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Quality requirements for cascade 
impactors assigned to batch 
release testing of a specific drug 
product; Part I: A grassroots look

The first of two articles describing a new approach to quality requirements for 
cascade impactors

Daryl L. Roberts, PhD
Applied Particle Principles

Impactor quality requirements today tell us that the 
nozzle diameters are in a certain range, but the batch 
release criteria relate to the mass of active pharmaceuti-
cal ingredient (API) on impactor stages or groups of 
stages. So, how can we know that the nozzle diameter 
ranges are not so large that the uncertainty in the impac-
tor results exceeds the allowed range of API given in the 
batch release criteria? Or is it the other way around— 
that is, the allowed nozzle diameter range is so small that 
users are wasting effort keeping their impactors so per-
fect, because possibly a much wider range of nozzle 
diameters would still easily test the batch release criteria.
To begin to unravel these remarks, consider how we use 
an ultraviolet/visible spectrophotometer to measure the 
concentration of an active pharmaceutical ingredient 
(API) in a solution. We have calibrated and maintain this 
instrument. But more importantly, when testing for a 
“yes/no” decision about releasing a batch of drug prod-
uct to the public, we have chosen the calibration condi-
tions to show that the instrument is sufficiently accurate 
with small enough uncertainty that the measured value 
gives a confident assessment of whether a batch of the 
drug product is suitable for release. Indeed, usually mea-
surement of more than one product attribute goes into 
such a decision, requiring confidence in each instrument 
that is involved. 
The thesis presented here is that questions about accu-
racy and uncertainty of cascade impactor results have not 
been articulated by the inhaler testing community and 
that, consequently, producers today hold their cascade 
impactors to quality criteria that may be neither neces-
sary nor sufficient for a confident batch release decision. 

Caution: This is the first of two articles in a series being 
published for purposes of education. Readers are advised 
that that the approach and methods for impactor quality 
testing described herein are not the current, established 
methods. Any change to established methods would require 
validation and adoption by the community at large, 
including the relevant regulatory agency or agencies, espe-
cially for use with registered drug products.
There has been significant progress on the subject of 
impactor quality control in the past 20 years. 
Examples include:
1.	an impactor (the Next Generation Impactor, 

NGI™) designed according to known impactor 
principles, with quantitative nozzle dimensional 
specifications, calibrated with particles, and with 
stainless steel nozzle pieces;

2.	more widespread use of stainless steel for Andersen 
impactors;

3.	publication in the USP of quantitative nozzle dimen-
sions for the Andersen impactor as well as the NGI;

4.	publication of a sensible averaging method (“effec-
tive diameter”) to assess impactor nozzle quality 
during periodic optical mensuration; and

5.	micron- or sub-micron-precision optical measure-
ments of nozzles. 

All of these aspects are good and smart steps forward 
towards high-quality, in-use impactors. And everyone 
knows that impactor quality comes about by keeping 
the nozzles of each stage clean and unchanged over time 
during use. So, what is there to talk about? Plenty!
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confident determination. Therefore, the instruments 
must be maintained sufficiently to be known to func-
tion to the required accuracy and precision. The neces-
sary and sufficient quality specifications for each instru-
ment are, then, designed and expressed to meet these 
accuracy and precision requirements, daily and reliably.
So, why has this mental and practical exercise not hap-
pened for cascade impactors? Or has it? After all, the 
USP guidelines for impactor quality control2 indicate 
that periodic optical inspection of the nozzles is the 
proper approach. But upon closer scrutiny, the USP 
discussion of this subject appeals only to the intuition 
and says, essentially, that “periodic” optical inspection is 
surely necessary. So, periodic optical inspection of 
impactor nozzles is the common practice, measuring all 
nozzles on all stages of an impactor, usually annually, 
and to the micron-level precision now available in com-
mercial vision systems. Impactors so maintained, to the 
original manufactured quality, are widely regarded to be 
the best instruments available for the purpose.
Let’s assume, for the purpose of argument, that impac-
tors so maintained are the best available technology, 
representing the state-of-the-art. We still have the 
responsibility to ask whether this best available technol-
ogy is necessary or not, whether it is sufficient or not, or 
whether it is neither necessary nor sufficient for batch 
release testing of a registered drug product. It is a proper 
expectation that the specifications for any piece of ana-
lytical equipment are both necessary and sufficient 
specifications. For historical reasons, this proper expec-
tation is yet to be applied to cascade impactors.

This first article in a two-part series takes a “funda-
mental” or “grassroots” look, therefore, at the question 
of how to create both necessary and sufficient quality 
requirements for cascade impactors that are used for 
batch release testing of a specific drug product. The 
thought process applies to devising meaningful 
impactor quality requirements when testing an exist-
ing drug product or when developing a new drug 
product, but focuses here on batch release testing of 
existing drug products.

Batch release testing with an impactor 
There will be a number of analytical instruments from 
which the manufacturer obtains data to determine 
whether a batch of drug product is suitable for release to 
the public. In each case, the measurements that must be 
made for batch release and the instruments necessary 
for each measurement are spelled out in the agreed-
upon approval package, or dossier, issued by regulatory 
authorities (e.g., United States Food and Drug Admin-
istration, European Medicines Evaluation Agency) to 
the applicant. Indeed, the alert applicant, early in the 
process, will have identified a Quality Target Product 
Profile (QTPP) and Critical Quality Attributes (CQAs) 
aimed at achieving this profile, and at the time of 
approval, there should be no surprises in the CQAs that 
must be met in the batch release testing.1

Each CQA has a pass/fail criteria associated with it and 
one or more instruments used to make the determina-
tion of whether the CQA is met. The accuracy and pre-
cision of the instruments must be sufficient to make a 

Figure 1

Typical stage groupings. An aerosol emitted by a dry powder inhaler into the NGI can be 
grouped logically into four segments (from Reference 3, used with permission).

MASS OF ACTIVE PHARMACEUTICAL INGREDIENT EX INHALER

Induction Port

Aerosol in

Collection 
Efficiency (%)

Aerosol 
APSD

critical stages non-critical stages

Aerodynamic diameter (arbitrary scale)

API Mass-Based 
Product 

Specification

Mass Group 1 
(non-sized)

Mass Group 2 
(sized-coarse)

Mass Group 3 
(sized-fine)

Mass Group 4 
(sized-extra-fine)

filter/MOC

To vacuum

100%

50%

0%

	 Pre-separator Stage	 1	 2	 3	 4	 5	 6	 7

Pre-separator Cascade impactor filter/MOC



Copyright CSC Publishing

round when the impactor is new.5 So, the reality is that 
in 10 minutes, a technician can determine if two of the 
three key nozzle sets are within specifications or not. 
Therefore, annual optical inspection of two of the three key 
nozzle sets is seen to be unnecessary—although evaluation 
of Stage 5 is still essential.
And what about Stage 5? There are 152 nozzles, each 
0.608 mm ± 0.01 mm in diameter. It would be onerous 
to inspect these nozzles with pins on a regular basis, 
although technically, it can be done. Maybe annual 
optical inspection of these nozzles is still the best 
approach. Or, very possibly, regular measurement of 
pressure drop across Stage 5 would be sufficiently accu-
rate to indicate whether the nozzles are “okay.”6 
First, let’s ask what “okay” means. For this purpose, we 
look at the batch release specifications. For any given 
product, batch release specifications are agreed upon by 
the manufacturer and the regulatory agency and articu-
lated as CQAs in the dossier that accompanies the per-
mission to manufacture for sale to the public. But, for 
discussion purposes, we assume that the specified mass 
in each group is allowed a range of ± 10%. Further, to 
demonstrate a specific case, we assume that the incom-
ing aerosol is log-normally distributed with a mass 
median aerodynamic diameter (MMAD) of 2.0 
microns and a geometric standard deviation (GSD) of 
2.0. This aerosol has 12.0% of its mass in Group 2, 
73.8% in Group 3, and 13.8% in Group 4 when the 
impactor nozzles are their nominal dimensions (more 
complex details, such as impactor-sized mass described 
in reference,7 will be included in the second article in 
this two-part series). And since the nozzles on Stage 5 
are the only ones that we have to worry about (experi-
ence indicates that the nozzles on the pre-separator and 
on Stage 2 do not fail inspections), we are able to plot 
how the mass in each group changes with changes to the 

It is best to start our examination of necessity and suffi-
ciency by looking at the batch release specifications 
themselves because these specifications tell us what the 
instrument must do. Typically, the agreed-upon, impac-
tor-based particle sizing requirements for a product 
undergoing batch release testing have to do with groups 
of stages; that is, the mass collected in several NGI cups 
or on several Andersen plates are added together and are 
expected to be in a given range. Figure 1 shows a typical 
stage-grouping exercise, based on testing a dry powder 
inhaler (DPI) with the NGI.3 Testing with the NGI is 
especially helpful because its pre-separator has a known 
efficiency for particle capture.4 Consequently, the 
impactor stages can be divided into three logical groups 
with known boundaries for the sizes of particles in those 
groups, along with one group that does not have known 
particle-size boundaries. (This group includes the induc-
tion port, which is a component with ill-defined particle 
capture characteristics.) 
Table 1 displays the characteristics of the stage group-
ings and, to give firm values to the particle sizes in each 
group, the inlet flow rate to the NGI is considered to be 
60 L/min. Immediately, we see that there are only three 
D50 values that matter to the masses captured in the 
individual groups, namely D50 for the pre-separator, 
Stage 2 and Stage 5. So we have to ask what that indi-
cates about nozzle inspections. For one thing, the six 
nozzles on the inside of the pre-separator (each 12.8 
mm ± 0.05 mm) and the six nozzles on Stage 2 (each 
4.88 mm ± 0.04 mm) are easy to inspect with pins (e.g., 
class X go-no/go pins from Vermont Gage, Swanton, 
VT, US). Purists will say that inspecting with pins is not 
enough because an elliptical nozzle can pass a pin test 
and yet be unacceptable; however, in this context, we 
are speaking of used impactors; so we rely on the manu-
facturer to determine that the nozzles are sufficiently 

Table 1

Four Groups of Impactor Components for Assessing DPI Performance

Group Number and Name Components in Group Particle Size Range #
(60 L/min Inlet Flow)

Nominal Diameters of 
Nozzles (mm)

1—Non-Sized Induction Port, 
NGI pre-separator

Not Defined* 12.8 (pre-separator)

2—Coarse Stage 1 and 2 4.46 to 12.8 14.3, 4.88

3—Fine Stage 3, 4 and 5 0.94 to 4.46 2.185, 1.207, 0.608

4—Extra Fine Stage 6, 7 and 
micro-orifice collector 

(MOC)

Smaller than 0.94 0.323, 0.206, 0.070

#D50 values of stages on border of groups3

*Induction port collects mostly “large” particles, but because of turbulence is also able to collect small particles and with an ill-defined 
efficiency; the NGI pre-separator has a well-defined collection efficiency, capturing nearly all particles larger than 12.8 microns, when 
the flow rate is 60 L/min.
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maintaining nozzles to the USP/manufacturer stan-
dards.4 Table 3 shows that the range of pressure drop 
across Stage 5 that will indicate whether Stage 5 meets 
the current USP requirements and the requirements 
derived from the batch release specifications (as given in 
Table 2). Here, we have used the principle that the pres-
sure drop depends on the fourth power of the nozzle 
diameter.10 Differential pressure transducers that mea-
sure this range to an accuracy of 1% are readily available 
(e.g., the TruStability™ HSC series by Honeywell, 
Golden Valley, MN, US; and the DLVR series by All-
Sensors, Morgan Hill, CA, US). 

diameter of the Stage 5 nozzles. We note first that the 
mass in Group 2 does not change when the nozzles on 
Stage 5 change. That means that the mass on Groups 3 
and 4, summed together, always equals 87.6% of the 
aerosol mass. So, when we let the nozzle diameters 
change on Stage 5, we immediately see the effect on the 
Group 3 and 4 mass (Figure 2; the math for this exercise 
is given in equations 1 and 6 of reference 8).8

If the Stage 5 nozzles change in size, the D50 value shifts 
slightly, and any mass no longer in found in the cups 
that define Group 4 must appear in Group 3 (and vice 
versa); but this mass change is a larger fraction of the 
Group 4 mass than it is of the Group 3 mass. Therefore, 
the batch release constraints on Group 4 (nominal 
± 10%) provide the more rigorous constraints on the 
acceptable limits for the diameter of nozzles on Stage 5, 
thereby defining the acceptable limits for Stage 5 noz-
zles. Further, these necessary constraints on the Stage 5 
nozzles depend on the aerosol itself, which is shown in 
Table 2. Moreover, Table 2 demonstrates that the 
smaller the aerosol, the larger the fraction in Group 4, so 
that a small shift in Stage 5 nozzles becomes less import-
ant. The opposite is also true, which is why an aerosol 
with an MMAD of 2.5 microns (and GSD of 2.0) puts 
tighter constraints on Stage 5 nozzles than the aerosol 
on which Figure 2 is based.
Now, we see that the nozzle specifications, when derived 
from the batch release specifications, depend on the aerosol 
that we are measuring—a very logical and satisfying out-
come. Not only have we quantified the necessary limits of 
allowable nozzle diameters, but we have shown that, in 
practice, we must control essentially only Stage 5 
because a) the pre-separator and Stage 2 are trivial to 
maintain and b) the stage groupings dictate that Stage 5 
is the only stage that matters besides the pre-separator 
and Stage 2. We emphasize that the constraints shown 
in Table 2 are necessary constraints, and we postpone 
briefly the discussion of sufficiency.
The calculations behind Figure 2 and Table 2 are exam-
ples; and much remains to be laid out to implement this 
approach for inhalable aerosols in general. For example, 
there are simple constraints on all of the other stages in 
the impactor, too, but ones that are readily met and triv-
ial to maintain.1 (More complete examples of these 
principles will be provided in the second article.)

Pressure drop/Flow resistance
Question: What could be easier than reducing the 
impactor quality issues to a single stage, namely Stage 5? 
Answer: Measuring pressure drop of Stage 5, instead of 
using optical inspection of its 152 nozzles. This 
approach has been described by previous investigators 
and appears to have matured to a practical level.6, 9, 10 The 
USP and manufacturer’s constraints on Stage 5 nozzles 
are 0.608 mm ± 0.01 mm. The constraints given in 
Table 2 are less stringent. This means that the accuracy 
and precision required of the pressure drop measure-
ments are relaxed compared to those necessary for 

Figure 2

Change in mass of Groups 3 and 4 when Stage 5 
nozzles change. Batch release specifications for 
Group 4 control the limits of acceptable Stage 5 

nozzle diameters. In this example, the aerosol has an 
MMAD of 2.0 microns and a GSD of 2.0.
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Table 2

Necessary Constraints on Stage 5 Nozzles for 
Example Aerosols

MMAD 
(micron)*

Maximum 
Acceptable 
Nozzle Size 

(mm)

Minimum 
Acceptable 
Nozzle Size 

(mm)

1.5 0.629 0.587

2.0 0.626 0.590

2.5 0.623 0.593

*GSD is 2.0 in all cases
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The content presented so far discusses how wide a noz-
zle diameter range, starting from nominal, one can 
allow and not change the mass in Group 4 by more than 
± 10%, thereby meeting the batch release specifications, 
but under the assumption that the aerosol itself has not 
shifted. (The more complex problem must consider 
that the nozzle diameters are not nominal at the outset, 
an analysis that will be discussed in a later article.) But 
we must ask “what happens if the aerosol has changed 
and the nozzles have changed?”
The simple fact, perhaps surprisingly, is that the answer 
to this question has not appeared in public literature, 
although this author wishes otherwise.
The root cause of the absence of this analysis is likely 
that the following question has not been clearly 
addressed: Do we want a well-controlled mass of “extra 
fine” particulate matter consisting of, nay defined as, 
particles smaller than the nominal D50 value of Stage 5? 
Such a requirement would logically be connected to the 
therapeutic value of the drug product and is very likely 
the intent of the inhaler manufacturer and the regula-
tory agency that approved the inhaler. Yet, very possibly, 
some disagreement on this point exists in the inhaler 
testing community. 
Assuming, however, that controlling the extra fine mass 
is indeed the objective, we must recognize that false posi-
tives and false negatives are both possible with today’s 
impactor quality specifications (and ultimately will be 
possible with any impactor quality specifications). A 
false positive (Type II error) would mean that the mass 
of “extra fine” particulate matter, as measured by sum-
ming the mass captured in Stages 6 and 7 and in the 
micro-orifice collector (MOC), remains within the 
expected ± 10%, even though the mass of aerosol 
smaller than the nominal D50 value of Stage 5 
decreased or increased by more than 10%—a condition 
that would occur only if the nozzles on Stage 5 moved in 
the opposite direction. The false negative scenario (Type 
I error) would be the mass captured in Stages 6 and 7 
and the MOC changing by more than the expected 

So, when the batch release specifications are allowed to 
drive the impactor quality specifications, it is entirely 
possible that the user could periodically measure the 
pressure drop (delta P) of Stage 5, with readily available 
transducers, and never send his or her impactor out for 
optical inspection. Another advantage of frequent 
delta P measurements is that, in the event that a set of 
nozzles are found to be out of specifications, the poten-
tially affected tested data since the previous in spec mea-
surement would be rather limited, reducing the work of 
the impact analysis. 

Measurement uncertainty, analytical 
power and sufficient nozzle diameter 
constraints
So far, we have described how batch release specifica-
tions lead to necessary constraints on the nozzle diame-
ters. Now we tackle the more thorny question of suffi-
cient constraints. Here, we must ask if the uncertainty in 
the measurement instrument is small enough to make a 
confident decision that a measured value satisfies or fails 
a specification. In the worst case, the instrument uncer-
tainty is larger than the specification range that it is 
meant to test, a result that would mean that the instru-
ment is not fit for the purpose of testing the batch 
release specification (i.e., the user needs a different 
instrument). This confidence or lack thereof can be cap-
tured in the concept of analytical power, which we 
define as the ratio of the specification span to the uncer-
tainty in any individual measurement. The minimum 
acceptable value of the analytical power is 1.0; ideally, 
the analytical power is 10 or more, and a value smaller 
than 1.0 means the instrument is not fit for purpose. 
For a registered drug product, there are likely a variety of 
non-idealities, and it is difficult to revisit batch release 
specifications to make improvements. For a new drug 
product, the user should negotiate proper batch release 
specifications with specific instrumentation in mind so 
that the analytical power is clear and agreed upon with 
the relevant regulatory authorities.

Table 3

Range of Allowable Pressure Drop on Stage 5 for Given Nozzle Diameter Specifications

Aerosol MMAD 
(micron)

Maximum 
Acceptable 

Nozzle Diameter 
(mm)

Minimum 
Acceptable 

Nozzle Diameter 
(mm)

Minimum 
Acceptable 

Pressure Drop 
(Pa)

Nominal 
Pressure Drop 

(Pa)*

Maximum 
Acceptable 

Pressure Drop 
(Pa)

1.5 0.629 0.587 443 507 584

2.0 0.626 0.590 451 507 572

2.5 0.623 0.593 460 507 560

USP Specs 0.618 0.598 475 507 542

*from reference 6
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fications, reduce the probability of Type I and Type II 
errors, and measure with pressure drop on a regular basis 
to assure the attainment of these probability goals (an 
assurance not possible with annual optical inspection).
Quantitatively sufficient impactor nozzle diameter 
specifications currently elude the community of 
inhaler testers but must be based properly on quanti-
fying the acceptable rate of Type I and Type II errors 
when testing for batch release. This analysis awaits a 
future publication.
Finally, the article has emphasized testing of existing 
drug products where the batch release specifications are 
already established. Ideally, all of these questions would 
have been asked during new product development so 
that the answers would enable batch release specifica-
tions that are both meaningful and measureable and 
properly agreed upon by the regulatory authorities, 
thereby enabling confident batch release testing to take 
place throughout the life of the drug product. Hopefully, 
when we look back 20 years from now, we will see some 
new drug products that have followed this logical path.

References
1. Food and Drug Administration, Center for Drug 
Evaluation and Research (CDER), “Metered-Dose 
Inhaler (MDI) and Dry Powder Inhaler (DPI) Products 
– Quality Considerations, Guidance for Industry,” 
draft document, revision 1, issued April 2018, https://
www.fda.gov/media/70851/download, accessed June 
21, 2019.
2. The United States Pharmacopeial Convention, Vol-
ume 42, Section 601, “Aerosols, Nasal Sprays, Metered-
Dose Inhalers, and Dry Powder Inhalers,” Rockville, 
MD, US, (2019).
 3. Roberts, D. L., J. P. Mitchell. Measurement of Aero-
dynamic Particle Size Distribution of Orally Inhaled 
Products by Cascade Impactor: How to Let the Product 
Specification Drive the Quality Requirements of the 
Cascade Impactor. AAPS Pharm. Sci. Tech. 20:57, 
https://doi.org/10.1208/s12249-018-1276-9.
4. Marple, V. A., B. A. Olson, K. Santhanakrishnan, J. P. 
Mitchell, S. C. Murray, B. L. Hudson-Curtis. Next 
Generation Pharmaceutical Impactor. Part II: Archival 
Calibration. J. Aerosol Med., 16, 301-324 (2003).
5. Roberts, D. L., C. A. Lavarreda. Necessity and Sim-
plicity of a Roundness Specification for Impactor Noz-
zles. Respiratory Drug Delivery Asia 2014, RDD 
Online, LLC, Goa, India, November 12-14, 2014, 
Volume 1, pages 207-210.
6. Roberts, D. L., N. Maidment, M. A. Copley.
Improved Protocol for Relating Impactor Stage Pres-
sure Drop to the Suitability for Routine Use. Drug 
Delivery to the Lungs 2017, The Aerosol Society, Edin-
burgh, UK, December 6-8, 2017, pages 94-97.
7. Tougas, T. P., D. Christopher, J. P. Mitchell, H. 
Strickland, B. Wyka, M. Van Oort, S. Lyapustina. 

10%, even though the mass of aerosol smaller than the 
nominal D50 value of Stage 5 decreased or increased by 
less than 10%—a condition that would occur only if 
the nozzles on Stage 5 moved in the same direction.
Fast forwarding the logic trail, it quickly becomes appar-
ent that sufficiency in the setting of specifications for 
impactor nozzles must derive from an agreed-upon tar-
get for the probability of false negatives and the probabil-
ity of false positives, as related to the mass of aerosol in 
given size ranges since no instrumentation or method 
has absolutely zero probability of Type I or Type II errors.
The current approach to impactor quality specifications 
makes no reference to Type I or Type II errors as related 
to mass of aerosol in given size ranges, only in reference 
to the impactor aerodynamics themselves.11 So, much 
work remains to establish impactor specifications suitable 
for batch release tests that are based on size-fractionated 
aerosol mass.

Conclusions
Readers involved with testing according to Good Man-
ufacturing Practices will recognize that it will be many 
years before the methods proposed here are in general 
practice. In that regard, each user who is testing an exist-
ing drug product should and must continue, day after 
day, with the established GMP procedures for that drug 
product. Inhaler manufacturers are free to experiment 
with the approach described here but not with batches 
to be released to the public. In doing this experimenta-
tion, it is likely that product-specific methods will be 
developed; once these methods are validated, they can 
become part of the routine of quality control for impac-
tors used in that product’s batch release testing. 
So, let us be optimistic—by taking a grassroots look at 
the batch release specifications and the philosophy that 
we want necessary and sufficient impactor specifica-
tions for making a yes/no decision about specific batch 
release requirements, it may be possible to reduce the 
work of impactor quality control substantially. That is, 
only some nozzles are important to most batch release 
testing. And in many cases, some key nozzles are trivial 
to maintain in their original state and to measure readily 
with high-accuracy pins. And there will be, in many 
cases, only one impactor stage that needs regular optical 
inspection. Finally, with the maturity of the pressure 
drop method, frequent checks of the suitability of the 
nozzles of this one key impactor stage are now practical, 
facilitating a high degree of confidence in the quality of 
these nozzles on a continual basis.
Further, we have noted that the necessary nozzle specifi-
cations for this one key stage are likely to be broader than 
those of the current USP specifications. This result can 
benefit a producer who may seek to expand the accept-
able nozzle diameters. But maintaining the USP specifi-
cations reduces the probability of Type I and Type II 
errors; so it may be that the most benefit to some pro-
ducers will be to maintain or even tighten the USP speci-



Improved Quality Control Metrics for Cascade Impac-
tion Measurements of Orally Inhaled Drug Products 
(OIPs). AAPS Pharm. Sci. Tech., 10, 1276-1285 
(2009).
8. Roberts, D. L., J. P. Mitchell. The Effect of Nonideal 
Cascade Impactor Stage Collection Efficiency Curves 
on the Interpretation of the Size of Inhaler-Generated 
Aerosols. AAPS Pharm. Sci. Tech., 14, 497-509 (2013).
9. Milhomme, K., C. Dunbar, C. Lavarreda, D. L. 
Roberts, F. J. Romay. Measuring Effective Diameter 
with the Flow Resistance Monitor. Respiratory Drug 
Delivery 2006, RDD Online, LLC, Boca Raton, FL, 
US, April 23-27, 2006, pages 405-407.
10. Shelton, C. M., K. L. Beron, J. L. Holicek. Stage 
Mensuration and Correlation with Flow Resistance 
Measurements for Next Generation Impactors. Respi-
ratory Drug Delivery Europe 2013, RDD Online, 
LLC, Berlin, Germany, May 21-24, 2013, Volume 2, 
pages 353-358.
11. Roberts, D. L., C. M. Shelton. A Practical Method 
for Eliminating Type I and Type II Errors when Assess-
ing the Suitability for Continued Use of a Cascade 
Impactor. Inhalation, Volume 12 (2), pages 12-16 
(2018).

Daryl L. Roberts, PhD, is President of Applied Particle 
Principles, LLC, 17347 Westham Estates Court, Hamil-
ton, VA, 20158, US, Tel.: +1 612 845-3293, droberts@
particleprinciples.com, www.particleprinciples.com.

Copyright CSC Publishing


