rapid determinations is a consistent 
trend across other reported studies to be discussed later in this chapter.

Fig. 10.13 Photomicrograph 
of displaced Brij 35 
surfactant on collection plate 
for the second impaction 
stage of the AIM-pHRT 
impactor (From [27]—used 
with permission)

Fig. 10.14 Comparative measures of impactor-sized subfractions by ACI with measures of CPF, 
FPF, and EPF after modifying second impaction stage of AIM-pHRT CI with Brij-35-soaked filter 
(From [27]—used with permission)

10 Validating AIM-Based Instrumentation and Associated Measurement Techniques



302

10.5  Other Studies with ACI-Based AIM Systems

More recently, the commercialized version of the abbreviated ACI (FSA, Copley 
Scientific Ltd.) has been extensively evaluated by Keegan and Lewis in connection 
with the rapid screening of prototype pMDI actuators in early-stage product devel-
opment [28, 29]. In a rapid prototyping environment, it is often desirable to opti-
mize a device or system based upon the delivered mass and fine particle mass 
(≤5 μm) that are obtained through the cascade impactor method. A number of 
 prototypes with slightly altered configurations may be screened to provide an opti-
mized embodiment.

In their first study [28], MDIs containing beclomethasone dipropionate (BDP) 
(100 μg/50 μL) with 13% w/w ethanol cosolvent in HFA134a propellant were man-
ufactured for use as the model product, equipped with a Bespak 630 series actuator 
with a 0.22 mm orifice diameter (Bespak, UK). A standard FSA with cut-point sizes 
of <5 μm and <1 μm d

ae
 was evaluated as the abbreviated CI configuration. BDP 

was recovered only from the impaction plates in the so-called rapid (rFSA) proce-
dure, whereas this API was recovered from all CI surfaces following the standard 
method (FSA). The rFSA method therefore permitted as few as three separate actu-
ations from each prototype formulation to be analyzed in terms of FPM

<5.0
μm, com-

pared with 4-actuations that were required to achieve the required sensitivity with 
the standard (FSA) procedure. The impaction plates were coated after FSA assem-
bly (using either method) using aerosolized 1% w/w glycerol delivered in HFA134a 
propellant by a proprietary process. The recovery solvent was an 85:15 methanol–
water mixture.

Following each actuation into the FSA, samples were collected from the USP/Ph. 
Eur. induction port and impaction plates (including back-up filter), but interstage 
drug loss was not determined. The stack was then reassembled with clean compo-
nents. Following the final actuation, a sample was collected from the actuator and an 
average deposition over the appropriate number of pMDI actuations was reported. 

Fig. 10.15 Schematic of 
Brij-35-soaked glass 
microfiber filter, showing 
filter located on top of 
stainless steel collection plate 
(From [27]—used with 
permission)
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Assay for BDP was undertaken by UPLC-MS in both standard FSA and rFSA 
procedures.

In addition to the abbreviated CI-based measurements, benchmark full- resolution 
APSD determinations based upon two actuations of the model product were made 
using the ACI with collection plates coated using 1% w/w glycerol and also equipped 
with the same induction port. All measurements were undertaken at a flow rate of 
28.3 L/min.

Comparison of the key metrics, TEM, FPM
<5.0μm

, and EPM
<1.0μm

, are summarized 
in Table 10.7. Note that in this work, delivered dose is equivalent to TEM.

No statistical difference (p > 0.05; ANOVA) between the reported metrics was 
evident. However, both FSA methods showed a tendency to slightly underestimate 
FPM

<5.0μm
 and marginally overestimate EPM

<1.0μm
, when compared to equivalent 

measures derived from the benchmark ACI. This finding is consistent with that dis-
cussed earlier for pMDIs containing ethanol as low-volatile cosolvent [20]. 
Importantly, this study showed no significant differences (p > 0.05; ANOVA) 
between either rFSA or FSA methods, despite the omission of the interstage drug 
deposition in the latter (Fig. 10.16).

Table 10.7 Comparison of particle distribution metrics for BDP (100 μg per actuation/50 μL 
metered volume) using three impactor methods (From [28]—used with permission). n = 3; 
mean ± SD

Method

TEM (μg) FPM
<5.0μm

 (μg) EFM
<1.0μm

 (μg)

Mean SD Mean SD Mean SD

ACI 88.2 2.5 50.8 3.1 18.4 1.1
FSA 88.2 3.3 45.9 3.7 20.9 1.9
rFSA 85.9 3.2 46.0 0.5 21.3 1.4
p-Valuea 0.59 0.13 0.12
aOne-way ANOVA
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Fig. 10.16 Deposition profiles for BDP (100 μg per actuation/50 μL metered volume) within the 
abbreviated impactor both with (FSA) and without (rFSA) recovery of interstage drug loss (n = 3; 
mean ± SD for each data series) (From [28]—used with permission)
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In the second phase of their investigation, four prototype actuators were assessed 
using a standard procedure (n = 2; ACI) and rFSA method (n = 3) in order to deter-
mine the screening capability of the rapid method. The trend in FPM

<5.0μm
 observed 

between prototypes A–D was found to be independent of the impactor method, with 
prototype B delivering the optimal dose (Fig. 10.17).

Keegan and Lewis observed that their rFSA method reduced the time taken to 
obtain replicate ACI measurements by 50%. This time saving was in addition to 
other reported benefits such as reduced solvent consumption, analysis time, and 
data processing. They concluded that their AIM-based methodology represents a 
sufficiently precise method for determining key particle distribution metrics such as 
FPM

<5.0μm
 for the purpose of screening and design optimization studies.

In their second investigation [29], Keegan and Lewis turned their attention to the 
use of their FSA as a tool for the rapid screening of solution pMDIs containing 
increasing concentrations of ethanol. The effect of adding 1.3% w/v glycerol was 
also investigated with the preparation containing 13% ethanol. The general test pro-
cedure used by Keegan and Lewis was similar to that for the full FSA method 
described in their first study [28].

An additional spacing stage was included above the first impaction stage in the 
FSA, as recommended by Mitchell et al. (see Fig. 10.4) [20] for some measure-
ments. In this modified FSA (mFSA) configuration, more time was allowed for 
ethanol to evaporate, with the aim of achieving closer agreement with full- resolution 
benchmark ACI measurements for these MDI products. However, this annular 
spacer stage differed from the approach adopted by Mitchell et al., in that it con-
sisted of a metal ring without the nozzle plate (Fig. 10.18).

The MDIs, again containing BDP as API (100 μg per actuation/50 μL metered 
volume), were manufactured containing 8%, 13%, and 26% w/w ethanol in HFA134a 
propellant. Each MDI was equipped with the same actuator as used in their first 
study. Values of CPM

>5.0μm
, FPM

<5.0μm
, and EPM

<1.0μm
 obtained from each of the 

Fig. 10.17 Comparison of values of FPM
<5.0μm

 achieved by aerosolizing BDP (100 μg per actua-
tion/50 μL metered volume) with novel prototype actuators A–D: series 1 and 2 refers to the two 
ACI measurements (n = 2) shown separately: series 3 refers to the rFSA measurements (n = 3), in 
which mean ± SD is illustrated for group (From [28]—used with permission)

M. Copley et al.



305

impactor configurations are summarized in Fig. 10.19. There was no difference 
between the reported values for the glycerol-containing formulation regardless of the 
impactor used (p > 0.05). The addition of glycerol to a solution pMDI formulation 
modulates the MMAD, increasing it from 1.3 μm (13% ethanol) to 2.8 μm. This 
effect may reduce impaction due to incomplete ethanol evaporation since the residual 
droplets are larger. Significant differences (p < 0.01) in the metrics obtained when the 
ethanol concentration was at its highest (26%w/w) became evident between the 
impactor systems.

The difference between the average BDP masses at each particle size fraction for 
the ethanol-containing MDIs is reported in Table 10.8. The residual values in this 
table represent the absolute magnitude of the difference between FSA- and ACI- 
measured values of each metric, expressed as a percentage and in micrograms. 
Keegan and Lewis observed a consistent increase in the magnitude of the difference 
between the FSA value and that calculated from ACI stage deposition as the ethanol 
concentration in the formulation increased. Importantly, however, the inclusion of 
the additional “spacer” stage in the FSA attenuated these divergence between FSA 
and ACI-measured values of both CPM

>5.0μm
 and FPM

<5.0μm
, as would be expected 

from the earlier observations of Mitchell et al. [20]. However, this behavior was 
offset by increases in divergence with values of EPM

<1.0μm
 when the “spacer” stage 

was included.
Figure 10.20 shows the effect of the “spacer” stage on deposition of BDP on the 

collection plate of the first FSA stage in comparison with the calculated equivalent 
from the full-resolution ACI (impaction stage mass less FPM

<5.0μm
).

Fig. 10.18 FSA with annular 
spacer stage (mFSA) used by 
Keegan and Lewis (From 
[29]—used with permission)
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Fig. 10.19 Comparison of impactor size fractions (ANOVA; *p < 0.05; **p < 0.01) from solution 
formulations containing 100 μg BDP per 50 μL dose (n = 3; ±SD). mFSA modified FSA as 
described above (From [28]—used with permission)

Table 10.8 Residual FSA-measured particle dose values relative to associated ACI valuesa  
(From [28]—used with permission)

Metric FSA type

Ethanol content (%w/w)

8% 13% 26%

μg % μg % μg %

CPM
>5.0μm

FSA −1.1 4.5 −4.9 13.1 −4.8 8.4
mFSA −0.3 1.2 −1.4 4.1 −2.5 4.4

FPM
<5.0μm

FSA 3.8 6.2 4.9 9.6 8.4 30.4
mFSA 1.3 2.0 3.8 7.5 3.6 13.0

EPM
<1.0μm

FSA −2.0 8.6 −2.4 13.0 2.3 22.8
mFSA −3.6 15.5 −3.2 17.3 −0.9 8.9

aBold typeface indicates a difference of >10% of the ACI reported value

The outcome depicted confirms the previously reported observation of impaction 
of partially evaporated droplets from solution MDI formulations containing ethanol 
[20]. However, Keegan and Lewis noted that the addition of the “spacer” stage to 
the FSA did not make any significant difference to the BDP deposition observed for 
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formulations with ethanol concentrations >8% w/w. They suggested that the inclusion 
of a “spacer” stage may help to attenuate some differences between the FSA and 
ACI. However, it is likely that the magnitude of the effect will be formulation/
device specific.

Keegan and Lewis concluded that, in general, the FSA may provide representa-
tive values for key particle metrics that are not significantly different from the 
 full- resolution ACI for solution pMDI formulations. If it can be used, this abbrevi-
ated impactor offers a tool that eliminates the need for post-analysis data processing 
to obtain key metrics when screening formulations.

The outcomes from all of the work reported in this section reinforce the recom-
mendation that the implementation of an AIM-based method should always be 
preceded by some form of validation study with the particular products of interest, 
using an appropriate full-resolution CI as the benchmark technique.

10.6  Assessing the Performance of AIM Systems  
Based on the Andersen Viable Cascade Impactor

The Andersen viable cascade impactor (AVCI) is the earliest version of the Andersen 
multistage CIs to be developed [30]. It is similar in operating principle to the nonvi-
able ACI, with the important exception that the stage wells are larger so that they 
can each accommodate a Petri dish instead of a collection plate [31]. The Westech 
fine particle dose impactor (Westech Instrument Services, Upper Stondon, Beds., 
UK) was designed as a simple two-impaction stage and filter sampler for the rapid 
determination of fine particle mass from pMDIs at 28.3 L/min (Smurthwaite MJ 
(2012) Westech instrument services, UK, personal communication). The design is 
based on an abbreviated AVCI (Fig. 10.21) but incorporates some new design features 

Fig. 10.20 Mass BDP deposited on stage 1 of the FSA configurations compared with the equiva-
lent mass deposited in the ACI (n = 3; ±SD). mFSA modified FSA as described above (From [28]—
used with permission)
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to improve ease of use, notably a bayonet fixing between stages to allow rapid 
assembly/disassembly of the CI. The replacement of the standard ACI collection 
plates with glass or metal Petri dishes facilitates in situ recovery of API. The size- 
separation stages themselves are based on stages 2 and 6 of the AVCI, having nomi-
nal jet diameters of 0.914 mm and 0.254 mm, respectively, with corresponding cut 
points of 4.7 and 1.1 μm aerodynamic diameter.

In 2010, Chambers and colleagues at AstraZeneca (AZ), UK undertook a perfor-
mance evaluation study of the FPD apparatus, comparing it against a 6-stage 
 nonviable ACI, and also a 2-stage abbreviated nonviable ACI (sACI) that utilized 
ACI stages 2 and 5 with a blank stage 0 present (and was therefore equivalent to the 
T-FSA/AIM-pHRT design), as benchmark systems [32]. Here the prefix “s” stands 
for standard (i.e., nonviable ACI) components. The performance of the CIs was 
assessed against the following metrics:

 1. Total mass [dose collected by impactor equivalent to impactor mass (IM)]
 2. Mass of API collected by induction port (USP/Ph. Eur.) [equivalent to 

nonimpactor- sized mass (NISM)]
 3. Coarse particle mass >4.7 μm aerodynamic diameter (CPM

>4.7μm
)

 4. Fine particle mass <4.7 μm aerodynamic diameter (FPM
<4.7μm

)
 5. Extra-fine mass collected on back-up filter (EPM

<1.1μm
)

Three pMDIs containing a single component API were used to evaluate the per-
formance of the FPD–AVCI and sACI relative to data generated from the 6-stage 
ACI. The collection plates of the 6-stage ACI were uncoated in accordance with 
normal practice for working with this class of OIP. However, the respective plates 
and Petri dishes of the sACI and FPD–AVCI were coated with a Brij 35-coating 
solution based on the findings from the earlier work reported in Sect. 10.3.

An additional experiment was carried out in order to investigate the extent of 
possible particle re-entrainment whereby Brij-coated Westech filter papers were 
placed on the plates and Petri dishes of both stages of the sACI and FPD–AVCI, 

Fig. 10.21 Westech Instrument Services fine particle dose impactor (FPD–AVCI). (a) External 
appearance. (b) Cross-section through interior (Courtesy of Westech Instrument Services Ltd.)
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following the practice described in Sect. 10.4 for the second stage of the AIM- pHRT 
system evaluated at TMI [27]. Three impactors of each type were evaluated, but in 
order to guard against systematic bias in the different experiments, the impactor 
order was swapped between experiments (Table 10.9). The measurement of IM as 
percentage of the nominal dose by sACI with Brij-coated Petri dishes was in closest 
agreement with that obtained from the control ACI (Fig. 10.22).

Table 10.9 Experiment order in the AstraZeneca (UK) 2011 FPD–AVCI evaluation study

Experiment pMDI no.
pMDI actuation 
numbers Impactor

6-Stage ACI (control) 1 1–6 A
2 B
3 C

sACI with Brij-coated plates 1 9–11 A
2 C
3 B

FPD–AVCI with Brij-coated petri dishes 1 14–16 A
2 B
3 C

FPD–AVCI with Brij-coated filter on petri dishes 1 19–21 B
2 A
3 C

sACI with Brij-coated filter on plates 1 24–26 C
2 A
3 B

Fig. 10.22 Impactor mass (IM) of API expressed as % of nominal dose recovered from the various 
systems evaluated by Chambers et al. (From [32]—used with permission)
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IM, determined by the FPD–AVCI, was greater than with the control ACI by +3.4% 
for the surfactant (Brij)-coated FPD–AVCI, and +6.5% for the same CI when Brij-
coated filters were used. Importantly, the addition of Brij-coated filters to the sACI 
resulted in a similar increase in IM relative to the ACI, in this instance being +6.7%.

These data are suggestive of decreased internal losses when the Brij-soaked fil-
ters were used to mitigate particle bounce further than could be achieved by simply 
coating the collection plates with the same surfactant. The measure of agreement 
between sACI with coated plates and the ACI control is probably to be expected, 
given the similarity in internal geometry and dead space.

All abbreviated systems were closely correlated to the 6-stage ACI in terms of 
either CPM

>4.7μm
 or FPM

<4.7μm
 (Fig. 10.23). The sACI slightly underestimated 

CPM
>4.7μm

 relative to that measured with the reference ACI, but that introduction of 
the Brij-coated filter papers on the sACI stages resulted in an increase in CPM

>4.70μm
, 

providing additional support for an argument that bounce and re-entrainment were 
not entirely eliminated when the plates were coated with surfactant, without the 
means to stabilize the coating when flow passed through these CIs.

FPM
<4.7μm

 determined by the Brij-coated sACI and the FPD data both agreed 
closely with the same measure obtained using the reference ACI. The addition of 
Brij-coated filters increased FPM

<4.7μm
 in line with similar effects associated with 

both CPM
>4.7μm

 and IM.
When both FPM

<4.7μm
 and CPM

>4.7μm
 were calculated as a percentage of IM 

(Fig. 10.24), this form of data presentation highlighted more clearly that both 
 abbreviated CIs correlated well with the ACI; although, CPM

>4.7μm
 was slightly 

underestimated by the sACI. The increase in upper stage deposition with this formu-
lation was confirmed by the addition of Brij-coated filters paper to the sACI. 
However, these observed differences are slight and comparable with true variability 
associated with the product itself.

Fig. 10.23 FPM
<4.7μm

 as percentage of TEM (mass/actuation) ex-MDI for the various systems 
evaluated by Chambers et al. (From [32]—used with permission)
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The largest discrepancy seen between the impactors (Fig. 10.25) was in filter 
deposition (EPM

<1.1μm
), where the magnitude obtained with the FPD–AVCI (1.55% 

of nominal dose with Brij-coated surfaces; 1.32% with added Brij-coated filters) 
was more than three times greater than equivalent values obtained using either the 
sACI (0.33% Brij-coated plates; 0.43% with added Brij-coated filters) or the ACI 
control (0.41%).

Fig. 10.24 FPF
<4.7μm

 and CPF
>4.7μm

 as a percentage of IM for the various systems evaluated by 
Chambers et al. (From [32]—used with permission)

Fig. 10.25 Measures of EPM
<1.1μm

 as percentage of TEM (mass/actuation) ex-MDI for the various 
systems evaluated by Chambers et al. (From [32]—used with permission)
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This pattern of divergence between the various abbreviated options was comparable 
in absolute terms with the behavior observed with measures of FPM

<4.7μm
. The fact that 

the addition of Brij-coated filters to the collection dishes of the FPD–AVCI only 
slightly reduced EPM

<1.1μm
 suggests that particle re-entrainment is an unlikely cause.

However, it should be emphasized that these differences between the abbreviated 
systems with or without surfactant-saturated filters to control particle bounce and 
re-entrainment and the control ACI were small, and therefore unlikely to prevent 
any of these options being used as an abbreviated impactor of choice with this par-
ticular formulation. This type of detailed study illustrates well the approach that 
should be taken when validating a potential AIM-based system for any OIP.

Guo et al. have also recently presented measurements undertaken with the 
Westech FPD–AVCI impactor, evaluating eight different suspension and solution 
pMDIs (Table 10.10) [33]. CPF

>5.0μm
, FPF

<5.0μm
, and EPF

<1.0μm
 determined by the 

FPD–AVCI were compared to the same metrics obtained by means of an 8-stage 
nonviable ACI. Ten actuations from the pMDI-on-test were delivered into the FPD–
AVCI or ACI, and API recovery proceeded afterward by validated quantitative 
chemical analysis. Since the ACI does not have stages with cut-off diameters pre-
cisely at 5 μm and 1 μm, the three measures of interest were interpolated from the 
cumulative APSD data obtained with the full-resolution CI.

Equivalent total API recovery was observed for all pMDI products between FPD 
and ACI (Fig. 10.26). Although agreement between FPD–AVCI and ACI data was 
generally good, Guo et al. found small but significant differences in all three 
 subfractions with some of the formulations, especially with CPF

>5.0μm
, with the val-

ues obtained using the FPD–AVCI higher than their ACI-determined counterparts 
(Fig. 10.27).

Guo et al. concluded that, whether or not the pMDI is a solution or suspension, 
formulation was not the only deciding factor on whether or not there is a divergence 
between abbreviated and full-resolution data [33].

Table 10.10 pMDI products evaluated by Guo et al. with the FPD–AVCI [33]

Product name API Propellant Excipients
Formulation 
type

Aerobid® Flunisolide CFC Sorbitan 
trioleate

Suspension

Combivent® Salbutamol (AS)/ipratropium 
bromide (IB)

CFC Soya lecithin Suspension

MaxAir™ Pirbuterol CFC Sorbitan 
trioleate

Suspension

Advair® Fluticasone propionate (FP)/
salmeterol xinafoate (SX)

HFA None Suspension

Flovent-110® Fluticasone propionate HFA None Suspension
Proair® Salbutamol HFA Ethanol Suspension
Proventil™ Salbutamol HFA Oleic acid, 

ethanol
Suspension

Atrovent® Ipratropium bromide HFA Water, citric 
acid, ethanol

Solution
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In retrospect, the internal dead space associated with the FPD–AVCI is significantly 
greater than that for the abbreviated nonviable ACI systems, due to the need to 
accommodate the three dimensional structure of the Petri dish rather than near- to-
flat collection plates associated with the nonviable ACI internal configuration (com-
pare Fig. 10.28a, b). The extra dead space in the FPD–AVCI might therefore be 
expected to result in increased FPF

<5.0μm
 through increased time for particle shrink-

age due to cosolvent evaporation. However, this outcome was not seen to a marked 
extent with formulations containing cosolvent except with Proventil™.

Furthermore, cosolvent evaporation would not explain the observed bias toward 
larger values of CPF

>5.0μm
, that was apparent with almost all the products, whether 

or not cosolvent was present in the formulation. It therefore appears that another 
explanation is needed to explain these results in a more satisfying way. One possi-
bility could be the potential for increased impaction of coarse particulate at the first 
stage of the FPD–AVCI, again brought about by differences in internal geometry 
between this abbreviated impactor and the nonviable ACI.

Further investigation is therefore warranted, this time, ideally using both AVCI 
and nonviable ACI as control impactors, given the similarity of this impactor to the 
interior of the FPD–AVCI (compare Fig. 10.16 with Fig. 10.28a).

10.7  Assessing the Performance of AIM Systems  
Based on the Fast Screening Impactor

Up until this section, the focus has been on abbreviated impactors that are based on 
either the nonviable or viable ACI internal configurations. Such systems were the 
first to be evaluated, as in the case of abbreviated nonviable ACI systems, they can be 

Fig. 10.26 Total API recovery for eight different pMDI products comparing FPD–AVCI and non-
viable 8-stage ACI. %LC percent label claim (From [33]—courtesy of W. Doub)
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Fig. 10.27 Comparisons of measures of CPF
>5.0μm

, FPF
<5.0μm

, and EPF
<1.0μm

 for 8-different pMDI 
products comparing FPD–AVCI and nonviable 8-stage ACI. %LC percent label claim (From 
[33]—courtesy of W. Doub)
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constructed easily from existing components of the full-resolution system. In the past 
10 years since commercialization, the NGI has become increasingly used to charac-
terize OIPs, especially since its acceptance as a pharmacopeial apparatus for APSD 
determinations (Apparatus 5 and 6 in Chap. 601 of the US Pharmacopeia, and appa-
ratus E in Chap. 2.9.18 of the European Pharmacopoeia—see Chap. 2). Abbreviated 
systems based on this impactor are either newly introduced units or involve modifica-
tion of a full-resolution impactor, which is discussed later in this chapter.

The fast screening impactor (FSI) is a newly introduced one-stage impactor 
(Fig. 10.29), importantly with no “parent” full-resolution apparatus; although its 
design is based on a modified NGI pre-separator [34]. With this abbreviated impac-
tor, large non-inhalable liquid boluses from nebulizing systems and powder boluses 
in the case of DPIs are captured in a liquid trap, and the sample is then separated by 
a fine-cut impaction stage whose d

50
 is 5.0 μm. A filter collector below the pre- 

separator body collects the fine fraction.
The stage collection efficiency characteristics of four slightly different designs of 

FSI insert having a nominal cut point of 5 μm aerodynamic diameter have been 
reported by Roberts and Romay [34] (Table 10.11), permitting the FSI to be oper-
ated in the flow rate range from 30 to 90 L/min, and therefore making it suitable for 
DPI aerosol characterization, as well as with the other forms of OIP.

The sharpness of cut, given by the closeness of the geometric standard deviation 
(GSD

stage
) to unity (see Chap. 2), was excellent in all the cases for which data were 

presented (the GSD
stage

 of the insert developed to operate at 35 L/min was subse-
quently also confirmed to be close to 1.10). These values compare with values of 
GSD

stage
 in the range 1.1–1.4 for the NGI [35, 36] intentionally designed to have 

optimum performance in terms of size-fractionation and resolution capability [14]. 
There are now inserts manufactured with 5 μm cut point for use at 5 L/min intervals 

Fig. 10.28 Andersen 8-stage impactors (a) viable (AVCI); (b) nonviable (ACI) [Courtesy of 
Westech Instrument Services Ltd. (a) and Copley Scientific Ltd. (b)]
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from 30 to 100 L/min [37], primarily for DPI testing in accordance with the method 
given in monograph 2.9.18 of the Ph. Eur.

If greater control of cut point is required and the sampling flow rate from the 
inhaler can be varied, the use of a fixed insert at different volumetric flow rates (Q) 
can allow fine adjustment of the boundary for the coarse/fine fraction, as cut-off 
diameters (d

50
) shift in accordance with Marple-Liu theory [Eq. (10.2)]. Other inserts 

can therefore be manufactured to order, providing any desired cut point in the range 
1.0–10 μm aerodynamic diameter for measurements at a given flow rate (Roberts 
DL (2012) MSP Corporation, St. Paul, MN, USA, personal communication).

The first reports issued in late 2009 by a group from Pfizer (Sandwich, UK) [38, 
39] described the use of an FSI for DPI studies. To begin with, a commercially 
available DPI was measured at 70 L/min using a FSI with a 5 μm insert. The NGI 
APSD measurements were made in accordance with the compendial DPI methodol-
ogy, which was adapted, in the case of the FSI evaluation, to reflect the simplified 
information obtainable from this abbreviated system. Results were gathered for the 
uncoated FSI and again following collection surface coating with a very fine layer 
of silicone fluid applied as a 1% v/v solution in cyclohexane. Their metrics, 
CPF

>5.0μm
, FPF

<5.0μm,
 and total impactor recovery (equivalent to IM) were compared 

with data from a full-resolution NGI, with data from the full-resolution APSD 

Pre-separator body

Catch

Nozzle diameter

Central cup

Pre-separator insert

Pre-separator base

a

Fig. 10.29 Fast screening impactor (FSI). (a) Components. (b) Assembly (Courtesy of MSP 
Corp., St. Paul, MN)

Table 10.11 Design and calibration data for the FSI at different flow rates with inserts having a 
nominal stage d

50
 of 5.0 μm

 (From [34]—courtesy of D.L. Roberts)

Flow rate 
(L/min)

Number 
of nozzles

Size of 
nozzles (mm)

Nozzle-to-nozzle circum-
ferential distance/nozzle 
diameter (dimensionless)

STK1/2 (critical 
Stokes number 
for impaction) GSD

stage

30 6 4.08 11.0 0.49 1.07
35 7 4.08 9.4 0.49 1.10a

60 12 3.94 5.7 0.51 1.12
90 9 5.00 5.9 0.51 1.12
aMeasured subsequent to publication of [34]
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interpolated to give an equivalent FPF
<5.0μm

 assuming a unimodal and lognormal 
APSD; since the NGI has no stage with a cut-off diameter located at precisely 
5.0 μm aerodynamic diameter. Their metrics obtained with the particle collection 
surfaces of the FSI uncoated were in reasonably close agreement with those mea-
sured using their full-resolution NGI (Fig. 10.30), but there was a small but sys-
temic bias toward higher values of FPF

<5.0μm
 with the FSI.

These findings are consistent with particle bounce and re-entrainment and were 
largely eliminated, using the silicone fluid coating (Fig. 10.31).

Similar trials were carried out with other DPIs at flow rates determined via the 
standard pharmacopeial method for DPI testing, using an appropriate insert to 
maintain the 5 μm stage cut-off at each flow rate. These results confirm the initial 
conclusion that a coated FSI produced FPF

<5.0μm
 values that were closely compara-

ble to those obtained using the full-resolution NGI. However, the magnitude of 
minor discrepancies between the NGI and FSI varied from product to product, serv-
ing to highlight the necessity of justifying the use of AIM techniques through suit-
able method development and comparative testing against a full-resolution 
instrument, for each inhaler product.

A further study was investigated by this group to assess the value of AIM as a 
screening tool during early-stage formulation screening [38]. This investigation was 
structured to simulate a Design of Experiments (DoE) of the type routinely applied 
during early-stage product development. Here, the goal was to investigate the ability 
of the FSI to correctly identify trends in FPF resulting from changes in percentage 

Fig. 10.30 Size-related metrics from FSI with uncoated collection surfaces with equivalent NGI- 
generated metrics (From [38]—courtesy of D. Russell-Graham)
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fine lactose content and blend speed. Five DPI formulations were prepared: A, B, C, 
and D mark the four extremes of the experimental range defined by high (15%) and 
low (10%) fine lactose content and high (550 rpm) and low (430 rpm) blend speed, 
while E lies in the center of the defined space (Fig. 10.32). Theoretically, FPM

<5.0μm
 

would be expected to increase with increasing fine lactose content and increasing 
blend speed, excipient content being the dominating effect, giving a ranking for the 
formulations of A, B, E, C, and D, with A expected to deliver superior performance.

The FSI results correctly identified the influence of excipient fine content 
(Table 10.12) but failed to indicate any statistical difference between formulations 

Fig. 10.31 Size-related metrics from FSI with silicone-oil-coated collection surfaces with equiva-
lent NGI-generated metrics (From [38]—courtesy of D. Russell-Graham)

Fig. 10.32 DoE for dry 
powder blending parameters 
investigated by FSI (From 
[38]—courtesy of  
D. Russell-Graham)

M. Copley et al.
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produced at different blend speeds. The values of FSI-determined FPM
<5.0μm

 for the 
blends were as expected, according to the predicted order in relation to percentage 
of fine lactose in each blend.

However, surprisingly, blend speed appeared to have had no effect on this metric. 
In contrast, corresponding values of FPM

<5.0μm
 determined by NGI showed the 

anticipated differentiation between both blend speed and % lactose fines, except for 
a higher than expected value of FPM

<5.0μm
 for blend E.

In a supplementary study, a commercial DPI device was loaded with capsules of 
different fill weights to investigate in greater detail the tracking capability of the FSI 
over a wider variation in fine particle mass (FPM

<5.0μm
) than was evident in the pre-

ceding study. The tracking ability for this metric was assessed over a far greater 
magnitude (~90 μg) than expected in product development. A new marketed DPI 
was filled with capsules of four different fill weights—and therefore different values 
of FPM

<5.0μm
—using a different formulation to that evaluated in the previous stud-

ies. Three actuations of each fill weight were delivered into each CI system in accor-
dance with the compendial methodology as previously described.

This head-on comparison for FPM
<5.0μm

 by both measurement techniques 
revealed a near 99% correlation within a wide range of potency (Fig. 10.33). On that 
basis, it appears that if precautions are taken to eliminate bias from particle bounce, 
the FSI can track changes in this performance metric as well as the NGI. However, 
these authors acknowledged at the time that more work would need to be done to 
compare the tracking ability of their FSI compared with that for the NGI in cases 
where differences in blend performance are as small as typically found in product 
development. While FPM

<5.0μm
 tracking between the FSI and NGI was the main 

objective of this study, such an approach would also be useful to test a new inhaler 
and drug blend in early product development using also CPF

>5.0μm
 and total impactor 

recovery (TIR) of API as a supplementary performance metric and system suitabil-
ity check, respectively.

Aside from the technical contribution made by the Pfizer work, their investiga-
tions also provided useful practical information relating to the potential time  savings 
associated with AIM (Table 10.13).

The total time quoted for six FSI measurements was estimated to be about one- 
third that required for six equivalent analyses with a fully optimized NGI set-up 
utilizing multiple sets of equipment and analysts. Given that FSI techniques were 

Table 10.12 Comparison between FSI and NGI for screening of DPI lactose blends based on 
FPM

<5μm
 (From [38]—courtesy of D. Russell-Graham)

Blend

NGI FSI

Mean (μg) RSD (%) Mean (μg) RSD (%)

A 58.4 4.9 66.6 3.8
B 59.2 4.5 66.2 4.0
C 50.4 13.4 60.9 3.1
D 55.4 3.7 60.6 3.6
E 63.2 6.8 62.8 6.0
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not yet fully optimized during this assessment, these findings would suggest that, 
conservatively, time savings of more than 50% are easily achievable using abbrevi-
ated systems, a potentially massive gain in productivity.

This group has since extended their investigation of the FSI by comparing it with 
the NGI across a range of drug products dispensed from different DPIs, exploring 
the potential impact of differences in pressure drop profile experienced by the device 
on the data obtained from the abbreviated and full-resolution impactors [40]. The 
following conditions were evaluated:

 1. Product (1) contained two dosage strengths of the same API, each evaluated at 
60 L/min (Fig. 10.34a).

2. Products (2) and (3) were each two-component combination DPIs, tested at 60 
and 70 L/min, respectively (Fig. 10.34b, c).

 3. Product (4) was a DPI having a greater flow rate dependency on API APSD, 
evaluated at 60 L/min by FSI and at 60 and 90 L/min by NGI (Fig. 10.34d).

It was postulated that the difference in internal volume between the FSI and NGI 
could cause differences in the pressure drop profile experienced by the product, by 
varying the characteristics of the time-dependent flow which passes through the 
impactor when the flow is initiated at the controller. The internal volume of the FSI 
(estimated to be approx. 960 mL) is substantially smaller than that of the NGI which 
is close to 1,940 mL, when the pre-separator is included [41].

Table 10.13 Comparative measurement times (h) between FSI and NGI use in aerosol assessment 
from 6-DPI replicate measurements (From [38]—courtesy of D. Russell-Graham)

Impactor Experimental Analysis Data processing Total

FSI 2.0 0.67 0.33 3.0
NGI 6.0 2.5 0.5 9.0

Fig. 10.33 FPF
<5.0μm

 comparison by NGI and FSI from supplementary study investigating effect 
of dry powder blending properties (From [38]—courtesy of D. Russell-Graham)

M. Copley et al.
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Their start-up kinetics for each DPI, shown by the time-dependent variation in 
pressure drop at the mouthpiece for each device-impactor combination (Fig. 10.35), 
show that the set flow (as measured via pressure drop) is not experienced instanta-
neously by the product and that the pressure drop profile varied depending on both 
the device resistance and choice of abbreviated or full-resolution impactor.

The plateau (equilibrium) pressure drop attained, which would be expected to 
depend on the device resistance, was also observed to differ between the two measure-
ment apparatuses, particularly for Product 3. This was an unexpected observation, but 
was not thought to be large enough to account for the differences in FPF observed, 
particularly for Products 1–3 which are not known to be highly flow dependent. An 
alternative explanation provided by this group involved the observation that the initial 
acceleration of the pressure drop experienced by each DPI product varied substan-
tially comparing abbreviated with full-resolution apparatus (Fig. 10.36).

In the initial 0.1–0.2 s period, which may be critical for the de-agglomeration of the 
powder to generate the fine particle fraction delivered from the DPI, the pressure drop 
measured with the FSI was almost double that measured with the NGI. This effect 
appeared most pronounced for the product with the highest device resistance (Product 
4) which was, perhaps coincidentally, the most flow dependent of the group of devices. 
This work lends support to the hypothesis that the different  internal volume of the FSI 
may be significant in considering its comparability to the NGI for the testing of DPI 
products, but further work, including the introduction of additional extra-impactor 
volume to the FSI apparatus, needs to be done to provide confirmatory data.

More recently, Pantelides et al. have reported further assessments of pressure 
drop-elapsed time profiles for the FSI, exploring the influence of dead space, sys-
tematically increasing the internal volume of the FSI in 500 mL steps by the addi-
tion of glass vessels of varying volume and shape configurations (Fig. 10.37), in 

Fig. 10.35 Pressure drop-elapsed time profiles for DPI combinations studied by Russell-Graham 
et al. (From [40]—courtesy of D. Russell-Graham)
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order to simulate rapid expansion of flow (configuration A) and more gradual 
expansion (configuration B) [42]. These vessels were located between the FSI and 
switching valve (Fig. 10.38).

Additionally, the FSI was tested locating a standard NGI pre-separator prior to 
the modified fine-cut pre-separator stage. Pressure drop profiles were recorded via a 
pressure tap at the DPI mouthpiece using an inhalation profile recorder similar to 
the method described by Burnell et al. [43].

The base of the coarse particle collector of the FSI was coated with silicone oil 
to mitigate particle bounce and re-entrainment as described previously for the work 
performed with the FSI by this group. The pressure drop profiles for the NGI, FSI, 
and modified FSI configurations are shown in Fig. 10.39.

The flow initiation portions are superficially similar to those illustrated in 
Fig. 10.35, taken from the previous study by this Pfizer (UK) group. The new data 
showed a consistent trend of slowed pressure ramp (acceleration) rate with increas-
ing impactor dead volume in the order FSI (1,045 mL with USP/Ph. Eur. induction 
port), FSI +500 mL Configuration A, NGI (2,025 mL with pre-separator and USP/

Fig. 10.36 Expanded pressure drop time profiles at the start of measurement for DPI combina-
tions studied by Russell-Graham et al. (From [40]—courtesy of D. Russell-Graham)

Direction of Flow Direction of Flow

Configuration A Configuration B

Fig. 10.37 Dead volume configurations used by Pantelides et al.: (A) rapid expansion of flow and 
(B) more gradual expansion of flow (From [42]—used with permission)
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Fig. 10.38 Experimental set-up for the FSI with 500 mL additional dead volume Configuration A 
investigated by Pantelides et al. (From [42]—used with permission)
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Fig. 10.39 Pressure drop-elapsed time profiles at a nominal flow rate of 60 L/min for DPI products 
1–4 (From [42]—used with permission)

Ph. Eur. induction port [41]) with all of the DPIs. Pressure ramp rate is related to the 
volume of air which is removed from the impactor before peak pressure drop is 
attained during the stable flow rate-time portion of the measurement. Importantly, 
changing the configuration, shape, and size of the extra dead volume added to the 
FSI made a clear difference to the pressure ramp rate, as illustrated with a series of 
measurements made with DPI product 1 (Fig. 10.40). Thus Configuration B, that 
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allowed a gradual flow expansion on start-up created a FSI-generated pressure drop 
profile that closely matched that of the NGI. In contrast, when Configuration A that 
permitted rapid flow expansion was used with the same 1 L volume, the FSI- generated 
pressure drop profile was observably steeper, reflecting an increased pressure ramp 
rate, but not as steep as that for the FSI without any added dead volume.

This study showed that if the FSI is equipped with a standard NGI pre-separator 
(780 mL [41]) before the fine-cut stage, the pressure drop profile was closer to that 
for the NGI, suggesting that this simple modification to the FSI may be all that is 
required to achieve comparability for the fluid dynamics for the two systems. 
However, there was still a significant difference in the pressure drop values (around 
1 kPa at about 0.25 s), and this disparity may have been the cause of the significantly 
higher FPF% shown in Fig. 10.40 for the combined system.

Pantelides et al. completed the investigation by comparing FPM
<5.0μm

 per actuation 
obtained by all the various FSI configurations with reference data (full APSD) obtained 
for DPI product 1 by the NGI (Fig. 10.41). Increasing the volume of the FSI reduced the 
magnitude of fine particle mass closer to the value interpolated from the reference APSD. 
However, dead volume shape and flow resistance of the measurement system [44] likely 
also had an influence. Thus fine particle mass obtained with the 1-L “Configuration B” 
added to the FSI was closer to the reference NGI value than the corresponding measure 
obtained by the FSI when “Configuration A” was used, also adding 1 L to the internal 
volume of the system. Importantly, such behavior would have been predicted from the 
relative positions of the pressure drop-elapsed time profiles in Fig. 10.40. These valida-
tion measurements added further confirmation that despite the pressure differences men-
tioned above, the addition of the NGI pre-separator to the FSI improves the correlation 
between this apparatus and the NGI in terms of fine particle mass.

The small discrepancy in the data shown in Fig. 10.41 between the FSI with pre- 
separator and NGI was the subject of a follow-on study in which the internal volume 
of the FSI was augmented to 1,740 mL by the arrangement shown in Fig. 10.42 [45]. 

Fig. 10.40 Pressure drop profiles at a nominal flow rate of 60 L/min for DPI product 1 evaluated 
by Pantelides et al. (From [42]—used with permission)
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The resulting pressure drop-elapsed time profiles for the same DPI product 1 as was 
evaluated in the previous study are illustrated in Fig. 10.43.

As expected from a comparison of internal dead volumes, the pressure drop-time 
profile for the volume-enhanced FSI was much closer to that for the NGI. This 
closer match of dead space resulted in a closer agreement in fine particle mass/actua-
tion between the two systems. Figure 10.44 illustrates the near-to-linear correlation 
between fine particle mass and air acceleration rate for the FSI, volume- enhanced 

Fig. 10.41 FPM
<5.0μm

 for DPI product 1 determined by various FSI configurations in comparison 
with NGI-measured APSD from measurements of Pantelides et al. (error bars represent ±1 SD for 
three replicates) (From [42]—used with permission)

Fig. 10.42 Configuration of FSI for follow-on study by Pantelides et al. matching internal volume 
more closely to that for the NGI (From [45]—courtesy of D. Russell-Graham)
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FSI, and NGI, demonstrating that it is necessary to match internal dead space for the 
abbreviated CI as closely as practical with that for the corresponding full-resolution 
impactor for the most accurate work. However, at this early stage in the application 
of the FSI to the measurement of aerosols from DPIs, it is possible that the effects 
observed by Pantelides et al. may be DPI type specific. It follows that the addition of 
dead volume may only be necessary in certain cases following a suitable comparison 
to a full-resolution impactor.

The basic FSI configuration with 5 μm aerodynamic diameter cut-off between 
coarse and fine particle fractions has been used by Daniels and Hamilton as part of 

Fig. 10.43 Pressure drop-elapsed time profiles for FSI, FSI with enhanced internal volume and 
NGI for DPI Product 1 determined by Pantelides et al. at a nominal flow rate of 60 L/min (From 
[45]—courtesy of D. Russell-Graham)

Fig. 10.44 Correlation between FPM
<5.0μm

 and air acceleration rate for FSI alone, FSI with 
enhanced internal volume and NGI for DPI Product 1 determined by Pantelides et al. at a nominal 
flow rate of 60 L/min (From [45]—courtesy of D. Russell-Graham)
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a comparison between this abbreviated impactor system and that produced by 
reducing the NGI (rNGI) to an abbreviated system [46].

This modification was undertaken by eliminating collection stages in the NGI so 
that following the inlet, the coarse-fine size separation took place at the stage 2 loca-
tion as normal. However, the filter collection stage containing a bespoke filter was 
relocated to a position directly above stage 3 (Fig. 10.45), and the remaining stages 
of the NGI were not used (see Sect. 10.7). API was recovered by rinsing Stages 1 
and 2 together (representing the LPM) and separately from the recovery of API 
from the Stage 3 filter (representing the SPM, i.e., the fine particle mass <4.46 μm 
aerodynamic diameter).

A DPI simultaneously delivering two components with different MMAD values 
was used for this study and was tested at a nominal flow rate of 60 L/min with a 4-s 
“inhalation” time. The FSI was operated with a 5 μm insert. All three systems incor-
porated the same Copley vacuum pump with TPK flow controller. Similar to the 
Pfizer group studies, a multichannel Inhalation Profile Recorder (GSK) was used to 
record the pressure drop-elapsed time profiles via the connection of a pressure 
transducer to a pressure tap located in the throat of the apparatus-on-test.

Values of SPM (here equivalent to FPM
<4.51μm

) and LPM (equivalent to FPM
>4.51μm

 
ex NGI and rNGI), each expressed as a percentage of the label-claim dose, from the 
systems are summarized in Fig. 10.46. SPM for the FSI was observed to be between 
5% and 10% greater than the equivalent values obtained when either the standard or 
reduced NGI systems were used. As expected, the converse was observed for the 
CPM

>5.0μm
.

The pressure drop-elapsed time profiles for the three configurations (Fig. 10.47) 
were almost identical for both NGI and rNGI, as might be anticipated based on their 
similar internal dead volumes. However, the air acceleration rate during start-up of 
flow with the FSI was noticeably faster than for the other systems. Daniels and 

Fig. 10.45 Reduced NGI 
GSK configuration (From 
[46]—used with permission)
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) determined for a 
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Fig. 10.47 Pressure drop-elapsed time profiles for a DPI simultaneously delivering two compo-
nents with different MMAD values evaluated by Daniels and Hamilton at a nominal flow rate of 
60 L/min (From [46]—used with permission)

Hamilton made the important observation that these differences are likely to be 
significant in determining the efficiency of the size-fractionation process; and there-
fore, the ratio of small (fine) to large (coarse) particle mass, because they occur 
during the critical period of the flow-time profile when powder aerosolization, is 
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most likely to be occurring. This group also noted that the testing time to perform 
an rNGI measurement and analysis sequence was approximately 2–3 min longer 
than that to perform similar operations with the FSI.

To confirm the important observations described earlier, in a further study [47], 
Daniels and Hamilton investigated the significance of the difference in the ramp-up 
phase of the profiles through replication of two patient representative (asthmatic and 
COPD) Inhalation profiles using the Electronic Lung™ (eLung) (Fig. 10.48).

In this work, they sampled a proprietary DPI simultaneously delivering two com-
ponents A and B (Fig. 10.49) having different MMAD values, enabling discrimina-
tion on the basis of LPM/SPM ratio with the boundary still fixed at 5.0 μm. Values 
of SPM and LPM for either component (Fig. 10.49) were found to be comparable 
between the FSI and full-resolution NGI (note their rNGI was not included in this 
comparison).

This outcome was believed to be a result of eliminating any potential for the flow 
into the cascade impactor (abbreviated or full resolution) to influence the ramp-up 
profile of the DPI and therefore its dose emission characteristics. Separation of the 
flow rate profile controlling dose emission to that of dose characterization con-
firmed that the data previously reported by this group [46] had arisen as the result of 
the difference in ramp-up kinetics between the FSI and NGI.

Both the Pfizer and the initial GSK studies demonstrated the importance of 
matching the internal dead volume of an abbreviated CI with that of the  full- resolution 
CI reference technique for the most accurate results when used in DPI performance 
evaluations.

Fig. 10.48 Electronic Lung™ (eLung) set-up for DPI testing by Daniels and Hamilton (From 
[47]—used with permission)
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Aptar Pharma (Le Vaudreuil, France) also recently reported feasibility studies 
for the FSI detailing its use for the measurement of another DPI (Prohaler™), 
 featuring their proprietary OBIC™ (open, breathe-in, close) technology [48]. The 
objectives of their study were to look at several aspects of impaction testing 
comprising:

 1. The performance of the FSI versus the NGI
 2. The effect of coating the collection surface of the insert in the FSI
 3. The comparison of emitted dose data from the FSI versus a dose unit sampling 

apparatus (DUSA)—standard equipment recommended by the regulators for the 
measurement of delivered dose uniformity

 4. A comparison of testing parameters for the NGI and FSI
 5. Estimation of time and cost advantages of FSI testing versus NGI testing

Comparative tests were carried out at a flow rate of 35 L/min with a 2 L sample 
volume using the FSI equipped with a 5 μm stage cut-off and an NGI, with three 
actuations of the device in each case. With three actuations of the DPI the FSI deter-
mined slightly higher values of both total emitted dose (equivalent to TEM) and fine 
particle dose <5 μm (equivalent to FPM

<5μm
) than did the NGI (Fig. 10.50).

Mean values of TEM and FPM
<5.0μm

 with a single actuation of the DPI were both 
around 10% (TEM) to 30% (FPM

<5.0μm
) higher by FSI compared with the corre-

sponding data from the NGI. However, the 3-dose data for the FSI were in much 
closer agreement with the corresponding benchmark NGI metrics, being only 1% 
(TEM) and 15% (FPM

<5.0μm
) higher than the corresponding NGI values. It was 

hypothesized that the observed differences were due to increased particle bounce 
and entrainment when single doses were measured, but collection surface coating 
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Fig. 10.49 Comparison of NGI and FSI data post replication of human patient profiles by eLung 
(From [47])
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proved unnecessary with a single actuation of the DPI, based on comparative tests 
showing no statistical difference between TEM and FPF

<5.0μm
 measured with and 

without the application of a standard stage coating prepared from a solution of 1% 
v/v glycerol in ethanol (Fig. 10.51).

Nevertheless, even though these differences were not statistically significant, 
mean TEM with coating (207.2 μg/actuation) was numerically greater than the cor-
responding value uncoated (190.2 μg/actuation) suggesting that further examina-
tion of the stage coating methodology might still be beneficial, possibly resorting 

Fig. 10.50 Comparison between NGI and FSI for measures of TEM and FPM
<5.0μm

 reported by 
Després-Gnis and Williams (error bars correspond to ±1 SD) (From [48]—courtesy of G. Williams)

Fig. 10.51 FSI performance with and without stage coating reported by Després-Gnis and 
Williams (error bars correspond to ±1 SD) (From [48]—courtesy of G. Williams)
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to a filter saturated with coating medium, as was done in the follow-on IPAC-RS 
precision study to eliminate entirely bias from this source [27].

In a follow-on study, a dose uniformity sampling apparatus (DUSA, Copley 
Scientific Ltd., Nottingham, UK) sampling at 35 L/min with a 4 kPa pressure dif-
ferential and inhalation volume of 2 L was used to compare with single dose FSI 
measurements for the same DPI. There was close agreement between the single 
actuation TEM results and those measured with the DUSA (Fig. 10.52).

Taken together, these results suggest that using the FSI with just a single actuation 
is a suitable approach for TEM and FPM

<5.0μm
 measurement in support of screening 

during development work, provided precautions are taken to mitigate bias due to 
particle bounce and re-entrainment by coating the collection surface of the insert.

The findings of Després-Gnis and Williams support the outcome reported by 
Stobbs et al. [38], in terms of time savings, suggesting gains in excess of 50% may 
be possible in both test duration and HPLC analysis time. Reductions in solvent 
usage were also quantified at 33%, important in terms of the increasing attention 
being paid to so-called green chemistry initiatives (Table 10.14).

Finally, additional data relating specifically to the test conditions they employed, 
demonstrated that the sealing integrity of the FSI is comparable to that of the NGI, 
while the overall pressure drop was considerably lower (Table 10.15). Interstage 
wall losses were also reduced with the FSI, possibly as the result of needing fewer 
inhaler actuations with this system. It is important to note, however, that the lower 
pressure drop of the FSI merits careful consideration in the context of achieving 

Fig. 10.52 Comparison between FSI and DUSA reported by Després-Gnis and Williams (single 
dose data) (From [48]—courtesy of G. Williams)

Table 10.14 Comparison between FSI and NGI in terms of savings in time per measurement, 
HPLC-based analysis time, and API recovery solvent use (From [48]—courtesy of G. Williams)

Apparatus Test duration (min)
API assay
duration (min)

Solvent
quantity (mL)

NGI 60 140 300
FSI 25 63 200
Gain (%) 58  55  33
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comparable start-up kinetics (pressure drop versus elapsed time) for DPI testing in 
general, reinforcing the advice that such considerations should be a key part of 
AIM-based method development with this class of OIP.

Rogueda et al., from Novartis Pharma, also presented a comparison of an FSI 
with insert providing a cut point of 5 μm aerodynamic diameter at 90 L/min with the 
NGI as full-resolution reference impactor [49]. Their data for various low resistance 
DPI products used with lactose-blended powders also confirmed that fine particle 
fraction determined by the FSI could be up to 20% higher FPF

<5.0μm
 than equivalent 

measures using the NGI (see Fig. 10.53 for DPI “system” C) when the pre-separator 
of both devices were used without coating the interior surfaces with an adhesive 
agent (i.e., as it would normally be used with the NGI).

Coating the bottom plate of the pre-separator with surfactant in order to reduce 
particle bounce resulted in a discernible decrease in FPF

<5.0μm
 with DPI product “C” 

(Fig. 10.53), with this value almost comparable to that obtained by the reference 
NGI (Fig. 10.54). However, the FSI-based data for other products “A” and “B” eval-
uated were still marginally lower and higher, respectively, than corresponding val-
ues determined from the NGI (Fig. 10.54). Nevertheless, these differences compared 
with equivalent values using the NGI were less than the 10% limit that they set as 
their acceptance criterion for these measurements.

This group also reported between 35% and 42% savings in time using the FSI 
compared with the NGI, based on timed measurements with other similar DPIs, 
corresponding to between 22% and 37% time saved on the experimental work 
(HPLC analysis excluded).

Confirmatory evidence of the value of the FSI for measuring particles delivered 
by pMDIs and nebulizers was also provided in early 2009 by Sheng et al. from MAP 
Pharmaceuticals Inc. (California, USA) [50]. In the first part of their study, two 

Table 10.15 Sealing integrity, apparatus air resistance and interstage API loss for the FSI 
compared with the NGI (From [48]—courtesy of G. Williams)
(a) Sealing integrity (ΔΔP

, kPa)

FSI (n = 5 replicates) NGI (n = 4 replicates)

Mean 0.3 Mean 0.4
SD 0.07 SD 0.04

(b) Equipment air resistance (cm LH O2

1 2/ / min)a

FSI (n = 3 replicates) NGI (n = 3 replicates)

Mean 0.12 Mean 0.19
SD 0.00 SD 0.00

(c) Interstage API loss [wall losses] (μg)

FSI: 1 actuation (n = 3 replicates) NGI: 3 actuations (n = 3 replicates)

Mean 0.6 Mean 1.7
SD 0.33 SD 1.03
n number of replicates
aSealing integrity verified prior to use
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Fig. 10.53 FPF
<5.0μm

 measured by FSI with uncoated and surfactant-coated pre-separator bottom 
plate for DPI product (system) “C”; error bars represent ±1 SD (From [49]—courtesy of  
P. Rogueda)

Fig. 10.54 Measurement time comparison between FSI and NGI with coated FSI pre-separator 
(90 L/min flow rate, 4 L total volume, n = 5 replicate measurements by one operator); error bars 
represent ±1 SD (From [49]—courtesy of P. Rogueda)
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proprietary budesonide HFA suspension pMDI formulations were measured at a 
flow rate of 30 L/min, using the FSI, also with 5 μm cut-off for FPM, using the NGI 
as the reference apparatus. The results (Fig. 10.55—one product) were compared in 
terms of fine particle dose (FPM

<5.0μm
) and total emitted mass (TEM) using a two- 

side t-test on the basis of the null hypothesis FPM
5.0μm-NGI

 = FPM
5.0μm-FSI

 and 
TEM

NGI
 = TEM

FSI
. No statistical difference was observable between these two sets of 

data (p > 0.05).
In the second part of their investigation, four proprietary budesonide liquid sus-

pension formulations (A, B, C, and D) containing particles of different morpholo-
gies and concentrations were nebulized with an Aeroneb Go® (Aerogen Ltd., 
Ireland) vibrating membrane system (n = 3 replicates at each condition). The aerosol 
passed through an Aeroneb Go®/NGI induction port mouthpiece adaptor prior to 
reaching the impactor.

A flow rate of 15 L/min has been recommended for nebulizer testing [51]. 
However, since at that time, there was no commercially available option to operate 
the FSI at flow rates <30 L/min (but see method adopted by Tservistas et al. [52] 
later in this section), Sheng et al. operated their FSI at this lower limit in this inves-
tigation. The FSI yielded similar results for FPM

<5.0μm
 and TEM to those of NGI for 

all formulations (Fig. 10.56). Importantly, the values of TEM encompassed a wide 
dosage range of ca. 80 μg, but as with the pMDI-aerosol measurements, the differ-
ence between the two measurement techniques for each formulation was not statis-
tically significant for each formulation (p > 0.05).

In 2010, Sheng and Watanabe extended the original work to evaluate the FSI as a 
tool for the rapid screening of pMDI-based formulations in early-stage OIP develop-
ment [53]. They confirmed agreement (p > 0.05) between measures of FPM

<5.0μm
 deter-

mined by both FSI and NGI during the screening of pMDI formulations (Fig. 10.57). 
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Fig. 10.55 Comparison of MDI formulation using NGI and FSI reported by Sheng et al. based on 
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 and TEM; error bars represent ±1 SD (From [50]—used with permission)
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In several instances, they also noted slightly lower variability in measurements 
by their FSI, although further replicate experiments would be needed to confirm 
this finding.

Interestingly, in a comparison of their pMDI data measured at 30, 45, and 65 L/
min [private communication post Workshop], Sheng and Watanabe also included 
the ACI as a reference impactor. Values of FPF

<5.0μm
 by FSI were generally higher 

than their equivalent from the ACI, with the greatest divergence at the highest flow 
rate (Fig. 10.58).

In the second part of their study, they compared FPF
<5.0μm

 for eight preparations 
for nebulization containing suspended submicron and super-micron-sized 
budesonide particles having different morphologies, formulated with and without 
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Fig. 10.56 Comparison of four nebulizer-generated budesonide aerosols based on FPM
<5.0μm

 and 
TEM reported by Sheng et al. using NGI and FSI systems; error bars represent ±1 SD (From 
[50]—used with permission)

Fig. 10.57 Comparison of TEM, FPM
<5.0μm

 and CPM
>5.0μm

 from two different pMDI formulations 
measured by Sheng and Watanabe for NGI and FSI operated at 30 L/min; error bars represent 
±1 SD (n = 3 replicates for each impactor) (From [53]—courtesy of G. Sheng)
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surfactant (Table 10.16). Their results (Fig. 10.59), obtained at higher flow rates 
than recommended (15 L/min) for evaluating this class of inhaler (28–30 L/min), 
nevertheless demonstrated an excellent correlation (r2 ~ 0.97) between these abbre-
viated and full-resolution apparatuses.

Sheng and Watanabe also extended their comparison of the FSI to the evaluation 
of a vibrating membrane nebulizer (Aeroneb® Go, Aerogen Ltd., Galway, Ireland) 

Fig. 10.58 Comparisons of FPF
<5.0μm

 reported by Sheng and Watanabe from a pMDI-produced 
aerosol measured by FSI, NGI, and ACI at different flow rates; error bars represent ±1 SD. (a) 
30 L/min. (b) 45 L/min. (c) 65 L/min (From [53]—courtesy of G. Sheng)

Table 10.16 Nebulizer formulations tested in the study of Sheng and Watanabe; “+” high, 
“0” medium, “−” low value relative to series average (From [53]—courtesy of G. Sheng)

Formulation 
code

Particle morphology 
based on aspect  
ratio (−, +)

Surfactant type (0, I, II)/
concentration (+, −)

API concentration 
(−, 0, +)

Size of 
particles in 
formulation

A − I/+ + Submicron
B − I/+ + Submicron
C − I/− and II/− − Submicron
D − I/0 and II/− 0 Submicron
E − I/+ + Submicron
F + I/+ + Micron
G − I/+ + Micron
H − I/+ + Micron
I + I/+ + Micron
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that was operated with a 0.5 mL fill of a proprietary corticosteroid formulation in 
aqueous suspension for inhalation.

Comparative measurements with an NGI (n = 6 replicates) and FSI (n = 5 repli-
cates) undertaken at both 28.3 L/min (Fig. 10.60) and the preferred flow rate of 
15 L/min for nebulizer testing (Fig. 10.61) revealed similar values of FPF

<5.0μm
, with 

slightly less variability associated with the FSI data compared with the NGI at the 
higher flow rate. However, it should be noted that neither the NGI nor the FSI were 
chilled for this work, as their preliminary studies had shown this precaution to pre-
vent heat transfer-related evaporative loss with the aerosol droplets was not war-
ranted with the Aeroneb® Go system. Furthermore, Dennis et al. had shown in a 
comparative study with the Aeroneb Go® and a jet nebulizer (MistyMax™, Cardinal 
Health, USA) that bias in measures of MMAD, GSD, and fine droplet fraction from 
not chilling the NGI were relatively small (<10% difference between measurements 
made with this CI at room ambient and chilled to +5 °C) [54]. It is possible, there-
fore, that NGI chilling may only be needed for the most accurate measurement, 
perhaps depending upon the formulation concerned [55, 56], and the much lower 
thermal mass of the FSI is likely to make this precaution even less necessary in 
routine work.

However, droplet evaporation can be a significant concern when applying the CI 
measurement technique to the measurement of aerosols produced by jet nebulizers, 
especially those devices that do not entrain ambient air into the nebulized droplet 
stream. The considerable heat capacity of the impactor, especially when the NGI is 

Fig. 10.59 Correlation between FPM
<5.0μm

 obtained from NGI and FSI reported by Sheng and 
Watanabe from 0.5 mL aliquots of different nebulized budesonide preparations (Table 10.16) 
(From [53]—courtesy of G. Sheng)
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Fig. 10.60 Comparison between FSI and NGI for the assessment of vibrating mesh and jet 
nebulizer- generated droplets of a 0.5 mL sample of an aqueous suspension product measured at 
28.3 L/min by Sheng and Watanabe (From [53]—courtesy of G. Sheng)

Fig. 10.61 Comparison between FSI and NGI for the assessment of vibrating mesh and jet 
nebulizer- generated droplets of an aqueous suspension product measured at 15 L/min by Sheng 
and Watanabe (From [53]—used with permission)

M. Copley et al.



341

used, promotes this undesirable effect. The precise mechanism of heat transfer to 
the aerosol is uncertain; however, in one explanation, water evaporation takes place 
by heat transfer from the mainly metallic CI as the aerosol passes through the equip-
ment, resulting in undersizing of the formulation [57]. Evaporative changes origi-
nating from this cause are routinely avoided by cooling the CI before and/or during 
measurement [54].

In a feasibility study designed to assess the use of the FSI for nebulizers, 
Tservistas et al. [52] took a similar approach, comparing fine droplet fraction 
(FDF

<5.0μm
) measured with a cooled FSI (down to 18 °C) from an aqueous formula-

tion delivered by an investigational e-Flow® vibrating mesh nebulizer (PARI GmbH, 
Starnberg, Germany) with those recorded under ambient conditions at 22 °C 
(Fig. 10.62). Interestingly, they extended the lower flow rate range of their FSI to 
15 L/min by blocking three of the six nozzles on the FSI insert to retain the stage 
cut-off diameter of 5 μm aerodynamic diameter at 50% of the design flow rate for 
this AIM apparatus (Fig. 10.63).

Under ambient conditions, the FSI-generated FDF
<5.0μm

 values at 15 L/min were 
substantially equivalent to those produced using a cooled NGI. The cooled FSI pro-
duced a lower FDF

<5.0μm
, although the difference was relatively small, less than 5 

per cent. The highest FDF
<5.0μm

 was obtained by laser diffractometry (LD).
These results suggest that the lower thermal capacity of the FSI, a function of its 

much reduced mass relative to the NGI, is advantageous in terms of accuracy 

Fig. 10.62 FPF
<5.0μm

 (reported as fine droplet fraction, FDF
<5.0μm

) by Tservistas et al. for an aque-
ous aerosol generated by a vibrating membrane nebulizer using FSI, NGI, and laser diffractometry 
(LD) as measurement methods (From [52]—courtesy of M. Tservistas)
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 associated with nebulizer-generated aqueous droplet size measurements, as the 
result of less pronounced heat transfer-related evaporative bias.

Comparative data for time savings provided by Tservistas et al. (Table 10.17) add 
further evidence of approximately 50% gain in productivity with the cooled FSI 
compared with the NGI.

As might be expected, LD was by far the most rapid technique; however, this 
measurement method is not directly related to mass of API and is therefore limited 
to the assessment of solutions, rather than more complex formulations (i.e., sus-
pensions, emulsions, liposomal forms, etc.) that may be encountered with this class 
of OIP [58].

10.8  Assessing the Performance of AIM Systems  
Based on the NGI

Since the NGI in its standard design does not have movable stages [14], the devel-
opment of an abbreviated system based on NGI geometry at first sight seems to be 
unattractive and possibly a difficult process. However, this CI has a horizontal 

Fig. 10.63 Modified FSI insert used by Tservistas et al. for nebulizer aerosol measurements at 
15 L/min (From [52]—courtesy of M. Tservistas)

Table 10.17 Comparative times for 6-replicate abbreviated and full-resolution impactor 
measurements compared with laser diffractometry reported by Tservistas et al. in the context of 
nebulizer aerosol assessment (From [52]—courtesy of M. Tservistas)

Assessment method

Time allocation (h)

Measurement API analysis Data processing Total

LD 1.5 N/A 1.0 2.5
FSI (cooled) 7.0 6.5 1.0 14.5
FSI (ambient) 5.0 6.5 1.0 12.5
NGI 8.0 18.0 2.0 28.0
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configuration that lends itself to semi- or full automation more readily than the 
vertical stack configuration associated with ACI designs, and the process of abbre-
viating the full-resolution configuration is not as daunting as might be considered 
at first sight.

Two distinctly different approaches are feasible; however, there is relatively lim-
ited data on either reported thus far in the open literature. The most straightforward 
method involves the use of deep cups to make certain stages inoperable; particles 
fail to impact on the collection surface and simply pass to the next stage. In addition, 
an insert can be fitted to the stage 1 nozzle to reduce jet diameter to give a desirable 
stage cut point. However, since the internal flow pathway through the NGI is not 
reduced, the so-called deep-cup approach has the potential drawback that losses to 
the internal surfaces may increase. Future studies validating this option will there-
fore need to address this concern.

In the second, more radical approach to the abbreviation of the full-resolution 
NGI (Fig. 10.64a) first adopted by Svensson and Berg [59], the NGI itself was 
abbreviated by moving “active” stages followed by the back-up filter so that the 
flow passed through these components before being returned to the NGI body. 
Daniels and Hamilton also adopted this arrangement for their reduced NGI (abbre-
viated to rNGI)-based studies [46], and their data have already been discussed in the 
previous section in connection with understanding how internal dead space affects 
start-up flow characteristics in DPI testing with the FSI. Their particular rNGI set-
 up involved moving the filter collection stage containing a bespoke filter to follow 
directly before full-resolution NGI stage 3, where separation of fine from coarse 
subfractions takes place (Fig. 10.45). This change could be made without altering 
the type of collection cup used or making penetrations through the body of the NGI 
itself to remove flow from unused stages. Svensson and Berg termed this apparatus 
the “internal filter” configuration (Fig. 10.64b).

The rNGI approach adopted by Daniels and Hamilton [46] overcomes the need 
for specialized collection cups, as would be the case if external connections had 
needed to be made between components to achieve an abbreviated design, as origi-
nally proposed by Svensson and Berg in one of their configurations (Fig. 10.64c). 
Daniels and Hamilton [46] recovered the deposited API by rinsing stages 1 and 2 
together (representing the LPM) and separately from the recovery of API from the 
bespoke filter located before stage 3 (representing the SPM, i.e., FPM

<4.46μm
). The 

comparative data for their particular DPI obtained with this rNGI configuration 
compared favorably with measurements by full NGI. However, the comparison of 
data from either of the two NGI configurations and an FSI was less good (Fig. 10.46). 
After their follow-up study using the eLung™ to replicate patient inhalation profiles 
(Fig. 10.48), this relatively poor agreement was attributed to the possibility that the 
original FSI configuration in its simpler set-up (constant Q of 60 L/min with a 4-s 
“inhalation” time) may have affected the ramp-up profile of the DPI.

The ability to move the cut size between large and small particle fractions by 
insertion of the filter stage in different stage positions in the rNGI, so that it is close 
to the MMAD of the OIP of interest, is a significant advantage for product QC appli-
cations. Svensson and Berg evaluated three different stage positions of the filter in 
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their investigations of the rNGI [59]. Their “internal filter” or “nozzle-filter” design 
(Fig. 10.64b), already mentioned in connection with the evaluation undertaken by 
Daniels and Hamilton (Fig. 10.45), was developed and introduced immediately 
after stage of interest in the seal body to be able to capture the SPM. It should be 
noted that the remaining stages (after the filter) to the micro-orifice collector (MOC) 
were still present in the seal body during the measurements with this abbreviated 
configuration. This arrangement guarantees an identical flow-time profile if a filter 
with sufficiently low air flow resistance is used, which is important in the context of 
DPI testing.

In the alternative so-called external filter or outlet filter design (Fig. 10.64c), 
Svensson and Berg reconfigured their rNGI so that flow exiting the abbreviated 

Fig. 10.64 Three concepts developed by Svensson and Berg for creating abbreviated versions of 
the NGI (rNGI) (From [59]—courtesy of M. Svensson)
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section of the apparatus was directed through an externally mounted filter and then 
redirected into the NGI again after passage through the filter.

Both configurations can also be seen in Fig. 10.65; the modified outlet stage cups 
(necessary for the external filter approach) are shown in (a), the external and inter-
nal filter options are depicted in (b) and (c), respectively.

The main aim of their study was to judge whether these so-called filter methods 
can be regarded equivalent to the standard impactor method in which all stages are 
individually analyzed. Therefore, parallel experiments using full NGI set-up were 
performed and used for equivalence testing versus the proposed filter methods. 
Three different DPIs with three different formulations and two different pMDI 
products (CFC and HFA propellant) were used in this study. The comparison of the 
two methods was performed by comparing a total of 91 mean values from the full 
NGI and the corresponding filter method (Fig. 10.66).

Every mean value comprised data from either two or three impactor tests (full 
NGI) and 5–10 filter samples for the filter method, so that in total, around 650 indi-
vidual tests were conducted. Except for the pMDI, each DPI were tested at two dif-
ferent flows corresponding to 2 and 4 kPa differential pressure over the device, 
spanning a flow range from 40 to 77 L/min. A strong linear relationship was obtained 
between the filter measure and the full NGI measures of FPM obtained at the same 
selected size limits. The correlation coefficients (r2) were >0.95 for nozzle filter and 
>0.98 for the outlet cup method. The slopes for the fitted lines were close to the line 
of identity, varying from 0.89 to 1.03. However, the authors noted that the linear 
relationship, determined from the slope and associated r2 value, was weaker for 

Fig. 10.65 Modified NGI by Svensson and Berg showing “O”-cup option (a and b) and internal 
filter option (c) for abbreviated testing of OIPs (From [59]—courtesy of M. Svensson)
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DPI-1 compared to the other inhaler types, and they provided the following rationale 
from their findings:

 1. The nozzle-filter methodology is a less mature methodology in their laboratory, 
whereas the outlet “O”-cup has been established and used in development stud-
ies for several years.

 2. DPI-1 as a device and the three formulations used in this device were both con-
cepts in early development phase at the time when the work was undertaken, so 
the dosing properties may be more variable than the other inhalers that are prod-
ucts that are in late stage development.

Importantly, they did not observe that any particular stage was better (or worse) 
suited to be used in these filter methodologies (see marker shape in Fig. 10.66) and 
that no outliers were obtained in the data set.

Svensson and Berg went on to calculate the mean differences (presented in per-
centage terms of the found mass in the NGI test) between the NGI and the filter 
methods for each of the inhaler types (Fig. 10.67). Both negative and positive differ-
ences were observed, ranging from +5% to −2.5%. DPI-3 displayed significant dif-
ference between NGI and filter method, but when all 91 mean values were regarded 
as one data set, the difference became minimal (around 1%) and importantly, no 
significant difference was obtained between the two methods (standard NGI versus 
Filter concepts).

From a practical perspective, Svensson and Berg made the judgment that the 
nozzle-filter-abbreviated approach is about two times faster than the external 
filter method [59]. Moreover, since the external filter method, in its current 
design, includes a disposable plastic fixture, the nozzle filter is preferable from 
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Fig. 10.67 Differences in FPM between the full NGI and the filter method for the inhaler types 
used in the study reported by Svensson and Berg; error bars are 95% confidence intervals (From 
[59]—courtesy of M. Svensson)
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an environmental perspective. The authors concluded that the filter method is 
also very feasible for determination of the fine particle dose uniformity (FPDU) 
of a product; a parameter that is very difficult and laborious to retrieve from full 
NGI measurements. They also observed that it is necessary to size separate the 
dose below the first size-fractionating stage in two parts in order to achieve 
greater sensitivity in terms of changes in ASPD and dose passing beyond the 
impactor inlet. As a next step toward realization of two size fractions (and sam-
ples) in the abbreviated NGI platform, experiments are currently in progress 
using a modified NGI in which the stages have been physically interchanged in 
combination with the nozzle-filter approach. This approach should enable cap-
ture of the LPM and SPM in a cup and a filter, respectively, thereby resulting in 
an elegant abbreviated methodology to implement.

10.9  Short Stack ACI Systems Created by Rearranging 
Location of Back-Up Filter

In 2012, Horodnik et al. demonstrated an important alternative arrangement to the 
reduced ACI configurations previously described [60], as their approach avoided the 
removal of stages, therefore preserving the internal dead space of the full- resolution 
ACI. In their particular configuration, they relocated the back-up filter stage immedi-
ately downstream of the second impaction stage. The equipment was operated at 60 L/
min and active measuring components therefore consisted of stages 1, 0, and filter.

The normal length spring-loaded clamps supplied with the full-resolution ACI 
could be used to ensure a tight seal between stages of their configuration, as an 
additional benefit [60]. The physical appearance of their abbreviated ACI was there-
fore comparable with that of the full-resolution system (Fig. 10.68).

Horodonik et al. went on to use this arrangement to evaluate a new DPI blend 
delivery system containing mometasone furoate intended for use with patients 
undergoing mechanical ventilation. The entry to the CI therefore comprised a spacer 
designed for use in such an environment with its distal end consisting of a short 
length of 22 mm diameter tubing representing part of a ventilator circuit, rather than 
the Ph. Eur./USP induction port. The focus of their study was on the proof of con-
cept for a new in vitro method to evaluate how their DPI might perform in the clinic. 
They therefore did not present comparative data with the full-resolution ACI. 
However values of FPM

<ca.6.5μm
 (n = 5 replicates at each condition) were consistent 

over a wide range of values of recovered mass of this particular API from the filter 
stage (Fig. 10.69).

This simple-to-configure arrangement may avoid both the need to take mea-
sures to match the flow rate-time profile in DPI testing, already discussed. 
Horodonik et al. retained the same number of stages in their short stack ACI by 
locating redundant stages below the filter collection stage, so that the internal dead 
space was the same as that for a full-resolution ACI. However, although suitable 
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for DPI testing where the total dead space in the measurement system is important, 
such an arrangement may not be effective if used in connection with the evaluation 
of pMDIs containing low-volatile cosolvent. Under such circumstances, it would 
be more appropriate to locate one or more redundant stages (i.e., not containing a 
collection surface) before the size-fractionating stage, as was done by Mitchell 
et al. [20], to ensure that cosolvent evaporation in the reduced system matched that 
of the full- resolution CI.

10.10  AIM-Based Measurement Equipment: Learning from 
Validation Studies, Current Status, and Future Needs

In December 2010 a workshop was organized by EPAG to act as a forum for the 
discussion of ways to develop AIM-based apparatus toward maturity, given the 
large amount of experimental data presented in the preceding sections of this 
chapter in support of their adoption [61]. In the panel discussion that followed, 

Fig. 10.68 “Short stack” arrangement of Horodnik et al. [60] in which they reconfigured a full- 
resolution ACI such that the back-up filter is located immediately below stage 1, and the other 
stages are retained (From [60]—used with permission)
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the current status of the measurement technology was established and following 
issues were identified [62]:

 1. Measurements made by AIM-based equipment for pMDIs and nebulizers pro-
vide measures of fine particle fraction that are in substantial agreement with the 
equivalent metric from the corresponding full-resolution impactor (either the 
ACI or NGI).

 2. Measures of FPF by FSI were frequently higher than the corresponding full- 
resolution data for DPI testing. In contrast with the evaluation of pMDIs and 
nebulizers, where the impactor is operated at a fixed flow rate throughout the 
determination, the DPI test is more complex in that the flow rate at initiation of 
the measurement is zero and rapidly rises to a stable value as the pressure field 
within the DPI and measurement system stabilizes. Two possible causes were 
identified that need further investigation:

 a. The start-up kinetics of both abbreviated and full-resolution impactor systems 
appear to be important, since the compendial method necessitates initiating 
flow from the DPI at the start of measurement, so that the flow through the 
system is developing during the initial few hundred milliseconds of the 
determination.

 b. Differences in sharpness of cut for the insert in the FSI compared with both 
NGI and perhaps more so with the ACI whose stage collection efficiency 
curves are noticeably less steep than those of the NGI may also be responsible 

Fig. 10.69 FPM
<ca.6.5μm

 of mometasone furoate [n = 5 replicates at each condition (mean ± SD)] 
delivered to the short stack ACI over a range of sample weights which, with a 12 mg sample load 
(15% blend mometasone furoate), will deliver approximately 500 μg to the filter stage (From 
[60]—used with permission)
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for small upward shifts in fine particle fraction observed at 5 μm aerodynamic 
diameter with the FSI.
Further work is needed to understand the relative importance of both causes, 

as well as to determine how much of the divergence between abbreviated and 
full-resolution DPI-based measurements is formulation based and therefore 
productspecific.

 3. The Twin Impinger (Apparatus A in monograph 2.9.18 of the European 
Pharmacopoeia) may become a suitable candidate AIM apparatus. It already has 
only a single cut-point size of 6.4 μm at 60 L/min [5]. Being an impingement 
device, the potential for bias from bounce and re-entrainment are eliminated by 
virtue of collecting the particles in the impingement fluid, as well as having the 
intrinsic advantage that recovery of active pharmaceutical ingredient from the 
impingement fluid can be achieved without further work-up in some cases. 
Modifications to achieve a slight reduction in the cut point to 5 μm at a defined 
flow rate in the range within which MDI and DPI testing, respectively, takes 
place (30–100 L/min) appear to be feasible.

A better alternative might be to develop a reduced (say 2 or 3-stage) version 
of the MSLI (Fig. 10.70), which also achieves avoidance of particle bounce and 

Fig. 10.70 Multistage liquid 
impinger: a candidate for 
abbreviation? (Courtesy of 
Copley Scientific Ltd.)
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re-entrainment and in which the aerodynamically critical parts are manufactured 
from metal [63]. Both the Twin Impinger (Fig. 10.2) and MSLI systems benefit 
from having no interstage losses, but the MSLI has the distinct advantage, par-
ticularly for work with DPIs, of being calibrated from 30 to 100 L/min [12]. 
However, the possibility of using a reduced stack version of the MSLI through-
out this flow rate range will be limited, without a range of flow rate dependent 
stages being designed and manufactured to give the desired cut-off diameter at 
the intended test flow rate (as in the case of the FSI).

 4. The desire to develop AIM-based apparatuses should also consider designs that 
are potentially automatable. However, at this stage, more work is needed in 
understanding the role that AIM has to play in the life-cycle management of OIPs 
before the scope for partial or full automation will become clear. In the near 
future, semiautomated fixtures may have more prospects of being adopted, given 
the substantial financial investment required to automate AIM-based systems, 
despite their relative simplicity compared with their full-resolution counterparts.

 5. There was a consensus that AIM-based measurements are unlikely to be allowed 
by themselves in regulatory submissions, given the need to have full-resolution 
aerodynamic particle size distribution data in order to interpret safety and effi-
cacy data from the clinical batches. However, once relationships are established 
and appropriately validated, AIM-based measurements could be considered 
especially in a product QC environment. It is important to note that the full- 
resolution CI would always be available to support the process in the event that 
an out-of-specification investigation is needed. A role may also exist for an AIM- 
based approach in the speeding up of early development formulation screening, 
but a convincing case will likely need to be made on a company-by-company 
basis, given the reduction in the data relating to aerosol aerodynamic size that 
results with an AIM-based methodology.

 6. These observations and suggestions for future work are still current, although at 
a recent workshop organized by the US Pharmacopeia, at which AIM was dis-
cussed together with EDA there was more understanding concerning the impor-
tance of matching dead volume of the abbreviated system to that for the 
full-resolution reference CI, especially in the evaluation of DPIs [64].

 7. The large body of data that has been presented in this chapter illustrates the 
degree of commitment from stakeholders to understand both the limitations as 
well as the perhaps more obvious advantages that AIM-based CI measurements 
have to offer in the assessment of aerosols from all types of OIP. Table 10.18 
summarizes the salient points in connection with the extension of good cascade 
impactor practice (GCIP—see Chap. 4) to include AIM-based approaches.

At the present time, there are no hard-and-fast rules for choosing the most appro-
priate full-resolution CI with which to match data from an AIM-based method. This 
situation has arisen because there is still insufficient experience with all of the various 
options available for AIM-based measurements. Nevertheless, given the apparent 
importance of matching internal dead space between AIM and full-resolution appa-
ratuses where volatile species are present or to match start-up kinetics for DPI testing. 
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Table 10.19 provides guidance concerning this matter. The interested reader is urged 
to keep up-to-date with the continually developing literature concerning good AIM 
practices, as newer approaches to resolving compatibility concerns are published.
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    Abstract     The acceptance by the regulatory and compendial authorities of AIM and 
EDA concepts is a critical stage before their widespread adoption by the pharmaceu-
tical industry will likely take place.    A prerequisite for such acceptance will be the 
assemblage of a body of data in which close attention has been placed not only on 
the methods themselves but also on their applicability across as wide a portion of the 
spectrum of OIP classes as possible. In the case of AIM-based apparatuses, it will be 
important to provide experimental data from many inhalers of each type, so that the 
variability of the method can be assessed in the context of typical variability associ-
ated with the corresponding full-resolution method. Robust statistical analysis of 
either full-resolution APSDs or AIM CI-generated APSD metrics by EDA, in com-
parison with existing data reduction methods (i.e., stage grouping, fi ne/total particle 
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mass), will be needed to justify replacing current methods. A vital part of this 
process will be demonstrating that EDA is capable of at least matching current 
methods and preferably is shown to have better decision-making capability, in the 
context of quality control for most OIPs. AIM-based apparatuses may have roles in 
the development of testing capacity to work with improved material and process 
understanding, implementation of in-process controls prior to fi nal product, and 
minimization of capacity spent on end product controls. Given precedents for the 
pace of change, compendial and regulatory acceptance will likely take several years 
to be realized. This chapter begins by assessing the current regulatory guidance and 
compendial requirements with respect to the use of cascade impaction or when 
APSD data is required. The second part of the chapter discusses strategy and require-
ments that the pharmaceutical industry involved with OIP assessment is likely to 
have to provide to demonstrate that AIM and EDA are “fi t for purpose” and thereby 
gain acceptance by the regulators and become a pharmacopeia-approved method.  

11.1         Current Guidance 

 The use of multistage cascade impaction in the context of OIP-generated aerosol 
APSD assessment has three principal objectives:

    1.    As a measure of the product aerosol aerodynamic performance   
   2.    To provide a tool for assessing product quality in commercial product batch 

release   
   3.    To establish relationships with potential in vivo performance, through either an 

IVIVR or IVIVC     

 There are issues associated with meeting each of these objectives that limit applica-
bility to the clinical reality of OIP use by the patient requiring therapy. These issues are 
discussed further in Chap.   12    . However, as examples, the use of a single constant air 
fl ow rate through the CI system cannot represent the inhalation profi le of a patient in 
more than a rudimentary way. Furthermore, the APSD of the aerosol cloud produced 
under the constant fl ow rate testing conditions may not necessarily be identical with 
that of the aerosol which the patient inhales at a variable fl ow rate- time profi le. Inhaler 
dosage form is a further complicating factor affecting inhaled aerosol characteristics, as 
the testing methods described in the pharmacopeial compendia differ whether the OIP 
is an MDI, DPI, or nebulizer. Even if complicating factors on the clinical side such as 
patient-to-patient variability, disease condition, and relatively insensitive clinical mea-
sures of effi cacy are ignored, it is not unexpected that current laboratory testing meth-
odology for OIPs falls short by failing to provide unambiguous IVIVR/IVIVCs [ 1 – 3 ]. 

 When using laboratory methodology, whether AIM or full-resolution CI based, 
there are therefore many compromises that of necessity have to be made and their 
consequences understood.    As the community involved with inhaler in vitro perfor-
mance assessment procedures gains a better understanding of the underlying  aerosol 
physics as well as the limitations of their apparatuses, it should be possible to 
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develop a wider array of methodology than exists at present.    However, a goal for 
new methods to achieve is that they may be both universally applicable across OIP 
categories, and at least equal or better, improving the quality of the data for the 
intended purpose. 

 Looking at the fi rst part of this goal in more detail, it is self-evident that it is 
desirable that the compendial methodologies in place to assess OIP aerosol proper-
ties have common utility across as many categories of inhaler (i.e., pMDIs, DPIs, 
etc . ) as possible. However, it has to be recognized that minimizing the number of 
compendial apparatuses for AIM-based measurements, though attractive, should be 
balanced against the fact that OIPs are a very diverse group of products, probably 
requiring a degree of specialization in the AIM-based apparatuses that are ulti-
mately developed for their assessment. Such a situation is not unique within the 
scope of the compendia; for example, several systems, each with their own specifi c 
purpose, characteristics, and limitations, have been developed for the assessment of 
tablet dissolution. Notwithstanding the above considerations, minimization of AIM- 
based options should certainly be considered at the outset of pharmacopeial method 
development, in order to avoid the development of a plethora of procedures having 
only minor differences that are customized for each inhaler variant within a given 
class of OIP. That said, it has to be recognized that the therapeutic areas treated by 
inhalers are quite varied, in that both local and systemic action can be targeted, so 
that OIPs within a given class may vary substantially both in mode of operation and 
formulation type(s) delivered. These characteristics are likely to facilitate develop-
ment of many methods differing only between inhaler types but essentially deter-
mining the same performance attribute. In the more fl exible environment created by 
the adoption of strategies such as Quality by Design [ 4 ], it is likely that regulatory 
agencies looking to provide product market approval will have different perfor-
mance measurement needs than those focused on ensuring consistent “in-market” 
quality, e.g., post-market product surveillance.    It follows that despite the overarching 
desire to limit method proliferation, different approaches to in vitro testing method-
ology for aerosol properties, by either full-resolution or abbreviated CI, may have to 
be accepted as appropriate during the life cycle of a particular OIP (see Chap.   6    ). 

 At the present time, many regulatory agencies require the use of multistage cas-
cade impaction for the determination of OIP APSD based on the mass of drug sub-
stance as one of the principal means for determining likely clinical performance in 
terms of dose delivery to the receptors in the lungs. In the USA, the 1998 draft FDA 
Guidance for Industry covering chemistry, manufacturing, and controls of pMDIs 
and DPIs indicates that the choice of CI should allow determination of an APSD of 
the whole dose including the small particle size fraction [ 5 ]. This requirement is 
echoed in the equivalent documentation produced by CDRH in relation to the 510(k) 
premarket approval process for medical devices, such as spacers, valved holding 
chambers, and general-purpose nebulizers [ 6 ]. The draft FDA-CDER guidance fur-
ther states that the number of actuations ( of the inhaler ) needed to determine APSD 
by multistage CI should be kept to the minimum, justifi ed by the sensitivity of the 
analytical method used to quantitate the deposited drug substance. The amount of 
drug substance deposited on the critical stages of the cascade impactor should be 
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suffi cient for reliable assay, but not so excessive as to bias the results by masking 
individual actuation variation. Although the CI size resolution is not stated explic-
itly in this guidance document, for practical reasons a 7- or 8-stage system is needed 
to provide fi ve stages having cut-point sizes in the critical range from 0.5 to 5.0 μm 
aerodynamic diameter if information about the coarse fraction >5 μm is to be 
obtained as well [ 7 ]. For post-approval release and stability testing, but not for char-
acterization of the drug product in the initial submission to the regulatory agency, 
drug deposition on individual stages may be grouped (so-called stage grouping), 
with separate requirements placed on each of the groupings [ 8 ]. 

 In Europe and Canada, the 2006 jointly approved Guideline on the Pharmaceutical 
Quality of Inhalation and Nasal Products also makes reference to the use of a mul-
tistage CI for the measurement of APSD, with the implication that suffi cient stages 
will be used to enable fi ne-particle dose <5 μm ( FPM  

<5.0μm
 ) aerodynamic diameter 

to be obtained, together with the  MMAD  and  GSD  of the  ISM , if appropriate [ 9 ,  10 ]. 
Since the statement is also made to the effect that control of the portion of the APSD 
>5 μm may be necessary depending on the relevance of this fraction for the thera-
peutic index of the drug product, a 7- or 8-stage CI will most likely be used, although 
the 5-stage multistage liquid impinger (Apparatus C in the European Pharmacopoeia 
monograph 2.9.18 [ 11 ]) has been used in regulatory submissions. Stage pooling 
(grouping) is also permitted, as illustrated by the following example for a generic 
pMDI-delivered salbutamol [ 12 ]:

    1.    Induction port to represent the oropharyngeal deposition and hence swallowed 
dose   

   2.    Pooling 1: Stage 0, 1, and 2 to represent the large nonrespirable particles depos-
ited in upper airway   

   3.    Pooling 2: Stage 3, 4, and 5 to represent the fi ne-particle dose ( FPD ) between 1.1 
and 4.5 μm ( ≡FPM  

1.1–4.5μm
 ), deposited on bronchi and predictive of the in vivo 

bronchodilator effi cacy and of  C  
max

  (early lung bioavailability)   
   4.    Pooling 3: Stage 6, 7, and fi lter to represent the extrafi ne particles ( EPM  

<1.1μm
 ) 

likely to deposit in the alveoli    

  Acceptance of the AIM concept as a direct substitute for multistage cascade 
impaction in regulatory submissions relating to OIP quality control will likely prove to 
be a challenging process for industry, requiring much evidence across a wide 
range of OIP platforms and abbreviated systems to support its adoption. From 
the regulatory perspective, robust demonstrations of the following advantages will 
be central in gaining acceptance by meeting the following criteria:

    1.    Comparable or possibly better precision for AIM systems compared with their 
full-resolution counterparts as well as freedom from measurement bias (see 
Chap.   10    )   

   2.    Applicability throughout the life cycle of the OIP (see Chap.   6    )   
   3.    Capability of EDA (where proposed as the AIM metric) to provide equivalent or 

improved sensitivity to small changes in APSD compared with stage grouping, 
leading to better decision making with respect to batch disposition in the QC 
environment (see Chaps.   7    ,   8    , and   9    )     
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 Currently, the subsequent investigation can be diffi cult when using a full- 
resolution CI and an out-of-specifi cation result is obtained [ 13 ], as there are many 
sources of potential error. However, if an AIM approach is used as a front line batch 
release method, then an important additional consideration is the availability of 
using the full-resolution CI as the primary diagnostic aid in the event of an out-of-
specifi cation AIM-EDA determination. This consideration is in addition to the 
application of a logical fault-tree approach for anomalous CI measurements, similar 
to that described for CI mass balance determination and discussed in Chap.   4     [ 14 ]. 
However, care would be needed in the setting of specifi cations to avoid different 
requirements pertaining to metrics determined by abbreviated or full-resolution CI 
systems, unless such a situation was unavoidable, but a demonstrable benefi t was 
nonetheless available using an AIM-based approach.  

11.2     Pharmacopeia Requirements 

 An important focus of the pharmacopeias is the provision of authoritative mono-
graphs for the assessment of drug product quality. European Union directives 
2001/82/EC, 2001/83/EC, and 2003/63/EC (amended), on medicines for human and 
for veterinary use, maintain the mandatory character of European Pharmacopoeia 
(Ph. Eur.) specifi cations on medicines for marketing authorization applications for 
OIPs. In contrast, the US Pharmacopeial (USP) Convention is a nongovernmental 
body responsible for the USP-NF. However, the FDA, although working closely 
with the USP, is not obliged to use USP specifi cations or test methodologies in 
developing or application of the FDA guidance documents. 

 Both European and US pharmacopeial monographs associated with the measure-
ment of particle size from OIPs describe a range of full-resolution CI apparatuses, 
with the exception of Apparatus A of the Ph. Eur., which is the Twin (Glass) 
Impinger (TI) (Table  11.1 ). This apparatus could possibly be used as an AIM-based 

   Table 11.1    Current compendial apparatuses for the assessment of aerosols from OIPs   

 Apparatus  US Pharmacopeia  European Pharmacopoeia 

 Glass “Twin Impinger” (TI)  Not used  Apparatus A for pMDIs, 
DPIs, and nebulizers 

 Andersen 8-stage without 
pre- separator (ACI) 

 Apparatus 1 for pMDIs  Apparatus D for pMDIs 

 Marple Miller Model 160 (MMI)  Apparatus 2 for DPIs  Not used 
 Andersen 8-stage with 

pre-separator (ACI) 
 Apparatus 3 for DPIs  Apparatus D for DPIs 

 Multi-stage liquid impinger (MSLI)  Apparatus 4 for DPIs  Apparatus C for pMDIs 
and DPIs 

 Next generation pharmaceutical 
impactor (NGI) 

 Apparatus 5 for DPIs 
 Apparatus 6 for pMDIs 

 Apparatus E for pMDIs 
and DPIs 
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system, as discussed in Chap.   10    , with some refi nements to make its cutoff size 
between coarse and fi ne fractions more fl exible at its operating fl ow rate of 60 L/min 
[ 15 ]. However, its status has been under review in recent years as the result of the 
exclusive requirement for higher resolution CI measurements in product license 
submissions, e.g., NDAs in the USA or MAAs in the EU [ 16 ]. The EMA guideline 
covering the pharmaceutical quality of inhalation and nasal products allows the use 
of alternative impactors if justifi ed and validated [ 9 ]. An alternative strategy, also 
presented in Chap.   10    , might therefore be to develop a reduced (say 2- or 3-stage) 
version of the MSLI (Apparatus 4 of the Ph. Eur. and C of the USP). However, such 
a strategy will require someone to undertake the necessary development work and 
associated business risk that the reduced MSLI may not get adopted as an AIM 
apparatus.

11.3        Gaining Acceptance for AIM and EDA 

11.3.1     Framework for Acceptance 

 AIM apparatuses can provide aerodynamic particle size data with the following 
properties:

    (a)    A measure of API mass that is equivalent to the “fi ne”-particle dose “(mass),” 
as defi ned at a cut point of 5 μm aerodynamic diameter. This size limit would 
be required within the framework of the current Ph. Eur. monograph 2.9.18. The 
“fi ne”-particle “dose” using a full CI is currently derived by interpolation using 
the cumulative under size log-normal plot. If the AIM apparatus did not have a 
cut point precisely at 5 μm, then an alternate interpolation approach may be 
possible or justifi cation that the AIM data provides equivalent APSD at its near 
5 μm cut point when compared to the current Ph. Eur. approach for full- 
resolution CI data interpolation.   

   (b)    A cut point close to or precisely at the  MMAD  of the OIP-emitted aerosol. If 
such data were to become accepted in a quality control environment, then the 
EDA approach would be pertinent to defi ne the size-pertinent metrics (i.e., 
 LPM/SPM  ratio and  ISM ) and set subsequent specifi cations (Chaps.   5     and   6    ). 
This option is incompatible with the current EMA requirement to report fi ne- 
particle dose <5 μm aerodynamic diameter [ 9 ].   

   (c)    Cut-point sizes other than 5 μm aerodynamic diameter (i.e., 4.7 μm, based on 
the cut-point size of stage 2 of the ACI when operated at 28.3 L/min). Acceptance 
of alternatives to 5 μm to distinguish fi ne from coarse mass fractions of the dose 
would be more aligned with the current USP requirements.     

 Given these considerations, it is therefore imperative that a clear understanding 
of the purpose(s) for which AIM is being used, and the implications that these 
purpose(s) have on the use of the CI-generated data, become well understood 
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and accepted as early as possible by stakeholders. At least one pharmaceutical 
manufacturer has expressed the desire (in Europe) for there to be product-specifi c 
specifi cations with respect to APSD metrics, when justifi ed and approved, in 
particular more fl exibility in the future with respect to the 5 μm upper size limit 
for fi ne-particle mass. 

 There are some key requirements that must be satisfi ed for AIM (or EDA) to 
become an accepted approach, irrespective of the reasons for adopting AIM that 
have been outlined in previous chapters. These requirements extend beyond the 
ordinary “method validation” requirements that would be an integral part of demon-
strating the method suitability, as it is fundamental that AIM (or EDA) is verifi ed to 
be “fi t for purpose.” Without such evidence, it is unlikely that any regulatory agency 
or compendial committee would accept these new approaches, regardless of the 
merits that have been already explained in previous chapters. 

 In this context, it is worth noting that “fi t for purpose” does not necessarily mean 
that AIM (or EDA) would be deemed applicable to every inhaled dosage form or 
device, either now or in the future. For example, it may not be appropriate for for-
mulations and/or devices that produce a very narrow APSD ( GSD  ≤ 1.2 equivalent 
to near monodisperse). Hence, the applicability of either the AIM concept or an 
actual AIM apparatus used will have some relationship with the specifi cation for the 
APSD that is specifi ed for the product in its target product profi le (TPP). 

 Potential strategies that will lead to demonstration of “fi tness for purpose” for 
AIM and EDA are discussed in Sects.  11.3.2  and  11.4 , respectively.    Following dem-
onstration of the “fi tness for purpose,” a series of activities, including publication of 
detailed methodology and data, comparative data analysis using various current 
and AIM approaches, peer-reviewed literature and conference presentations, and 
 pharmacopeia stimuli to revise and draft monographs, will all result in an evidence- 
based, industry and regulatory agency-challenged approach. Under such circum-
stances, new robust AIM methods can eventually become approved pharmacopeial 
methods.  

11.3.2      Strategy for AIM “Fit for Purpose” 

 The key parts of the strategy to show AIM “fi t for purpose” are illustrated in 
Fig.  11.1 .

     (a)    Calibration data for the apparatus confi guration: 
 It is reasonable to expect that either calibration data with full traceability to the 
international length standard or at least justifi cation for the claimed cut- point 
sizes for that confi guration would be provided for each particular AIM appara-
tus confi guration proposed for adoption. These data are likely to be  provided 
either by the apparatus manufacturer or less probably by a pharmaceutical com-
pany, given the complexity of the process. A highly desirable approach is the 
so-called archival calibration, in which a reference CI is calibrated,  having 
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stage nozzle diameters as close as possible to the nominal values of the 
 manufacturing specifi cation. The archival calibration avoids the proliferation of 
slightly different stage cut-point sizes arising from separate calibrations of the 
same CI type. Under such circumstances, it is of course highly preferable that 
such calibration data are published in the open literature.   

   (b)    Description of methodology and validation: 
 It is critical that a full detailed description of the apparatus and methodology 
be provided when any data are submitted to a compendial committee or pub-
lished in the open literature. This requirement is important for several reasons, 
principally to enable other stakeholders (   regulatory agencies, National Bodies 
and Pharmacopieas, etc.) to be able to repeat the work when necessary. However, 
it is also necessary to develop an understanding whether or not the AIM appa-
ratus confi guration has any peculiar aspects that may infl uence data that are 
generated by this apparatus. Such information can only become apparent by 
practical experience. In addition to these AIM-specifi c considerations, there 
would be an expectation that the standard system suitability validation for CIs 
(as described in the pharmacopeias) would have been completed.   

   (c)    Application to OIP dosage forms: 
 The applicability of AIM to the various OIP dosage forms must be estab-
lished. In reality, this step may be complicated because the performance of the 
AIM-based apparatus may depend upon the particular aerosol and formulation 
characteristics, for instance, the type (presence of volatile species [ 17 ]) as well 
as the composition of excipients that are present [ 18 ] and/or the APSD 
delivered from a specifi c inhaler device [ 3 ]. Taking another example, passive, 
breath- actuated DPIs depend upon the patient-generated inhalation air fl ow-
time profi le to move the powder through the device, providing the “energy” to 

  Fig. 11.1    Strategy for AIM to show that the approach is “fi t for purpose”       
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 de- aggregate and disperse the particles that then provide an effi cacious lung 
dose [ 19 ]. Therefore, the air fl ow start-up kinetics may profoundly infl uence the 
APSD that is achieved [ 20 ]. If either the inlet and/or stage confi gurations of the 
AIM apparatus are different from those of the full-resolution CI, then it is 
possible that different APSD data will be obtained in comparison between the 
two systems. It is a concern, especially to those charged with pharmacopeial 
method development, that these divergences can eventually turn out to be 
inhaler- measurement system dependent. Sponsors therefore need to provide 
detailed methodology descriptions in submissions to have particular AIM-
based confi gurations adopted into the compendia, in order to minimize the risk 
of inadvertently introducing such confounding effects. In particular, attention 
needs to be paid to the dimensions of the inlet port, internal dead space, and the 
stage confi gurations themselves. In summary, it cannot be assumed that an AIM 
apparatus is automatically suitable for a particular inhaled dosage form just 
because its acceptability has been reported elsewhere, most likely from investi-
gations having limited scope.   

   (d)    Comparative data for full-resolution CI and AIM apparatus: 
 Without doubt, the most obvious question that will be asked in connection 
with an application to include an AIM-based method into the compendia will 
be “ How does the APSD data using AIM apparatus compare to that acquired 
with a full stage CI? ” 

 The acquisition of copious data with both full-resolution and AIM CI sys-
tems will be a key requirement, as will be the subsequent demonstration of 
comparative performance in statistically robust terms. It is also reasonable that 
demonstration of system suitability through the API mass balance be provided 
[ 21 ]. Furthermore, cumulative undersize plots and API mass values should be 
demonstrated to be substantially comparable at selected cut-point sizes within 
the range of interest (0.5–10 μm aerodynamic diameter). Given that the basic 
physical aerodynamic particle sizing processes are occurring in both full- 
resolution and AIM CI systems (see Chap.   3    ), qualitatively “similar” results are 
to be expected as the norm. However, as already illustrated in Chap.   10    , one or 
more of several experimental factors may require attention in order to achieve 
the desired goal of quantitative comparability. Therefore, it should not come as 
a surprise if initial data comparisons between AIM and full-resolution CIs are 
not always identical. The important thing is to be able to explain why such dif-
ferences exist and mitigate identifi able cause(s), wherever possible. Furthermore, 
it may be possible to demonstrate a consistent relationship, even though the 
ideal correlation between full-resolution CI and AIM-based data that is directly 
proportional to the magnitude of API mass may not always be achieved. 

 It follows that the presentation to a regulatory agency as justifi cation for 
using AIM as a product quality test would require comparative APSD data from 
the full CI together with associated metrics derived from an AIM-based appara-
tus of choice, in support of the proposed specifi cation.    
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11.3.3       Strategy for EDA “Fit for Purpose” 

 The key parts of the strategy to show EDA to be “fi t for purpose” are illustrated in 
Fig.  11.2 .

     (a)    Validation of discriminatory power: 
 The validation of discriminatory power may form part of the “full-resolution 
CI versus AIM comparison” stage of OIP development, when it is considered 
that EDA may be the metric of choice (Chap.   6    ). If an alternate AIM apparatus- 
derived metric is being proposed instead of  LPM/SPM  and  ISM , attention will 
be needed to demonstrate discriminating power for small changes in APSD that 
is at least as good as current procedures, such as  FPM  

<5.0
μ

m
 , in Europe or equiv-

alent CI stage groupings in the USA.   
   (b)    Application of EDA to different APSD Profi les arising from single component 

and combination products: 
 It should not be assumed that EDA is going to be applicable to every form of 
APSD profi le. Although various product types with differing APSD profi les 
were assessed during the initial development of EDA as a concept for general 
applicability [ 22 ,  23 ], it is important that an assessment is carried out and that 
the requirements needed to meet EDA metrics are met for each new product 
under consideration. 

 One interesting area that has yet to be assessed is that of combination prod-
ucts. Clearly, using AIM to determine “fi ne-particle dose (mass)” would appear 
straightforward for both full-resolution CI and even an AIM-based apparatus 

  Fig. 11.2    Strategy for EDA to show that this approach is “fi t for purpose”       

 

S.C. Nichols et al.

http://dx.doi.org/10.1007/978-1-4614-6296-5_6


369

having its cut-point size at 5 μm aerodynamic diameter. However, using EDA 
metrics with the large-to-small boundary size set at or close to the MMAD of 
one component may be problematic where the MMAD of the second API com-
ponent is signifi cantly different. Similar considerations would likely apply to 
tri-component or more complex combinations, in the event that such products 
are formulated for inhaled delivery. It follows that the selection of an appropri-
ate cut point used in the AIM apparatus and proof of EDA sensitivity to all API 
components will be critical.   

   (c)    Effect of OIP aerosol MMAD on large-to-small particle boundary size 
selection: 
 A key attribute of the EDA approach is the selection of the cut-point size that 
discriminates small from large particles. This boundary is ideally “identical” to 
the MMAD of the emitted aerosol. However, depending upon the skewness of 
the distribution, it can also be located in the range between 0.3 and 3.0 times 
MMAD for adequate sensitivity to distinguish small changes in APSD [ 23 ]. In 
the case of a new OIP coming under consideration for EDA evaluation, APSD 
data using a full-resolution CI method is the foundation from which the product 
MMAD is determined. In addition, however, there needs to be additional data 
justifying the selection of the large-to-small particle boundary size, if markedly 
different from the MMAD of the product. Such evidence may come from stud-
ies in which small perturbations in the APSD and hence MMAD of the product 
aerosol are intentionally introduced in order to evaluate the sensitivity of the 
EDA method. It follows that if an AIM-based measurement technique is being 
proposed instead of the full-resolution CI to obtain EDA metrics, justifi cation 
will have to be provided for the selection of the cut-point size, if different from 
the MMAD.   

   (d)    Demonstration of the relationship between CI stage grouping, fi ne-particle dose 
(mass), MMAD, etc., to EDA metrics: 
 There is already a body of evidence [ 24 ] that EDA metrics have better dis-
criminating ability compared with current CI stage groupings/fi ne-particle dose 
assessments. Much of this material was presented in detail in Chap.   8     and will 
therefore not be discussed further here. It is expected that as the debate sur-
rounding the applicability and limitations of EDA develops, more evidence sup-
porting EDA as being less vulnerable to confounding than stage groupings will 
emerge, and such data will be important in securing the necessary validations to 
support incorporation of EDA into the compendia.    

11.4         Regulatory Acceptance 

 In order for AIM and EDA to be developed as useful tools, it is imperative that vali-
dation studies are published, ideally in peer-reviewed journals, to make visible the 
strengths and weaknesses of these approaches. Most progress in the required 
 direction can be made when the industry shares and moves forward with a set of 
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common goals in relation to either but preferably both concepts. Fortunately, in the 
past 5 years, teams comprising industry experts in OIP in vitro assessment, both 
within the IPAC-RS and EPAG organizations, have been collaborating on many of 
the common practical issues associated with AIM and EDA, from which various 
publications have been created that are referred to in many locations within this 
book.    Such documentation provides a sound basis from which meaningful discus-
sions on how to develop the necessary stakeholder consensus concerning the 
approaches may be had with the key regulatory agencies in Europe and North 
America in order to gain acceptance of AIM and EDA concepts. 

 Initial informal discussions with individual regulators, both in Europe and the 
USA, have provided cautious optimism that these concepts could have a future in 
OIP aerosol in vitro assessments [ 25 ,  26 ]. However, further evidence-driven open 
publications together with perhaps more formal direct dialogue with the key regu-
latory agencies and compendial chapter committees will be critical if these con-
cepts are to move from good ideas to practical reality as key components in the OIP 
life cycle. 

 The current thinking on AIM and EDA by the various stakeholders was outlined 
at an IPAC-RS-led satellite meeting held as part of the RDD Europe conference in 
the spring of 2011 [ 27 ]. At that meeting, the FDA representatives reiterated the 
position of their organization that better science should lead to better regulations. 
They also emphasized that they are open to discussion on alternative approaches to 
control strategies. They accepted that AIM would be a useful research tool and that 
it could save time, providing a larger throughput. AIM-based methods also have the 
potential to be more environmentally friendly than the current full-resolution CI 
approach. It appears that the following approach would be a suitable solution from 
the European regulatory perspective [ 26 ]:

    1.    Adoption of AIM methodology as option in Ph. Eur. monograph 2.9.18 (with no 
specifi c confi guration). Seek harmonization with USP/JP at the outset.   

   2.    Inclusion of EDA concept with associated  ISM  and     LPM/SPM  metrics in Ph. 
Eur. Chap. 2.9.18 as optional methodology.   

   3.       Amend Ph. Eur. monograph on preparations for inhalation by deletion of fi ne- 
particle dose as mandatory test and replacement with a more general requirement 
to adopt limits for those parameters that are able to discriminate between accept-
able and unacceptable batches.    

  Beyond these promising signs of eventual acceptance, some issues were raised 
that still need to be addressed.    Most of these concerns are related to statistical 
aspects of EDA, such as (a) how various APSD fractions are correlated with EDA 
metrics, (b) whether different APSDs can share the same  LPM/SPM  ratio, and (c) 
how bimodal APSDs can be interpreted by an EDA-type approach. 

 There is also an overarching concern whether there is a loss of information 
potentially available from full CI stage data, by having EDA metrics alone. This 
consideration would be most relevant in a QC test where, in the USA, the FDA 
requires a specifi cation set on several size fractions (usually at least 4), whereas 
EDA would provide only two metrics, the  LPM/SPM  ratio and  ISM . Given these 
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apprehensions, it is therefore incumbent upon the pharmaceutical industry stake-
holders to provide convincing arguments in favor of both AIM and EDA through a 
combination of open publications and, where appropriate, direct presentation to 
regulators. 

 An important message arising from these opportunities for dialogue with regula-
tory agency representatives is that AIM and EDA do not present any major obstacles 
to becoming useable techniques. Indeed, during questions at the special sympo-
sium, the FDA representatives made it clear that to have AIM as a compendial 
technique would provide a useful practical approach to ensure the adoption of con-
sistent methodology across the industry. The position of the EMA representative 
concerning compendial adoption was similar (see above). 

 Representatives from the European Pharmaceutical Aerosol Group (EPAG) pro-
vided a briefi ng to the UK Medicines and Healthcare Products Regulatory Agency 
(MHRA) on the AIM concept in June 2011, at which a cautiously favorable response 
was also received.    The representatives from the MHRA, taking a similar position to 
that voiced earlier by the FDA representatives at the    IPAC-RS satellite meeting 
entitled “ Perspectives on Effi cient Data Analysis and Abbreviated Impactor 
Measurements as Quality Assessment Tools ” held at the Respiratory Drug Delivery 
Europe 2011 conference, that the development of a robust understanding of the 
relationship between full-resolution CI and AIM data for all OIP classes would be 
critical to their acceptance of the AIM approach. Given the signifi cant differences in 
equipment and data assessment, AIM could be considered by the MHRA as a “new 
technology,” and as such the justifi cation for its adoption would have to refl ect this 
standing through appropriate validation. Inclusion of AIM-based methodology in a 
Ph. Eur. monograph would go a long way towards demonstrating the approach to be 
valid and justifi able for use, since Ph. Eur. test methods are considered authoritative 
in the case of any dispute in post-marketing surveillance. These suggestions further 
highlight the importance to have AIM-based methods formalized by inclusion in the 
compendia. 

    Within the compendial environment, both the Aerosols Subcommittee of the 
USP General Chapters—Dosage Forms Expert Committee—and the Inhalanda 
working group of the Ph. Eur. will need to conduct their own assessments both tech-
nically and from a quality assurance standpoint as the fi rst step towards adoption. It 
is anticipated that from the start, both groups will share dialogue and move, either 
formally or informally, towards “harmonized” AIM and EDA positions that lead 
ultimately to harmonized monographs. The best route for this to occur would be for 
AIM and later perhaps EDA to be progressed through the formal PDG harmoniza-
tion process which includes all three leading pharmacopeia (USP, Ph. Eur., and JP). 
In Europe, pharmaceutical industry stakeholders can remain involved by lobbying 
their respective national pharmacopeial authorities to progress this process as well 
as by responding to technical articles appearing in the journals  Pharmeuropa 
Scientifi c Notes  and draft monograph texts that are published in  Pharmeuropa . In 
the USA and Canada, the most effective way to remain involved will be through 
responses to “ Stimuli to Revision ” articles, when they appear in the journal, 
 Pharmacopeial Forum , and later as draft chapters are published in this journal for 
public review.  
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11.5     Concluding Observations 

 There are many AIM apparatus confi gurations available and several reasons why 
one may choose to use an AIM-based technique, as have been explained in earlier 
chapters. It is evident that incorporation of AIM (and possibly EDA) into the 
pharmacopeial monographs related to OIP testing will be a key component in 
gaining acceptance by the regulatory agencies. Given this situation, it will be a chal-
lenge to describe each AIM apparatus confi guration, even though currently several 
full- resolution CI apparatuses are described within the pharmacopeias. However, 
such a process may not be necessary, as a description of AIM and EDA as concepts 
associated with narrative comprising minimum apparatus requirements may be a 
suitable alternate approach. 

 In the short term, stakeholders within the inhaled pharmaceutical industry 
involved in OIP assessments, and desirous of seeing AIM and EDA become accepted 
as routine processes, need to work collaboratively to achieve the following goals:

    (a)    To establish precisely where AIM and EDA have utility and, perhaps more 
importantly, where they are not applicable   

   (b)    To demonstrate unambiguously that AIM and, preferably, EDA as well are “fi t 
for purpose”   

   (c)    To assist in helping the working groups of the USP and Ph. Eur. develop appro-
priate methods for the compendia     

 Once these goals have been met, then all that remains to be achieved is that these 
concepts become recognized within relevant regulatory guidance as these documents 
are revised. Under the current mode of operation, this would give pharmaceutical 
industry stakeholders confi dence in the application of the techniques, and it would 
indicate that many (all) of the general and specifi c concerns that the various regula-
tory agencies have about AIM and EDA had been addressed. Put in other words, at 
this mature stage the concepts would no longer be regarded as “new technology.” 

 As a fi nal thought, as regulatory guidance moves towards a QbD approach, it 
could be anticipated that specifi c techniques may not be mentioned in detail, as, 
from the user’s perspective, the selection process should be based more on the suit-
ability of the underlying science and not just because a given method is a listed 
technique. In other words AIM and EDA may or may not always be the most appro-
priate (quality) assessment tools to be used in the OIP life cycle, and the sponsoring 
company will need to assess the situation at each stage and justify their use to a 
regulatory agency with appropriate science-based arguments.     
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    Abstract     The previous chapters have focused primarily on the application of 
 AIM- EDA in the quality control part of an OIP lifecycle. An AIM-based approach 
would also be desirable for comparing and ideally correlating in vitro APSD-derived 
metrics with the likely particle deposition profi le in the HRT that in turn should be 
linked with clinical effects. In addition to selection of appropriate size boundaries 
between coarse and fi ne particle mass fractions, there is the consideration of modi-
fying the reduced impactor to add a third subfraction that relates to the measurement 
of the fraction of the dose ex-inhaler that comprises extra-fi ne submicron-sized par-
ticles. Furthermore, adapting the AIM concept to an alternative approach in which 
more clinically pertinent measures of in vitro performance are obtained raises the 
prospect of making the aerosol transport system more realistic in terms of human 
anatomy. An obvious move in this direction would be to replace the USP/Ph.Eur. 
induction port that was designed primarily to support OIP QC-based testing with an 
inlet that more appropriately models aerosol fl ow through the human oropharyn-
geal/nasopharyngeal region, depending upon patient age being studied. This chap-
ter describes key features of how so-called AIM-pHRT systems might be constructed. 
The prefi x “p” refers to the potential application of this alternative AIM-based 
approach. It will be for sponsors of this type of CI-based measurement application 
to undertake validation studies with their products. Such studies will likely compare 
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measurements with AIM-pHRT apparatus(es) with both full-resolution CI data and 
particle deposition profi les utilizing imaging methods, such as gamma scintigraphy, 
positron emission tomography, or possibly magnetic resonance imaging. The chap-
ter concludes with the results from the fi rst laboratory-based evaluation of an AIM- 
pHRT system based on the ACI equipped with the recently commercialized “Alberta 
Idealized Throat” (AIT) adult upper airway geometry.  

12.1         A Roadmap for Improved Comparisons of Laboratory- 
Generated OIP Performance Measures with Clinical Data 

 An AIM-based approach can potentially be used to compare and correlate in vitro 
APSD data with the likely particle deposition profi le in the HRT that should ideally 
be linked with clinical effects [ 1 ,  2 ]. The relationship between deposition locations 
in the lower HRT and the clinical effect of the drug being delivered in aerosol form 
depends on the action of the API(s) in relation to appropriate receptors at different 
locations within the respiratory tract. Some drug products may be designed to pen-
etrate deep into the periphery of the lung [ 3 ,  4 ], although others may be intended for 
deposition primarily in central or upper airways for maximum effectiveness [ 5 ,  6 ]. 
In Chap.   2    , it was explained that the size selectivity of the HRT is relatively poor 
compared with that of a CI. It can therefore be argued that any further detail in terms 
of size resolution beyond the three fractions  CPM ,  FPM , and  EPM , traditionally 
reported when reducing the raw data from full-resolution CIs into stage groupings, 
is superfl uous from the clinical perspective [ 7 ]. Interestingly, only three size 
fractions—oro- or nasopharyngeal, tracheobronchial, and alveolar deposition—are 
used in the fi eld of occupational health to describe the inhalation of potentially toxic 
particles [ 8 ]. 

 Furthermore, similar size fractions based on the mass of particulate matter <10.0, 
2.5, and 1.0 µm aerodynamic diameter ( PM  

10
 ,  PM  

2.5
 , and  PM  

1.0
 ) defi ne bounds for 

respiratory tract-relevant deposition fractions related to atmospheric environmental 
pollutants (Fig.  12.1 ) [ 8 ]. Given this albeit indirect evidence from related fi elds of 
study involved with inhalation of potentially harmful aerosol particles, it can be 
argued that any more detailed fractionation of the APSD in the context of therapeu-
tic drug delivery to the respiratory tract both dilutes the essential information to 
assess clinical safety and effi cacy and has the potential to magnify intrinsic data 
variability.

   Replacement of the right-angle bend USP/Ph.Eur. induction port (Fig.  12.2 ) 
should be considered as the fi rst step towards the development of either full- 
resolution or abbreviated CI measurements that provide data for comparison with 
lung deposition profi les.

   Although the right-angle bend internal geometry suffi ces for measurements 
related to OIP quality control, where the emphasis has to be on simplicity as a 
key component of method robustness, this inlet pathway differs markedly from 
actuality [ 9 ]. Apart from considerations concerning the effect of real upper airway 
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geometry on aerosol transport processes, the compendial inlet has the same 
internal dimensions regardless of the end user of the product (infant, small child, or 
adult). There is also a signifi cant body of evidence identifying the divergence 
between lung deposition data and in vitro measurements of metrics derived from 
OIP APSDs by full- resolution systems equipped with the USP/Ph.Eur. induction 
port [ 10 – 12 ]. 
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  Fig. 12.1    Comparison between defi nitions for size-segregated pollutant aerosol (PM-series), 
ICRP lung deposition subfractions for a healthy male (PIFR = 28.3 L/min;  V  = 2 L), and cut-point 
sizes for the eight-stage nonviable ACI at 28.3 L/min       

  Fig. 12.2    Schematic of USP/
Ph.Eur. induction port inlet       
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 As early as the mid-1990s, Berg reported [ 13 ], in a survey of OIP test 
methodologies, that casts of human throats of the sort described at that time by 
Swift [ 12 ] are better models to mimic the upper respiratory tracts of both adults 
and children than a standardized glass inlet having a simplifi ed fl ow channel analo-
gous to that for the USP/Ph.Eur. induction port. 

 In 1998, Dolovich and Rhem pointed out the wide variety of simplifi ed and ana-
tomically accurate inlets that are available for OIP testing, in the context of demon-
strating the importance of inlet design for both the quantity (mass) and size 
distribution of the aerosol that eventually gets to the CI measurement system [ 9 ]. 
Figure  12.3  is an example of an adult upper airway cast developed around this time 
by 3M Drug Delivery Systems for their research. In calibration/validation experi-
ments, Velasquez and Gabrio showed that the collection effi ciency profi le of this 
inlet was shifted signifi cantly to fi ner sizes compared with the positions of other 
standardized inlet designs [ 14 ], including that of the USP/Ph.Eur. induction port 
(Fig.  12.4 ).

    On the basis of the data from Velasquez and Gabrio [ 14 ], it might be anticipated 
that an AIM-based CI with an anatomically accurate upper airway would allow less 
coarse particulate through to the CI entry. In the case of MDI-generated aerosols, 
such an airway might also prevent less API mass contained in the ballistic fraction 
from reaching the CI system. The ballistic component of the emitted dose comprises 
a high-velocity droplet stream that exits from the inhaler mouthpiece as the propel-
lant fl ash evaporates. This idea is taken up later in this chapter when data obtained 
in 2011 with the commercialized “Alberta Idealized Throat” (AIT) geometry, devel-
oped by Finlay at the University of Alberta, Canada, are discussed. 

 The 3M model contained other important refi nements, including a realization 
of the upper part of the trachea-bronchial tree together with a fi lter to mimic 
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3M Silicone Cast  Fig. 12.3    Silicone cast of an 
adult upper airway developed 
by 3M Drug Delivery 
Systems ( From  [ 9 ] —used 
with permission )       
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 deposition further into the airways that are probably impractical in an AIM-based 
apparatus. Importantly, Velasquez and Gabrio were able to obtain good agreement 
in terms of mass of API deposited in the interior of their biological replica cast as a 
function of the mass deposited in these upper airways, the distal airways, and 
exhaled mass, with regional deposition data from gamma scintigraphic studies with 
adults. In both instances, they used radiolabeled aerosols from CFC-salbutamol 
(Fig.  12.5a ) and CFC-cromoglycate (Fig.  12.5b ) MDI-delivered products, repre-
senting aerosols containing lower and higher mass percentages of coarse particu-
late, respectively.
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replica cast refers to the 3 M inlet, and the MMI inlet is the induction port designed for Marple- 
Miller impactors. The proposed USP inlet was a new design of induction port that was not adopted 
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   It is conjectured that the incorporation of more realistic models of the upper 
respiratory tract may offset some or all of the consistent bias observed in CI mea-
surements comparing whole lung deposition with CI-measured  FPF  

<6.8μm
  reported 

by Newman and Chan [ 2 ] (Fig.  12.6 ).
   Their analysis collected data using the USP/Ph.Eur. induction port for 33 inhal-

ers representing all classes of OIP. Importantly, Newman and Chan observed that 
when a glass bulb inlet to the MSLI was used, all the DPI data lay on the same 
regression line, but the data point for the MDI group lay away from the line [ 2 ]. 
After replacing the glass bulb inlet to the impinger with a nonstandard inlet made 
from an anatomical cast of the oropharynx, the data for all inhaler classes, including 
the MDIs, lay on a single regression line. In consequence, they suggested that an 
anatomical inlet to the MSLI would allow for more ready comparison between 
inhalers of different classes. It would therefore seem reasonable to extend this con-
clusion to the other CI types, given that the differences observed appeared to be 
related to the aerosol transport behavior upstream of the APSD measurement 
apparatus. 

 In this context, as a further refi nement towards the realization of clinical reality, 
an inlet having a fi xed internal geometry would not be able to refl ect changes in 
particle deposition brought about by variations in oral cavity volume. Such effects 
happen with real patients if they use devices with different mouthpiece dimensions 
and are consequently opening their mouth wider or less wide [ 15 ]. Although ana-
tomically correct inlets having varying oral cavity volume are the obvious solution, 
use of such inlets has practical complications associated with them (e.g., simulation 
of the mucosa, drug recovery from the complex geometries of the interior surfaces). 
The recent development of anatomically correct models developed from 3D MRI 
scans of live patients should provide at low-cost aerosol transport conditions as 
close to those in reality as is possible for such in vitro systems [ 16 ]. 
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 The relationships between respiratory tract internal dimensions, complexity in 
terms of modeling anatomic structures in the aerosol fl ow pathway, and their asso-
ciation with meaningful IVIVRs continue to be a hotly debated area [ 9 ]. It is 
 foreseeable that as inlets representing different patient age classes (i.e., infant, small 
child, and adult) are developed [ 17 – 19 ], this debate will intensify. 

 There can be large inter-patient variability in clinical trials to elicit dose–response 
relationships with inhaled medication [ 20 ,  21 ], in addition to the less frequently 
considered added variability introduced with disease-modifying patency of airways 
in the respiratory tract and resulting lung function [ 22 ,  23 ]. Hence, small shifts in 
mass within the size ranges related to  CPM  and  FPM  subfractions in the event that 
the boundary is set at either 4.7 or 5 µm aerodynamic diameter in an AIM-pHRT 
system in order to match full-resolution data following North American or European 
practices, respectively, are unlikely to have measurable clinical consequences. This 
situation may be true even when a convincing IVIVR is established, as could be 
argued is potentially possible for some bronchodilator-based formulations [ 2 ]. To 
put in another way, the precision of existing CI-based methods for determining 
these QC metrics greatly exceeds the precision available to the clinician for the cor-
responding clinical metrics such as forced expiratory volume in 1 s ( FEV  

1
 ), forced 

expiratory fl ow from 25 to 75 % of vital capacity ( FEF  
25–75

   
%
 ), and similar indicators 

of airway patency obtainable from well-established spirometric measurements to 
assess obstructive disease [ 24 ]. The higher precision of in vitro methods is likely to 
become even more apparent for other therapeutic modalities such as inhaled anti- 
infl ammatory products, where IVIVRs are not yet established with confi dence [ 2 ].  

12.2      Criteria for Abbreviated CI Systems Appropriate 
for Comparison with Clinical Data 

 The qualifi cation of the clinical batches of OIP drug product together with the labo-
ratory assessment of certain add-on devices (spacers and VHCs used with MDIs) 
that substantially affect the size properties of the emitted aerosol also necessitates 
the measurement of APSD-based data that may not always be appropriate to ana-
lyze in terms of the EDA metrics  LPM / SPM  and  ISM . The main reasons for such a 
limitation are as follows:

    1.    The boundary between  LPM  and  SPM  is intended to be chosen to be as close as 
practical to the  MMAD  of the product in order to optimize the sensitivity of these 
metrics to small changes in APSD [ 25 ]. Depending upon the formulation in 
question, this limit may be at a signifi cantly fi ner size than the traditional limit of 
5 µm aerodynamic diameter used for discriminating particles that penetrate 
beyond the upper respiratory tract to the airways of the lungs in adults.   

   2.    The metric  ISM  excludes the mass of API that is collected in the induction port 
(and pre-separator if used). These amounts are important in the assessment of 
add-on devices (spacers and valved holding chambers) that are widely used with 
MDIs to mitigate upper airway deposition [ 26 ].    
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  In these instances, the abbreviated measurement concept can still apply to OIP 
characterization, but through measures of coarse, fi ne, and possibly extra-fi ne par-
ticle fractions (Fig.  12.7 ).

   The metrics associated with such a so-called AIM-pHRT-based apparatus are 
based on the stage  d  

50
  values for the ACI operated at a fl ow rate of 28.3 L/min. The 

terms “ Ex-MVM ,” “ Ex-ActM ,” and “ IM ” refer to total mass of API ex-metering 
valve (in the case of an MDI), ex-inhaler mouthpiece, and mass collected in the 
impactor, respectively. Although some studies have demonstrated moderately good 
IVIVRs using anatomically correct model inlets [ 9 ,  27 ], more experimental work 
remains to be done to explore the full potential for such approaches as a prediction 
tool for lung dose from OIPs (Sect.  12.2 ). In particular, there is currently no stan-
dardized adult anatomical throat/upper airway. Those made from cadaver casts have 
been reported as being prone to bias caused by partial tissue collapse, but inlets 
reconstructed from three-dimensional imaging from living subjects using magnetic 
resonance imaging (MRI) show promise [ 28 ,  29 ]. 

 The dimensions of the upper airways (mouth, pharynx, and larynx) vary between 
individuals [ 9 ], with the position of the tongue determining the velocity of inhaled 
air through the mouth. Such intrinsic variability will inevitably result in fl uctuations 

  Fig. 12.7    Metrics pertinent to understanding particle deposition in a pHRT CI based on the ACI 
design operated at 28.3 L/min       

 

J.P. Mitchell et al.



383

in the amount of inertial impaction that occurs in the upper airways from one patient 
to another, which in turn controls the mass of aerosol able to penetrate further into 
the respiratory tract and reach the airways of the lungs [ 2 ]. 

 Given the importance of the upper respiratory tract geometry to the resulting 
aerosol deposition profi le in the lungs [ 30 ], an obvious refi nement to the AIM- 
pHRT concept would be to replace the compendial inlet with an anatomically cor-
rect throat model. One of the better examples is the model produced from MRI 
studies facilitated in the early 2000s by the Oropharyngeal Consortium, comprising 
three leading pharmaceutical companies, namely, AstraZeneca Research and 
Development, Aventis Pharma, and GSK plc [ 31 ]. The consortium members sought 
to understand the response of the human oropharynx to OIPs and the subsequent 
effect of that response on the lung dose of inhaled medication. As a fi rst step to 
achieving these aims, structural information of the oropharyngeal region was 
required. The resulting model, an example of which is shown in sagittal view in 
Fig.  12.8 , was developed with human volunteers during an appropriate inhalation 
maneuver [ 32 ].

   Given the diffi culty in agreeing upon a standard adult upper airway anatomy and 
commercializing such a model, it is likely to be more convenient to make use of the 
“Alberta” idealized adult anatomic throat (AIT) geometry that has been developed 
and extensively validated by Finlay and colleagues in the early 2000s [ 33 – 36 ] 
(Figs.  12.9  and  12.10 ).

    Even making use of this model, there is still the limitation that currently there 
are no similar models yet commercially available to support in vitro studies to 
determine the performance of OIPs intended for infants and small children, in 
which the anatomy differs signifi cantly from that of an adult [ 37 ], including the 
presence of obligate nasal breathing [ 38 ]. However, at the time of writing, this posi-
tion may be about to change [Copley M (2012) Copley Scientifi c Ltd, personal 
communication], given the recent validation of an idealized child upper airway 
inlet [ 17 ].  

  Fig. 12.8    Adult upper 
respiratory tract from MRI 
scan. Region A = oral cavity; 
B = pharynx; C = larynx 
opening into pharynx; 
D = larynx ( From ( [ 31 ] —
external view) and ( [ 32 ] —
MRI image)—used with 
permission )       
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12.3     Validation of an AIM-pHRT System Based on the ACI 

 In Chap.   10    , the description of the in vitro evaluation of a prototype AIM-pHRT 
system based on the ACI and confi gured to have stage  d  

50
  values in accordance with 

Fig.  12.7  was validated as one arm of a systematic investigation of precision and 
accuracy of this system, an AIM-QC impactor, with a full-resolution ACI as the 

  Fig. 12.9    “Alberta” idealized adult anatomic throat (AIT) commercialized by Copley Scientifi c 
Ltd, as inlet to an NGI ( Courtesy of Copley Scientifi c Ltd  )       

  Fig. 12.10    Opened “Alberta” idealized adult anatomic throat (AIT) showing fl ow pathway 
( Courtesy of Copley Scientifi c Ltd )       
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reference system, using MDI-delivered salbutamol as the test formulation [ 39 ]. All 
CIs were equipped with a USP/Ph.Eur. induction port, as the purpose of this initial 
validation exercise was to establish the measurement capability of the AIM-based 
systems as cascade impactors, rather than compare the effect of different inlets. Full 
details of the study are provided in Chap.   10    , so the summary of the main fi ndings 
provided here just relates to the AIM-pHRT system. Importantly, this study con-
fi rmed that the measurement precision and accuracy for measures of  FPM ,  CPM , 
and  IM  were comparable with that using the full-resolution ACI. 

 The follow-on study confi rmed that a fi lter soaked in the polyoxyethylene lauryl 
ether surfactant (Brij 35) used to mitigate particle bounce from the collection plates 
of these impactors was needed for the second stage of the AIM-pHRT impactor [ 40 ]. 
The surfactant-soaked fi lter provided additional protection from this source of bias in 
order to obtain measures of  EPM  that were comparable with the range of values 
obtained from the ACI. Although values of  FPM  and  CPM  were apparently unaf-
fected by particle bounce arising from displacement of the surfactant layer by the 
incoming fl ow through the fi rst impaction stage, it may be prudent for the most accu-
rate work to consider the soaked fi lter option as a precaution with this type of AIM-
pHRT system. Recent work by Chambers and Smurthwaite, also discussed in Chap. 
  9    , with a fi ne particle dose-abbreviated impactor that is based on the parent ACVI 
(Westech Instruments Ltd, UK), containing surfactant-soaked fi lters, indicates that 
internal losses may be reduced with this mitigation measure for particle bounce [ 41 ]. 

 A comparative study was undertaken in 2011, comparing an AIM-pHRT system 
based on the C-FSA equipped with an adult AIT idealized throat inlet with the same 
CI using the standard USP/Ph.Eur. induction port (Copley Scientifi c Ltd, UK, 
Fig.  12.11 ).

   MDI-delivered salbutamol (albuterol) was chosen as the OIP for evaluation, 
given that the bulk of the API mass contained within the aerosol APSD is in the 

  Fig. 12.11    AIM-pHRT 
system based on the ACI 
equipped with “Alberta adult 
throat” inlet ( Courtesy of 
Copley Scientifi c Ltd, UK )       
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important range from 1 to 5 µm aerodynamic diameter [ 42 ]. A detailed description 
of the testing and data that were obtained is provided below, as this type of informa-
tion is a good guide as to the amount of detail that will be required when introducing 
the AIM-pHRT approach into routine use with whatever OIP class to which this 
apparatus is being applied. 

 In this investigation, the interior surfaces of the AIT were coated with a thin layer 
of silicone oil to simulate the mucosa, as was done by Ehtezazi et al., investigating 
the MDI-delivered medication to a cascade impactor via different anatomically cor-
rect oropharyngeal models [ 43 ]. The CI collection plates were also oil coated to 
mitigate particle bounce and re-entrainment, in accordance with the practice estab-
lished in previous AIM-based studies [ 44 ]. The comparative data obtained from the 
full-resolution ACI as control system with either USP/Ph.Eur. induction port or with 
AIT and the AIM-pHRT apparatus with AIT are summarized in Table  12.1 .

   Individual total mass recovery values for salbutamol were within ±16 % of the 
label claim (100 µg/actuation), with most values lying within ±10 % label claim. 
The grouped mass recovery values (µg/actuation; mean ± SD) were equivalent at 
100.5 ± 7.7, 97.2 ± 4.9, and 101.5 ± 9.5 for the AIM-pHRT, ACI-AIT, and ACI-Ph.
Eur./USP confi gurations, respectively (1-way  anova ,  p  = 0.64). These system suit-
ability data were close to expectations for the particular OIP, indicating that internal 
losses of API were minimal, whichever confi guration was being evaluated. 

 Individual stage deposition data were highly reproducible, with their coeffi cients 
of variation ( C-of-V ) being comparable across confi gurations, and increasing in 
magnitude with decreasing absolute mass as would be expected as these values 
approached closer to the lower limit of detection of 0.1 µg salbutamol/actuation. 

 The corresponding APSDs, normalized either to total mass of salbutamol ex- 
inhaler ( TM  

 exMVM 
 , Fig.  12.12a ) or just to the mass recovered from the full- resolution 

    Table 12.1    Mass salbutamol per actuation (µg) for the ACI-USP/Ph.Eur. induction port and AIM- 
pHRT with USP/Ph.Eur. and AIT inlets ( From  [ 42 ] —used with permission )   

 Apparatus  AIM-pHRT  ACI 

 Location  AIT  AIT  USP/Ph.Eur. 

 Inhaler mouthpiece + inlet  54.7 ± 3.6  52.9 ± 2.3  55.0 ± 4.9 
 Stage 0  2.3 ± 0.3  5.4 ± 0.9 
 Stage 1  1.4 ±7 0.1  2.5 ± 0.2 
 Stage 2  4.5 ± 0.7  1.9 ± 0.1  2.6 ± 0.4 
 Stage 3  8.4 ± 0.6  9.6 ± 1.0 
 Stage 4  17.9 ± 1.3  15.7 ± 2.2 
 Stage 5  39.6 ± 4.0  10.5 ± 1.3  8.5 ± 0.8 
 Stage 6  1.0 ± 0.1  1.0 ± 0.1 
 Stage 7  0.3 ± 0.1  0.3 ± 0.1 
 Filter  1.7 ± 0.3  0.7 ± 0.3  0.8 ± 0.2 
  TM  

 exMVM 
   100.5 ± 7.7  97.2 ± 4.9  101.5 ± 9.5 

  IM   45.8 ± 4.9  44.2 ± 3.0  46.5 ± 4.6 

    n  = 5 replicates per apparatus/inlet confi guration; mean ± SD  
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  Fig. 12.12    Cumulative mass-weighted APSDs from full-resolution ACI measurements for MDI- 
delivered salbutamol with  Q  = 28.3 L/min compared with measures of  FPF  

<4.7 µm
  and  EPF  

<1.1 µm
  

from the AIM-pHRT with AIT inlet ( From  [ 42 ] —used with permission ). ( a ) Based on total mass 
ex-inhaler ( TM  

 exMVM 
 ). ( b ) Based on impactor mass ( IM )       
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ACI ( IM  in Fig. 12.12b ), both indicated that replacing the USP/Ph.Eur. induction 
port with the AIT resulted in a slight shift to fi ner sizes and decreased APSD 
“spread,” based on comparisons of  GSD . However, although the decrease in  MMAD  
determined was just below statistical signifi cance for  MMAD , the corresponding 
decrease in  GSD  was signifi cant (Table  12.2 ).

    This behavior is comparable with that observed in a previous investigation by the 
same group, using a Next Generation Pharmaceutical Impactor (NGI) with a similar 
MDI-delivered formulation containing salbutamol and sampling at the slightly 
higher fl ow rate of 30 L/min [ 45 ] (Fig.  12.13a ).

   In that previous investigation [ 45 ], a similar movement of the aerosol APSD to 
fi ner sizes was also seen evaluating a DPI (Fig.  12.13b ). Taken as a whole, these 
measurements indicate that use of the AIT can be expected to result in impactor- 
sized aerosols that have higher  FPF  values than those that would be obtained using 
the USP/Ph.Eur induction port. Notwithstanding the fact that the upper bound size 
for  FPF  

6.8 μm
  in the Newman–Chan correlation [ 2 ] shown in Fig.  12.5  is at a signifi -

cantly larger size than in these validation studies, such a trend, if maintained at the 
larger upper size limit for  FPF , would be in keeping with a movement of the values 
nearer the line of identity and therefore closer to the demonstration of IVIVCs, at 
least with lung deposition data using gamma scintigraphy. 

 Grouped salbutamol mass deposition data (mean ± SD) from the study of Copley 
et al. [ 42 ] are summarized in Table  12.3 , as these are the measures on which the 
comparability of AIM versus full-resolution CI measurements are perhaps best 
evaluated. Note that  CPM  

>4.7 μm
  included the mass retained by the inlet as well as that 

penetrating to stage 2 of the ACI or the upper impaction stage of the AIM- pHRT 
system.

      Values of coarse particle mass ( CPM  
>4.7 μm

 ), fi ne particle mass ( FPM  
<4.7 μm

 ), and 
extra-fi ne particle mass ( EPM  

<1.1 μm
 ) all determined ex MDI valve, were calculated 

from the individual component deposition data, and are summarized in Table  12.3 . 
The change from the USP/Ph.Eur. induction port to an AIT with the full-resolution 
impactor resulted in a signifi cant decrease in  CPM  

>4.7 μm
 , to values that were consistent 

with the same metric determined by the AIM-pHRT system with AIT. On the other 
hand, values of  FPM  

<4.7 μm
  and  EPM  

<1.1 μm
  were insignifi cantly affected. These fi ndings 

demonstrated the suitability of the abbreviated system with the AIT compared with its 
full-resolution counterpart. Importantly, they also indicated that the change of induc-
tion port, as expected, had more infl uence on the ballistic fraction of the incoming 
dose, rather than on the aerosol that penetrated beyond the inlet into the CI. 

   Table 12.2    Descriptive statistics for the cumulative mass-weighted 
APSDs for MDI-delivered salbutamol (100 µg/actuation) based on  ISM  
( From  [ 42 ] —used with permission )   

 Confi guration  ACI-AIT inlet  ACI-USP/Ph.Eur. inlet 

  MMAD  (µm)  2.7 ± 0.0  3.0 ± 0.1 
  GSD   1.6 ± 0.0  2.1 ± 0.3 

    n  = 5 replicates per apparatus/inlet confi guration; mean ± SD  
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  Fig. 12.13    Comparative APSDs of MDI-delivered salbutamol for an NGI equipped with either 
Ph.Eur./USP induction port or AIT and operated with  Q  at 30 L/min ( From  [ 45 ] —used with 
permission )       
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 Values of the various mass fractions ( CFF  
>4.7 μm

 ,  FPF  
<4.7 μm

 , and  EPF  
<1.1 μm

 ) calcu-
lated based on the total mass recovered from the inhaler mouthpiece, inlet, and 
impactor ( TM  

 exMVM 
 ) are presented in Table  12.4 . The values of  C-of-V  associated 

with  CPF  
>4.7 μm

  and  FPF  
<4.7 μm

  were all highly reproducible at <5 %, with corre-
sponding values in the range from 11.8 to 20.0 % for  EPF  

<1.1 μm
 , refl ecting less 

absolute mass of API associated with this subfraction. Differences in all of these 
measures from one confi guration to another were small, as the result of the large 
absolute mass associated with the ballistic fraction that was collected by the appro-
priate inlet relative to the corresponding values of  IM  (Table  12.1 ).

   When values of  CPF  
>4.7 μm

 ,  FPF  
<4.7 μm

 , and  EPF  
<1.1 μm

  were determined based only 
on the mass captured in the impactor ( IM  in Table  12.4 ), the outcomes were found to 
be more discriminating of differences in confi guration between the systems. 

 Thus,  CPF  
>4.7 μm

 , which was now based solely on the mass collecting upon either 
impactor stages 0–2 for the two ACI confi gurations or on the fi rst stage of the AIM- 
pHRT system, was substantially greater for the ACI-Ph.Eur./USP system 
(22.8 ± 1.4 %), compared with the same measure obtained by ACI-AIT confi gura-
tion (12.5 ± 1.0 %). 

 The value of 9.8 ± 0.6 % for  CPF  
>4.7 μm

  obtained with the AIM-pHRT system was 
also slightly lower than that obtained with ACI-AIT confi guration. However, such a 
difference could potentially be anticipated from a theoretical analysis of the effect 
of removing intermediate stages on performance as the result of the imperfect size 
selectivity of practical impactor stages, refl ected by deviations in their collection 
effi ciency-particle aerodynamic size profi les from step functions at the effective 

    Table 12.3    Values of  CPM  
>4.7 µm

 ,  FPM  
<4.7 μm

 , and  EPM  
<1.1 µm

  ex MDI metering valve from AIM- 
pHRT and full-resolution ACI confi gurations evaluated with MDI-delivered 100 µg/actuation 
salbutamol ( From  [ 42 ] —used with permission )   

 Metric 
(mean ± SD) 

 AIM-pHRT with AIT 
inlet (µg/actuation) 

 ACI with AIT inlet 
(µg/actuation) 

 ACI with USP/Ph.Eur. 
inlet (µg/actuation) 

  CPM  
>4.7 μm

   59.2 ± 4.2  58.4 ± 2.4  65.6 ± 5.8 
  FPM  

<4.7 μm
   41.3 ± 4.2  38.7 ± 3.0  35.9 ± 3.8 

    Table 12.4    Values of  CPF  
>4.7 µm

 ,  FPF  
<4.7 µm

 , and  EPF  
<1.1 µm

  ex MDI metering valve from AIM- 
pHRT and full-resolution ACI confi gurations evaluated with MDI-delivered 100 µg/actuation 
salbutamol based on  TM  

 exMVM 
  ( From  [ 42 ] —used with permission )   

 Measure of 
total mass 

 Metric 
(mean ± S.D.) 

 AIM-pHRT with 
AIT inlet (%) 

 ACI with 
AIT inlet (%) 

 ACI with USP/
Ph.Eur. inlet (%) 

  TM  
 exMVM 

    CPF  
>4.7 μm

   58.9 ± 1.8  60.2 ± 1.5  64.7 ± 0.6 
  FPF  

<4.7 μm
   41.1 ± 1.8  39.8 ± 1.5  35.3 ± 0.6 

  EPF  
<1.1 μm

    1.7 ± 0.2   2.0 ± 0.4   2.1 ± 0.4 
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cutoff diameter appropriate to each stage. This behavior has been described in detail 
in Chap.   2     [ 46 ] and illustrates the importance of evaluating the effect of removing 
stages on CI performance for the most accurate work with abbreviated systems.  

12.4     Additional Refi nements for the Complete 
AIM-pHRT System 

 Two further refi nements would improve realism in connection with clinically rele-
vant aerosol size-based metrics from OIPs. The fi rst is to operate the inhaler 
mimicking the process of inhalation [ 47 ]. The second is the ability to interface the 
inlet with anatomically appropriate representations of infant, small child, and adult 
faces for the testing of OIPs and add-on devices with a facemask as the patient 
interface [ 48 ]. Both improvements are equally applicable to full resolution as to 
abbreviated CI measurements. 

 The testing of DPIs of necessity involves the simulation of an inhalation, but the 
compendial methods are structured in such a way by developing a fi xed pressure 
differential of 4 kPa and sampling a fi xed volume of 4 L [ 49 ,  50 ], that the inhaler 
may not perform in the way it would in the hands of patients, whose inspiratory fl ow 
rate-time profi les, given age, obstructive lung disease severity, etc., could differ 
markedly from these reference conditions [ 51 ]. Although interfacing a CI to some 
form of breathing simulator is diffi cult, given the need to ensure constant fl ow rate 
at all times through the impactor, work by Daniels and Hamilton, with their elec-
tronic e-Lung™ [ 52 ], may offer promise (Fig.  12.14 ). Their evaluation of a FSI 
compared with a full-resolution NGI [ 53 ] was discussed in detail in Chap.   10    . They 
demonstrated how a programmable bellows arrangement connected via a feedback 
loop to the e-Lung™ may be used to vary the pressure drop-time profi le. They made 
the important fi nding that by decoupling the “inhalation” process from the DPI from 
the requirement of the CI to sample at a constant fl ow rate, bias caused by different 
fl ow ramp-up profi les between abbreviated and full-resolution CIs could be avoided.

   In the context of this chapter, it is important to note that they made use of a cast, 
anatomically correct adult inlet to which they connected their DPI. Furthermore, 
they were able to replicate actual profi les of patients with asthma and COPD [ 53 ]. 
This arrangement is shown schematically in Fig.  12.14 . 

 Another promising new development is a mixing inlet, originally developed by 
Miller [ 54 ] and now commercially available (Copley Scientifi c Ltd, UK, and also 
available through RDD Online, Virginia Commonwealth University, VA, USA), 
that can be interposed between the inhaler and CI, so that the former can be evalu-
ated using breath simulation. For the purpose of discussion here, this apparatus is 
referred to as the “Miller” mixing inlet. In the basic setup described in the sales lit-
erature, the continuously variable fl ow-time profi le from the inhaler (in this case 
with a DPI) is controlled by a breathing simulator (Fig.  12.15 ) that in turn is coupled 
to the sidearm of the mixer. A source of compressed air also provides a constant 
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  Fig. 12.15    Miller mixing inlet shown with breathing simulator and AIM-pHRT CI (Adapted from 
a schematic drawing supplied by Copley Scientifi c Ltd)       

  Fig. 12.14    e-Lung™ with capability to simulate patient pressure drop-inspiratory fl ow profi les 
using a programmable bellows arrangement ( From  [ 53 ] —Courtesy G Daniels )       
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fl ow rate ( Q  
const

 ) to the sidearm. This way, the fl ow through the impactor is kept 
constant also at  Q  

CI-const
 , ensuring good aerodynamic performance is maintained 

even when the fl ow rate through the device ( Q  
br-sim

 ( t )) itself is low. In addition, ( Q  
br-

sim
 ( t )) is always maintained smaller than  Q  

CI-const
  in this confi guration.

   This inlet has been applied to the assessment of DPIs by Olson et al. [ 55 ], evalu-
ating their performance with realistic upper airway models under three different 
adult breathing conditions, representing weak, medium, and strong inhalations 
(Table  12.5 ). The experimental arrangement they used in conjunction with a full- 
resolution NGI sampling at 80 L/min is illustrated in Fig.  12.16 .

    Olson et al. reported excellent agreement between the target adult patient inhala-
tion profi le for which the breathing simulator was programmed (dotted line) and 
generated profi le (solid line) for the medium fl ow profi le for one of the DPIs evalu-
ated (Fig.  12.17 ). They reported that the inlet fl ow rate in “standby” mode when the 
vacuum-generated fl ow from the NGI was counterbalanced by the infl ow of com-
pressed air was within ±0.05 L/min and the repeatability for a given downloaded 
inspiratory profi le to the breathing simulator with PIF of 70 L/min and FIR 

10–30 L/min
  

of 8 L/s 2  was about 1 % in terms of the coeffi cient of variation. These fi ndings indi-
cate that the arrangement is suffi ciently stable and repeatable for routine use. In the 
context of this chapter, the NGI could potentially be replaced by an AIM-based 
system, most conveniently the rNGI described in Chap.   10    .

   The “Miller” mixing inlet could also be useful for the evaluation of add-ons, such 
as VHCs, since these devices should ideally be evaluated while mimicking tidal 

   Table 12.5    Inhalation profi les used by Olson et al. [ 55 ] in studies to investigate DPI performance 
with mixing inlet arrangement shown in Fig.  12.15 ; the fl ow resistance of their DPI was 66 Pa 0.5 /
sL ( From  [ 55 ] —used with permission ) 

 Profi le  Peak inspiratory fl ow rate, PIFR (L/min)  Flow increase rate, FIR 
10–30 l/min

  (L/s 2 ) 

 Weak  65   4.0 
 Medium  77   5.9 
 Strong  92  13.5 

Throat Throat

0 L/min 60 L/min

80 L/min 20 L/min

80 L/min 80 L/min

80 L/min 80 L/min

Servomotor Servomotor

Cylinder+piston Cylinder+piston

Pressurized air Pressurized air

Vacuum Vacuum

computer computer

NGI Impactor NGI Impactor

Stand-by: no piston movement
with balanced flows

Test: piston movement in breathing
simulator causes flow through DPI

Mixing
Inlet

Mixing
Inlet

DPI DPI

  Fig. 12.16    Breathing profi le simulator developed by Olson et al . , using the “Miller” mixing inlet 
with a full-resolution NGI as CI system; an AIM-based CI could also have been used ( From  [ 55 ] —
used with permission )       
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breathing [ 56 ]. Such a system is illustrated in Fig.  12.18 , where it should be noted 
that there is two-way fl ow into and out of the breathing simulator, refl ecting the 
incorporation of the expiratory portion of the breathing cycle. In this setup, the 
selected breathing profi le,  Q  

br-sim
 ( t ), which could be either patient-generated or an 

idealized waveform, is shown with maximum inspiratory fl ow rate defi ned by the 
PIFR. The precise form of the exhalation profi le is less important, as its function is 
to close the inhalation and open the exhalation valve (if equipped) of the VHC on 
test. However, its duration should refl ect the expected duty cycle (inspiratory time 
as a percentage of the total time for the breathing cycle) for the patient age group 
being modeled (i.e., 33 % for an adult, 25 % for a child).

80

60

40

20

0
0 1 2

Time (s)

Flow
Rate

(L/min)

3 4

  Fig. 12.17    Target ( dotted 
line ) and generated ( solid 
line ) medium inspiratory 
profi le for a DPI to validate 
the breathing simulator- 
mixing inlet-CI measurement 
system described by Olson 
et al. ( From  [ 55 ] —used with 
permission )       

  Fig. 12.18    Schematic diagram of the Miller mixing inlet interfaced with an MDI and associated 
VHC       
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   This arrangement makes it possible to operate for more than one breathing cycle 
(i.e., for the evaluation of devices intended for use by infants or small children, in 
which more than one breath may be needed to empty the chamber [ 57 ]). Use of such 
an arrangement could in principle be combined with an AIM-pHRT impactor sys-
tem as well as an idealized or anatomically correct inlet. This type of setup refl ects 
the current state of the art with regard to mimicking the patient in the laboratory 
setting, and as a result, signifi cant work still needs to be done to validate these 
approaches and understand their limitations. 

 Infants and small children cannot use a mouthpiece as patient interface and so 
have to be prescribed inhalers with a facemask [ 57 ,  58 ]. Although studies have been 
undertaken to determine in vitro performance of VHC-facemask products with rep-
lica human faces [ 59 ], there are still no standard models that are commercially 
available. Such models should incorporate soft facial tissues to achieve realistic 
internal dead space between facemask and face when the facemask is applied with 
a clinically appropriate force in the range [ 60 ]. If they are combined with an ana-
tomically correct upper airway, they are probably the closest that can be currently 
obtained to clinical reality in the laboratory [ 61 ,  62 ].     The ADAM-III infant face 
was developed at Trudell Medical International, using an anatomically correct 
nasopharyngeal upper airway, based on work by Storey-Bischoff and colleagues at 
the University of Alberta, Edmonton [ 63 ]. Figure  12.19  is an example of the state 
of the art for this type of modeling.

  Fig. 12.19    ADAM-III infant face model with anatomically correct nasopharynx ( Facial model 
views from  [ 61 ] —used with permission, nasopharyngeal model courtesy of W. Finlay )       
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12.5        Guidelines for Developing AIM-pHRT Systems 

 If attempting to modify other full-resolution cascade impactors (not ACI or NGI) 
or to develop a new abbreviated apparatus, it would make sense to have guidelines 
for what constitutes an AIM-pHRT system. The following general considerations for 
the AIM-pHRT approach can be summarized, based on knowledge acquired to date 
(see in particular the validation studies described in this chapter and in Chap.   10    ):

    1.    An anatomically appropriate inlet should be used, based either on the Alberta 
idealized adult throat approach or a cast of an anatomically correct upper airway. 
If a cast is used, it should be preferably produced from MRI imaging rather than 
directly from cadaveric material to avoid possible deformation of the airway due 
to tissue collapse. The lining of the interior surfaces of the inlet should be thor-
oughly wetted with an appropriate low-volatile liquid to simulate the action of 
the mucosa as particle collecting media.   

   2.    Dead space before the fi rst impaction stage that matches    as closely as possible 
that of the full-resolution impactor used as the reference instrument, especially if 
working either with MDI-based solution formulations containing low-volatile 
species or with DPIs, where the airfl ow rise time profi le, should ideally mirror 
that achieved with the full-resolution system. In the case of DPI testing, adding 
a fi rst impaction stage to match the full-resolution impactor will not by itself be 
suffi cient to mirror the volume and fl ow resistance of the full impactor. 

 However, in the case of the ACI, it would be a practical alternative to retain 
the redundant stages in the abbreviated impactor, but locate them beneath the 
fi lter stage (e.g., in the stage order: 0, 2, 5, Filter, 1, 3, 4, 6, 7) to achieve this goal.   

   3.    The fi rst size-fractionation stage for the separation of fi ne from coarse particle 
fractions should be chosen such that its  D  

50
  size is fi xed as close as possible to 

5 µm aerodynamic diameter at the fl ow rate of intended use. Note, however, that a 
lower size limit closer to 3 µm aerodynamic diameter may be appropriate if testing 
OIPs and associated add-on devices are intended for infant or small child use [ 64 ].   

   4.    The second size-fractionation stage for the classifi cation of extra-fi ne particles as 
a subfraction of the fi ne particle fraction should be chosen to have its  D  

50
  value 

close to 1.0 µm aerodynamic diameter at the fl ow rate of intended use, as this 
size represents an upper limit where signifi cant portion of the inhaled particles 
may be exhaled without depositing in the lungs [ 65 ].   

   5.    A backup fi lter should be used to collect the extra-fi ne particles. Note that the 
micro-orifi ce collector (MOC) may be appropriate in the case of modifying the 
NGI, except if used at fl ow rates <30 L/min, for instance, in the evaluation of 
nebulizing systems at 15 L/min [ 66 ].    

  On this basis, the adaptation of the FSI (MSP Corp., St Paul, MN, USA), or any 
similar impactor, as an AIM-pHRT system may be limited, even though it could be 
used with an anatomically appropriate inlet without diffi culty. Its dead volume is 
fi xed, and it lacks a second size-fractionating stage to capture the  EPF  component. 
Nevertheless, this abbreviated CI could still be used to determine  FPF / CPF , and the 
importance of the fi xed dead space limitation is likely to be DPI-dependent.     
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    Abstract     The abbreviated impactor measurement (AIM) and effi cient data  analysis 
(EDA) concepts have both been presented in detail in previous chapters of this 
book, based on the knowledge acquired by the middle of 2012. It is recognized that 
both issues have attracted much interest from stakeholders involved with the in vitro 
testing of OIPs, and so the likelihood of further signifi cant developments in the next 
few years is very strong. This chapter therefore starts by looking at questions that 
were raised at a special symposium in the spring of 2011, at which representatives 
from industry, academia, compendial committees, and regulatory agencies had the 
opportunity to air their views on these topics, with some speculation on likely future 
developments. The remainder of the chapter considers some ideas about further use 
of both AIM and EDA concepts.  

13.1         Questions Arising from the IPAC-RS-Sponsored 
Conference: “Perspectives on Effi cient Data 
Analysis Methods and Abbreviated Impactor 
Measurements as Quality Assessment Tools” 

 IPAC-RS hosted a satellite conference on Friday, 6 May 2011 at  Respiratory Drug 
Delivery Europe 2011 , which included short presentations from representatives of 
regulatory agencies, pharmacopeias, and industry. These presentations were followed 
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by interactive discussions with the audience around technical and statistical 
aspects of EDA and AIM and the lifecycle approach to incorporating EDA and 
AIM in product development, registration, and manufacturing. The presentations 
and a summary report are posted on the IPAC-RS public website [ 1 ]. At the outset, 
it is important to note that the conference mandate was on the application to OIP 
quality control, so issues concerning the potential application of AIM to the acquisi-
tion of more clinically appropriate data, discussed in Chap.   12    , were not discussed. 

 Responses to the fi rst group of questions came from the panelists covering the 
topic  Technical Aspects of EDA and AIM: Incorporating EDA and AIM into the 
Development Cycle . Editorial comments are inserted between parentheses “[]” 
where needed for clarity, and some responses have added interpretation, based on 
information located elsewhere in this book.

    1.    Would we need a separate impactor for each product? 
 No, we need only a couple of different cut points for the boundary between 
large and small particles, because the EDA method is robust with respect to 
shifts of the boundary (in the studied example presented by Tougas [ 2 ], it dem-
onstrated stable performance when the  LPM / SPM  ratio was between 0.3 and 
3.0). Moreover, all respiratory drugs need to get into the lung, so the sizes of 
interest will always be around 2–3 µm aerodynamic diameter. Setting the cut 
point at a different size (much below or much above 2–3 µm) could be consid-
ered if there is an interest in controlling a specifi c part of the distribution.   

   2.    For solution MDIs, would you require CI data for quality control, or would 
delivered dose + bulk particle size testing be suffi cient? 
 Solutions are simpler than suspensions. Laser diffraction could be used for 
sizing droplets, but you still need traceability to the API to satisfy regulatory 
requirements. For nebulizers, it is possible to build up the traceability chain. 
EDA can be extended to apply to nebulizers too.   

   3.    Can EDA detect if something is wrong with the product, or if it is a wrong 
product? 
 The short answer is yes. EDA is an enhancement of the current CI tests. 
However, it should be applied only after you have defi ned the aerodynamic 
particle size distribution (APSD) of the “right” product. EDA is more sensitive 
to changes in APSD than current methods, so yes, you will get a signal that 
something is “wrong” if APSD changes, but you would need to do an investiga-
tion, potentially using a full-resolution impactor and/or other tests, to determine 
the cause. OOS investigations are done in the current system as well.   

   4.    Analysts and managers need to know how to go about using EDA—not just the 
science and statistics but the practical how-to’s and what’s, so people can get on 
with it. We are waiting for IPAC-RS to come up with all the answers. 

 We share this goal. Part of the process of getting there is obtaining feedback 
from users in settings like this one. We are also developing a book that will set 
down “ground rules” for EDA and AIM. Members of the European 
Pharmaceutical Aerosol Group (EPAG) are collaborating with IPAC-RS on the 
book writing. In addition, a series of articles has already been published [ 3 ], 
and more articles are in the works and will be published in due course.   
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   5.    The  LPM / SPM  ratio works like a charm when the cutoff (size boundary 
delineating  LPM  from  SPM ) is set at the  MMAD . But if you are away from 
the  MMAD  value, the expected ideal ratio is not 1.0, so what happens to 
sensitivity? How far from  MMAD  could you go? 
 EDA works as long as the size boundary defi ning the  LPM / SPM  ratio is within 
0.3–3.0. Also, the goal (specifi cation) is not to have the size boundary separat-
ing  LPM  from  SPM  set “close to 1.0” but close to whatever value you deter-
mined during development is typical for your product’s APSD with the chosen 
boundary size.   

   6.    Does FDA have any data on the use of EDA or AIM? 
 [Mr. Bill Doub, FDA St, Louis, MO]: In my lab, we looked at four CFC MDIs 
and fi ve HFA MDIs. (There was a fi fth CFC MDI but it turned out to be expired.) 
We attempted to change their APSDs by introducing an inter- actuation delay, 
actuator cleaning, and looking at different life stages. We used an Anderson 
Cascade Impactor (ACI) and looked at the fi ne-particle dose as well. The exper-
iments were conducted because patients are complaining about the CFC–HFA 
difference. Where we saw statistically signifi cant effects with the full-resolution 
cascade impactor (FRCI), we applied EDA to see if that method showed similar 
effects. Although the EDA data have not yet been internally validated, qualita-
tively we saw the same types of APSD changes as were observed using the 
FRCI. Quantitatively, changes were greater with EDA although RSD was also 
higher with EDA. For example, the effect of cleaning was 4–11 % from FRCI 
data and 24 % for EDA. The effect of delay was 8 % with FRCI and 21 % with 
EDA. All  LPM / SPM  ratios were 0.2–0.3, so we were probably pushing the 
limits of sensitivity of EDA.  MMAD s were 2.2–2.9 µm, and the  LPM -to- SPM  
boundary was set at 2.1 µm.   

   7.    If the ratio [ LPM/SPM ] is more sensitive than stage groupings, could it be used 
to predict  MMAD ? 
  LPM / SPM  is more sensitive to change in MMAD than stage groupings (see 
Chap.   8    ). However, if you want to predict  MMAD , it’s better to calculate  MMAD  
from the cumulative mass-weighted APSD determined using a full-resolution 
impactor. MMAD may be estimated using an appropriate method (e.g., probit 
analysis). Incidentally, the USP method for  MMAD  determination assumes a 
log-normal APSD, which is not always valid and which can lead to a biased 
assessment of  MMAD  [ 4 ]. 

 [In addition, it may be important to look at the impact of the entire collection 
effi ciency curve for each stage rather than just the corresponding stage  d  

50
  val-

ues for the most accurate  MMAD  assessment with some CIs, in particular the 
ACI. The NGI appears to be less prone to such effects, most probably because 
stage-to-stage overlap is largely absent and each collection effi ciency curve is 
close to being symmetric about its  d  

50
  value.]   

   8.    Does it matter if the impactor is based on the viable versus the nonviable type? 
 Those differences can become an issue [if the chosen abbreviated CI has a 
parent full-resolution CI that is different in internal design, e.g., compare the 
FSA (which is based on the ACI and has fl at collection plates) and the ACVI 
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that has Petri dish collection surfaces. Currently, there is very little evidence to 
quantify the effect of such differences on OIP aerosol APSD measurement.] 
Computer simulations could be used to understand the differences between spe-
cifi c [CI- and AIM-based] platforms.   

   9.    As an intermediate step before going to an actual AIM apparatus, could you do 
a consolidated extract from a group of stages? 
 Yes, you could do EDA from the full-resolution CI data, and you could pool the 
material from several stages by washing them together. Although, while you 
are still in development, you may not know which stages to group yet. 
Furthermore, from the time and resource perspective, it would not be much 
different than collecting and measuring stages individually, and then adding up 
the numbers.   

   10.    The 1998 draft FDA guidance for MDIs and DPIs requires a ±15 % specifi cation 
on the mass balance from CI measurements. How will it be done with EDA? 
 With EDA, besides the  LPM / SPM  ratio, the impactor-sized mass ( ISM ) needs 
to be controlled. We are not discussing in detail the performance of the 
 ISM  portion of the EDA approach because it will be the same as with either a 
full-resolution CI or an AIM-based apparatus. The  ISM  includes much of the 
mass balance but not all (e.g., the non-sizable portions [that deposit in the 
induction port and pre-separator, if used] are not included). However, the deliv-
ered dose uniformity (DDU) test, which is also required for these products, 
does control for the total emitted dose and in a much more accurate way than 
current CI measurements with multistage impactors. The IPAC-RS position has 
always been that mass balance should be used as a “system suitability” indica-
tion, not as a specifi cation. But your actual regulatory requirement needs to be 
discussed with the FDA [or appropriate regulatory agency]. We have also pre-
sented a poster at  Drug Delivery to the Lungs 21  [ 5 ] about a dual-use DDU/
APSD apparatus. If such an apparatus is ever developed, it could provide a 
single measurement that would replace both the current DDU and CI tests.   

   11.    The air fl ow [rates] recommended for ACIs are 60 and 28.3 L/min. If we want 
to match the full-stage ACI at 15 L/min, how can we do that? How would AIM 
measure at low fl ow rates? 
 In response to the above question, a participant (at the symposium referred 
to at the beginning of this section) indicated that he would like to see calibra-
tion data fi rst. He acknowledged that the full-resolution ACI can measure at 
15 L/min but had not seen the calibration data. [Such data are unavailable to the 
best knowledge of the coeditors, although Garmise and Hickey in 2008 [ 6 ] 
published calibration data for stages −0, −1, and −2 (see Chap.   2    ) at this fl ow 
rate in the context of using the CI for sampling aerosols from nasal inhaled 
products.] However, the archival calibration data for the NGI at 15 L/min were 
published in 2004 [ 7 ]. This speaker requested that before we go forward with 
the ACI, we need reliable [calibration] data.    Currently, the [inhaler testing com-
munity is] relying on old data from the manufacturer’s operating manual for 
this CI. The ACI used to be made of aluminum, but it erodes. Newer ACIs are 
made of steel, and we now need new [archival calibration] data.   
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   12.    The purpose of using AIM is twofold: (1) development/characterization and (2) 
quality control. Do you plan to publish all the substantiating information, or 
would it be up to each company to cross-validate to existing impactors? 
 Another participant indicated that stakeholders need to let things get tested 
by time and experience. If it takes too long to get these ideas through to USP 
and Ph. Eur., then each company should start cross-validating these methods 
themselves. [Some of the results from this type of activity are presented in 
Chap.   10    , and earlier in 2012, the Inhalanda Committee of the Ph. Eur. started 
a new work initiative to develop validation data for AIM-based systems.]   

   13.    Would AIM and EDA be mandatory or optional? 
 Dr. Tougas indicated on behalf of the panel that both concepts have been 
thought of as  alternative s [to current methods] in OIP QC testing, and as such 
they are enhancements for development. The use of these or any other methods 
is of course optional. 

 In this second part of the conference, the questions were responded to by the 
panelists covering the topic “Pharmacopeial Perspectives on EDA and AIM—
European and US Viewpoints.”   

   14.    We don’t want to buy new equipment. We suggest that you publish the princi-
ples but not specify equipment in the Ph. Eur. and USP. 

 Some [abbreviated] apparatus(es) will need to be described in the pharma-
copeia, for regulatory purposes.   

   15.    In the Ph. Eur., we have the twin impinger (apparatus A). We need to rethink the 
utility of this apparatus. It has a role to play, because of the bouncing issues 
with other cascade impactors. 

 This topic deserves consideration as a future development of the AIM con-
cept (see Chap.   10    ).   

   16.    Why can’t pharmacopeias write requirements for an apparatus, without speci-
fying the apparatus? For example, if the USP is moving toward QbD approaches, 
why do we need to put apparatus description into USP? 
 [Dr. Steve Nichols]: Someone needs to be able to go and test the product. 
Regulators need standard principles, stage cutoff sizes, validation information, 
etc. Even now, the Ph. Eur. states that you can use     ANY  method as long as it’s 
validated. But there are legal reasons for describing a specifi c apparatus. To 
change that requirement, at least in Europe, someone would need to change 
the law. If there is enough interest, IPAC-RS and EPAG should develop a pro-
posal/monograph and send it to the Ph. Eur. Inhalanda Working Party for con-
sideration. And since the USP/EP harmonization takes 7 years on average, it 
would be good to submit the proposed monograph to the USP and EP simulta-
neously. [The peer-reviewed journal attached to the Ph. Eur.]     Pharmeuropa  
can publish your proposal. If you do not come up with a monograph, the Ph. 
Eur. Working Party will develop one, but the outcome may not be exactly what 
you want to see. Someone also should compare the  FPD  (fi ne-particle dose 
<5 µm aerodynamic diameter metric in the Ph. Eur.) requirement with the 
EDA approach.   
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   17.    Can you comment on the pharmacopeial discussion? 
 [Dr. Marjolein Weda]: A full-resolution impactor is needed in the Ph. Eur. for 
characterization purposes. For quality control, you could remove some stages. 
Introducing changes to Ph. Eur. quality control methods is allowed and, for exam-
ple, already happens frequently in HPLC methods (using different columns).   

   18.    If EDA provides better discriminating power, what is the expected sample size? 
 [Dr. Prasad Peri]: We fi rst need to see the data that [confi rms] it indeed provides 
better discrimination. If this is demonstrated, and if it is validated, FDA would 
support the use of EDA. The data we have seen so far looks promising, and 
we’d like to move forward.   

   19.    Would APSD be needed as a release test with the Quality by Design (QbD)? 
 [Dr. Prasad Peri]: If you can correlate APSD to some “in-process” measure-
ment, I personally would support that approach instead of doing end-product 
testing. The more knowledge and process control, the better assurance that the 
fi nal product will meet quality requirements.   

   20.    On the statistical issue, and your comment that with two parameters there might 
be a loss of information: Since these two metrics are capable of discriminating 
and detecting changes while collecting fewer numbers on a routine basis—that is 
the whole point.    If we could miraculously fi nd a single metric that could control 
APSD, then that would be better still. You need all possibly relevant information 
in development, but once you have characterized the product and established con-
trols, you shouldn’t need to accumulate as many numbers as possible. 

 [Dr. Prasad Peri]: The only two metrics in the EDA approach are  ISM  and 
 LPM / SPM . If you can show that these give better assurance, discrimination, 
and detection that your product is changing over time, then we would consider 
it favorably. Right now, we do not have the complete data. Papers are being 
published, presentations are made at meetings, and this knowledge base should 
continue to build up. We want to encourage better analytical methods and better 
methodologies. We don’t want to hamper progress and innovation.   

   21.    Would FDA require demonstration of the same performance between EDA and 
the current approaches or better performance? 
 [Dr. Prasad Peri]: It can be the same statistically but better in terms of labor, 
environmental impact, etc.   

   22.    What upcoming guidance documents should we expect to see soon? 
 [Dr. Marjolein Weda]: Currently, there are no concrete plans to update the 
EMA guidance. If the AIM and EDA topic moves forward, however, EMA/
CHMP could decide to reopen the guidance or to provide clarifi cation and 
additional information via a Q and A. 

 [Mr. Bill Doub and Dr Prasad Peri]: Work on the new guidance is ongoing. 
We have another internal FDA teleconference coming up regarding the 
 guidance. But even the current draft MDI/DPI guidance from 1998 does allow 
alternate approaches. So even if the guidance did not change, you could pro-
pose to use AIM and EDA in your application. We want a less prescriptive 
guidance, but you don’t have to wait for it. We might update the guidance with 
alternative methods. Now the document is in the process of being updated. 
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There is a working group within FDA, which has been working for the past 6 
months, and it will likely be a few more months. It is a slow process, with the 
writing and other steps. What specifi cations/limits would you envision for 
EDA? For example, would you set a range on the ratio? 

 [Dr. Terry Tougas—in reply to Dr. Prasad Peri]: This is a big dilemma—
what should be the basis for setting specifi cations? Dr. Peri’s slides (given at 
this symposium—see   http://www.ipacrs.com/PDFs/CI %20Workshop/5-CI 
%20Workshop %20- %20Peri.pdf     visited September 6, 2012) include “typical 
ranges” for stage groupings—we could use those as a basis and translate them 
into the EDA specifi cations. Ideally, specifi cations should be tied to clinical 
performance but in the absence of a quantitative IVIVC, or something else that 
links in vitro and clinical performance, we have to go with what has been 
required historically. 

 [Dr. Marjolein Weda]: Why not use development batches’ data to set 
specifi cations? 

 [Dr. Terry Tougas]: That would be setting specifi cations based on capability 
rather than QbD. From the engineering perspective, that would be a poor way 
to set specifi cations. Today’s limits are based on process capability, but there is 
limited experience/data at the time of registration. This results in a band that is 
too tight for real commercial processes. We can look at the data and use it as a 
rough guide regarding expected performance and standard deviation, but the 
modern engineering thought around “capable process” recommends a different 
approach (e.g., ±6 sigma, instead of ±3 sigma). Currently in the pharmaceutical 
industry, if a sponsor does a good job developing a product with a tight distribu-
tion, that sponsor will be penalized with very tight specifi cations. This is coun-
ter to the spirit of continuous improvement. 

 So, even though there is still an incomplete understanding of all the issues 
surrounding AIM and EDA, the overall outcome from the conference was one 
of probing the potential for both concepts to become part of the mainstream of 
OIP in vitro performance testing.    

13.2       Future Directions: Some Further Ideas 

 An outline for comprehensive product lifecycle management strategy in terms of 
in vitro characterization of APSD has been described in Chap.   6     that is based on 
simpler yet more statistically powerful effi cient data analysis metrics. This approach 
is easily combined with abbreviated impactor measurements. The EDA/AIM 
approach could be adopted as the norm for inhaler development and quality control, 
but its effective implementation will need to be undertaken on a product-by-product 
basis. Although it can strongly be argued that full-resolution multistage CI testing is 
less than ideal for QC purposes, such measurements have their place in the initial 
product development process, as the fi rst resort in the event of an OOS investigation 
and also in OIP change management when in commercial production. 
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 The thought process in relation to inhaler lifecycle management could poten-
tially be extended to integrate the measurement of dose content uniformity and 
AIM-based APSD metrics into a single apparatus (Fig.  13.1  [ 5 ]).

   This combined testing approach could thereby achieve the desirable goal from 
the statistical perspective of making only a single simultaneous measurement of 
inhaler aerosol quality. 

 Such an apparatus (which is in early development at the concept stage within 
IPAC-RS) will require experimental validation with a variety of inhaler products before 
gaining acceptance both from the industry and regulatory perspective. Nevertheless, by 
combining these measurements, intrinsic variability introduced by making them sepa-
rately could be eliminated, resulting in improved overall measurement precision. 

 The initial designed experiment orchestrated through the CI Working Group of 
IPAC-RS and described in detail in Chap.   10     assessed relative precision of metrics 
obtained by abbreviated versus full-resolution CI, using drug product from a short 
period during the manufacture of a particular lot so that measurement variability 

  Fig. 13.1    Concept for a combined AIM-DDU apparatus       
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was not confounded by product variability. Although helpful at identifying the 
capability of the abbreviated measurement methods, its chief limitation was that the 
fi ndings are nor directly applicable to the assessment of commercially available 
product samples, subject to normal batch release testing. A further designed experi-
ment that will take place in late 2012 or early 2013 is in the process of addressing 
this defi ciency, again being implemented through the CI-WG of IPAC-RS, which is 
coordinating the activities of several independent laboratories. In this instance, the 
samples of drug product are coming from commercially available lots without pre-
selection in terms of time of manufacture within the batch, so that the normal intra- 
lot variability will be present. It is anticipated that the outcome from this investigation 
will provide a more realistic assessment of the comparability of abbreviated with 
full-resolution techniques when applied in the routine OIP QC environment. 

 By now, it should be evident that the ability to employ both concepts to make 
more measurements of higher quality in terms of being able to discriminate mean-
ingful changes in APSD-based metrics is central to both AIM and EDA concepts. 
Given these attributes, it is therefore anticipated that both AIM and EDA concepts 
will fi nd increasing application in the QbD environment [ 8 ], in which more 
laboratory- based assessments in early stage product development are likely to be 
undertaken so that design space can be properly mapped and understood. Such an 
approach, rather than simply relying on end-product testing, would be in harmony 
with current thinking by regulatory agencies [ 9 ,  10 ] and add to the assurance that 
the fi nal APSD specifi cations for the OIP in question would be appropriate.     
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    Abstract     The concluding chapter to the book comprises a brief summing up of the 
overall content of the previous chapters, followed by a list of learning points to help 
clarify the most important aspects of good cascade impactor practice, AIM and 
EDA, both for the novice and for the reader with experience who is looking for 
“nuggets” of knowledge about these topics.  

14.1         Summing Up 

 This book is a compilation of current knowledge concerning the use of the CI as the 
principal aerodynamic particle sizing technique for those wishing to characterize 
the in vitro performance of OIPs. It has been structured to provide initially an out-
line of the cascade impaction method, leading to the formalized development of a 
series of interconnected methods for preparation and use of these apparatuses that 
has been termed “good cascade impactor practice.” Having established this platform 
of basic knowledge, the potential for rapid abbreviated impactor measurement 
(AIM) and effective data analysis (EDA) concepts has been explored in relation to 
OIP quality control. Although these approaches can readily be used together, EDA 
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is equally capable of being applied in the assessment of full-resolution CI data. 
Furthermore, EDA metrics have the potential for improved discriminating power in 
relation to batch disposition, compared with the current practices either of compar-
ing stage groupings or the determination of  FPM  

< 5.0 mm
 , used as quality measures in 

the USA and Europe, respectively. At the time of writing, both concepts are very 
new to stakeholders, so that the pathway to their acceptance will require carefully 
crafted validation studies, as outlined in a chapter devoted to the consideration of 
how to go about achieving recognition as standard techniques. A chapter has been 
devoted to review the development of abbreviated CI-based measurement tech-
niques for OIPs and associated add-on devices. Such methods are becoming more 
important in the context of providing APSD data that has been acquired by tech-
niques that more closely mirror the use by patients that can be achieved in the neces-
sarily simplifi ed laboratory techniques associated with quality control. Finally, 
prospects for the future developments of AIM and EDA are considered, including 
the potential for combining AIM-based size metrics with dose content uniformity 
determination in a single apparatus. It is hoped that the content of the book will 
result in the widespread use of these new approaches to the laboratory performance 
assessment of OIPs.  

14.2     Learning Points 

 The underlying purpose behind the creation of this book has been the desire by the 
authors to provide both the novice reader and the user familiar with the cascade 
impaction method, a “one-stop shop” for technical information that relates to the 
current knowledge of the CI for OIP testing. The intention here is to provide a series 
of key learning points that it is hoped the reader will have acquired by reading the 
book from cover to cover. However, it is also recognized that the majority of users 
will likely dip into only one or more chapters of specifi c interest at any given time, 
so the list below serves as an easy access to the key scientifi c material that has been 
presented. 

    Chapter   1    : The AIM and EDA concepts are presented with diagrammatic refer-
ences to generic CI confi gurations; the idea that both concepts can be 
used together or independently is also introduced. 

 Chapter   2    : The underlying theory associated with inertial impaction is explained 
in suffi cient detail for the reader to understand the underlying scien-
tifi c basis for the AIM concept and its limitations. This chapter is also 
a repository of useful design information relating to the compendial 
CI apparatuses. The use of induction ports and pre-separators is 
described, as is the adaptation of the CI method using a timed- delay 
apparatus following inhaler actuation that is needed to evaluate OIP 
add-on devices, such as valved holding chambers. 
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 Chapter   3    : Changes in OIP aerosol APSD both during and following formation 
arise from many physical causes; the more important ones are exam-
ined in this chapter. Particle–particle agglomeration/coagulation is 
continuously acting on the formed aerosol cloud after actuation of the 
inhaler and will tend to result in a time- dependent increase in both 
 MMAD  and  GSD . Agglomeration/coagulation is important when 
particle concentration is at its highest during the initial formation 
stage. Inertial impaction processes will decrease both  MMAD  and 
 GSD  by preferentially removing the largest particles at obstructions or 
bends during transport; this mechanism is important in connection 
with the transfer of the aerosol from the inhaler to the CI system in 
product performance testing or to the patient in use. Gravitational 
sedimentation, like agglomeration, is continuously present, selectively 
removing the largest particles from the formed aerosol with elapsed 
time. Hence, delayed aerosol inhalation/sampling by CI will result in 
a reduced aerosol mass concentration compared with optimal condi-
tions in which no delay is present. Like agglomeration and gravita-
tional sedimentation, molecular diffusion operates continuously on 
the formed aerosol; however, diffusion is important only for the fi nest 
particles that are in the submicron size range. This process will there-
fore have minimal impact on either  MMAD  or  GSD  from a typical 
OIP-generated aerosol. Electrostatic charge on either or both the 
aerosol particles and surrounding surfaces can have a major and 
unpredictable impact on the aerosol before it is inhaled or sampled; 
since the effects on APSD properties are variable, its mitigation or 
better avoidance altogether is therefore highly recommended when 
making CI measurements. Evaporative processes require the presence 
of a volatile component to the aerosol; the process is highly time 
dependent, resulting in a reduction in both  MMAD  and  GSD , the latter 
by potential elimination of the fi nest particles that may comprise only 
volatile species. Finally, the condensation of ambient water vapor, 
also a time-dependent process, can be signifi cant with hygroscopic 
particles, resulting in increases in both  MMAD  and  GSD . 

 Chapter   4    : The cascade impaction technique is both complex and exacting in 
terms of the skills required for successful measurement outcomes, 
leading to reproducible results. This chapter is a review of the under-
lying causes of variability associated with these measurements, aris-
ing from four main causes: man, machine, measurement, and material. 
Factors to be considered when implementing a CI-based measurement 
regimen are summarized, both for OIP method development and in 
routine (i.e., day-to-day) use, and a method failure diagnostic tree is 
presented, based on the good cascade impactor practice (GCIP) prin-
ciple. The second part of this chapter explores the potential to simplify 
full-resolution CI measurements, introducing the AIM concept for the 
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fi rst time. Finally, consideration is also given to the ways in which 
data from CI-based measurements can be presented and used to derive 
metrics that are representative both of aerosol “quality” and likely 
deposition behavior in the human respiratory tract. 

 Chapter   5    : The underlying reasons for the introduction of both AIM and EDA 
concepts are examined, together with the development of two different 
but related purposes for CI measurements, namely, OIP quality con-
trol and related regulatory activities, and advanced uses of data as aids 
in understanding how OIP aerosols interact with the human respira-
tory tract. Rationales for the application of the AIM concept to either 
knowledge acquisition stream are examined, and the utility of the 
EDA concept in the assessment of OIP aerosol quality is also intro-
duced. This data analysis concept, though compatible with AIM-based 
systems, is applicable to both full-resolution and abbreviated impactor-
based measurements. Guidance is also given in the selection of an 
appropriate AIM-based CI system, providing the foundation for the 
detailed results that are presented in Chap.   10    , from experimental 
evaluations of the wide range of options that are currently available. 
Finally, advice is summarized in connection with the selection; appro-
priate approaches based on AIM and/or EDA are recommended for 
the particular OIP aerosol assessment task in hand. 

 Chapter   6    : Having introduced both AIM and EDA concepts, this chapter exam-
ines their potential roles throughout the OIP life cycle from product 
and method development, through in vitro support to clinical trials, to 
development of the regulatory submission to commercial production. 
The foundations are laid for a CI-based measurement and data analysis 
management strategy that is appropriate to each stage of the life cycle, 
with the idea presented of selecting “the right impactor for the right 
purpose.” 

 Chapter   7    : The theory that underlies the EDA concept has a sound basis in mea-
surement system analysis (MSA) theory. This chapter reviews the rea-
sons for making measurements of CI-generated APSD as a critical 
quality attribute for OIPs, in a product QC environment. The various 
constraints that different QC metrics (e.g., stage groupings and group-
ings for  FPM  

<5.0mm
 ) impose on the measurement of APSD are dis-

cussed. These ideas are then applied to demonstrate that EDA provides 
an approach to the assessment of APSDs that avoids confounding of 
the key variables,  MMAD  and  AUC , and thereby optimizing the dis-
criminating power of the EDA methodology. 

 Chapter   8    : Although the EDA approach to CI-generated data analysis is simple in 
principle, its application in the current regulatory climate for OIPs 
requires a rethink concerning the appropriateness of widely practiced 
methods that rely on grouping of stages as the principal means of 
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data reduction. This chapter continues the theoretical assessment of 
the EDA concept, examining the comparison with the stage grouping 
approach as recommended by the FDA. Three different assessment 
APSD data techniques are presented and sample data analyzed; these 
are measurement system analysis (MSA), operating characteristic 
curves (OCCs), and principal component analysis (PCA). In the case 
of both MSA- and OCC-based techniques, an IPAC-RS blinded data-
base containing several thousand individual CI-generated APSDs 
derived from eight different types of marketed OIPs (a collection of 
MDI and DPI products) has been used to provide examples that dem-
onstrate the superiority of EDA. Likewise, a smaller, but still signifi -
cant, database comprising 1,738 NGI APSDs has been used with 
PCA, again confi rming the advantage of EDA. 

 Chapter   9    :  The underlying reasons why EDA is able to detect changes to APSDs 
based on shifts in  MMAD  and/or  AUC  are explored, including a theo-
retical assessment to establish plausible scenarios in which this con-
cept might fail. Findings from failure modes and effects analyses 
(FMEA) are presented. These analyses have identifi ed the relation-
ships for the risk dependence of the CI data analysis method for detec-
tion of important APSD shifts associated with different potential 
causes during the various stages in the production of both MDI and 
DPI forms of OIP. This chapter concludes by examining the relative 
performance between EDA- and FDA- type stage groupings with two 
case studies, both involving product previously marketed or currently 
available in the USA. In both instances, EDA was found to possess 
greater potential for discriminating APSD change in a robust manner. 

 Chapter   10    :  The focus in this chapter is the establishment of strengths and limita-
tions of all the various AIM-based CI techniques that have been devel-
oped by many different and independent contributing groups of 
researchers on this topic since 2007. Every class of OIP has at some 
time been evaluated with one or more AIM- based apparatus, mostly 
with successful outcomes compared with common APSD- derived 
metrics determined by a reference full-resolution CI method. However, 
there are several practical precautions that need to be considered, in 
particular the following:

   1.    Mitigation of particle bounce and re-entrainment, a phenomenon 
that can be more evident with AIM-based apparatuses   

  2.    The provision of comparable conditions for the evaporation of low-
volatile  species (i.e., ethanol) that are associated with certain OIPs 
in the AIM-based apparatus as exist within the full-resolution CI   

  3.    The maintenance of comparable dead space within the abbreviated 
system to that in the full-resolution CI so that the fl ow rate-time 
curves for DPI testing are also similar    
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  Although many abbreviated CIs have a corresponding “parent” 
full-resolution apparatus (e.g., the FSA and the ACI), some, in particu-
lar the FSI, do not. This restriction, however, need not be a limiting 
factor in the choice of equipment like the FSI, as long as the necessary 
due diligence is done to seek out potential sources of bias in method 
development. However, it is important for the ACI-based systems to 
use the correct abbreviated CI that relates to the parent impactor 
(i.e., the FSA with the nonviable ACI and the FPD with the viable 
ACI). This precaution is necessary, since the internal dead space of the 
nonviable CI is signifi cantly smaller than its equivalent with the 
viable design, due to the use of Petri dish-type collection surfaces in 
place of near-to-fl at collection plates with the nonviable design. 

 Chapter   11    :  AIM and EDA concepts have by now established a fi rm basis for their 
adoption by stakeholders involved with OIP aerosol assessments. 
However, consideration must now be given to the development of 
processes based on sound scientifi c principles and supported by evi-
dence, for their adoption into the pharmacopeias and perhaps eventu-
ally into the regulatory guidance literature. This chapter provides an 
outline of the pathways that both concepts will likely follow in order 
to achieve this goal. The fact that these concepts are in harmony with 
the Quality-by-Design principle should be advantageous to their 
eventual acceptance by the regulatory agencies. 

 Chapter   12    :  The application of an AIM-based approach, combined with improve-
ments to the architecture of the CI measurement system, in particular 
the induction port, has been explored with the ultimate goal of making 
improvements to the present less than satisfactory situation concern-
ing in vitro–in vivo relationships that exists with OIPs. Complete reso-
lution of the discrepancies between aerosol  transport in impactors and 
in the HRT cannot be attained, because, among many reasons, the 
continuous reduction in fl ow velocity profi le along the length of the 
HRT cannot be realized with current CI-based technology. However, 
interfacing CIs (full resolution or abbreviated) with breathing simula-
tors is becoming more common, as more robust confi gurations for the 
aerosol transport from inlet, where the fl ow rate is continuously varying, 
to the CI, where it must be kept constant, are realized. These develop-
ments could avoid the need for parallel experiments, establishing  TM  
by fi lter collection and breathing simulation and later mass subfrac-
tions (i.e.,  CPF ,  FPF , and  EPF ) by the CI method. The interface 
between OIP and the measurement apparatus has to be considered 
more carefully, in cases where the inhaler has a facemask instead of a 
mouthpiece. Novel face models that simulate the skin and sub- skin 
facial tissue resistance to an applied force in clinically realistic ways 
when the facemask is fi tted are the way forward to the development of 
more realistic testing conditions. 

T.P. Tougas et al.
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 Chapter   13    :  The future directions likely to be taken for both AIM and EDA 
concepts are examined with the help of feedback from stakeholders 
that was received at the IPAC-RS-sponsored conference in 2011 on 
the topic “Perspectives on Effi cient Data Analysis Methods and 
Abbreviated Impactor Measurements as Quality Assessment Tools.”    

14 Conclusions

http://dx.doi.org/10.1007/978-1-4614-6296-5_13
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 Abbreviations

Term Description
ACI Andersen 8-stage nonviable cascade impactor
Act See: ex-Act
AVCI Andersen 8-stage viable impactor
AIAG Automotive industry action group
AIT “Alberta” idealized anatomic adult throat
ANOVA Analysis of variance
API Active pharmaceutical ingredient
APSD Aerodynamic particle size distribution
ASTM American Society for Testing and Materials
AUC Area under the curve defined by the continuous form of the 

differential mass-weighted APSD

CDER Center for Drug Evaluation and Research (as of the US FDA)
CDRH Center for Devices and Radiological Health (as of the US FDA)
CFC Chlorofluorohydrocarbon
C-FSA (Copley Scientific) fast-screening Andersen (abbreviated) 

impactor
CI Cascade impactor
CIWG Cascade Impactor Working Group of IPAC-RS
CMC Chemistry, manufacturing, and controls
CR Chapman–Richards multipoint curve fitting procedure used 

in context with estimation of MMAD
CU Content uniformity
CV Coefficient of variation

DCU Dose content uniformity
DOE Design of experiments
DPI Dry powder inhaler
DUSA Dose unit sampling apparatus
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ED Emitted dose ex inhaler (used in context of clinical dosing)
EPF Extra-fine particle fraction of the size-fractionated aerosol
EPM Extra-fine particle mass of the size-fractionated aerosol
EDA Efficient data analysis
e-Lung Electronic Lung™ (GSK plc)
EMA European Medicines Agency
EPAG European Pharmaceutical Aerosol Group
Ex-ActM Total mass of API ex actuator mouthpiece of the inhaler
Ex-MVM Total mass of API ex-metering valve of an MDI

FDA United States Federal Drug Administration
FMEA Failure modes and effects analysis
FDF Fine droplet fraction (for nebulizer-generated aerosols)
FEF

25–75
Forced expiratory flow between 25 and 75 % of vital 

capacity during exhalation in a forced vital capacity 
maneuver, associated with pulmonary performance testing 
by spirometry

FEV
1

Forced expiratory volume in 1 s, associated with pulmonary 
performance testing by spirometry

FPD Fine particle dose (abbreviated) impactor
FPD-AVCI Fine particle dose (Westech) impactor
FPDU Fine particle dose uniformity
FPF Fine particle fraction of the size-fractionated aerosol
FPM Fine particle mass of the size-fractionated aerosol
FSA Generic fast-screening Andersen (abbreviated) impactor
rFSA Rapid FSA methodology (see Chap. 10)
FSI (MSP Corporation) fast-screening (abbreviated) impactor

GageR&R Gage repeatability and reproducibility
GCIP Good cascade impactor practices
GSK GlaxoSmithKline

HC Health Canada
HFA Hydrofluoroalkane
HPLC High-performance liquid chromatography
HRT Human respiratory tract

ICRP International Commission on Radiological Protection
IE Inspiratory effort
IM Impactor mass including the mass of API collected on the 

first stage of the ACI (i.e., stage 0 of the configuration for 
use at 28.3 L/min), the upper-bound size of which is 
undefined

Abbreviations

http://dx.doi.org/10.1007/978-1-4614-6296-5_10


421

IP Induction port to CI system
IPAC-RS International Pharmaceutical Aerosol Consortium on 

Regulation and Science
ISM Impactor-sized mass, defined as the total mass of API 

collected by the size-fractionating stages of the CI of which 
the upper-bound size limit is established (EDA analysis)

IVIVC In vitro–in vivo correlation
IVIVR In vitro–in vivo relationship

LAL Lower acceptance limit
LC Label claim (refers to the amount of API stated in a product’s 

labeling)
LD Laser diffraction, sometimes referred to as low-angle laser 

light scattering (LALLS)
L/min Liters per minute
LL Lower limit of acceptance for OCCs
LOD Limit of detection of the API under consideration
LOQ Limit of quantitation of the API under consideration
LPF Large particle mass fraction (EDA analysis)
LPM Large particle mass (EDA analysis)

MAA Marketing authorization application (Europe)
MB Mass balance of API within the entire cascade impactor system
MDI (Pressurized) metered dose inhaler
MMI Marple-Miller 5-stage impactor
MOC Micro-orifice collector of the NGI
MMAD Mass median aerodynamic diameter of the CI size-fraction-

ated aerosol
MMF Mercer–Morgan–Flodin multipoint curve fitting procedure 

used in context with estimation of MMAD
MPS CI data expressed in terms of mass per stage
MRI Magnetic resonance imaging
MSA Measurement system analysis
MSLI 4- or 5-stage multistage liquid impinger
MT (Inhaler) mouthpiece and (CI) throat/IP
MVM See: ex-MVM

NA Not applicable
ND Not determined
NDA New drug application (United States)
NGI Next generation (pharmaceutical) impactor
rNGI Reduced next generation impactor
NIR Near infrared (spectrometry/spectroscopy)
NISM Non-impactor-sized mass of the aerosol emitted by the OIP

Abbreviations
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OBIC Open-breathe in-close
OCC Operating characteristic curve
OINDP Orally inhaled and nasal drug product
OIP Orally inhaled (drug) product
OOS Out of specification
OPC Optical particle counter
OOT Out of trend

PC Principal component
PCA Principal component analysis
PDPA Phase Doppler particle (size) analysis
Ph.Eur. European Pharmacopeia
pHRT Possibly relevant for (assessing) human respiratory tract 

(particle deposition)
PM

1.0
, PM

2.5
, PM

10
Aerodynamic size limits used in the fields of occupational 

hygiene and atmospheric pollution to define suspended 
airborne particulate mass fractions finer than 10, 2.5, and 
1.0 mm, respectively

PS Pre-separator
PtC Points to consider

QbD Quality by design
QC (Product) quality control
QTPP Quality target product profile

RMSE Root mean square error
rNGI Reduced next generation (pharmaceutical) impactor

sACI 2-Stage abbreviated nonviable ACI
SEM Scanning electron microscopy
SMI Soft mist inhaler
SPF Small particle mass fraction (EDA analysis)
SPM Small particle mass (EDA analysis)

TEM Total emitted mass from the inhaler, including all non-sizing 
components of the CI system such as the induction port, 
pre-separator (if used), and the first stage for the ACI  
(if used)—used in context of in vitro testing of inhaler

TM
IP

Total mass of API in the induction port
TM

exMVM
Total mass of API ex-inhaler metering valve

T-FSA/sACI Trudell (Medical) fast-screening Andersen impactor, 
identical with standard reduced ACI used in AstraZeneca 
(UK) studies

TI Glass “Twin Impinger”

Abbreviations
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TIR Total recovery of API within the impactor part of the 
measurement system [i.e., not including induction port or 
pre-separator (if used)]

TM Total mass of the aerosol emitted from an OIP per actuation
TMI Trudell Medical International
TOF Time-of-flight aerodynamic particle size analysis
TOI Total mass of API in the impactor system
TPP Target product profile

UAL Upper acceptance limit
UL Upper limit for acceptance in OCCs
UPLC Ultra-high-performance liquid chromatography
USP United States pharmacopeia
USP-NF USP-national formulary
UV Ultraviolet (light detection of API)
VHC Valved holding chamber
3D Three-dimensional

Abbreviations
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 Symbols Used in Mathematical Expressions

Term Description
A

i
Best-fit parameter for ACI collection efficiency-aerodynamic 

diameter profile at Q = 28.3 L/min to hyperbolic tangent 
function

A
t

Total area of the nozzle array for a multi-nozzle CI stage; the 
area of a single-nozzle CI stage is numerically equal to A

t

B
i

Best-fit parameter for ACI collection efficiency-aerodynamic 
diameter profile at Q = 28.3 L/min to hyperbolic tangent 
function

b Slope of linear regression line

C
c

Cunningham slip correction factor; Cunningham slip correc-
tion factors related to the volume-equivalent and aerody-
namic diameters respectively of a suspended particle

CMD Count median diameter
CPF Coarse particle fraction of the size-fractionated aerosol
CPM Coarse particle mass of the size-fractionated aerosol

d
10

, d
15.1

, d
84.9

, d
90

Aerodynamic diameters corresponding to the 10th, 15.1th, 
84.9th, and 90th mass percentiles of the unimodal APSD

d
ae

Aerodynamic diameter of a suspended particle
d

ini
Initial droplet size in the context of evaporation of volatile 

components
d

p
Particle diameter expressed as volume-equivalent diameter 

(i.e., the size of a spherical particle occupying the same 
volume as the particle in question)

d
pc

Particle diameter corrected for slip
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d
50

Either 50th mass percentile of the unimodal APSD, in context of 
APSD analysis or aerodynamic diameter at which impactor-
stage collection efficiency is 50% (cutoff size; effective cutoff 
diameter), in context of CI-stage performance

D Characteristic size related to that of a particle in consideration 
of particle inertial behavior

D
d

Molecular (Brownian) diffusion coefficient of a particle
D

eff
Effective diameter of an array of more than one nozzle for a 

given CI stage; D
eff

 is numerically identical to the nozzle 
diameter of a stage containing a single nozzle

D
i

Initial droplet diameter in consideration of evaporative changes
D

median
Area-weighted median of an array of more than one nozzle for 

a given CI stage
D* Area-weighted mean diameter of an array of more than one 

nozzle for a given CI stage

erf(…) Error function associated with the calculation of the mass 
fraction of the input aerosol that goes to a given stage of 
either a full-resolution or an abbreviated CI

E; E
50

Impactor-stage collection efficiency; stage 50% collection 
efficiency

E
i

Fractional collection efficiency curve of stage i of a CI
ED (total) Emitted dose from the inhaler
EPF Extra-fine particle fraction of the size-fractionated aerosol
EPM Extra-fine particle mass of the size-fractionated aerosol
Ex-act Total mass of API ex actuator mouthpiece of the inhaler
Ex-MVM Total mass of API ex-metering valve of an MDI

F
d

Drag force imposed by the surrounding fluid (air) on a 
suspended particle

F
g

Gravitational force on a suspended particle
F

m
(d

ae, i
) Mass frequency of API on each stage of the size-fractionating 

part of the CI system
f
N

Mass fraction of the incoming aerosol that deposits on stage N 
of a CI

FDF Fine droplet fraction (for nebulizer-generated aerosols)
FEF

25–75
Forced expiratory flow between 25 and 75% of vital capacity 

during exhalation in a forced vital capacity maneuver, 
associated with pulmonary performance testing by 
spirometry

FEV
1

Forced expiratory volume in 1 s, associated with pulmonary 
performance testing by spirometry

FPD Fine particle dose (abbreviated) impactor
FPF Fine particle fraction of the size-fractionated aerosol
FPM Fine particle mass of the size-fractionated aerosol

Symbols Used in Mathematical Expressions
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g Acceleration due to gravity
GSD, GSD

stage
Geometric standard deviation of the size-fractionated aerosol, 

size selectivity of an impaction stage represented in terms 
of its geometric standard deviation based on its collection 
efficiency-aerodynamic size profile

h Model variable in definition of error function associated with 
the calculation of the mass fraction of the input aerosol that 
goes to a given stage of either a full-resolution or an 
abbreviated CI

IM Impactor mass including the mass of API collected on the first 
stage of the ACI (i.e., stage 0 of the configuration for use at 
28.3 L/min), whose upper bound size is undefined

ISM Impactor-sized mass, defined as the total mass of API col-
lected by the size-fractionating stages of the CI whose 
upper-bound size limit is established (EDA analysis)

K; K
mono

Average agglomeration coefficient for a generalized unimodal 
and log- normally distributed particulate system suspended 
in a supporting gaseous medium; average agglomeration 
coefficient for a monodisperse system

Kn
p

Particle Knudsen number (important for submicron-sized 
particles)

k Boltzmann constant

L Length of nozzle or nozzles in a particular impactor stage
LPF Large particle mass fraction (EDA analysis)
LPM Large particle mass (EDA analysis)

m Mass of an individual particle
m

i
Mass of API on stage “i” of the CI

M
EM

Emitted mass of API from the inhaler that enters the CI system
MMAD Mass median aerodynamic diameter of the CI size-fractionated 

aerosol

N
0
; N(t) Initial number concentration (density) of an aerosol in consid-

eration of particle agglomeration; the time-dependent 
relationship of particle number concentration in an agglom-
erating aerosol

n Number of nozzles per impactor stage

P
1
; P

2
; P

3
Air pressure at induction port; pressure on the impactor side of 

the flow- regulating valve (DPI testing); pressure on the 
vacuum-pump side of the flow-regulating valve (DPI 
testing)

p
a
; p

accept
Probability of acceptance in context of the interpretation of 

data from operational characteristic curves (OCCs)
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p
diff

; p
sed

Root mean square (RMS) displacement of a particle in unit 
time due to molecular (Brownian) diffusion; RMS displace-
ment of a particle in unit time due to gravitational 
sedimentation

ΔP
stage(i)

Pressure drop (flow resistance) across a given CI stage “i”

Q; Q
l

Volumetric gas (air) flow rate through the CI system; volumet-
ric liquid feed rate

Q2 The predicted variation (in principal component analysis)
Q

const
; Q

const-CI
Constant flow rate; constant flow rate required by cascade 

impactor
Q

br-sim
(t) Time-dependent flow rate profile provided by a breathing 

simulator

R2, r2 Coefficient of determination, correlation coefficient
R2X statistic in PCA, used to indicate how well the model explains 

the variability of a real data set
Re

f
Flow Reynolds number

RH
amb

; RH
op

Room-ambient relative humidity; relative humidity in 
oropharynx

RMSE Root mean square error
RSF Relative span factor

S Perpendicular distance between exit plane from nozzle plate 
and collection surface of impactor

S
APSD

Spread of a unimodal but not necessarily lognormal APSD
SD Standard deviation
SPF Small particle mass fraction (EDA analysis)
SPM Small particle mass (EDA analysis)
St, St

50
Suspended particle Stokes number, Stokes number at which a 

CI stage is 50% efficient as a particle collector

t Elapsed time in consideration of particle motion
t′ Nondimensional time in considerations of particle inertial 

behavior
T Nozzle throat length for an impactor stage
T 2 Statistic used in Hotelling confidence ellipse construction in 

connection with PCA
T

abs
; T

amb
Absolute temperature in degrees Kelvin; room-ambient 

temperature
TEM Total emitted mass from the inhaler, including all non-sizing 

components of the CI system such as the induction port, 
pre-separator (if used), and the first stage for the ACI (if used)

TM
IP

Total mass of API in the induction port
TM

exMVM
Total mass of API ex-inhaler metering valve

TOI Total mass of API in the impactor system
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U; U
0

Linear gas (air) velocity associated with particle motion at a 
defined location within the CI; mean velocity of the gas 
(air) flow

v′ Nondimensional particle velocity relative to the mean gas (air) 
velocity at some distance from the point of acceleration of 
the particle in considerations of inertial behavior

v′rel Nondimensional particle velocity relative to the gas (air) 
velocity during particle acceleration in considerations of 
inertial behavior

v
t

Suspended-particle terminal settling velocity
V

p
Particle volume

W Impactor stage nozzle width (diameter for circular-profiled 
nozzles)

x Mass of API that deposits on a collection surface of a defined 
stage of a CI

X
c

Impactor stage cross-flow parameter

Y
i

Best-fit parameter for generalized CI-stage collection effi-
ciency-aerodynamic diameter profile to a hyperbolic 
tangent function

z Best-fit parameter for generalized CI-stage collection effi-
ciency-aerodynamic diameter profile to a hyperbolic 
tangent function

Δd i50, Size width (aerodynamic diameter scaling) associated with an 
individual CI stage

α Type I statistical error (false rejection)
β Type II statistical error (false acceptance)
κ–ω Kappa–omega turbulence model at low flow Reynolds number
λ Mean free-path length of gas (air) molecules supporting an 

aerosol
η

a
; η Air (aerosol supporting fluid) viscosity; fluid (unspecified) 

viscosity
ρ

0
; ρ

p
; ρ

g
Unit (reference) density (cgs system); particle density; 

supporting gas (air) density
σ

g
Geometric standard deviation of a hypothetical unimodal and 

log-normally distributed aerosol
τ Particle relaxation time
χ Suspended-particle dynamic shape factor
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             Index 

  A 
  Abbreviated impactor for measuring 

parameters potentially pertinent to 
HRT deposition (AIM-pHRT) 

  vs.  AIM-QC measurement , 300  
 apparatus , 382  
 con fi gurations , 295  
 guidelines , 396  
 re fi nements 

 ADAM-III infant face model , 395  
 breathing pro fi le simulator , 393–394  
 DPI testing , 391  
 e-Lung™ , 392  
 inhalation pro fi les , 393  
 inhaler mimicking , 391  
 inlet interface , 391  
 Miller mixing inlet , 391, 392, 394  

 second impaction stage , 301  
 system development , 381  
 validation 

 Alberta adult throat inlet , 384–385  
 CPF value , 390–391  
 EPF value , 390  
 FPF value , 390  
 in vitro evaluation , 289, 384  
 MDI-delivered salbutamol , 385–388  
 metrics , 382  
 polyoxyethylene lauryl ether surfactant 

 fi lter , 385  
 salbutamol mass deposition data, 

grouped , 388  
 variability estimation , 298, 299   

  Abbreviated impactor for OIP quality control 
(AIM-QC) 

 apparatus , 295  
 approach , 124  

 con fi guration , 295  
 impactor , 384  
 impactor-sized subfraction measurement , 

300  
 pHRT-FSA , 295  
 subfraction value , 297   

  Abbreviated impactor measurement (AIM) 
 acceptance , 365–365  
 ACI-based, systems , 302–307  
 AIM-pHRT   ( see  Abbreviated impactor for 

measuring parameters potentially 
pertinent to HRT deposition 
(AIM-pHRT)) 

 AVCI   ( see  Andersen viable cascade 
impactor (AVCI)) 

 choice/choose , 129–130, 136, 138–139, 143  
 concept , 2, 27  
 con fi guration , 4, 5  
 and DDU apparatus , 331, 404, 408  
 design , 126  
 EDA advantages   ( see  Ef fi cient data 

analysis (EDA)) 
 FSI   ( see  Fast screening impactor (FSI)) 
 full-resolution CI , 137–139  
 human respiratory tract , 2  

 aerosols deposition , 59–61  
 CI data , 19–20  
 European regulatory guidance , 20  
 Health Canada (HC) guidance , 20  
 particle deposition behavior , 19, 127–128  
 particle velocity-airway generation 

pro fi le , 17  
 size selectivity , 18  

 instrumentation 
 Copley-Fisons two-stage metal 

impactor , 285–286  
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 Abbreviated impactor measurement 
(AIM) (cont.)

proof-of-concept experiments , 289–294  
 T-FSA system , 290  

 in vitro–in vivo relationships   ( see  Orally 
inhaled product (OIP))  
 measurement equipment , 349–353  

 method selection , 121–124  
 metrics , 120, 362  
 NGI   ( see  Next generation pharmaceutical 

impactor (NGI))  
 OIP quality assessment , 124–127  
 product life cycle , 144–147  
 proof concept , 289–294  
 in research and development , 127–128  
 road map , 120  
 selection of, system , 129–130  
 short stack ACI , 348–349  
 size ranges , 136–137  
 studies with, ACI , 302–307  
 summed stages , 40  
 systems , 40–42, 126, 136–139, 143, 288, 

300, 302, 307, 313, 353, 362   
  Active pharmaceutical ingredient (API) 

 de fi nition , 2  
 detection capability , 2, 3  
 extra- fi ne mass fraction determination , 4  
 grouping , 6  
 impactor-sized mass (ISM) 

 large particle mass (LPM) , 6  
 small particle mass (SPM) , 6  

 mass median aerodynamic diameter 
(MMAD) , 6  

 particle deposition , 4   
  ADAM-III infant face , 395   
  Add-on device 

 MDIs   ( see also  Pressurized metered-dose 
inhalers (pMDI)) 

 delay apparatus , 49–50  
 evaluation , 48  
 inhaler mouthpiece , 63  
 measurements , 49  
 open-tube spacer , 48  
 valved holding chamber , 49  
 VHC mouthpiece , 48  
 working components , 50–51  

 OIPs , 139, 144  
 with  vs.  without , 106   

  Aerodynamic diameter ( d  
 ae 

 ) , 2, 4, 5, 16, 17, 
23, 43, 45, 46, 105, 120, 275, 292. 
    See also  Mass median aerodynamic 
diameter (MMAD)  

  Aerodynamic methods , 3   

  Aerodynamic particle size distribution (APSD) 
 aerosol transport , 64  

 electrostatic charge , 69–70  
 evaporation and condensation 

processes , 71–73  
 gravitational sedimentation , 67–68  
 molecular diffusion (Brownian 

Motion) , 69  
 particle inertia , 66–67  
 particle–particle agglomeration , 65–66  

 assessment , 176  
 change 

 aerosol behavior , 61–64  
 CI method, detectability , 74–77  
 EDA, detectability of , 252–257  
 HRT, aerosols deposition , 59–61  
 OIP product , 276–279  
 potential causes , 263–268  
 relative severity , 270  

 CITDAS® , 110–112  
 cumulative mass-weighted , 106–109, 120, 

125, 157, 158, 208, 220, 223, 271, 
288, 298, 387, 388, 403  

 data , 110–112  
 good CI data analysis practices , 107–109  
 measurement , 15–18  

 add-on devices, MDIs , 48–51  
 CI method capability , 21–22  
 human respiratory tract , 18–20  
 inertial size fractionation , 22–34  
 OIP aerosol characterization , 41–44  
 particle motion , 16  
 preseparators and induction ports , 

44–47  
 stage collection ef fi ciency pro fi le , 

34–41  
 metrics , 146, 204, 365, 408  
 OIP 

 assessment , 7  
 life cycle management , 139–144  

 purpose , 2  
 shift , 72, 76, 120, 205, 229, 239, 253, 254, 

255, 263, 266, 268, 272  
 stage groupings , 5  
 testing , 139   

  Aeroneb Go® , 336   
  Aerosol 

 APSD changes   ( see  Aerodynamic particle 
size distribution (APSD), changes) 

 assessment , 176, 245  
 behavior , 61–64  
 characterization , 32, 41–44, 315  
 deposition , 2  

Index
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 formation 
 DPIs , 61–62  
 electrostatic charge , 69, 92  
 evaporation , 16  
 nebulizing systems and SMIs , 63–64  
 OIPs , 7, 61–64  
 pressurized metered-dose inhalers , 

62–63  
 process , 71  

 HRT, deposition of , 59–61  
 mechanics , 16, 263, 281  
 performance, OIP , 121, 123  
 transport 

 APSD , 64, 380  
 duration , 261  
 electrostatic charge , 69–70  
 evaporation and condensation 

processes , 71–73  
 geometry , 377  
 gravitational sedimentation , 67–68  
 highly idealized model , 258  
 molecular diffusion (Brownian 

Motion) , 69  
 particle inertia , 66–67  
 particle–particle agglomeration , 65–66   

  Agglomeration 
 and deagglomeration , 258  
 de fi ned , 65  
 particle–particle , 16, 65–66  
 process , 260   

  AIM.    See  Abbreviated impactor measurement 
(AIM)  

  AIM-pHRT.    See  Abbreviated impactor for 
measuring parameters potentially 
pertinent to HRT deposition 
(AIM-pHRT)  

  Alberta Idealized Throat (AIT) model , 378, 
383, 384   

  Anatomically correct throat model , 383   
  Andersen cascade impactor (ACI) 

 AIM systems , 294–309    ( see also  
Abbreviated impactor measurement 
(AIM)) 

 API recovery , 103  
 con fi guration , 38  
 design characteristics , 28  
 external appearance , 33  
 FSI , 129  
 measurements , 122  
 preseparators , 46, 47  
 semiautomated , 129  
 size-fractionating stages , 27  
 8-stage nonviable , 174, 291    ( see also  

Andersen non-viable cascade 
impactor) 

 system , 40, 41  
 viable   ( see  Andersen viable cascade 

impactor (AVCI))  
  Andersen non-viable cascade impactor , 96, 

125, 289, 308–310   
  Andersen viable cascade impactor (AVCI) 

 API recovery , 313  
 design , 307  
 discrepancy , 311  
 FPD–AVCI evaluation study , 308, 309  
 impactor mass , 309  
  vs.  nonviable ACI , 314–315  
 operating principle , 307  
 performance , 308  
 pMDI products evaluation , 312  
 size-separation stages , 308  
 Westech  fi ne particle dose impactor , 307   

  Applicability 
 AIM-based CI measurements , 352  
 AIM concept , 365, 366368  
 CI method , 43  
 EDA concept , 368, 369  
 OIP , 362   

  APSD.    See  Aerodynamic particle size 
distribution (APSD)  

  Area under the curve (AUC) , 6, 124, 161, 168, 
252, 253   

  AVCI.    See  Andersen viable cascade impactor 
(AVCI)   

  B 
  Back-up  fi lter , 302, 308, 343, 348–349   
  Batch release , 177, 184, 360, 363, 409   
  Benchmarking full resolution CI data , 4–8, 

10–12, 41.     See also  Cascade 
impactor (CI)  

  Berg, E. , 38, 343–347, 378   
  Bonam, M. , 84–88, 90–95, 97–99   
  Breathing simulation , 22, 391–394   
  Burnell, P.K.P. , 323   
  Byron, P.R. , 28, 29    

  C 
  Cascade impactor (CI) 

 active pharmaceutical ingredient , 2  
 air sampling device , 2  
 APSD   ( see  Aerodynamic particle size 

distribution (APSD))  data 
 benchmarking full resolution , 4–8, 

10–12, 41  
 clinical signi fi cance  vs.  product quality 

con fi rmation , 146–147  
 GCIP, representation , 102–107  

Index



436

 Cascade impactor (CI) (cont.)
evaluation   ( see  Orally inhaled product 

(OIP)) 
 full-resolution , 137–139  
 inertial impaction , 16  
 Ishikawa cause , 85  
 measurement 

 aerosols   ( see  Aerosol) 
 CITDAS® , 110–112  
 experience , 119–120  
 product life cycle approach   ( see  Orally 

inhaled product (OIP)) 
 system , 4, 5  

 method capability , 21–22  
 method failure investigation tree , 99–101  
 methodology simpli fi cation , 101–102  
 performance , 22–34  
 size fractionation , 6, 22–34  
 system validation , 90  
 variability measurements, assessment 

 API recovery and analysis procedure , 96  
 causes , 98  
 machine, contribution , 88–96  
 man, contribution , 85–88  
 material, drug product , 97–98   

  Central tendency , 34, 109, 120, 161, 190, 198, 
246, 252, 277, 287   

  C-FSA , 289–291   
  Chambers, F.E. , 76, 308–311, 385   
  Change of shape 

 LPF alone 
 agglomerate , 258–259  
 Brownian diffusion , 260  
 electrostatic charge effect , 260  
 particle fragmentation , 260  
 phoretic processes , 260  

 LPF and SPF , 262–263  
 SPF alone 

 APSD changes , 261  
 particle removal , 260   

  Chan, H.-K. , 380   
  Characterization 

 APSD , 74, 407  
 aqueous nasal spray , 43  
 EDA   ( see  Ef fi cient data analysis (EDA)) 
 MDI , 32  
 in measurement theory and evaluation , 153  
 OIP aerosol , 32, 41–44  
 techniques , 18   

  Christopher–Dey strategy.    See also  Tougas 
strategy 

 acceptance limits , 224  
 APSD histogram , 218  
 cumulative mass-weighted APSD 

curves , 223  
 EDA  vs.  grouped-stage approaches , 217  
 LPM/SPM ratio  vs.  MMAD , 219, 223, 229  
  MMAD  values , 217–219  
 OIP CI-determined APSD data , 222  
 OIP product w9k001 , 226–228  
 overview of , 205  
 simulated cascade impactor-generated 

data , 222  
 stage group 2 mass deposition data , 220  
 stage group 3 mass deposition data , 221  
 stage group 4 mass deposition data , 221  
 type I and type II error rates , 225   

  Christopher, J.D. , 102, 182, 190, 203–205, 
217, 218   

  CITDAS® , 35, 36, 110–112, 271   
  Coagulation , 65, 73    See also  Agglomeration  
  Coarse particle fraction (CPF) , 106, 110, 396   
  Coarse particle mass (CPM) , 137, 139, 329, 

388   
  Compendial method 

 DPI testing , 95   
  Condensation , 16, 58, 71, 74    . See also  

Evaporation  
  Constraint , 91, 161, 183, 291   
  Contribution to variability 

 from API analysis , 96  
 from the drug product (material) , 97–98  
 from interactions between contributing 

causes , 98  
 from ‘Machine,’ 88–96 
 from ‘Man,’ 85–88 
 from the measurement , 96   

  Copley-Fisons two-stage metal impactor , 
285–286   

  Copley, M. , 388   
  Cross-validation , 405    

  D 
  Daniels, G.E. , 327–330, 343, 344, 391   
  Data reduction , 107–110   
  Deagglomeration , 258, 260, 263, 322   
  Decision making , 58, 107, 126, 142, 365. 

    See also  Ef fi cient data analysis 
(EDA)  

  Delay apparatus , 49, 50   
  Delivered dose uniformity (DDU) test , 331, 

404, 408   
  Dennis, J. , 339   
  Després-Gnis, F. , 332, 333   
  Dey, M. , 203, 205, 217, 218   
  Discriminating ability , 177, 369   
  DISTFIT 2008® , 112   

Index



437

  Dolovich, M.B. , 378   
  Doub, B. , 403   
  Downey, B. , 288   
  Dry powder inhaler (DPI) 

 APSD changes , 265  
 description , 61–62  
 Prohaler™ , 331  
 testing , 21, 43, 91, 95, 122, 139, 330   

  Dunbar, C. , 102–106    

  E 
  Ef fi cient data analysis (EDA) , 122, 371  

 acceptance , 130  
 current guidance , 360–363  
  fi t for purpose , 365–369  
 framework , 364–365367  
 pharmacopeia requirements , 363–364  
 regulatory , 369–371  

 AIM–QC approach , 124–127  
 AIM system selection , 129–130  
 concept , 5, 137, 152  

 APSD, fundamental properties , 
154–159  

 measurement theory and evaluation , 153  
 QC testing , 154  

 cumulative mass-weighted form, APSD , 
161–165  

 derivation of, metrics , 10  
 full-resolution and AIM-based CI 

measurements , 130–131  
  vs.  grouped stages , 176–177  
 IPAC-RS-sponsored conference questions , 

401–407  
 metrics 

 comparisons , 177–179  
 control strategies , 143  
 de fi ned, and background , 159–160  
 derivation , 10  
 and determination methods , 8–9  
 LPM/SPM and ISM , 141  
 OIP APSD , 121–124  

 MSA approach , 181–183, 189–202    
( see also  Measurement system 
analysis (MSA) approach) 

 OCC approach , 183–188, 203–230    
( see also  Operating characteristic 
curve (OCC) approach) 

 OIP aerosol assessment, approaches to , 
245–247  

 particle deposition behavior, HRT , 
127–128  

 PCA approach , 188–189, 237–245  
  ( see also  Principal components 
analysis (PCA)) 

 product life cycle, approach , 144–147  
 ratio  LPM/SPM , APSD , 165–168  
 road map for , 11–12, 120  
 veri fi cation of, concept 

 APSD changes , 252–257  
 case studies , 271–280  
 failure mode analysis , 263–271  
 LPM , 261–262  
 potential failure modes , 257–258  
 SPM , 261–262  
 SPM and LPM , 262–263   

  e-Flow® vibrating membrane nebulizer , 341   
  Ehtezazi, T. , 386   
  Eisenhart, C. , 181   
  Electronic Lung™ (eLung) set-up , 330   
  Electrostatic charge , 63, 64, 68–70, 92   
  European Medicines Agency (EMA) , 20, 37   
  European Pharmaceutical Aerosol Group 

(EPAG) , 10, 21, 83, 94, 371, 402   
  European Pharmacopeia (Ph.Eur) , 137   
  Evaporation , 16, 17, 45, 58, 62, 63, 71–74, 87, 

92, 94–96, 293, 305   
  Ex-actuator mass (Ex-ActM) , 297   
  Ex-metering valve mass (Ex-MVM) , 297   
  Extra- fi ne particle fraction (EPF) , 106, 110, 

382   
  Extra- fi ne particle mass (EPM) , 137, 292, 388    

  F 
  Failure investigation tree , 99–101   
  Failure mode analysis , 263–271   
  Fast screening Andersen (FSA) , 138, 284   
  Fast screening impactor (FSI) , 333–335  

 aerosol assessment , 320  
 assembly , 315, 316  
 components , 315  
 con fi guration , 326–328  
 dead volume con fi guration , 323  
 design and calibration data , 316  
 design of experiments (DoE) , 317, 318  
 droplet evaporation , 340  
 Electronic Lung™ (eLung) set-up , 330  
 experimental set-up , 324  
 insert , 342  
 measurement techniques , 319  
 nebulizer testing , 336, 337  
  vs.  NGI , 319, 321, 332  
 nonviable ACI system , 313  
 one-stage impactor , 315–316  
 pressure drop-elapsed time pro fi le , 

322, 324, 325  
 size-related metrics , 317, 318  
  SPM  value , 328, 329  
 uses , 316   

Index



438

  Fine particle dose impactor , 307–308   
  Fine particle fraction (FPF) , 106, 137   
  Fine particle mass (FPM) , 121, 325   
  Finlay, W.H. , 16, 128, 378, 383   
  Flovent-110 ®  , 292, 293   
  (United States) Food and Drug Administration 

(FDA) , 19, 98, 158   
  Fragmentation, particle.    See  Deagglomeration  
  Full resolution impactor , 27  

 accuracy , 327  
 benchmark , 144, 303, 353  
 con fi gurations , 34  
 cumulative mass-weighted APSD , 403  
 DPI testing , 396  
 measurements , 104, 342  
 systems , 350    

  G 
  Gabrio, B. , 378, 379   
  Gage repeatability and reproducibility 

(Gage R&R) studies , 153, 180   
  Garmise, R.J. , 404   
  Geometric standard deviation (GSD) , 26, 35, 

65, 75, 157, 315   
  Glaab, V. , 263, 265, 266, 268, 269   
  Good cascade impactor practices (GCIP) 

 CI 
 measurement variability , 84–85  
 method failure investigation tree , 99–101  
 methodology simpli fi cation , 101–102  

 contribution to variability 
 from API analysis , 96  
 from the drug product (material) , 97–98  
 from interactions between contributing 

causes , 98  
 from ‘Machine,’ 88–96 
 from ‘Man,’ 85–88 
 from the measurement , 96  

 data analysis practices 
 CI data representation , 102–107  
 CITDAS® , 110–112  
 data reduction , 107–110  

 intrinsic variability, CI methodologies , 83–84   
  Gravitational sedimentation , 67–68   
  Grouped stages , 146, 161, 168, 176–177, 

230–236.     See also  Stage groupings  
  Gulak, Y. , 35   
  Guo, C. , 312    

  H 
  Hamilton, M. , 327–330, 343, 344, 391   
  Hauck, W.W. , 246   
  Health Canada (HC) , 20   

  Hickey, A.J. , 404   
  Hinds, W.C. , 16, 65   
  Horodnik, W. , 348, 349   
  Horton, K.D. , 92   
  Human respiratory tract (HRT) 

 aerosols deposition , 59–61  
 CI data , 19–20  
 European regulatory guidance , 20  
 Health Canada (HC) guidance , 20  
 particle deposition behavior , 19, 127–128  
 particle velocity-airway generation 

pro fi le , 17  
 size selectivity , 18    

  I 
  Impactor design , 95–96    . See also  Cascade 

impactor (CI)  
  Impactor mass (IM) , 241  

 de fi ned , 297  
 determination method , 310  
 measurement , 309   

  Impactor sized mass (ISM) , 6, 106, 124, 160, 
175, 297, 404   

  Impactor theory , 27   
  Induction port (IP) 

 choice , 94–95  
 design , 379  
 pre-separator , 4, 44–47  
 USP/Ph. Eur. inlet , 68, 377   

  Inertial impaction , 15–50.     See also  Cascade 
impactor (CI)  

  Inhalers.    See  Pressurized metered-dose 
inhalers (pMDI)  

  International Pharmaceutical Aerosol 
Consortium on Regulation and 
Science (IPAC-RS) , 10  

 database , 157, 162, 177, 182, 189, 193, 
194, 205, 219, 229  

 experiment 
 impactor precision comparison , 

294–307  
 questions and response , 401–407   

  Intrinsic variability , 83–84   
  In vitro in vivo relationship (IVIVR).    See also  

Orally inhaled product (OIP) 
 AIM-pHRT system   ( see  Abbreviated 

impactor for measuring parameters 
potentially pertinent to HRT 
deposition (AIM-pHRT)) 

 Alberta idealized throat , 378, 383, 384  
 clinical trials , 381  
 inter-patient variability , 381  
 IP replacement , 376  
 lung deposition , 380  

Index



439

 model development , 380  
 MRI, adult upper respiratory tract , 383  
 pHRT CI deposition , 382  
 quali fi cation , 381  
 silicone cast , 378  
 size fractions , 376  
 upper airway dimensions , 382  
 USP/ Ph.Eur. induction port inlet , 377  
 validation   ( see  Validation)   

  K 
  Kamiya, A. , 93   
  Keegan, G.M. , 302, 304–307    

  L 
  Laminar  fl ow , 21, 22   
  Landahl, H.D. , 69   
  Large particle fraction (LPF) , 106, 257, 258, 

262–263   
  Large particle mass (LPM), 6 ,258–261.     See 

also  Ratio metric LPM/SPM (R)  
  Lewis, D.A. , 302, 304–307   
  Lifecycle management strategy , 407–409   
  Liu, B.Y.H. , 27   
  LPM/SPM ratio.    See  Ratio metric 

LPM/SPM (R)   

  M 
  Management strategy , 139–140   
  Mao, L. , 271, 272   
  Marple, V.A. , 27, 30, 31   
  Mass balance (MB) , 91, 98, 99, 119–120, 404   
  Mass median aerodynamic diameter 

(MMAD) , 6  
 acceptance region , 225  
 in APSD quality metrics , 144, 146  
 calculation , 218  
 estimation , 109–110  
 GSD value , 34–36  
  vs.  LPM/SPM ratio , 164  
 OIP aerosol effect , 369  
 stage groupings , 167   

  Mathews, J. , 39   
  MDIs.    See  Pressurized metered-dose inhalers 

(pMDI)  
  Measurement system analysis (MSA) 

approach 
 EDA , 181–183, 189–202  
 measurement, de fi ned , 181   

  Measurement variability.    See  Contribution 
to variability  

  Merrin, C. , 93   
  Metered dose inhaler (MDI).    See  Pressurized 

metered-dose inhalers (pMDI)  
  Method sensitivity , 146   
  Milhomme, K. , 89   
  Miller, N.C. , 30, 86, 121, 287, 391   
  Mitchell, J.P. , 22, 34, 35, 37–40, 92–94, 102, 

103, 105, 106, 130, 253, 257, 258, 
260–262, 304, 305, 349   

  Molecular diffusion (Brownian motion) , 69   
  Morén, F. , 58   
  Multi-stage liquid impinge (MSLI) , 30–33, 44, 

91, 285, 351, 352, 366, 380    

  N 
  Nagel, M.W. , 22   
  Nasr, M.M. , 92   
  Nebulizing systems 

 evaluation , 129, 131, 396  
 evaporation , 71, 92, 95  
 formulations , 338, 339  
 FSI , 315  
 measurement , 26, 43  
 performance , 287  
 and SMIs , 63–64  
 testing of , 111  
 vibrating membrane , 341   

  Newman, S.P. , 380   
  Next generation pharmaceutical impactor 

(NGI) , 21, 26, 388  
 external appearance , 33  
 performance assessment, AIM systems , 

342–348  
 preseparators , 46, 47   

  Nichols, S.C. , 28, 83, 405   
  Non-aerodynamic methods.    See  Aerodynamic 

methods   

  O 
  Olson, B.A. , 26, 393, 394   
  Operating characteristic curve 

(OCC) approach , 155, 159, 160, 
174, 177  

 Christopher–Dey strategy , 204, 217–230  
 concept , 183  
 EDA , 183–188  
 errors types , 183  
 probability of acceptance determination , 

184  
 Tougas strategy , 203–217   

  Orally inhaled/nasal drug product 
(OINDP) , 22   

Index



440

  Orally inhaled product (OIP) 
 aerosol formation 

 DPIs , 61–62  
 electrostatic charge , 69, 92  
 evaporation , 16  
 nebulizing systems and SMIs , 63–64  
 pressurized metered-dose inhalers , 

62–63  
 process , 71  

 aerosol MMAD effect , 369  
 APSD measurement , 15–18  

 add-on devices, MDIs , 48–51  
 CI method capability , 21–22  
 human respiratory tract , 18–20  
 inertial size fractionation , 22–34  
 OIP aerosol characterization , 41–44  
 particle motion , 16  
 preseparators and induction ports , 

44–47  
 stage collection ef fi ciency pro fi le , 

34–41  
 commercial phase , 143  
 development and manufacture , 267  
 dosage forms , 366–367369  
 in vitro–in vivo relationships 

 AIM-pHRT system   ( see  Abbreviated 
impactor for measuring parameters 
potentially pertinent to HRT 
deposition (AIM-pHRT)) 

 Alberta idealized throat , 378, 383, 384  
 clinical trials , 381  
 inter-patient variability , 381  
 IP replacement , 376  
 lung deposition , 380  
 model development , 380  
 MRI, adult upper respiratory tract , 383  
 pHRT CI deposition , 382  
 quali fi cation , 381  
 silicone cast , 378  
 size fractions , 376  
 upper airway dimensions , 382  
 USP/ Ph.Eur. induction port inlet , 377  
 validation   ( see  Validation) 

 lifecycle management 
 approaches in , 144  
 during OIP commercial phase , 143  
 overview , 139  
 post-approval and device changes , 

143–144  
 during product development , 140–143  

 product quality control , 2  
 quality assessment , 124–127, 179  
 quality control , 176–177  

 size-analysis method, classi fi cation , 3  
 size particles, aerosols , 2   

  Out of speci fi cation (OOS) , 99, 120, 352, 363   
  Out of trend (OOT) , 99    

  P 
  Pantelides, P.N. , 322–327   
  Particle deposition , 4, 10, 18, 19, 61, 127–128, 

382   
  Particle fragmentation.    See  Deagglomeration  
  Particle inertia , 66–67   
  Particle motion , 16, 69   
  Particle-particle agglomeration. 

   See  Agglomeration  
  Peri, P. , 406   
  Pre-separator 

 and induction port , 103  
 NGI , 47, 315, 323, 325   

  Pressurized metered-dose inhalers (pMDI) 
 add-on device 

 delay apparatus , 49–50  
 evaluation , 48  
 inhaler mouthpiece , 63  
 measurements , 49  
 open-tube spacer , 48  
 valved holding chamber , 49  
 VHC mouthpiece , 48  
 working components , 50–51  

 aerosol formation , 62–63   
  Principal components analysis (PCA) 

approach 
 assessments , 177  
 data sets , 246  
 de fi ned , 188  
 EDA , 237–245  
 graphical presentation types , 189  
 overview , 237  
 score plot , 238–240, 243, 244   

  Product development , 140–143   
  Proof-of-concept experiments , 289–294   
  Purewal, T.S. , 86    

  Q 
  Quality by design (QBD) , 126, 142, 291, 361, 

406   
  Quality control (QC) 

 AIM–QC   ( see  Abbreviated impactor for 
OIP quality control (AIM-QC)) 

 applications , 294–301  
 decisions , 152, 183  
 limitations , 154–155  

Index



441

 metrics , 161–165  
 product , 2, 20, 107  
 purpose , 154–155, 180  
 testing , 139   

  Qvar™-80 , 294    

  R 
  Rader, D.J. , 27, 35   
  Rao, N. , 72   
  Rapid assessment , 127–128   
  Ratio metric LPM/SPM (R) , 6, 106, 161, 162, 

165, 168, 186, 191, 194, 195, 205, 
216, 224, 241, 247   

  RDD Europe 2011 Satellite Symposium , 370   
  Reduced next generation impactor (rNGI) , 

140, 328, 343–346.     See also  Next 
generation pharmaceutical impactor 
(NGI)  

  Regulatory acceptance , 369–371   
  Regulatory guidance , 20, 360, 372   
  Relative severity , 270   
  Rhem, R. , 378   
  Right impactor right purpose , 145   
  Roberts, D.L. , 29, 34, 35, 37–40, 75, 76, 315   
  Roberts, W. , 122, 288   
  Rogueda, P. , 334   
  Romay, F. , 315   
  Russell-Graham, D. , 321–323    

  S 
  Sandler, N. , 189   
  Sheng, G. , 334, 336–340   
  Size fractionation , 22–34, 257, 315, 329, 396   
  Size separation process , 2, 26, 46, 103, 286, 

308, 328   
  Small particle fraction (SPF) , 106, 255, 258, 

261–263, 343   
  Small particle mass (SPM) , 6, 124, 160. 

    See also  Ratio metric 
LPM/SPM (R)  

  Smurthwaite, M. , 28, 29, 385   
  Soft mist inhalers (SMIs) , 58, 63–64.     

See also  Nebulizing systems  
  Spacer.    See  Valved holding chambers (VHCs)  
  Stage collection ef fi ciency , 20, 30, 32, 34–41, 

76, 156, 157, 287, 315   
  Stage cut-off diameter (D50) , 194–195, 285, 

287, 289, 294, 341   
  Stage groupings , 5, 167, 190, 208, 242–243   
  2-Stage nonviable ACI , 289–296.     

See also  Andersen non-viable 
cascade impactor  

  Stein, S.W. , 26   
  Stewart, E. , 86   
  Stobbs, B. , 333   
  Storey-Bischoff, J. , 395   
  Svensson, M. , 38, 343–347   
  Swift, D.L. , 378    

  T 
  T-FSA , 284, 289–293   
  Total emitted mass (TEM) , 303, 310, 311, 

331–333, 336, 337   
  Tougas strategy 

 individual stage mean , 203  
 IPAC-RS database , 205, 206  
 LPM/SPM , 210–216  
 MMAD values , 207  
 OCC determination , 203, 205, 210, 216  
 OIP  w9j601  , 210  
 procedure , 203–204  
 stage grouping , 208   

  Tougas, T.P. , 124, 126, 137, 139, 154, 162, 
165, 167, 168, 203, 205, 222, 246, 
287, 288, 402, 405, 407   

  Triboelectri fi cation , 92.     See also  Electrostatic 
charge  

  Trudell medical international (TMI) 
 ADAM-III infant face , 395  
 add-on device testing , 289  
 AIM-based apparatuses , 284  
 AIM-pHRT system evaluation , 295, 309  
 C-FSA , 289–291  
 delay apparatus , 49, 50  
 Flovent-110 ®  , 292, 293  
 Qvar™-80 , 294  
 T-FSA , 290   

  Tservistas, M. , 341, 342    

  U 
  United States Pharmacopeia (USP) , 43, 130    

  V 
  Validation 

 AIM-based apparatuses , 284  
 AIM-pHRT system, ACI 

 Alberta adult throat inlet , 384–385  
 CPF value , 390–391  
 EPF value , 390  
 FPF value , 390  
 in vitro evaluation , 289, 384  
 MDI-delivered salbutamol , 385–388  
 metrics , 382  

Index



442

 Validation (cont.)
polyoxyethylene lauryl ether surfactant 

 fi lter , 385  
 salbutamol mass deposition data, 

grouped , 388  
 CI system , 89  
 discriminatory power, EDA , 368   

  Valved holding chambers (VHCs) 
 as add-on devices , 58, 106, 144, 265, 395    

( see also  Pressurized metered-dose 
inhalers (pMDI)) 

 dose delivery , 361  
 evaluation , 49  
 face mask , 49, 395  
  fl ow rate , 50  
 MDI , 5, 68, 381  
 nominated spacer , 49  
 pMDI testing , 105, 106, 289   

  Van Oort, M. , 122, 288, 289   
  Variability cascade impactor measurements 

 API recovery and analysis procedure , 96  
 causes , 98  

 contribution from machine , 88–96  
 contribution from man , 85–88  
 Ishikawa cause , 85  
 material, drug product , 97–98   

  Vaughan, N.P. , 26, 28, 29, 35, 37, 38   
  Velasquez, D.J. , 378, 379   
  Veri fi cation 

 CI performance , 88  
 EDA concept   ( see  Ef fi cient data analysis 

(EDA))   

  W 
  Walker, R.L. , 39   
  Watanabe, W. , 336–340   
  Weda, M. , 406, 407   
  Williams, G. , 332, 333   
  Wilson, D. , 189    

  Z 
  Zhou, Y. , 45          

Index


	Good Cascade Impactor Practices, AIM and EDA for Orally Inhaled Products
	Preface
	Acknowledgments
	Contents
	Chapter 1: Introduction
	1.1 Purpose
	1.2 Scope
	References

	Chapter 2: Current Approaches to APSD Measurements of OIPs Based on Inertial Impaction
	2.1 Introduction
	2.2 The CI Is Not an In Vitro Analog of the Human Respiratory Tract
	2.3 Capability of the Cascade Impaction Method
	2.4 Fundamentals of Inertial Size Fractionation Affecting Multistage CI Performance
	2.5 Potential Bias Arising from the Assumption That Stage Collection Efficiency Profiles Are Each Step Functions at the d 50 Value Appropriate to the Stage Under Consideration
	2.6 Overview of the Compendial Full-Resolution CI-Based Methods for OIP Aerosol Characterization
	2.7 Preseparators and Induction Ports
	2.8 Add-On Devices Used with MDIs
	References

	Chapter 3: Physical Causes of APSD Changes in Aerosols from OIPs and Their Impact on CI Measurements
	3.1 Introduction
	3.2 Deposition of Aerosols in the Human Respiratory Tract
	3.3 Linking Aerosol Behavior to APSD Changes
	3.3.1 Aerosol Formation from OIPs
	3.3.1.1 Dry Powder Inhalers
	3.3.1.2 Pressurized Metered-Dose Inhalers
	3.3.1.3 Nebulizing Systems and Soft Mist Inhalers

	3.3.2 Aerosol Transport and APSD
	3.3.2.1 Particle–Particle Agglomeration
	3.3.2.2 Particle Inertia
	3.3.2.3 Gravitational Sedimentation
	3.3.2.4 Molecular Diffusion (Brownian Motion)
	3.3.2.5 Electrostatic Charge
	3.3.2.6 Evaporation and Condensation Processes
	3.3.2.7 Summary

	3.3.3 Detectability of APSD Changes by the Cascade Impaction Method

	3.4 Concluding Remarks
	References

	Chapter 4: Good Cascade Impactor Practices
	4.1 Intrinsic Variability Associated with CI Methodologies
	4.2 Assessment of Factors Contributing to CI Measurement Variability
	4.2.1 Contribution to Variability from “Man”
	4.2.2 Contribution to Variability from “Machine”
	4.2.3 Contribution to Variability from the Measurement and API Analysis
	4.2.4 Contribution to Variability from the Drug Product (Material)
	4.2.5 Contribution to Variability from Interactions Between Contributing Causes

	4.3 Summary of GCIP
	4.3.1 CI Method Failure Investigation Tree
	4.3.2 The Potential in CI Methodology Simplification

	4.4 Good CI Data Analysis Practices
	4.4.1 Representation of CI Data
	4.4.2 Data Reduction
	4.4.2.1 Initial Inspection of the APSD
	4.4.2.2 Estimation of the MMAD
	4.4.2.3 Other Derived Metrics

	4.4.3 CITDAS and Other Software for Assessing APSD Data from CI Measurements

	References

	Chapter 5: The AIM and EDA Concepts: Why They Are Needed and How They Fit Together
	5.1 Current Experience with CI Measurements: The Need for Strict Controls
	5.2 AIM and EDA: A Road Map 
	5.3 How an AIM-Based Method May Help Simplify the Process of Determining Metrics Related to OIP APSD
	5.4 AIM Applied in OIP Quality Assessment
	5.5 AIM Applied in Research and Development as a Tool for Rapid Assessment of Likely Particle Deposition Behavior in the HRT
	5.6 Selection of an AIM System
	5.7 The Right Approach for the Task in Hand
	References

	Chapter 6: Product Life Cycle Approach to Cascade Impaction Measurements
	6.1 Choosing an AIM System Suitable for Purpose
	6.2 Selecting Size Ranges for an AIM-Based Apparatus
	6.3 Qualifying AIM-Based Systems Against an Appropriate Full-Resolution CI
	6.4 The Role of APSD in OIP Life Cycle Management
	6.4.1 Overview
	6.4.2 Management Strategy
	6.4.2.1 During Product Development
	6.4.2.2 During the OIP Commercial Phase
	6.4.2.3 Post-approval and Device Changes
	6.4.2.4 Summary of Approaches in OIP Life Cycle Management


	6.5 Additional Considerations Concerning AIM and EDA Approaches in the Product Life Cycle
	6.5.1 Use of MMAD as One of APSD Quality Metrics
	6.5.2 CI Data for Clinical Significance Versus Product Quality Confirmation

	6.6 Concluding Thoughts
	References

	Chapter 7: Theoretical Basis for the EDA Concept
	7.1 Introduction
	7.2 Measurement Theory and Evaluation
	7.3 QC Testing: Purpose and Limitations
	7.4 Fundamental Properties of the APSD
	7.5 Defining the EDA Metrics and Their Background
	7.6 What Constraints Do Various QC Metrics Impose on CI-Determined APSD?
	7.7 Experimental Evidence for Ratio LPM / SPM as Measure of Mean of the APSD
	7.8 Conclusions
	References

	Chapter 8: Performance Characterization of EDA and Its Potential to Improve Decision Making in Product Batch Release
	8.1 Introduction
	8.2 A “Road Map” for the Comparative Assessment of EDA Versus Grouped Stages for the Interpretation of CI-Measured Aerosol APSDs in the Context of OIP Quality Control
	8.3 Underlying Data for Metric Comparisons
	8.4 Approaches to the Evaluation of CI-Derived Metric Performance in Assessment of OIP Quality
	8.4.1 Introduction to MSA, OCC, and PCA Approaches
	8.4.2 MSA Approach: Definitions and Basic Concepts
	8.4.3 OCC Approach: Definitions and Basic Concepts
	8.4.4 PCA Approach: Definitions and Basic Concepts

	8.5 Results and Assumptions from the Three Approaches to the Evaluation of CI-Derived Metric Performance in Assessment of OIP Quality
	8.5.1 MSA Approach
	8.5.2 OCC Approaches
	8.5.2.1 Overview of “Tougas” Strategy
	8.5.2.2 Overview of “Christopher–Dey” Strategy
	8.5.2.3 Results from “Tougas” Strategy
	8.5.2.4 Results from “Christopher–Dey” Strategy

	8.5.3 PCA Approach
	8.5.3.1 Overview
	8.5.3.2 Results for EDA Metric LPM / SPM 
	8.5.3.3 Results for Stage Grouping
	8.5.3.4 Comparison of EDA and Stage Grouping
	8.5.3.5 Outcomes


	8.6 Outcomes from the Different Approaches and Their Relevance to the Development of Improved Methodology for OIP Aerosol Assessment
	8.7 Conclusions
	References

	Chapter 9: Verification of the EDA Concept Through an Assessment of Theoretical Failure Modes, Failure Mode Analysis, and Case Studies with Real Data
	9.1 Introduction
	9.2 How EDA Detects APSD Changes
	9.3 Potential Failure Modes: Theoretical Considerations
	9.3.1 Change of Shape in the Large Particle Mass Fraction Alone But the Same Absolute LPM Before and Afterwards
	9.3.2 Change of Shape in Small Particle Fraction Alone But the Same Absolute SPM Before and Afterwards
	9.3.3 Simultaneous Change of Shape in LPF and SPF But the Same Absolute LPM and SPM Before and Afterwards
	9.3.4 Summary

	9.4 Failure Mode Analysis
	9.5 Case Studies in Which EDA Has Been Successfully Applied
	9.6 Conclusions
	References

	Chapter 10: Validating AIM-Based Instrumentation and Associated Measurement Techniques
	10.1 Introduction
	10.2 AIM-Based Apparatuses: Developments Before the Present Campaigns
	10.3 Proof-of-Concept Experiments Undertaken at Trudell Medical International: Assessing the Performance of Systems Based on the Nonviable 8-Stage ACI
	10.4 The IPAC-RS Impactor Precision Comparison: Comparing the Performance of an AIM ACI-Based System Configured for pHRT Studies with a Similar System Tailored to QC Applications
	10.5 Other Studies with ACI-Based AIM Systems
	10.6 Assessing the Performance of AIM Systems Based on the Andersen Viable Cascade Impactor
	10.7 Assessing the Performance of AIM Systems Based on the Fast Screening Impactor
	10.8 Assessing the Performance of AIM Systems Based on the NGI
	10.9 Short Stack ACI Systems Created by Rearranging Location of Back-Up Filter
	10.10 AIM-Based Measurement Equipment: Learning from Validation Studies, Current Status, and Future Needs
	References

	Chapter 11: The Regulatory and Compendial Pathways to Acceptance for AIM and EDA Concepts
	11.1 Current Guidance
	11.2 Pharmacopeia Requirements
	11.3 Gaining Acceptance for AIM and EDA
	11.3.1 Framework for Acceptance
	11.3.2 Strategy for AIM “Fit for Purpose”
	11.3.3 Strategy for EDA “Fit for Purpose”

	11.4 Regulatory Acceptance
	11.5 Concluding Observations
	References

	Chapter 12: Applying the AIM Concept in Support of Developing Improved In Vitro–In Vivo Relationships for OIPs
	12.1 A Roadmap for Improved Comparisons of Laboratory-�Generated OIP Performance Measures with Clinical Data
	12.2 Criteria for Abbreviated CI Systems Appropriate for Comparison with Clinical Data
	12.3 Validation of an AIM-pHRT System Based on the ACI
	12.4 Additional Refinements for the Complete AIM-pHRT System
	12.5 Guidelines for Developing AIM-pHRT Systems
	References

	Chapter 13: Future Directions for the AIM and EDA Concepts
	13.1 Questions Arising from the IPAC-RS-Sponsored Conference: “Perspectives on Efficient Data Analysis Methods and Abbreviated Impactor Measurements as Quality Assessment Tools”
	13.2 Future Directions: Some Further Ideas
	References

	Chapter 14: Conclusions
	14.1 Summing Up
	14.2 Learning Points

	Abbreviations
	About the Editors
	Symbols Used in Mathematical Expressions
	Index




