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Testing the equivalence of 
aerodynamic particle size 
distributions

Objective methods for evaluating the equivalence
of aerodynamic particle size distributions (APSD)
remains a key goal for European and US guidelines
aimed at determining whether a generic inhalable
drug product is equivalent to an innovator drug
product.1-5 Multi-stage cascade impactors, such as
the Andersen Cascade Impactor or the Next
Generation Impactor (NGI), are typically used for
determining the APSD of inhaled drug products.
Each impactor stage captures particles in a defined
range of aerodynamic particle sizes. One impactor
test yields multiple data points because there are
multiple impactor stages. Two inhalable drug prod-
ucts with different APSDs will likely differ from
each other on multiple stages thus creating a multi-
variate data analysis problem. This problem is fur-
ther complicated by the fact that an impactor
setup contains non-size measurement components
(e.g., induction port or pre-separator) that are not
well defined as particle size fractionators as are the
impactor stages themselves. Figures 1A and 1B
illustrate the setup of an NGI, including a catego-
rization of stages into size measurement and non-
size measurement components.

Two topics concerning APSD equivalence testing have
been controversially discussed in the last years. First,
to which extent, if at all, can APSD data be used for

drawing conclusions about the efficacy and safety of
inhaled drug products? Second, which statistical
methodology should be applied to APSD data when
formally testing for equivalence between a test and a
reference product? While the former is beyond the
scope of this article, the latter is complicated by the
fact that some of the available methods are complex
and not very tangible. A stepwise cascade impactor
equivalence test has recently been proposed for equiv-
alence testing in APSD that is based on the so-called
population bioequivalenceA (PBE) test (see article side-
bar) and the modified chi-square ratio statistic
(mCSRS)6-10 (Figure 2). Both the PBE test and the
mCSRS certainly qualify as being non-intuitive meth-
ods. Therefore, it is the focus of this article to foster
understanding about the proposed stepwise cascade
impactor equivalence test, including the PBE test and
the mCSRS. Moreover, the PBE test is compared with
the average bioequivalence (ABE) test (see article side-
bar) and the outcome of the stepwise cascade
impactor equivalence test is compared with perform-
ing statistical tests on individual stages. Based on a
practice data set (available at www.bweber.net/down-
loads/) of NGI profiles obtained from a reference
(REF) and a test (TEST) product (Figure 3), different
APSD equivalence testing methods (see above) are
demonstrated and critical aspects of the computation
and interpretation of the results are explained.
Additionally, a user-friendly web application that enables
the users to apply the stepwise cascade impactor equiv-
alence test to their own NGI data is provided (available
at https://bweber.shinyapps.io/MmCSRS_NGI/).

The data set
The data set consists of a total of 60 NGI profiles
from a hypothetical REF product (n = 30) and a
hypothetical TEST product (n = 30) (Figure 3). A
publicly-available source of impactor profiles was
used as the basis for constructing the data set via
Monte-Carlo simulations.11-12 Whether TEST and REF
products from which profiles were simulated were,
in fact, the same or different is revealed in this arti-
cle’s conclusions.
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A It should be noted that the term “population bio-
equivalence” refers to a statistical methodology10 and
involves here only in vitro data, not “biological” or in
vivo data.
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Visual analysis
Visual analysis together with simple summary statis-
tics of the data are key elements of cascade impactor-
derived data analysis and should always be conducted
before performing any statistical tests. 

Figure 3 and  Table 1 provide a visualization and
summary statistics of the data, respectively. TEST and
REF products seem to differ on the non-size mea-
surement stages induction port and pre-separator
and on the size measurement stages S2, S3, S4 and

S5. The differences on the size measurement stages,
however, become more apparent on a different y-
axis scale (Figure 3; middle panel). While visual
analysis does not reveal big differences on stages S7
and MOC (micro-orifice collector), numerical com-
parison shows differences, in particular, when
expressed as a TEST-to-REF ratio (1.11 and 0.72,
respectively). Interestingly, expressing the difference
on the pre-separator as a TEST-to-REF ratio yields 0.9,
pointing out an important aspect when performing
equivalence tests on individual stages based on

The NGI in setups for testing pressurized metered dose inhalers (pMDIs) and dry powder inhalers (DPIs), including 
categorization of NGI stages into size measurement and non-size measurement components. 

Figures courtesy of Jolyon Mitchell Inhaler Consulting Services, Inc.; NGI photos courtesy of MSP Corporation.

Figure 1(A,B)

The effective cut-off diameter is not defined for the induction port, therefore, the 
upper size range for stage 1 is also undefined, making stage 2 the first sizing stage.
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ratios. Namely, small absolute differences on stages
with a low deposition can result in relatively large
difference in ratios compared with stages with a
high deposition. It may thus be worthwhile to con-
sider alternative approaches for analyzing equiva-
lence on low deposition sites. The total mass on all
ten stages and the impactor sized mass (ISMB) were
328 (48.9) and 93.9 (6.65) mcg, respectively, (mean
(standard deviation)) for the TEST product and 331
(38.9) and 87.2 (5.39) mcg, respectively, for the REF
product. 

Stepwise cascade impactor equivalence test
The first and second steps of the stepwise cascade
impactor equivalence test are performing PBE tests on
single actuation content (here replaced by total mass
on all components) and calculation of ISM. Performing
a PBE test for total mass and ISM results in a fail (crite-
rion > 0) and a pass (criterion < 0), respectively. For
the former, the test product gets punished for its larger
variability (see article sidebar). Performing an ABE test,
as an alternative to the PBE test, yields 90% confidence
intervals of 0.927-1.05 and 1.05 -1.11 for total and ISM
TEST-to-REF ratios, respectively.

The modified chi-square ratio statistic
The computational form of mCSRS is summarized
below.

where p represents the number of deposition stages,
T

ij
and R

ik
represent the normalized deposition (i.e.,

by dividing the absolute deposition on the ith stage by
the total deposition on all stages under consideration)
on the ith stage of the jth profile (j = 1, …, n

T
) of the

TEST sample and on the ith stage of the kth profile (k =
1, …, n

R
) of the REF sample, respectively. n

T
and n

R
rep-

resent the number of samples (here 30 and 30) that
were obtained from the TEST and REF product,
respectively,  and Ri represents the sample mean on
the ith stage of all REF profiles. 

The mCSRS and its predecessor the “original” chi-
square ratio statistic13-15 were designed with the goal
of providing a single metric that summarizes poten-
tial differences on multiple stages of a TEST and a REF
profile. Moreover, both were designed to reward or
penalize TEST products for being more or less vari-
able than REF products, respectively. In this context,
rewarding and penalizing can be understood as
increasing and decreasing the likelihood of demon-
strating equivalence for two products with a defined
difference in their means, respectively. It should be
noted that the PBE test has the same property (see
article sidebar). It should thus not be a surprise that

Flow chart of the proposed stepwise cascade impactor equivalence test. ISM: impactor sized mass. This flow chart was
previously published in Weber B, Lee SL, Delvadia R, Lionberger R, Li BV, Tsong Y, et al. Application of the modified chi-square 

ratio statistic in a stepwise procedure for cascade impactor equivalence testing. The AAPS Journal. 2015;17(2):370-9.

Figure 2
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B ISM is defined as the sum of the drug mass on all
NGI stages plus the MOC, but excluding the initial
stage (S1) because of its “lack of a specified upper
cut-off size limit.” It should be noted that, in fact, S1
had a specified upper cut-off size here since a pre-
separator was present in the NGI setup (Figure 1).
Nonetheless, it was excluded to be consistent with
the definition of ISM in previous publications.6-9
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equivalence testing based on the mCSRS requires
scaling on the variability of the reference product
similar to the PBE test. Scaling on the variability can
be understood as defining the acceptance criterion as
a function of the reference variability. 

The mCSRS can, in theory, be applied to any number
of stages. It is recommended, however, that it is only
applied to stages that are comprised in the definition
of the ISM to avoid testing for potential differences on
non-size measurement-related components. Before
the mCSRS is applied, all TEST and REF profiles need
to be normalized from absolute deposition (unit:
mcg) into percent deposition (relative to those stages
on which the mCSRS is applied). Table 2 gives an
example for this procedure, based on randomly-
selected REF and TEST samples from the pool of 60
profiles. For instance, the deposition of 25.1 mcg on

stage S2 of the REF profile is divided by the total mass
on all ISM stages of 88.7 mcg and a normalized depo-
sition of 28.3% is obtained. After the normalization,
the following stepwise procedure for APSD equiva-
lence testing based on mCSRS can be applied.

First, the mean (normalized) REF profile needs to be
obtained by simply calculating the average of all
stages to which the mCSRS is applied (here: S2 –
MOC). Then, a single mCSRS is calculated for a ran-
domly-selected pair of one (normalized) TEST and
one (normalized) REF profiles from the pool of all
TEST and REF profiles. In the numerator of the
mCSRS, the distance from the randomly-selected TEST
profile to the mean REF profile is calculated. This is
accomplished by, first, obtaining the distance for each
of the stages separately (for instance, on S4 (30.2 –
29)**2/29 = 0.0497; Table 2) and, then, summing up

Reference (n = 30, blue) and test (n = 30, red) product NGI profiles. 
Upper panel: 95% confidence intervals for mean deposition (all deposition stages). 

Middle panel: 95% confidence intervals for mean deposition (ISM deposition stages). 
Lower panel: 95% confidence intervals for mean deposition (ISM deposition stages after normalization).

ISM: impactor sized mass. NGI: Next Generation Impactor. 
IP: induction port. PS: pre-separator. MOC: micro-orifice collector.

Figure 3
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reference variance scaling becomes important to be
able to distinguish these cases.

However, it is first necessary to calculate a confidence
interval for the MmCSRS for equivalence testing. In
contrast to ABE or PBE, where the data are assumed
to be log-normally distributed and therefore paramet-
ric confidence intervals can be computed, the proba-
bility distribution of the MmCSRS is unknown. Thus, a
non-parametric confidence interval is calculated by
bootstrapping. A simplified description is that a new
data set of 30 TEST and 30 REF products is obtained
by re-sampling with replacement (meaning that a sin-
gle profile could be included multiple times in the
new data set) for which the MmCSRS is then calcu-
lated. This procedure is replicated 2,000 times and a
distribution is obtained. The lower and upper 5% of
the distribution of 2,000 MmCSRS are then excluded
from further analysis and the so-called 90% bootstrap-
ping percentile confidence interval is 0.521-0.948. 

Next, an acceptance limit (or critical value) for the
mCSRS-based APSD equivalence needs to be derived,
incorporating the following criteria: regulatory-
defined acceptance limit and variability of the REF
product. A table of regulatory constants for difference
acceptance limits is available elsewhere.9 The variabil-
ity of the REF product is calculated with the follow-
ing formula that was determined as optimal for esti-
mating the variability of the REF product: 

the seven differences to a single number (1.038; Table
2). In the denominator of the mCSRS, the distance
from the randomly-selected REF profile to the mean
REF profile is similarly calculated and yields 2.42
(Table 2). The mCSRS yields 1.038/2.42 = 0.429 for
this pair of TEST and REF profiles and thus, the differ-
ence from the randomly-selected REF profile to the
REF mean profile is larger than that from the ran-
domly-selected TEST profile to REF mean profile. This
procedure is now repeated for all 900 different pairs
of one TEST and one REF profile that can be obtained
for the sample of 30 TEST and 30 REF profiles.
Consequently, a distribution of 900 mCSRS is
obtained from which the median is selected to repre-
sent the entire data set (here: 0.75). The median was
selected as summary statistic over other measures
(e.g., the mean) since it was shown to be indepen-
dent of the shape and the number of stages to which
the mCSRS is applied. The interpretation of the
MmCSRS (median of the distribution of mCSRSs) of
0.75 is as follows. Since the MmCSRS is one when
TEST and REF products are the same and can only be
smaller than one when the TEST product is less vari-
able (rewarding property of mCSRS), the TEST prod-
uct is likely to be less variable than the REF product.
On the other hand, values greater than one need to
be interpreted more carefully, as this could indicate
either a larger difference in means or a larger variabil-
ity of the TEST product (penalizing; see below). The

IP: induction port         PS: pre-separator         MOC: micro-orifice collector

sd: standard deviation         CV: coefficient of variation

Summary statistics of all deposition stages from a sample of 30 TEST 
and 30 REF Next Generation Impactor profiles.

Table 1

Stage TEST
Mean (mcg)

REF
Mean(mcg)

TEST
sd(mcg)

REF
sd(mcg)

TEST CV
(%)

REF CV
(%)

IP 145 148 44.8 35.1 31 23.8

PS 63.5 70.2 17.4 19.9 27.5 28.4

S1 25.7 26.3 3.61 4.15 14 15.8

S2 29.2 26 4.59 4.24 15.7 16.3

S3 20.3 19.3 2.84 3.38 14 17.5

S4 26.5 25.3 3.9 3.69 14.7 14.6

S5 12.6 11.4 2.03 1.88 16.1 16.4

S6 4.15 4.11 0.564 0.498 13.6 12.1

S7 0.814 0.735 0.511 0.562 62.8 76.4

MOC 0.253 0.351 0.275 0.34 109 96.8
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where CV
i
represents the coefficient of variation (in

%) of the ith deposition stage of the REF sample (after
normalization on ISM); R

i 
and p were defined above.

The so-called reference variance scaling metric is 17.3
here. 

For acceptance limits of 10%, 15%, 20%, 25% and
30%, the critical values are 1.41, 1.95, 2.74, 3.77, and
5.05, respectively. The equivalence test is then per-
formed by comparing the upper bound of the confi-
dence interval (here 0.948) with the respective criti-
cal values. Since the critical values are all larger than
0.948, both products would be concluded to be
equivalent in their ISM profiles. However, since the
stepwise procedure for APSD equivalence testing
includes performing a PBE test on single actuation
content (or total mass as a surrogate) and ISM in
addition to the MmCSRS analysis, the overall conclu-
sion would be non-equivalent due to the fail for PBE
on total mass. However, using the ABE test, equiva-
lence in total mass and ISM would be concluded.

Conclusions
In this article, the proposed stepwise cascade impac-
tor equivalence test (Figure 2) was applied to a prac-
tice data set consisting of TEST and REF NGI profiles
for illustrating some important computational aspects
of this procedure. The practice data set was simulated
from two products with a maximum mean difference
on single stages of 5% and the TEST product being

Table 2
Numerical example for calculating the mCSRS for a pair of one TEST profile and one REF Cl profile on

the seven stages that comprise the definition of the impactor sized mass (ISM).

Unit S2 S3 S4 S5 S6 S7 MOC ISM Sum

REF
TEST

mcg
mcg

25.1
29.5

18.7
22.4

28.4
29.6

10.9
10.7

4.32
5.14

0.214
0.174

1.05
0.388

88.7
97.9

REF ISM
Normalized

TEST ISM
Normalized

REF Mean
Normalized

%

%

%

28.3

30.1

29.8

21.1

22.9

22.1

32

30.2

29

12.3

10.9

13.1

4.87

5.25

4.71

0.241

0.178

0.843

1.18

0.396

0.403

100

99.9

100

mCSRS
Numerator

mCSRS
Denominator

0.00302

0.0755

0.029

0.0452

0.0497

0.31

0.369

0.0489

0.0619

0.00544

0.525

0.43

0.00012

1.5

1.038

2.42

IP: induction port         PS: pre-separator         MOC: micro-orifice collector

∑p 
=1i

∑p 
=1i

20% less variable than the REF product. With the
exception of failing the PBE test on total mass, the
proposed stepwise cascade impactor equivalence test
would conclude equivalence in APSD of the two
products. 

“Average bioequivalence” test on single stages
For the ABE approach, 90% confidence intervals for the
TEST-to-REF ratio are calculated while assuming equal
variances. The lower and upper limits of the confidence
intervals are then compared with regulatory accep-
tance limits (e.g., +/- 10%). The data are log-transformed
prior to the analysis to allow calculation of parametric
confidence intervals (point estimate +/- 1.645* standard
error). Table 3 shows that for most of the stages, the
equivalence conclusion depends on the applied
acceptance limit and number of samples (increasing
the sample size would lead to narrower confidence
intervals). For S7 and MOC, however, a pass for any rea-
sonable acceptance limits and number of samples is
unlikely given the wide confidence intervals and the
point estimates of 1.12 and 0.72, respectively, (see
below) thus clearly demonstrating a potential draw-
back of performing the ABE approach on single stages.

“Population bioequivalence” test on single stages
First, the results of a PBE test are not as tangible as those
of the ABE test. Without going into detail, the PBE test
considers differences in the means and the variability
between two products. While it can theoretically be
applied for any setup, the US Food and Drug
Administration (FDA) budesonide draft guidance refers
to a difference of 10% in means and a reference vari-
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Results of applying average “bioequivalence”
(ABE) and population “bioequivalence” (PBE)
test on each of the ten deposition stages.

Table 3

Stage ABE 90% Cl PBE
Criterion

IP 0.836-1.1 0.0137

PS 0.796-1.05 -0.141

S1 0.916-1.04 -0.0229

S2 1.05-1.2 -0.00617

S3 0.988-1.13 -0.0376

S4 0.983-1.12 -0.0128

S5 1.03-1.19 -0.00943

S6 0.953-1.07 -0.00802

S7 0.776-3.28 -5.35

MOC 0.19-2.19 -7.44

IP: induction port

PS: pre-separator

MOC: micro-orifice collector

Cl: confidence interval

ability of 0.1 for scaling. It should be noted that this scal-
ing is similar to that applied for the mCSRS (see main
article). A rather complex mathematical operation is
applied for calculating a criterion that is used for deci-
sion making (a criterion smaller than zero implies equiva-
lence). The results of applying the PBE test on the single
stages are shown in Table 3. Interestingly, on all stages
other than the induction port, equivalence would be
concluded thus demonstrating a key feature of the PBE
test. Namely, the TEST product gets rewarded for being
less variable than the REF product on stages S7 and
MOC and it gets punished for being more variable on
the induction port (see standard deviations in Table 1).
More details on this rewarding/penalizing property are
given in this article in the section on the mCSRS. 

It should be mentioned that performing ABE and PBE
tests on single stages usually requires a multiplicity
correctionC for performing multiple statistical tests that
was not included here. 

C A multiplicity correction ensures that the overall experiment

error rate is maintained (e.g., at most a 5% risk of concluding

equivalence when the products are, indeed, not equivalent). 
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