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BENEFITS OF ALTERNATIVE CASCADE IMPACTION TECHNIQUES AND 

MEASUREMENTS RELATED TO THE QUALITY CONTROL (QC)  
OF AERODYNAMIC PARTICLE SIZE DISTRIBUTION (APSD)  

OF ORALLY INHALED DRUG PRODUCTS (OIPS). 
 

 
 
 
 
 
 
 
 
 
 
 

This document presents the work of the IPAC-RS Cascade Impaction Working Group.    
A brief summary of objectives of the other IPAC-RS Working Groups is provided in Appendix A. 
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Abbreviations 
 

AIM  Abbreviated Impactor Measurement. 

ACI  Andersen Cascade Impactor. 

API  Active Pharmaceutical Ingredient. 

APSD  Aerodynamic Particle Size Distributions.  

AUCAPSD  Area Under the APSD Curve. 

CFC  Chlorofluorocarbon. 

CI  Cascade Impaction or Cascade Impactor.  

CPM/F  Coarse Particle Mass/Fraction 

CQA  Critical Quality Attribute.  

DPI  Dry Powder Inhaler. 

EPM/F  Extra Fine Particle Mass/Fraction. 

FPM/F  Fine Particle Mass/Fraction 

GSD  Geometric Standard Deviation. 

HFA Hydrofluoroalkane. 

HRT Human Respiratory Tract. 

IPAC-RS  International Pharmaceutical Aerosol Consortium on Regulation  and Science. 

ISM Impactor-Sized Mass (defined as mass on all impactor components with a defined upper 
cut off, i.e. from Stage 1 to Filter). 

LPM Large Particle Mass (defined uniquely for each product, from CI stage 1 to some defined 
boundary within the impactor). 

(p)MDI  (pressurized) Metered Dose Inhaler. 

MMAD  Mass Median Aerodynamic Diameter.  

MMF   Morgan-Mercer-Flodin.  

NGI  Next Generation pharmaceutical Impactor.   

OIP  Orally Inhaled Product.  

QC  Quality Control.  

RMSE  Root Mean Square Error. 

SPM Small Particle Mass (defined uniquely for each product, from some defined boundary 
within the impactor to the CI filter).  
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1. Background Information 
 

Cascade Impaction (CI) Measurements Related to APSD 

The collection of detailed information about active pharmaceutical ingredient  (API) deposition on 

all stages of a multi-stage impactor to provide full-resolution APSDs is important during development to 

characterize a given OIP (
1
,
2
).  However, it is unclear that such level of detail may always be necessary, 

especially for routine QC purposes.  Full-resolution impactor testing is cumbersome due to high resource 

requirements and lengthy analysis times (
3
). Moreover, the high intrinsic measurement-to-measurement 

variability (imprecision) of individual stage measurements, especially where little API collects, may make it 

more difficult to detect overall significant changes to the APSD.  An alternative strategy is to make a so-

called ‘abbreviated impactor measurement’ (AIM), in which as few as two sub-fractions defining the 

contributions to the overall APSD are directly measured.  In instances in which it is necessary to comment 

upon the pertinence of the data to likely deposition in the human respiratory tract (HRT), these fractions 

may be related to fine (indicative of deposition in the airways and lungs) and coarse (indicative of 

deposition in the upper respiratory tract) particles.  In such cases, the boundary size is likely to be set 

close to 5 µm aerodynamic diameter.  However, in cases that are concerned with product quality control, 

assessment of a large database involving all types of pMDI formulation types has shown that these sub-

fractions (defined in terms of small and large particles to avoid confusion with HRT-related applications) 

are best chosen with the boundary size close to the mass median aerodynamic diameter (MMAD) of the 

OIP aerosol
4
  The boundary will be product dependent, therefore it will not be a fixed value that fits all 

OIPs.  Furthermore, in the context of product QC, the boundary size need not necessarily have a direct 

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.  For QC purposes, this boundary should ideally 

be selected so as to maximize the sensitivity of these metrics to meaningful changes in APSD from the 

perspective of product quality. 

                                                      
1
 FDA CDER. Draft Guidance for Industry Metered Dose Inhaler (MDI) and Dry Powder Inhaler (DPI) Drug Products Chemistry, 

Manufacturing, and Controls Documentation. 1998.  
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070573.pdf.  Accessed August 4, 
2009. 
2
 Health Canada. Pharmaceutical Quality of Inhalation and Nasal Products. 2006.  http://www.hc-sc.gc.ca/dhp-

mps/prodpharma/applic-demande/guide-ld/chem/inhalationnas_e.html  (Accessed May 4, 2009) and EMEA. 2006 
EMEA/CHMP/QWP/49313/2005 Corr. http://www.emea.europa.eu/pdfs/human/qwp/4931305en.pdf  (Accessed May 4, 2009.)  Also 
adopted by Australia:  http://www.tga.gov.au/docs/pdf/euguide/qwp/4931305en.pdf.  Accessed May 4, 2009. 
3
 Christopher D, Curry P, Doub W, Furnkranz K, Lavery M, Lin K, Lyapustina S, Mitchell J, Rogers B, Strickland H, Tougas T, Tsong 

Y, Wyka B. Considerations for the Development and Practice of Cascade Impaction Testing Including a Mass Balance Failure 
Investigation Tree.  J Aer Med, 2003;16 (3): 235-247. doi:10.1089/089426803769017604. 
4
 Tougas TP, Christopher D, Mitchell JP, Strickland H, Wyka B, Van Oort M, Lyapustina S.  Improved Quality Control Metrics for 

Cascade Impaction Measurements of Orally Inhaled Drug Products (OIPs).  AAPS PharmSciTech. 2009, under review. 
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AIM-based systems by design combine stages where little or no API collects, and each fraction 

contains an appreciable mass of API.  Such abbreviated measurements therefore can be anticipated to 

possess relatively high precision because optimal performance of the analytical assays for API can be 

expected from a properly validated method. Although the multi-stage impactor is currently the tool of 

choice for the measurement the APSD of inhaler-generated aerosols, on the basis of an understanding 

that particle aerodynamic size (diameter) is one of the factors determining the location of eventual 

deposition in the conducting airways and alveolar spaces, the impactor is not a perfect in vitro analog 

of the human respiratory tract(
5
).  This is because regional particle deposition profiles in the human 

respiratory tract are not sharply resolved into multiple size-related fractions, as is the case with the group 

of collection efficiency curves from the individual stages of the multi-stage impactor (Figure 1-1), such as 

the Andersen 8-stage Impactor (ACI) and Next Generation Pharmaceutical Impactor (NGI) (
5
).  In order 

for the impactor to be useful in this context, the assumption is therefore made that the size corresponding 

to the point at which 50% of the incoming mass of aerosol is collected by a given stage, can be assigned 

as the representative aerodynamic diameter for that fraction collected by a given stage, and that, in 

turn, this size can be related to an approximate deposition location in the HRT.  

�

 

Figure 1-1.  Collection efficiencies of the ACI operated at 28.3 L/min) and particle deposition 
profiles related to the morphological regions of the lung for a healthy male inhaling with peak 
inspiratory flow rate of 28.3 L/min (from ref. 5) 

With AIM-based measurements undertaken for the purposes of assessing product QC, changes 

to the central tendency or amplitude of the underlying full APSD can be detected as variations in the 

magnitudes of both of the simplified metrics based on small particle mass (SPM) and large particle mass 

(LPM) as described in Figure 1-2.   

                                                      
5
 Mitchell JP, Dunbar C. Analysis of cascade impactor mass distributions. J. Aerosol Med. 2005;18(4):439-451. 
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6 

 

 

Figure 1-2.  AIM-based measurements of SPM and LPM for OIP product quality assessment and 
their relationship to full-resolution cascade impactor measurements. ISM=SPM+LPM 
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The AIM concept is an evolution of an earlier proposal to use a reduced Andersen cascade 

impactor stack approach in OIP quality assessment (
6
).   However, the AIM concept itself is not based on 

a single technique, but is a simplified measurement principle with flexibility to take into account the variety 

of OIP types and abbreviated impactor systems that are available, or which might be developed to meet 

future needs.  It has several practical advantages compared with full-resolution impactor measurements 

of APSD: 

1. The time required to obtain the pertinent metrics that can be used to assess either 

product performance or likely drug deposition in terms of APSD is greatly reduced.   

2. In the QC environment, the AIM approach should have intrinsically improved overall 

precision by virtue of collecting higher API mass in each fraction, and combining 

components that would capture little or no API to improve the signal. This advantage is 

expected to improve quality decisions i.e. batch disposition.   

3. The time savings associated with AIM-based measurements may make it possible to 

develop more powerful study designs for assessing product quality, by increasing the 

number of different inhalers that can be assessed from a batch within a fixed timeframe. 

4. By reducing the number of manipulations required to make a measurement, AIM-based 

methods should decrease the chances of operator-related errors.  

5. The use of less solvent for API recovery and quantitation, made possible by AIM, is more 

environmentally friendly and in line with the green chemistry principles.  

6. AIM allows simpler apparatus configurations that are more amenable to automation than 

traditional systems(
7
). 

 

                                                      
6
 Van Oort M, Roberts W. Variable Flow-Variable Stage-Variable Volume Strategy for Cascade Impaction Testing of Inhalation 

Aerosols.  RDD 1996;418-420.  
7
 Lundbäck H, Wiktorsson B.  High throughput inhaler testing I: Fine particle dose.  Respiratory Drug Delivery 2006;467-469. 
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2. Retrospective Evaluation of “Lean Data Metrics” for Quality 
Control of the APSD of Orally Inhaled Drug Products (OIPs): 
Based on Manuscript-in-Press for AAPS PharmSciTech. 

 

This retrospective study of APSD data obtained by CI from various OIPs examined whether a set 

of simpler (than currently used) metrics may be adequate to detect changes in APSD for QC purposes.  

Many APSD profiles covering the range of OIPs were examined, and correlations between MMAD and 

the LPM/SPM ratio were calculated.  In the case of the Andersen 8-stage non viable Cascade Impactor 

(ACI), LPM combines the mass associated with particle sizes from impactor stage 1 (the first stage having 

a defined upper boundary size set by the effective cut-off diameter of stage 0) to a stage relating to a 

product-specific boundary size (Figure 1-2 in Part 1 of this briefing document); SPM combines the mass 

collected on all particle sizes from the boundary impactor stage to and including the terminal filter. This 

study demonstrated that the LPM/SPM ratio along with the impactor-sized mass (ISM), are by themselves 

sufficient to detect changes in central tendency (e.g., MMAD) and area under the APSD curve, which 

could be regarded as key in-vitro quality attributes for OIPs.  ISM is defined for multi-stage impactors as 

the sum of the drug mass deposited on the terminal filter and all impactor stages except the uppermost.  

The mass of API collected on the initial stage (stage 0 for standard ACI) is excluded from the calculation 

of ISM because of the lack of a specified upper size limit for this stage, which by design is the norm for 

impactors.  Compared to the alternative approach of data analysis from full-resolution impactors involving 

adjacent stage-groupings, this two-metric approach is expected to (1) provide at least the same and 

probably improved intrinsic precision by virtue of having adequate mass associated with each sub-

fraction, (2) have the same or better sensitivity to APSD changes, and (3) allow testing of more inhalers 

per batch within a given time frame.  The proposed approach should therefore be the preferred QC tool.  

A further advantage is the possibility to obtain these sub-fractions by means of AIM-based techniques 

instead of using full-resolution multistage impactors.  The LPM-SPM boundary should be chosen during 

development based on a complete assessment of full-resolution cascade impactor results so as to 

maximize the sensitivity of the LPM/SPM ratio to meaningful changes in quality.  Although the boundary is 

product-specific, the testing could in principle be accomplished with a basic AIM system, which can meet 

the needs of most or all OIPs.   

OIP Quality Metrics Based on Aerodynamic Particle Size Distribution  

The general goal of inhaler QC testing is to provide additional assurance and confirmation that a 

batch of inhalers is of acceptable quality (
8
).  During product development, obtaining information about the 

full-resolution APSD profile is both practical and useful.  By contrast, within a QC environment, faster, 

higher-precision and higher-throughput methods would be more beneficial.  Simplified APSD testing and 

                                                      
8
 FDA. Guidance for Industry PAT — A Framework for Innovative Pharmaceutical Development, Manufacturing, and Quality 

Assurance. 2004.  http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070305.pdf 
Accessed August 24, 2009. 
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associated metrics therefore might be sought to detect a drug product unfit for its intended purpose.  

Several metrics have traditionally been applied for characterizing the APSD of OIPs, for example: 

(1) Total mass of API recovered from an impactor [also known as mass balance (MB)] (
9
,
10

,
11

).  

(2) API mass below a specified particle size (e.g. fine particle dose < 5 microns) (
10

,
12

). 

(3) API mass on individual stages or groups of impactor stages (
12

). 

(4) MMAD and geometric standard deviation (GSD) (
10

,
11

,
12

). 

At a fundamental level, potentially significant changes to the size, location and shape of OIP 

APSDs can be viewed in terms of two independent processes or a combination of these two processes 

(Figure 2-1):  

• a change in central tendency (usually characterized by the MMAD);   

• a change in the area under the curve defining the differential (i.e., per micrometer of 

particle size) mass-weighted APSD.  

 

Figure 2-1.  A shift in central tendency, change of amplitude (or AUCAPSD) and change in shape are 
the basic types of APSD changes.  

                                                      
9
 FDA CDER. Draft Guidance for Industry Metered Dose Inhaler (MDI) and Dry Powder Inhaler (DPI) Drug Products Chemistry, 

Manufacturing, and Controls Documentation. 1998.  
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM070573.pdf.  Accessed August 4, 
2009. 
10

 Ph.Eur. 2.9.18.  Preparations for Inhalations: Aerodynamic Assessment of Fine Particles.  2008.  
11

 USP 31 Chapter <601> Aerosols, Nasal Sprays, Metered-Dose Inhalers, and Dry Powder Inhalers. 2008. 
12

 Health Canada. Pharmaceutical Quality of Inhalation and Nasal Products. 2006.  http://www.hc-sc.gc.ca/dhp-
mps/prodpharma/applic-demande/guide-ld/chem/inhalationnas_e.html  (Accessed May 4, 2009) and EMEA. 2006 
EMEA/CHMP/QWP/49313/2005 Corr. http://www.emea.europa.eu/pdfs/human/qwp/4931305en.pdf  (Accessed May 4, 2009.)  Also 
adopted by Australia:  http://www.tga.gov.au/docs/pdf/euguide/qwp/4931305en.pdf.  Accessed May 4, 2009. 
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This logic has driven the selection of the two metrics considered in the IPAC-RS investigation into the 

potential for so-called ‘lean data’ assessments of OIP-generated aerosols (
13

), with the following intent: 

• Both metrics can be easily obtained. 

• One metric is highly correlated with the mass-weighted mean of the APSD (represented 

customarily by the MMAD), but independent of the area of the APSD. 

• The other metric is related to the area under the APSD, but independent of the mean of 

the distribution. 

The LPM/SPM ratio is related primarily to the central tendency of an APSD, while ISM (
14

) is a 

direct measure of the area under the curve of an APSD (AUCAPSD) (
15

) (see Figure 2-2).  Thus, a 

significant change from the expected mean aerodynamic particle size or MMAD should be detectable as 

a change in the LPM/SPM ratio, and a significant change in 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 of the APSD should be detectable as changes in both metrics.  

 
Figure 2-2.  Definition of OIP quality-related APSD metrics based on Andersen 8-stage cascade 
impactor measurements (at 28.3 L/min). The location of the LPM-SPM boundary depends on a 
particular product’s APSD. 

                                                      
13

 Tougas TP; Christopher D; Mitchell JP; Strickland H; Bruce W; Van Oort M; Lyapustina S. Improved Quality Control Metrics for 
Cascade Impaction Measurements of Orally Inhaled Drug Products (OIPs). AAPS PharmSciTech. 2009, under review. 
14

 Adams WP, Christopher D, Lee DS, Morgan B, Pan Z, Singh GJP, Tsong Y, Lyapustina S. Product Quality Research Institute 
Evaluation of Cascade Impactor Profiles of Pharmaceutical Aerosols, Part 1: Background for a Statistical Method. AAPS 
PharmSciTech.  2007;8(1):Article 4. DOI:  10.1208/pt0801004. http://www.aapspharmscitech.org/view.asp?art=pt0801004  
Accessed May 4, 2009.   
15

 Mitchell JP, Dunbar C. Analysis of cascade impactor mass distributions. J. Aerosol Med. 2005;18(4):439-451. 
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Central tendency (location) and amplitude (AUCAPSD) of the APSD can be regarded as critical in 

vitro quality attributes (CQAs) for OIP products   By contrast, the CI mass balance includes mass 

contributions from non-sizing components, such as the uppermost stage and throat (induction port).  

Changes in API deposition in the non-sizing components would almost certainly be accompanied by 

corresponding variations in ISM due to the continuous nature of the overall particle size distribution of the 

aerosol emitted by the inhaler.  Such changes therefore would be detected by the proposed approach, as 

well as, more ideally, by a separately undertaken and intrinsically simpler test for delivered dose 

uniformity.  Moreover, CI mass balance measurements are to a large extent influenced by the choice of 

instrument and technique of the operator, rather than by product quality changes (
16

), and therefore CI 

mass balance is arguably not a CQA but more of a verification of good analytical technique.  

The use of a simple, accurate and precise test for OIP quality would be particularly advantageous 

for rapid detection of abnormal changes in the APSD so that the disposition of the batch can be 

determined correctly with optimum confidence.    

 

Methodology 

Verification of Concept by Analysis of IPAC-RS OIP APSD Database 

Data sets composed of individual impactor stage results from multiple APSDs determined on a 

variety of OIPs were examined in an effort to ascertain the ability of the AIM concept to be a sufficiently 

sensitive QC tool.  These data were part of a comprehensive database collected in April 2000 through a 

collaborative effort of IPAC-RS and the AAPS Inhalation Technology Focus Group (
17

).
  

Although these 

results were obtained by full-resolution measurement techniques, the individual stage results were 

capable of being combined to obtain LPM, SPM and other APSD metrics, as would have been obtained 

directly had AIM-based instruments been used.  Moreover, the equivalency of fine particle mass < 4.7 µm 

aerodynamic diameter by either summing individual stages or obtaining this directly through an AIM 

device has previously been established (
18

). 

The measurements of the AUCAPSD were directly obtainable as the sum of LPM and SPM.  Size-

related movements within the overall APSD were evaluated by examining the ability of the LPM/SPM ratio 

                                                      
16

 Christopher D, Curry P, Doub W, Furnkranz K, Lavery M, Lin K, Lyapustina S, Mitchell J, Rogers B, Strickland H, Tougas T, 
Tsong Y, Wyka B. Considerations for the Development and Practice of Cascade Impaction Testing Including a Mass Balance 
Failure Investigation Tree.  J. Aerosol Medicine, 2003;16(3):235-247. doi:10.1089/089426803769017604.  
http://www.liebertonline.com/doi/abs/10.1089/089426803769017604  
17

 Initial Assessment of the ITFG/IPAC Aerodynamic Particle Size Distribution Database by the CMC Specifications Technical Team 
of the ITFG/IPAC Collaboration. 2000.   http://ipacrs.com/PDFs/Initial_Assess_of_Particle.PDF. Accessed May 4, 2009.   
18

 Lundbäck H, Wiktorsson B.  High throughput inhaler testing I: Fine particle dose.  RDD 2006;467-469. 
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to detect changes in MMAD.  Eight diverse OIPs contained in the IPAC-RS database, including four from 

a previous study (
19

), were evaluated, encompassing the following major OIP categories: 

• HFA-solution MDI; 

• CFC-suspension MDI; 

• HFA-suspension MDI; 

• DPI. 

Profiles of the APSDs for all eight products are depicted in Figure 2-3.  In this figure, each panel 

represents a product, and all individual profiles for a particular product are superimposed (up to 279 

profiles, as indicated in column “n” of Table 2-I). 

                                                      
19

 Tougas T. Capabilities of Aerodynamic Particle Size Distribution (APSD) Measurements based on Analysis of a Blinded 
Database. Respiratory Drug Delivery 2008;109-123.  
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Figure 2-3. APSD profiles of eight products used to evaluate LPM/SPM and ISM metrics. Multiple profiles are superimposed for each 
product (up to 279 profiles – see column “n” in Table 2-I). 
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Method for Data Analysis 

MMADs were determined for each individual CI determination based on the Morgan-Mercer-

Flodin (MMF) model (
20

) because it does not require assumption of the log-normal distribution and 

provides a better fit to the observed data than the USP method (
21

, 
22

).  Linear regression analyses were 

performed on plots of LPM/SPM versus MMAD, stage groupings versus MMAD, LPM/SPM versus ISM 

and stage groupings versus ISM.  All possible boundaries were examined to determine the best boundary 

between LPM and SPM based on goodness-of-fit statistics.  This optimum boundary and corresponding 

LPM/SPM ratios were used in subsequent modeling of LPM/SPM versus ISM. Stage groupings were 

selected based on the authors’ prior experience with similar products and are consistent with FDA 

guidance documents (
1
).  The goodness-of-fit of these models was evaluated by both the conventional 

coefficient of determination (R
2
) and the root mean square error (RMSE) divided by the slope of the 

regression (b).  The latter statistic projects the RMSE onto the abscissa and thus reflects the error in 

estimating MMAD values.  These goodness-of-fit statistics were used to evaluate the relative performance 

of the QC metrics evaluated in this study. 

 

Results 

The relationship between MMAD and the LPM/SPM ratio was approximately linear for every OIP 

type studied, illustrated by the magnitudes of the R
2
 and RMSE/b statistics (Table 2-I).  A small degree of 

systematic deviation from linearity was observed in some cases and is consistent with the expectations 

for the ratio metric, i.e., as MMADs approaches extreme small values the LPM/SPM ratio should 

approach zero and as MMAD approaches extreme high values the LPM/SPM ratio approaches infinity. 

                                                      
20

 Morgan P H, Mercer LP, Flodin NW. General model for nutritional responses of higher organisms. Proc. Natl. Acad. Sci. USA 
1975;72:4327-4331.  
21

 Christopher D, Dey M, Lyapustina S, Mitchell JP, Stein S, Tougas TP, Van Oort M, Strickland H, Wyka B. Generalized Simplified 
Approaches for MMAD Determination.  Pharmacopeial Forum.  2009. In press.  
22

 Christopher D, Dey M, Lyapustina S, Mitchell J, Stein S, Tougas T, Van Oort M. Alternative Approaches For MMAD 
Determination. Poster presented at the IPAC-RS Conference 2008. http://ipacrs.com/PDFs/Posters/Alternative%20MMAD.pdf. 
Accessed May 4, 2009. 
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Table 2-I. Regression Analysis and Goodness-of-fit Statistics for LPM/SPM ratio vs. MMAD.  

 

���������� Product Type 
CI 

Runs 
(n) 

Optimum 
Boundary 
(microns)# 

Avg. 
MMAD 

(microns) 
Slope (b) RMSE� 

Coeff. of 
Detn. R

2
 

(%) 

RMSE/b 
(microns) 

	
��
��
HFA Susp. 

MDI 
80 4.7 3.91 0.4071 0.0162 96.4 0.040 

	
�

��
HFA Susp. 

MDI 
39 3.3 2.57 0.4959 0.0350 93.4 0.071 

	
��
��
HFA Solution 

MDI 
201 2.1 1.50 0.7155 0.0421 96.2 0.059 

	
��
��
Dry Powder 

Inhaler 
279 3.3

 d
 2.66 0.4319 0.0201 83.0 0.047 

	
�

��
Dry Powder 

Inhaler 
279 2.0

d
 2.59 2.3831 0.1278 84.3 0.054 

	
��
��
CFC Susp. 

MDI 
43 2.1 2.54 2.4548 0.0872 95.5 0.036 

	
�

��
CFC Susp. 

MDI 
272 3.3 3.54 1.6127 0.0330 97.3 0.020 

	
�	
��
CFC Susp. 

MDI 
272 3.3 2.86 0.7046 0.0198 95.8 0.028 

 

a
  The file-codes are unique, randomly-generated alpha-numerical labels assigned to specific products in 

the IPAC-RS database.  
b
  Here, optimum boundary is based on results from  8-stage Andersen Impactor. 

c
  RMSE = Root Mean Square Error.  

d 
Modified Andersen Impactor used for this product 

 

The results in Table 2-I reflect outcomes for the LPM/SPM boundary placement that provided the 

best correlation between LPM/SPM ratio and MMAD (denoted as Optimum Boundary in Table 2-I).  

Figure 2-4 illustrates the nature and quality of these regressions for two cases (w9k001 and w9k901) 

listed in Table 2-I.  The 95% prediction bounds at the mean LPM/SPM ratio (Figure 2-4) were projected 

onto the x-axis (microns).  The difference between these projections of the upper and lower prediction 

intervals reflect the ability of the LPM/SPM ratio to detect differences in MMAD and indicate that changes 

of a few tenths of a micron are easily detected.  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 (R
2
 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.  For example, the two dry powder inhalers have the lowest R
2 

yet the corresponding RMSE/b 

values are in the middle of the range of results 0.047, 0.054 microns versus a range of 0.020 to 0.071 

microns (Table 2-I).  This apparent discrepancy arises primarily from the inherent characteristics of the 

particular products.  Individual MMADs from these two products exhibited two of the three smallest 

variations in MMAD (inter-quartile range 0.133, 0.159 microns) among all eight products (total range of 
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the inter-quartile ranges is 0.133 to 0.444 microns).  A smaller range of MMAD values results in more 

uncertainty in the estimation of the regression parameters and hence poorer R
2 

values for a given RMSE.  

Conversely, for a wider range of MMAD values with a similar RMSE, a better R
2
 would result.  Thus, at a 

given level of RMSE, R
2
 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 

particular data set.  The RMSE/b values for both dry powder inhalers indicate that the LPM/SPM ratio is 

about average in performance with respect to detecting changes in MMAD.  Based on these 

considerations, the RMSE/b statistic is therefore believed to be the better predictor of the relative 

performance of the LPM/SPM ratio among the product types surveyed.  
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Figure 2-4. Example Regression Plots for LPM/SPM ratio versus MMAD.   
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Similar analyses were performed on the assumed stage groupings for all eight products.  In all 

cases, group 1 contained all non-sized elements.  These results are summarized in Table 2-II. 

Table 2-II. Regression Analysis and Goodness-of-fit Statistics for Stage Groupings versus MMAD 

Filecode 
Product 

Type 
Stage 

Grouping 
Slope  

(b) 
RMSE  

Coefficient of 
Determination 

R
2
 

(%) 

RMSE/b 
(µm) 

w9k201 >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 

 

HFA 
Suspension 

MDI 
<2.1 -2.81 0.986 25.5 -0.351 

w9j901 >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 

 

HFA 
Suspension 

MDI 
<1.1 0.096 0.767 0.0 7.990 

w9j801 >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 

 

HFA Solution 
MDI 

<1.1 -24.1 3.28 82.5 -0.136 

w9jk01 >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 

 

Dry Powder 
Inhaler 

<1.1 0.391 0.960 0.2 2.455 

w9k901 >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 

 

Dry Powder 
Inhaler 

<1.1 -1.34 0.43 13.4 -0.317 

w9j601 >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 

 

CFC 
Suspension 

MDI 
<1.1 -1.71 0.413 31.5 -0.242 

w9k001 >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 

 

CFC 
Suspension 

MDI 
<2.1 -9.54 1.02 57.1 -0.107 

w9kw01 >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 

 

CFC 
Suspension 

MDI 
<2.1 -18.0 1.29 77.9 -0.072 
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Discussion 

The slope of plots of the LPM/SPM ratio versus MMAD, with the LPM/SPM ratio as the directly 

measured dependent variable, reflects the sensitivity of this ratio 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.   

The LPM/SPM ratio is superior to using either the separate variables LPM, SPM or grouped 

stages as individual metrics, since it removes the confounding influence of AUCAPSD in trying to detect 

changes in MMAD. In the proposed approach, changes in AUCAPSD are assessed simultaneously but 

separately through the ISM, which is the sum of LPM and SPM, and is relatively independent of their ratio 

LPM/SPM.  

Using LPM/SPM ratio rather than absolute values of LPM and SPM, has a double benefit as a 

QC metric because, firstly, the ratio normalizes deposition values with respect to the total emitted mass, 

thus reducing ‘noise’ and enhancing ‘signal’; and secondly, APSD shifts within the sized portion of the 

profile are such that the LPM and SPM are negatively correlated [i.e., when one metric increases, the 

other decreases (a ‘seesaw effect’)].  As a result, the LPM/SPM ratio has a magnified sensitivity to shifts 

between LPM and SPM portions of the APSD, making the ratio highly sensitive to changes in the position 

and shape of an APSD.  In contrast, the absolute values of LPM, SPM or the metrics derived from 

grouped stages are each influenced by both changes in MMAD and AUCAPSD.   

The lack of dependence of the AUCAPSD on the LPM/SPM ratio was verified by performing 

regression analysis of the LPM/SPM ratio versus ISM (equivalent to LPM + SPM).  Table 2-III 

summarizes 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 LPM/SPM-versus-ISM results exhibited 

poorer R
2 

values and RMSE/b values that were 2-3 orders of magnitude larger (worse) than the 

corresponding RMSE/b results from the LPM/SPM-versus-MMAD correlations. 
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Table 2-III. Regression Analysis and Goodness-of-fit Statistics for the LPM/SPM Ratio versus ISM. 

 

�  
Regression Analysis: LPM/SPM Ratio vs. 

ISM 

Goodness-of-fit 
LPM/SPM Ratio vs. 

MMAD 
(at optimum boundary) 

���������
Product 

Type 
Slope 

(b) 
RMSE 

Coeff. of 
Detn. 
R

2 
(%) 

RMSE/b 
(µm) 

Coeff. of 
Detn. 
R

2 
(%) 

RMSE/b 
(µm) 

	
��
��
HFA Susp. 

MDI 
0.005 0.082 7.4 16.4 96.4 0.040 

	
�

��
HFA Susp. 

MDI 
0.003 0.136 1.0 45.3 93.4 0.071 

	
��
��
HFA Solution 

MDI 
-0.012 0.185 27.2 -15.4 96.2 0.059 

	
��
��
Dry Powder 

Inhaler 
0.003 0.045 15.0 15.0 83.0 0.047 

	
�

��
Dry Powder 

Inhaler 
0.039 0.263 33.9 6.8 84.3 0.054 

	
��
��
CFC Susp. 

MDI 
0.017 0.406 2.9 23.9 95.5 0.036 

	
�

��
CFC Susp. 

MDI 
0.003 0.202 0.4 67.3 97.3 0.020 

	
�	
��
CFC Susp. 

MDI 
-0.003 0.096 1.7 -32.0 95.8 0.028 
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The good correlation between the LPM/SPM and MMAD, and the absence of a correlation 

between LPM/SPM and ISM, are further illustrated graphically by comparing representative plots of the 

LPM/SPM ratio versus MMAD and ISM (Figure 2-5). 
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Figure 2-5. Example Regression Plots for LPM/SPM ratio versus ISM and MMAD (w9kw01, CFC 
Suspension MDI).   

 

An important advantage of correlating LPM/SPM with MMAD is that the sensitivity of the 

LPM/SPM ratio can be optimized through the selection of the size boundary between LPM and SPM in 

cases where there is regulatory flexibility to do so.  Under such circumstances, the sensitivity of this ratio 

would be expected to increase as the boundary approaches the true MMAD, which by definition 

represents the location of the center of the APSD where the rate of change in particle mass per unit size 

width is at a maximum.  In the present data analysis, as expected, the goodness-of-fit statistics trended 

towards a maximum approximately at an LPM/SPM ratio of unity (Figure 2-6), where the coefficient of 
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determination (R
2
) for each selected boundary considered was plotted versus the average LPM/SPM ratio 

for that boundary.  When the LPM/SPM ratio is unity, the boundary between LPM and SPM is located at 

the MMAD.  Conceptually, this outcome should be expected since setting the size boundary at the MMAD 

by definition divides the mass of API equally between LPM and SPM. 
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Figure 2-6. Analysis of The Goodness-of-fit Statistics as a Function of Boundary Size. 

At the same time, the LPM/SPM ratio is also relatively robust with respect to the location of the 

boundary between the two component fractions (Figure 2-6), as long as it lies within the central portion of 

the distribution, which by definition is associated with the most API mass within the impactor.  These 

findings suggest that there should be acceptable sensitivity towards MMAD over a relatively broad range 

of LPM/SPM ratios.  In practical terms, this outcome translates into the need for only a relatively small 

number of boundary options for all OIPs, thereby making it possible to design a set of AIM devices with a 

limited number of cut-off size options that should accommodate all user needs. 

If an abbreviated approach is chosen as part of OIP product development, the sponsor would 

select the LPM-SPM boundary size that provides the most sensitivity to the LPM/SPM metric, and would 

subsequently establish acceptance criteria based on this choice. The location of this boundary does not 

necessarily imply clinical significance. Rather, the boundary location is be governed by the APSD shape 

in order to optimize method sensitivity, and should be chosen on a product-by-product basis.  The 

boundary position may also depend on the flow rate that is typically used to characterize the aerosol 
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emitted from that specific product.  For example, the boundary might be located at a relatively large value 

of aerodynamic diameter for OIPs that are intended to be tested by simulating drug delivery during calm, 

tidal breathing (peak inspiratory flow rates typically < 60 L/min).  On the other hand, products that are 

evaluated by simulating a rapid inhalation maneuver at higher flow rates (e.g., DPIs at flow rates � 60 

L/min, or pMDIs which contain a significant ballistic component), might have their boundary assigned at a 

smaller size.  Ultimately, however, the precise acceptance criteria adopted for the LPM/SPM ratio should 

be based on the sponsor's assessment of the significance of particular changes in APSD in terms of 

product performance.  

Overall, these investigations of OIP APSDs have shown 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, RMSE/b obtained for regressions of LPM/SPM ratio 

versus MMAD reported in Table 2-I.  In contrast, the performance of regressions of stage groupings 

versus MMAD reported in Table 2-II was significantly inferior.  The results in Table 2-II reflect the 

performance of the current practice of constructing stage groupings based on empirical inspection.  

Besides exhibiting inferior correlation with MMAD, there is no apparent approach to selection of stage 

groupings that optimize this correlation or is even predictive of positive or negative correlation.    

Because the data used here were derived from individual stage results from full-resolution multi-

stage impactor measurements, they represent worst-case conditions.  Less variability might be 

anticipated if measurements of LPM and SPM were made directly using a two-stage AIM-based device, 

due to the elimination of increased API analytical variability associated with stages containing API close 

to or at the limit of detection, already identified as a practical advantage of the AIM-based approach. 

Whether or not changes in MMAD on the order of the tenth(s) of microns  are significant with 

respect to OIP clinical performance is outside the scope of this investigation.  However, in the context of 

product development and QC assessment, the present analysis demonstrates the sensitivity of the 

LPM/SPM ratio that is readily measurable and that can detect small variations in APSD characteristics 

affecting MMAD.  

In addition to the demonstrated sensitivity to APSD shifts, the LPM/SPM ratio has also shown 

high intrinsic precision compared with equivalent data derived from stage groupings obtained from full-

resolution impactor measurements.  While this ratio is useful to detect shifts in APSD, changes in the 

AUCAPSD can be captured by the sum LPM+SPM.  Thus, the LPM/SPM ratio, in combination with the sum 

[LPM+SPM] may be superior QC metrics compared to full-resolution data that are typically employed 

today (e.g. mass of API collected by groups of individual impactor stages).  However, such superiority in 

the context of determining product QC does not replace the need to create benchmark data to begin with 

for the OIP, by characterizing its APSD in development by full-resolution, multi-stage impactor 

measurements.  The successful application of LPM- and SPM-based metrics is therefore likely to depend 
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on initial full-resolution characterization of the APSD of the OIP at an early stage of product development, 

and the subsequent correlation of these simplified metrics with the reference APSD data.  Full-resolution 

measurements would likely also be needed even during the commercial phase of an OIP in order to be 

able to troubleshoot AIM-based measurements as both an investigative tool and as a reference method.     

It is recognized that a limitation in the foregoing discussion is that markedly skewed APSDs are 

not considered.  However, such situations appear to be rare occurrences for OIPs, judging from the large 

variety of products represented in the IPAC-RS database (see, for example, the APSD profiles of the 

eight products examined for this work and depicted in Figure 2-3).   

For relatively symmetric APSDs, two extreme cases can be envisaged: 

• A “spiked” APSD describes a monodisperse distribution where the geometric 

standard deviation (GSD) approximates to unity, with almost all of the mass 

located within a few percent of the MMAD value.  Under these circumstances, R-

squared values will be low unless the boundary between LPM and SPM is fixed 

at the MMAD.  

• The opposite instance is a ‘flat’ APSD, in which the rate of change of mass with 

size is a constant throughout the entire size range, which may be more than one 

order of magnitude (i.e., GSD > 2.5 for an overall size range from 0.1 to >20 µm 

aerodynamic diameter). Here, the LPM-SPM boundary could be fixed at almost 

any size with little impact on the R-squared value.  

In reality, all OIP APSDs lie between these extremes.  The boundary should therefore be chosen 

as close as possible to the MMAD value determined from full-resolution CI methods.  Preferably, MMAD 

should be determined via a method not assuming a log-normal data distribution, such as the Chapman-

Richards, MMF or two-point interpolation methods described elsewhere (
21

, 
22

).  

Even though the boundary between LPM and SPM is potentially unique to every OIP, the 

impaction equipment used for the proposed testing need not be unique to every product. If the 

abbreviated impactor system can be used at different flow rates, the boundary between LPM and SPM 

can be adjusted by virtue of the simple and well-defined relationship between flow rate through the 

system and stage cut-off size (
23

).  Equally important, the proposed method is relatively robust to the 

choice of the boundary as previously discussed (Figure 2-6).  Additionally, the range of possible MMADs 

(and therefore boundaries) is not large for inhalation products since they are all intended to target the 

lung. Among the eight products analyzed here, which were purposely selected to be as diverse as 

                                                      
23

 Marple VA, Willeke K. Inertial impactors: Theory, design and use.  In B.Y.H. Liu, editor. Fine Particles. New York: Academic 
Press. 1976. p. 411-466. 
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possible, only three different boundaries (2.1, 3.3 and 4.7 micron aerodynamic diameter, see Table 2-I) 

needed to be used in the analysis.  If these locations are suitable for all potential OIPs, only 2 or 3 

versions of an AIM-type instrument/method would be sufficient to meet needs in this respect.  The most 

important aspects of applying abbreviated (lean) 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 system with a particular chosen boundary between LPM and SPM 

provides acceptable predictive capability for MMAD.  

While this study used exclusively ACI results, there is no fundamental reason why similar 

correlations would not apply to any other multi-stage impactor, including the NGI.  The only difference 

would likely be in the choice of the boundary size between LPM and SPM because of the different cut-off 

sizes associated with another multi-stage system.  The equivalence of ACI, NGI and AIM alternatives for 

inhaler APSD measurements has been studied and established by several groups (
24

, 
25

, 
26

, 
27

).  The 

intent of the present study was to use a large existing database of ACI results to make inference about a 

feasible approach for using AIM devices and simple metrics as QC tools for monitoring APSD.  When this 

approach is applied in practice, a correlation between the AIM results and a full-resolution impactor used 

by the sponsor would need to be established. 

In summary, the proposed set of simpler APSD metrics for routine QC has two key advantages 

compared with full-resolution CI measurements:   

• The recommended approach should in principle be less subject to method 

variability, and as a consequence, a sponsor will have a better chance to detect 

true product quality changes and less chance to fail product due to method 

variability;  

• Abbreviated impactor measurements may substantially reduce time and 

resource requirements associated with the QC APSD assessment.  This, in turn, 

may allow more inhalers to be tested per batch, with the consequence of more 

accuracy and higher confidence in the decision about disposition of the batch. 

                                                      
24

 Kamiya A, Sakagami M, Hindle M, Byron PR. Aerodynamic sizing of metered dose inhalers: an evaluation of the Andersen and 
next generation pharmaceutical impactors and their USP methods. J Pharm Sci. 2004;93(7):1828–37. 
25

 Mitchell JP, Nagel MW, Wiersema KJ, Doyle CC. Aerodynamic particle size analysis of aerosols from pressurized metered dose 
inhalers: comparison of Andersen 8-stage cascade impactor, next generation pharmaceutical impactor, and model 3321 
aerodynamic particle sizer aerosol spectrometer. AAPS PharmSciTech. 2003;4(4):article 54. 
26

 Mitchell JP, Nagel MW, Avvakoumova V, MacKay H, Ali R. The Abbreviated Impactor Measurement (AIM) concept: Part I—
Influence of particle bounce and re-entrainment—Evaluation with a “dry” pressurized metered dose inhaler (pMDI)-based 
formulation. AAPS PharmSciTech. 2009;10(1):243-51. 
27

 Mitchell JP, Nagel MW, Avvakoumova V, MacKay H, Ali R. The Abbreviated Impactor Measurement (AIM) concept: Part II—
Influence of evaporation of a volatile component—Evaluation with a “droplet-producing” pressurized metered dose inhaler (pMDI)-
based formulation containing ethanol as cosolvent. AAPS PharmSciTech. 2009;10(1):252-7.   
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Conclusions from Retrospective Data Analysis 

A systematic study of APSD data from several OIPs has indicated that a simple metric comprising 

information from fine (small) and coarse (large) particle size fractions of the API may be adequate to 

detect meaningful changes in both the location of the measure of central tendency (MMAD) and the area 

under the APSD curve (equivalent to impactor-sized mass).  Abbreviated or lean data acquisition and 

analysis should simplify both OIP development and QC, without compromising the ability to make correct 

decisions concerning the disposition of product. The proposed approach is aligned with the Abbreviated 

Impactor Measurement (AIM) concept, which may be implemented in a number of specific ways 

depending on the sponsor's data and agreements with regulators. If an AIM-based QC methodology was 

to be introduced for a given OIP, a small additional study specifically designed to establish full-resolution 

APSD in a robust manner would be needed to identify the most appropriate boundary between LPM and 

SPM.   Although this operation would likely require an extra step in a product/method development 

program, the small additional effort at this stage has the potential to save significant resources later 

during both development and QC operations associated with commercial OIP production.  
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3.  Further Analysis: Comparison of Ability to Detect Individual 
Outliers by LPM/SPM and ISM Metrics versus Grouped Stages 

 

The datasets used above were examined further to address the ability to detect outliers by both 

the proposed metrics and conventional grouped stages.  In this context, the term ‘outlier’ is not meant to 

imply ‘out of specification’, but rather is used to refer to those APSDs that are most removed from the 

mean APSD of a particular dataset.  The IPAC-RS database contains general descriptive information 

about the products in the database, but is blinded with respect to the specific identity of a particular 

product including any associated specifications. 

The approach to enable comparisons that are presented below consisted in visually examining 

the aggregate APSDs in Figure 2-3.  The one APSD that appeared to be the most removed from the 

mean APSD of that particular product was selected for each product.  Descriptive statistics (mean, 

standard deviation, median and inter-quartile range) were determined for all potential QC metrics 

(LPM/SPM, ISM and assumed stage groupings) on a product-wise basis.  The stages groupings were 

selected empirically solely on the basis of the experience of the authors.  In all cases, Group 1 included 

all non-sizing components (e.g., actuator, adapters, throat, etc.).  The CI stages were then divided into 

three groups such that there was a significant mass in each of the three.  The individual QC metrics for 

these outliers were compared to the mean and standard deviation of that metric for the particular product.  

The intent was to ascertain if the combination of LPM/SPM and ISM would identify these individual 

APSDs as outliers as well as, or better than the stage groupings.  The results are depicted in Figures 3-1 

through 3-8. 

Each of Figures 3-1 through 3-8 contains seven individual plots.  The upper leftmost plot presents 

the outlier APSD superimposed on the mean APSD along with ±1 standard deviation boundaries for the 

mean.  This plot depicts the extent and nature of the deviation of the outlier from the mean APSD.  The 

next two plots in the upper row compare the outlier LPM/SPM ratio to the mean LPM/SPM and the outlier 

ISM to the mean ISM.  The remaining four plots make the analogous comparison for the four stage 

groupings.  The judgment of whether or not an individual metric detected the outlier was based on 

whether the individual value was significantly outside the error bars (±1 std. dev.) of the mean.  These 

results are summarized in Table 3-I. 
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Figure 3-1. Comparison of visual outlier (individual impactor run in row 53) to mean values. Error bars represent ±standard deviation. 
w9k201-HFA Suspension MDI. 
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Figure 3-2.  Comparison of visual outlier (individual impactor run in row 11) to mean values. Error bars represent ±standard deviation. 
w9j901-HFA Suspension MDI. 
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Figure 3-3.  Comparison of visual outlier (individual impactor run in row 162) to mean values. Error bars represent ±standard deviation. 
w9j801-HFA Solution MDI.  
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Figure 3-4. Comparison of visual outlier (individual impactor run in row 151) to mean values. Error bars represent ±standard deviation. 
w9jk01-Dry Powder Inhaler 
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Figure 3-5. Comparison of visual outlier (individual impactor run in row 25) to mean values. Error bars represent ±standard deviation. 
w9k901-Dry Powder Inhaler. 
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Figure 3-6. Comparison of visual outlier (individual impactor run in row 7) to mean values. Error bars represent ±standard deviation. 
w9j601-CFC Suspension MDI. 
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Figure 3-7. Comparison of visual outlier (individual impactor run in row 49) to mean values. Error bars represent ±standard deviation. 
w9k001-CFC Suspension MDI. 
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Figure 3-8. Comparison of visual outlier (individual impactor run in row 49) to mean values. Error bars represent ±standard deviation. 
w9kw01-CFC Suspension MDI 
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Table 3-I. Comparison of Performance of Potential QC Metrics with Respect to Detecting Outlying 
APSDs. 

 

�  
Is Individual Metric Significantly 

 Outside Mean ± 1 Standard Deviation? 

�  
LPM/SPM –ISM QC 

Metrics 
Stage Groupings 

QC Metrics 

��������� Product Type 
LPM/ 
SPM 

ISM 

ISM 
or 

LPM/ 
SPM 

Gr 1 Gr 2 Gr 3 Gr 4 
Any 
Gr 

	
��
�� HFA Susp. MDI 
yes yes yes no yes yes no yes 

	
�

�� HFA Susp. MDI 
yes no yes no yes yes no yes 

	
��
�� HFA Solution MDI 
yes no yes no yes yes yes yes 

	
��
�� Dry Powder Inhaler 
no yes yes yes yes yes yes yes 

	
�

�� Dry Powder Inhaler 
no yes yes yes yes yes yes yes 

	
��
�� CFC Susp. MDI 
yes yes yes no no no yes yes 

	
�

�� CFC Susp. MDI 
yes yes yes yes yes yes no yes 

	
�	
�� CFC Susp. MDI 
yes yes yes yes yes yes no yes 

 

In all cases, the LPM/SPM ratio or ISM (or both) were easily able to identify these eight individual 

APSDs as outliers from the mean APSD.  More importantly, the specific values of these two metrics 

tracked well with the differences that these APSD exhibited relative to the mean APSD (i.e., differences in 

position, amplitude or shape of the APSD).  This indicates that these metrics could be used in a 

diagnostic sense with respect to overall changes in the APSD.  Likewise, the stage groupings were 

capable of detecting all eight selected APSDs as outliers, though it is more difficult to use them 

diagnostically, particularly with respect to position of the APSD.   

The above exercise is overall optimistic in detecting outliers by stage groupings in comparison to 

current practices and highly dependent on the empirical selection of stage groupings.  For stage 

groupings that encompass the tails of the APSD, it is common practice to set only upper limits.  

Furthermore, the empirical nature of selecting stage groupings leads to a lack of predictability concerning 

the changes in APSD that can be detected.  By contrast, in the case of the proposed LPM/SPM and ISM 

QC metrics, two-sided limits for each of the metrics could be used; and the selection of the boundary 

between LPM and SPM has a clear process with predictable consequences (i.e., greatest sensitivity 
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when boundary is at MMAD).  In addition, the API amounts in stage groupings are interrelated while the 

two proposed metrics are independent of each other and measure different attributes of the APSD. 

Work is ongoing to make a more complete and quantitative assessment of the relative ability of 

these two sets of QC metrics to make good decisions regarding outlier APSDs.  Preliminary work 

suggests that both approaches have good performance with respect to detecting outliers consistently, but 

that the grouped stages approach may have a higher false positive rate (i.e., judging an APSD as an 

outlier when it is not). 
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4. Prospective Experimental Studies to Estimate the Precision of 
Various APSD Measurements 

The objective of this prospective study was to assess whether two different types of abbreviated 

Andersen impactor configurations have adequate accuracy and precision to be used for OIP 

assessments instead of the full-resolution Andersen 8-stage cascade impactor (ACI; Figure 4-1). One of 

the abbreviated impactor configurations was designed for OIP quality control, and is denoted by QC 

(Figure 4-2).  The boundary size set for this impactor was purposefully configured to be at 2.1 micron 

(�m) aerodynamic diameter, so as to be as close as possible to the mass median aerodynamic diameter 

(MMAD) of the formulation used in this investigation. 

 

Figure 4-1: Full Resolution ACI. 

  

 

Figure 4-2: QC Abbreviated Impactor Showing Added Base Spacer to Accommodate Spring Set
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The other abbreviated impactor configuration, denoted by HRT (Figure 4-3), was designed for 

prediction of particle deposition in the human respiratory tract by evaluating coarse particle mass, fine 

particle and extra-fine particle mass. The boundary size for the HRT impactor was set at 4.7 �m 

aerodynamic diameter.  This configuration is essential for the evaluation of add-on devices (e.g., spacers 

and holding chambers) that are widely used with MDIs. 

 

Figure 4-3. HRT Abbreviated Impactor Showing Stage ‘0’ Used Without Collection Plate as a 

Spacer to Accommodate Retaining Spring Attachments on Exterior.  

The components for the three impactor configurations are schematically presented in Figure 4-4.  

In the AIM-QC impactor, a non-functioning stage (i.e., without collection plate) was inserted as a spacer 

below the filter.  Similarly, in the AIM-HRT impactor, a non-functioning stage ‘0’ was inserted between the 

inlet cone and first impaction stage (stage 4).  These modifications are not expected to affect impactor 

performance and they allowed to use the same spring set for either abbreviated assembly.  

The comparison of the AIM-QC and AIM-HRT impactors to the ACI was based on assessments 

of the bias and precision of both abbreviated impactors with respect to the full-resolution impactor in the 

following ways: 

• The QC configuration was investigated on the basis of ISM and the LPM/SPM ratio. 

• The HRT configuration was assessed on the basis of Extra Fine Particle Mass (EPM), Fine 

Particle Mass (FPM) and Coarse Particle Mass (CPM). 
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Figure 4-4:  Impactor Configurations for Designed Experiment 

 

The present experiment was designed specifically around product samples that were as uniform 

as possible (taken from a single 5-minute period during a manufacturing run) to minimize intentionally the 

effect of product variability in evaluating method variability. An additional experiment is planned, 

complementing this study, to further evaluate the relationship between the LPM/SPM Ratio and MMAD.  

In contrast with the present investigation, the product samples for that future study will be selected to 

cover as wide a range of MMAD values as possible.  A wider range of MMADs is necessary to robustly 

evaluate the relationship of LPM/SPM Ratio to MMAD. 

 

Study Hypothesis 

 The hypothesis was considered that the AIM impactors are comparable to the full-resolution 

impactor (ACI) and can be used instead of the ACI for the designed purposes.  AIM impactors offer 
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advantages over the ACI, in particular the increased number of samples that can be tested because of 

more rapid measurement capability
28

. 

Test Conditions 

The following test conditions were used in this experiment: 

• Tightly controlled ambient temperature and humidity; 

o Tamb = 21.0 ± 1.0ºC 

o RHamb  = 45 ± 5% 

• HFA-albuterol (blinded product); using sequential canisters from the same portion of the 

manufacturing run; 

• The experiment was undertaken as a 6-day intensive study at one location (Trudell Medical 

International, London, Ontario, Canada) in early August 2009, in which three operators each 

performed the same specific tasks contributing to each measurement attempt. 

Study Design 

The experiment incorporated a design with three impactor configurations, 6 inhalers, and 3 

replicates per inhaler as shown in Table 4-1. Since the focus of this study was on assessing repeatability 

of the three impactor configurations (and not on product performance), the study was designed to control 

for the following sources of variation: 

• Inhaler-to-inhaler variability over manufacturing run; 

• Through-life trends of pMDI canister; 

• Inter-operator variability; 

• Inter-impactor system variability. 

 

Other features of the study design are: 

• Repeated testing of the same inhaler on multiple impactors; repeated for multiple inhalers; 

• The estimation of the variability of each impactor; 

• Characterization of and adjustment for through-life of canister effect. 

                                                      
28

 Mitchell JP.  The Abbreviated Impactor Measurement (AIM) concept for aerodynamic particle size distribution (APSD) in a quality-
by-design (QbD) environment.  IPAC-RS Conference. Bethesda, MD, USA. 2008. Available at: http://www.ipacrs.com/PDFs/IPAC-
RS%202008%20Conference/Day%203/5-%20IPAC-RS%20Conference%202008%20-%20Jolyon%20Mitchell.pdf    Accessed 
August 24, 2009. 
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Table 4-I.  AIM Designed Experiment with 6 Unique Sequences of Randomized Dosing Sets (CI = 
cascade impactor; ACI, QC, HRT are individual impactors described in Figure 4-4) 

 

Timetable 

The experiment took place during early August 2009, and the data are currently undergoing 

evaluation.  Preliminary data from this prospective study are presented below to exemplify how the 

metrics ISM and LPM/SPM are performing for the full resolution ACI testing of a currently available HFA-

albuterol, to compare with similar analyses presented in Section 2 from the retrospective analysis of the 

inhaler APSDs contained in the IPAC-RS database. 

Data Analysis: ISM Profiles 

In a preliminary data analysis, ISM profiles (Figure 4-5) were calculated from the measurements 

with the full resolution.  MMAD values were determined using the Morgan-Mercer-Flodin relationship
29

.  

                                                      
29

 Christopher D, Dey M, Lyapustina S, Mitchell J, Stein S, Tougas T, Van Oort M. Alternative Approaches For MMAD 
Determination. Poster presented at the IPAC-RS Conference 2008. http://ipacrs.com/PDFs/Posters/Alternative%20MMAD.pdf  
Accessed August 24, 2009 
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The sensitivity and linearity of the LPM/SPM ratio as a metric for detecting shifts in MMAD is Illustrated by 

Figure 4-6. 

ISM Profiles 

 

Figure 4-5.  ISM profiles for the full resolution ACI. 

 

LPM/SPM Ratio vs. MMAD 

 

Figure 4-6.  LPM/SPM ratio as a function of MMAD for the measurements made with the full 
resolution ACI. 
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Data Analysis: Method Precision and Accuracy 

It was first necessary to compare the two abbreviated CIs with the ACI on the basis of IM.  ISM 

could not be determined directly for the HRT impactor, because that configuration does not contain an 

active Stage 0 (Figure 4-4).  The scatter-plot of IM versus ISM, based on all the measurements (Figure 4-

7) indicated that a linear relationship existed between these two metrics, with IM offset by a constant 

mass close to + 1.0 µg/actuation, regardless of inhaler number, order of test or impactor system.   

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

Figure 4-7.  Relationship between IM versus ISM, showing measurements with a different symbol 
for each of the 6 inhalers evaluated. 

This offset represents the small amount of albuterol that normally collects in the induction port 

and on stage 0 in a full-resolution ACI.  IM was therefore used as a surrogate for ISM in side-by-side 

comparisons of the three configurations. 

The mean, standard deviation (SD), and coefficient of variation (CV) for measures of IM, Ex-ActM 

and Ex-MVM with each impactor configuration are summarized in Table 4-II. Neither of the abbreviated 

systems exhibited an observable bias when compared to the full resolution impactor.  CVs associated 

�
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with either Ex-ActM or Ex-MVM were similar for the three systems, although both abbreviated impactor 

configurations had slightly larger CVs than the ACI for measures of IM.      

 

Table 4-II.  Summary statistics for measures of total mass per actuation 

Metric Impactor Mean 
S.D. 

(Repeatability) 
CV 

ACI 40.083 1.597 3.99% 

QC 40.048 2.657 6.64% IM 

HRT 40.032 2.139 5.34% 

ACI 79.510 3.349 4.21% 

QC 79.885 3.478 4.35% Ex-ActM 

HRT 80.187 3.744 4.67% 

ACI 96.277 4.224 4.39% 

QC 96.576 3.911 4.05% Ex-MVM 

HRT 96.752 3.924 4.06% 

�

�

(a)  IM by cascade impactor system 

(b)  IM by impactor system and inhaler 

Figure 4-8.  Comparison of measures of IM throughout experiment.�
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However, the differences in variability (corresponding to measurement precision for this metric) 

were small (Figure 4-7a) and deemed likely not significant in terms of measuring inhaler product 

variability.  There was no discernable correlation with either inhaler or impactor order (Figure 4-7b).  90% 

two-sided confidence intervals for measures of IM based on the ratio of standard deviation values 

associated with measurements by each abbreviated impactor configuration referenced to the full 

resolution impactor excluded unity by a narrow margin (Table 4-III).  

 

Table 4-III.  Impactor precision for metrics related to total mass per actuation �

Two-sided 90% Confidence Interval Metric Comparison 

Lower Bound Upper Bound 

QC to ACI 1.01 2.73 IM 

HRT to ACI 0.82 2.19 

QC to ACI 0.61 1.42 Ex-ActM 

HRT to ACI 0.62 1.42 

QC to ACI 0.62 1.71 Ex-MVM 

HRT to ACI 0.68 1.79 

N.B. Each bound may be used as a 95% one-sided confidence limit 
�

This finding indicates that the QC impactor had a marginally lower precision than the ACI.  In 

contrast, the range of corresponding data for the HRT system encompassed unity, confirming that its 

precision for IM was comparable with that of the reference full resolution system.  Interestingly, the 

precision of either abbreviated impactor configuration was comparable with that for the ACI based on the 

confidence interval ranges associated with measures of either ExActM or Ex-MVM (Table 4-III).  This 

finding suggests that the slightly increased variability associated with the QC system for IM most probably 

originated from that configuration, and not from the inhalers that were used. 

As expected from the excellent correlation between IM and ISM (Figure 4-7), close, but not ideal 

comparability between the QC and ACI was found for measures of ISM and the ratio metric LPM/SPM, 

based on a comparison of measurement repeatability (Table 4-IV) and also associated 90% confidence 

interval ranges (Table 4-V)..  
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Table 4-IV. QC system compared with ACI for key metrics related to inhaler APSD: Repeatability 

Metric Impactor Mean 
(µg) 

S.D. 
(µg) 

CV 
(%) 

ACI 38.969 1.566 4.07 ISM 

QC 38.956 2.676 6.87 

ACI 2.7862 0.278 9.98 LPM/SPM 

QC 2.6860 0.345 12.83 

 

Table 4-V.  QC system compared with ACI for key metrics related to inhaler APSD: 90% confidence 
interval range��

Two-sided 90% Confidence Interval Metric 

Lower Bound Upper Bound 

ISM 1.03 2.77 

LPM/SPM ratio 0.76 2.03 

�

Measurement repeatability for each of the sub-fraction metrics CPM, FPM and EPM was also 

comparable for the HRT and ACI (Table 4-VI).   

 

Table 4-VI.  HRT system compared with ACI for key metrics related to inhaler APSD: Repeatability�

Metric Impactor Mean 
(µg) 

S.D. 
(µg) 

CV 
(%) 

ACI 44.083 2.87 6.52 CPM 

HRT 45.168 3.00 6.64 

ACI 38.969 1.59 4.07 FPM 

HRT 40.032 2.14 5.34 

ACI 2.209 0.74 33.72 EPM 

HRT 7.925 0.99 12.44 

�

However, it is notable that the mean value for EPM measured by the HRT was significantly 

greater than its equivalent determined with the full resolution impactor.  Despite this indicator of bias, the 

precision of the HRT was comparable with that for the ACI based on the confidence interval ranges that 

straddled unity for both this and the other two sub-fraction metrics (Table 4-VII). 

 

Table 4-VII.  HRT system compared with ACI for key metrics related to inhaler APSD: 90% 
confidence interval range�

Two-sided 90% Confidence Interval Metric 

Lower Bound Upper Bound 

CPM 0.64 1.71 

FPM 0.82 2.21 

EPM 0.81 2.17 

�

�
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The bias in EPM measured by the HRT-system is captured also in the comparison of the 

cumulative mass-weighted APSDs for the three impactors, in which the extra fine particle fraction (EPF) is 

about 7% higher than expected (Figure 4-9) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-9.  Comparative measures of impactor-sized sub fractions by QC and HRT abbreviated 
systems with ACI: Original measurement set with the HRT impactor 

A follow-on study was undertaken to investigate an alternative cause for the higher than expected 

values of EPM.  Photomicrographs of a tacky surfactant-coated stainless steel collection plate located 

beneath the second nozzle plate and operated at 28.3 L/min without actuating the inhaler revealed that in 

a short time (< 2.5 min after starting flow through the impactor) depressions in the plate coating had 

formed beneath the nozzles (Figure 4-10).    

�

�

�

�

�

�

�

Figure 4-10.  Photomicrograph of Displaced Surfactant on Collection Plate for the Second 
Impaction Stage of the HRT System 

In explanation, it appears that the magnitude of the shear force created by the high velocity flow 

exiting each nozzle of the second stage, initially perpendicular to the plate before changing direction to 
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exit parallel to its upper surface, is capable of displacing the surfactant.  This behavior resulted in a lack 

of coverage where particles would normally impact.   Visual inspection of collection plates after several 

actuations of the inhaler into the HRT-system confirmed that although most of the deposits remained 

embedded in the remaining surfactant, some faint streaking indicative of particle bounce was present.    A 

glass microfiber filter (90-mm cut to 82.6-mm diameter) of the same type used as a back-up filter was 

heavily impregnated with Brij surfactant before being floated on top of the second impaction stage plate in 

order to hold the surfactant in place (Figure 4-11).   

�

�

�

�

�

�

�

�

�

�

Figure 4-11.  Configuration for impaction stage 2 of HRT-system to eliminate bias from particle 
bounce and re-entrainment 

Five more replicate measurements were subsequently undertaken separately from the designed 

experiment using canisters from the same lot, to evaluate the effect on EPF of this configuration within 

the HRT-impactor.  The resulting cumulative mass weighted size distribution data (Figure 4-12) 

demonstrated substantial agreement had been achieved between EPF from the HRT and the reference 

value from the full resolution ACI with data taken from the main study.   

These findings indicate that merely coating the plate with a thin layer of surfactant does not 

appear to be sufficient to eliminate particle bounce from the second stage of this abbreviated system.  

However, surfactant displacement can be prevented by fixing it within the glass microfiber matrix of a 

filter.  At the same time, the depth of the tacky media within which the particles can penetrate on arrival is 

increased.   The excellent agreement in EPF from the improved HRT-configuration and the ACI is also 

indirect proof that the slight narrowing of the nozzle-to-plate distance brought about by this modification 

was unimportant. 

�
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�

Figure 4-12.  Comparative measures of impactor-sized sub fractions by QC and HRT abbreviated 
systems with ACI: Repeated measurement sets with the HRT impactor 

 

Conclusions for Part 4 
�

This designed experiment has met the goal of being able to assess both bias and precision 

associated with two slightly different abbreviated impactors based on the Andersen concept, utilizing the 

full resolution ACI as the benchmark apparatus.   Once precautions were taken to eliminate particle 

bounce from the second stage of the HRT-system, substantial agreement was obtained between both 

abbreviated impactors and the ACI.  We therefore conclude that either of these reduced impactors can be 

substituted for the ACI in both product development and quality control environments.  Further work of a 

similar nature is needed to extend this type of measurement method assessment to other proposed 

designs of abbreviated impactor.  Now that it has been established that ACI-based abbreviated CI 

designs can be used to make measurements of pertinent inhaler APSD metrics, the next stage to 

establish the value of this approach in the quality control environment will be to assess the impact of 

improved batch coverage brought about by the ability to make more individual determinations within a 

given time period. 
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5. Proposed Strategy for Applying Cascade Impaction 
Measurements during a Product Lifecycle 

During the lifecycle of an OIP, impactor-based measurements are used for different purposes  

and to address different questions.  In this part of the briefing document, an overall strategy for employing 

these different variants is proposed.   

During development, obtaining the full-resolution APSD profiles and estimates of pertinent mass 

(dose) fractions are useful ways to characterize the product, but such measurements are distinct from the 

QC purpose.  The goal of QC testing of a commercial product is to provide confirmation that a batch of 

inhalers is of acceptable quality.  QC testing is used to make a final decision on the suitability of a batch.  

Such tests need to be fast, accurate, high-precision and high-throughput.  Current full-resolution multi-

stage CI testing is less than ideal in a QC environment
30

.  Rather, full-resolution CI measurements should 

be an integral part of both failure investigations and change management.  For example, the full 

characterization of the APSD may yield useful insights into possible failure modes in the case of an 

investigation of an OOS.  With respect to change management, using full-resolution CI based 

measurements of the APSD supplemented by calculations of coarse/fine or large/small particle mass 

allow the evaluation of a significant change relative to the original APSD of the OIP in question. 

The following outline (which is illustrated in Figure 5-1), proposes a strategy for optimizing the use 

of these different variants of CI based measurements: 

A) During Product Development: 

1. Establish the APSD profile of the OIP with full-resolution CI based measurements.  This 
would require multiple CI determinations (50-100) representative of the product, i.e., 
different units, batches, through-life stage, stability. 

2. Determine characteristic values of impactor sized mass (ISM), large (LPM) and small 
(SPM) particle mass (dose) of the product with an AIM based approach.  

3. Correlate the proposed LPM SPM obtained through an AIM approach to the full-
resolution CI based measurements by: 

a. selecting an optimum particle size boundary between LPM and SPM; 

b. demonstrating a linear relationship between LPM/SPM and mass median 
aerodynamic diameter (MMAD); 

c. demonstrating suitable precision of both LPM/SPM and impactor sizes mass 
(ISM) determinations; 

d. conducting a risk assessment to understand potential factors that might impact 
APSD and evaluate the ability to detect significant changes; and 

e. establishing appropriate limits for LPM/SPM and ISM. 

                                                      
30

 Christopher D, Curry P, Doub W, Furnkranz K, Lavery M, Lin K, Lyapustina S, Mitchell J, Rogers B, Strickland H, Tougas T, 
Tsong Y, Wyka B. Considerations for the Development and Practice of Cascade Impaction Testing Including a Mass Balance 
Failure Investigation Tree.  J Aer Med, 2003;16 (3): 235-247. doi:10.1089/089426803769017604.   
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4. Release clinical supplies against specifications based on LPM/SPM and ISM after 
correlation has been established. In addition,  

a. use full-resolution CI based measurements as part of an investigation of any 
OOS results; 

b. periodically verify LPM/SPM ratio against full-resolution CI based measurements.  

5. Determine characteristic values of coarse (CPM) and fine (FPM) particle mass of the 
product with an AIM based approach.  Correlate with their equivalents obtained by full 
resolution CI to provide baseline data for comparisons with results if add-on devices are 
to be recommended with the OIP. 

 
B) During Commercial Phase: 
 

1. Release commercial product against specifications based on LPM/SPM and ISM 
established during product development and approval. 

2. Continue to use full-resolution CI based measurements as part of investigation of any 
OOS results. 

3. Use full-resolution CI based measurements and coarse/fine particle dose as part of 
change management process. 

 

• ACI for full characterization

• AIM-HRT for rapid monitoring of 
design changes

• AIM-QC to establish correlation to 
full ACI

Product and Method 
Development

Clinical 
Trials

NDA
Commercial
Production

• ACI

• AIM-HRT 

• AIM-QC

• AIM-QC for routine QC

• ACI for OOS, change 
management
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changes and for spacers, 
holding chambers
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Figure 5-1. Scheme illustrating appropriate purpose of various impactor configurations. 



��������	
�
�
�

��	����	�����
���������	����
�������
������	���
��
������	���
�
�������
��������� 

���
����	�
�����!�" 


52 

 

Appendix: A Brief Overview of Current IPAC-RS Activities and Their 
Objectives 

� Aerodynamic Particle Size Distribution (APSD) and Cascade Impaction (CI)  

o To determine and publicize best scientific approaches for aerodynamic particle size 
distribution (APSD) measurements [such as by cascade impaction (CI)] for OINDP, in 
the context of FDA initiatives. 

� Analytical Method Development  

o To explore how QbD principles can be applied to analytical method development and 
understand how analytical method variability impacts the design space and control of 
critical quality attributes (CQA) for a specific product. 

� Device Group 

o To understand and promote best practices for OINDP device design.   

� International Industry Coordinating Group 

o To assess the evolving international regulatory landscape for OINDP, conduct risk 
assessment of worldwide regulatory developments, and, as appropriate, participate in 
relevant efforts (e.g., EPAG, EFPIA, PhRMA, ISO, Ph. Eur., USP, JP) with respect to 
OINDP issues. 

� Leachables & Extractables Working Group (within PQRI) (L&E) 

o To develop and promote best practices recommendations and safety and analytical 
thresholds for L&E. 

� L&E Development Paradigm Working Group 

o To consider how Quality by Design and ICH concepts can be practically integrated 
with traditional approaches for management of leachables and extractables. 

� Model OINDP 

o To consider application of ICH Quality guidelines e.g. Q8, 9, 10 in conjunction with 
efficacy guidelines/paradigms to OINDP. 

� OINDP Materials Working Group  

o To improve materials quality and integrity, reduce supply chain problems, and promote 
reduction or elimination of unnecessary testing through: (a) scientific, peer-reviewed 
publication(s) on the improvements in OINDP quality, and  (b) education and training 
of all parties involved with the supply chain for OINDP components. 

� Patient Adherence Working Group  

o To prepare and conduct a workshop with leading experts in the field of OINDP patient 
adherence in order to identify potential interventions (by IPAC-RS or other 
organizations) to improve patient adherence.  
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� PTIT Publication Team/DDU Working Group  

o To promote common understanding of the DDU PTI test proposed by FDA.  

o To monitor and report on ongoing developments (e.g., regulatory guidances, 
pharmacopeial revisions, ISO standard, conference presentations and published 
articles) affecting DDU specifications or use of PTIT in OINDP. 

o As necessary, to prepare comments on proposed standards and regulations affecting 
DDU specifications or use of PTIT in OINDP.  

� Quality-Clinical Correlations  Working Group 

o To explore feasibility of and general approaches to establishing links between clinical 
safety and efficacy and key quality parameters of OINDP, e.g., APSD, fine particle 
dose.   

� Risk Management Working Group 

o To better understand the use of Risk Management in a Quality by Design paradigm 
and its application to OINDP design, development, and performance; and to identify 
risk areas common to OINDPs, with the end goal of facilitating harmonization of 
regulatory approaches to OINDPs.  

� Supplier Quality Working Group 

o To encourage quality through design rather than through testing and to enable the 
provision of consistently high quality components by promoting the implementation of 
robust quality systems by OINDP component manufacturers.   

o To promote acceptance and use of the IPAC-RS Guideline; considering the supplier-
customer relationship in the context of quality by design; and engaging suppliers, 
regulators, and other stakeholders. 
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