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ABSTRACT

The purpose of this article is to report final results of the
evaluation of a chi-square ratio test proposed by the US Food
and Drug Administration (FDA) for demonstrating equiv-
alence of aerodynamic particle size distribution (APSD)
profiles of nasal and orally inhaled drug products. Aworking
group of the Product Quality Research Institute previously
published results demonstrating some limitations of the pro-
posed test. In an effort to overcome the test’s limited discrimi-
nation, the group proposed a supplemental test, a population
bioequivalence (PBE) test for impactor-sized mass (ISM). In
this final report the group compares the chi-square ratio test
to the ISM-PBE test and to the combination of both tests. The
basis for comparison is a set of 55 realistic scenarios of cas-
cade impactor data, which were evaluated for equivalence by
the statistical tests and independently by the group members.
In many instances, the combined application of these 2 tests
appeared to increase the discriminating ability of the statis-
tical procedure compared with the chi-square ratio test alone.
In certain situations the chi-square ratio test alone was suf-
ficient to determine equivalence of APSD profiles, while in

other situations neither of the tests alone nor their combina-
tion was adequate. This report describes all of these scenarios
and results. In the end, the group did not recommend a sta-
tistical test for APSD profile equivalence. The group did not
investigate other in vitro tests, in vivo issues, or other statis-
tical tests for APSD profile comparisons. The studied tests
are not intended for routine quality control of APSD.

KEYWORDS: Chi-square, population bioequivalence, par-
ticle size distribution, inhalerR

INTRODUCTION

Aerodynamic particle size distribution (APSD) is an impor-
tant in vitro characteristic of orally inhaled and nasal drug
products (OINDP), as it may affect the safety and efficacy of
such products. Therefore, a US Food and Drug Administra-
tion (FDA) 1999 draft guidance for bioequivalence studies1

recommended a statistical test for comparing APSD profiles
of test (T) and reference (R) products, obtained from cas-
cade impactor (CI) measurements, as part of the in vitro bio-
equivalence determination. The term “profile” in this report
refers to the mean and variance of the measured active phar-
maceutical ingredient (API) mass measured on each of the
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individual deposition sites during 30 CI runs. By its very
nature, an APSD profile contains information from multiple
sites and so is a multivariate (ie, multivariable) measure with
no established comparison methods. The term “site” refers to
the CI stages and any of the deposition sites within the entire
CI train, including inhaler valve stem, mouthpiece, presepa-
rator, and/or induction port (including the mouthpiece con-
nector), since the inclusion of all these sites in the APSD
profile comparison was recommended by the FDA draft
guidance. Unless noted otherwise, the term “deposition” in
this report refers to the in vitro deposition within the CI train
and not to the in vivo deposition within the respiratory tract.

The statistical test proposed in the 1999 FDA guidance was
based on a chi-square ratio statistic.2 It was developed, along
with the proposed critical value,3 using the Andersen 8-stage
CI (apparatus 1 in the US Pharmacopeia Chapter G6019)4

applied to albuterol metered-dose inhaler (MDI) data. To
investigate the test’s applicability to a broad range of other
OINDP and profile types, a working group involving scien-
tists from the FDA, industry, academia, and the US Pharma-
copeia was established through the Product Quality Research
Institute (PQRI).5 This APSD Profile Comparisons Working
Group (the WG) approached the study systematically. First,
the WG clarified and created an implementable algorithm
for the chi-square ratio test.6 Next,7 the WG focused on in-
vestigating performance of the chi-square ratio test in the case
of identical profiles and a set of 38 T and R profiles8 simu-
lated to have specific changes on a single deposition site.
That work resulted in a series of observations:

& The chi-square ratio test is most sensitive to changes
on the deposition sites with highest average deposi-
tion. In many cases, reaction of the test to these high-
deposition sites limits the test’s ability to identify changes
potentially important to clinical efficacy that may oc-
cur at sites with lower deposition.

& The stability (consistency with regard to small changes
in the profile) of the chi-square ratio statistic is greater
when the total number of sites is large (eg, 11-13).
When the total number of sites is reduced (eg, to 4-7),
the chi-square ratio statistic is less stable.

& At least in some situations, the chi-square ratio may
decrease (suggesting increasing “similarity” between
the profiles) when in fact the difference between T and
R profiles increases.

& It may be difficult to select a single critical value for the
chi-square ratio that would allow consistent identification
of equivalent profiles, especially in situations where
equivalence or inequivalence is not immediately apparent.

& For the types of differences for which the test is likely
to be used, the chi-square ratio test in itself may not
have sufficient discriminating power to detect impor-
tant differences in particle size distributions.

Based on these findings, and since its main charge was to
evaluate the chi-square ratio test, the WG chose not to de-
velop an alternative to the chi-square ratio test but rather to
supplement it with another test in order to increase the dis-
criminating ability of the overall statistical procedure. The
proposed additional test was based on a general understanding
that equivalence of impactor-sized particles is important for
the overall performance of an OINDP. Therefore, the sup-
plemental test focused on impactor-sized mass (ISM), which
was defined by the WG as the sum of the API mass on all
stages of the CI plus the terminal filter, but excluding the
initial stage because of its lack of a specified upper cutoff
size limit. The population bioequivalence (PBE) method,
which is an accepted regulatory method for univariate (single-
variable) measures developed by the FDA earlier,9 was ap-
plied to ISM. The combined application of the chi-square
ratio test and the ISM-PBE test (referred to as the “statis-
tical procedure” in this report) was then studied using re-
alistic T and R profiles. This article presents methods and
results of these studies.

METHODS

Combined Application of Chi-square Ratio and
PBE Tests

To evaluate the performance of the statistical procedure, the
WG compared statistical outcomes for 55 realistic scenarios10,11

against an independent decision regarding equivalence (E)
or inequivalence (I) of APSD profiles in those scenarios.
(The 55 realistic scenarios were generated based on the WG’s
survey of patterns of changes observed in real products, as
explained in more detail below.) Since there is currently no
unequivocal evidence linking changes in APSD to clinical
outcomes, and therefore there is no “absolute basis” against
which to compare the correctness of the statistical procedure,
the WG used the judgment of its members (all of whom
have worked with these types of products for many years) as
an independent assessment. The details of this independent
WG assessment are provided online12 and briefly explained
below. For the chi-square ratio test, the published algo-
rithm2 was implemented through an SAS (Statistical
Analysis System) program13 using the following criterion:
for equivalence to be established, the chi-square ratio had
to be 7.66 or less.3 To demonstrate the influence of the change
in the critical value, the test was also studied with a critical
value of 2.75. The SAS program code to perform the sta-
tistical tests used in this study is available from the PQRI
Web site.14

The PBE approach, including the form of the bioequivalence
(BE) upper limit, was developed by the FDA previously.9

(There is no lower BE limit; small values of the PBE sta-
tistic are consistent with equivalence.)
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The general form of the PBE statistic is

The value of the BE upper limit used here accords with
FDA’s current thinking to give an upper limit,ΘP, for PBE of

This formula contains specific values for (1) the average BE
limit, (2) the variance terms offset (εp), and (3) the scaling
variance (σo

2) that were assigned based on the FDA’s 1999
draft guidance “Bioavailability and Bioequivalence Studies
for Nasal Aerosols and Nasal Sprays for Local Action,”1

where the Center for Drug Evaluation and Research (CDER)
recommended for specific comparative in vitro tests that the
average BE limit not be larger than 90/111 (ie, the ratio of
geometric means would fall within 0.90 and 1.11) and a
value of 0.90, or essentially equivalently, 1.11, was tenta-
tively recommended as the average BE limit. The variance
terms offset value arises to allow some difference among
the total variances that may, in practice, be inconsequential
because of the low variability of in vitro measurements. The
currently recommended value for εp is 0.01. The scaling
variance value adjusts the BE criterion depending on the
R product variance, using mixed scaling. CDER recommended
a value of 0.1 for the scaling standard deviation and 0.01 for
the scaling variance, and the currently recommended change-
over point for mixed scaling is 0.10. (Because the FDA 1999
guidance, from which these numeric values were obtained,
is currently a draft, these values should not be assumed to be
final for the purpose of preparing applications to the FDA.)
Simulated values for ISM-PBE were taken from the APSD
T and R profiles and declared equivalent when ΘP was found
to be no more than 2.0891. A more detailed description of
the PBE approach is available at the PQRI Web site.15

For a given pair of APSD profiles to be declared equivalent
according to the overall statistical procedure, results from
both statistical tests (chi-square ratio and ISM-PBE) had to
indicate equivalence (in standard logic notation, E� E = E).
If either of the statistical tests failed to show equivalence,
then the statistical conclusion was recorded as “failing to
show equivalence” (ie, I � E = I; E � I = I; I � I = I).

Realistic (“Target”) Scenarios and Their Evaluation

To study performance of the statistical procedure, the WG
developed “target” profiles7,10,11 that could be subjected to

the statistical tests. In the studies reported here, the WG
focused on realistic changes likely to be observed in APSD
profiles. The patterns of realistic changes were learned through
a confidential survey of WG members, who in turn may have
surveyed their respective organizations. A total of 14 differ-
ent patterns of changes were received, and that information
was used to generate the set of realistic scenarios for this
study. The situations provided in this survey were blinded
with respect to the company and product, but they did give
numerical and descriptive information about the typical
changes in APSD CI profiles observed with orally inhaled
products (eg, “an increase in larger particle content in the
ISM due to a change in formulation”). These descriptions
were applied to the Andersen CI profiles of a real MDI and
a real dry powder inhaler (DPI) to produce families of re-
alistic simulated profiles, with interstage correlations, mod-
eled on actual data and with the changes patterned upon the
provided real-life scenarios. APSD data were normalized to
total recovery as required by the FDA chi-square ratio test.1

An example of a family of realistic scenarios is shown in
Figures 1, 2, and 3. Scenario 2b (Figure 2) represents the
observed change based on actual data (compared with R,
the T profile shows increased deposition at sites 8 and 9, and
decreased deposition at sites 10 and 11). To assess the dis-
criminating abilities of the test, profiles were created in which
this difference was either minimized (scenario 2a, Figure 1)
or exaggerated (scenario 2c, Figure 3). Other examples of
scenarios are provided in the detailed minutes of the WG.16

In this fashion, from the 14 original scenarios and systemat-
ically designed changes, the WG obtained 55 simulated re-
alistic profiles, which are available at the PQRI Web site in
detail10,11 and in summary form.17 While these 55 scenarios
are not inclusive of all possible profiles for all OINDP, they
were deemed, based on the experience of the WG members,
to be sufficiently representative of the scope of formulations

ðAverage BE Limit in Natural Log ScaleÞ2 þ Variance Terms Offset

Scaling Variance

ð1Þ

Θp ¼
ln 1:11ð Þð Þ2 þ 0:01

h i

0:12
¼ 2:0891 ð2Þ

Figure 1. Profile of Scenario 2a, showing deposition and
variability on each of 13 cascade impactor sites. ISM indicates
impactor-sized mass.
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on the market or in development. Namely, the underlying
profiles (from an MDI and a DPI) were distinctly different,
the applied patterns of change were varied qualitatively (ac-
ross the 14 different scenarios provided through the survey),
and the systematic minimization and exaggeration of changes
explored quantitative extremes within those scenarios. The
goal of the study was to examine test behavior rather than
product behavior, so the number of underlying profiles, while
limited, was believed sufficient to provide a realistic assess-
ment of the performance of the statistical procedure.

Each of the 55 simulated profiles was evaluated by the WG,
which comprised pharmacologists, pharmacists, chemists,
aerosol physicists, regulatory reviewers, product developers,
and statisticians, all with experience in the area of OINDP
regulation. Of the 14 evaluations received from theWGmem-
bers, 8 were purely qualitative and 6 were based on some
quantitative procedure; all are described in the detailed com-
pilation of the WG evaluation.12 For the evaluation, WG
members assumed that certain changes in APSD profiles
could be consistently translated into changes in pulmonary
delivery, which in turn might be translated into changes in
clinical outcomes, and that the administered drug(s) could
be either bronchodilators (beta-adrenergic or anticholinergic)
or anti-inflammatory steroids. They were instructed further
to attempt to adopt a “regulatory perspective” and to de-
clare each pair of simulated T and R profiles as E or I. The
frequency of each decision (E or I) (eg, the fraction of the
WG members who considered the profiles to be equivalent)
was calculated across the WG for each scenario and later
used as a comparator for the E or I decisions made by the
statistical procedure.

The statistical procedure was applied to the same 55 profiles.
For each of the 55 scenarios, 1000 pairs of simulated R and T
profiles were generated and the chi-square ratio and ISM-
PBE tests were applied to each pair. The results were then

summarized as frequencies of the answers of a given type
(E or I) for each test separately and for the combined tests.
The outcomes of the WG members’ assessments were then
compared with the outcomes of the statistical evaluations.

RESULTS AND DISCUSSION

Chi-squared Ratio Applied Alone and in Combination
with PBE Test

The distribution of the 95th percentiles of the chi-square
ratio means, obtained from 1000 simulations applied to each
of the 55 scenarios, is presented as a box-and-whisker plot in
Figure 4. The edges of the boxes are at the 25th and 75th
percentiles of each distribution (the interquartile range); the
central horizontal line in each box is drawn at the 50th per-
centile (median); the vertical lines (or “whiskers”) extend
from the box as far as the data extend, to at most 1.5 times
the interquartile range; and the more extreme data values
are represented by crosses.

A reminder: for a given T-to-R comparison, a chi-square ratio
below the critical value indicates that the test declares these
T and R to be equivalent, while any value above the critical
value indicates that T and R are failing to show equivalence
according to the chi-square ratio test. In Figure 4, a solid
horizontal line corresponding to the critical value of 7.66
(as proposed by the FDA) was well above the entire distri-
bution of chi-square ratio results for scenarios 1 through 36
and substantially above most of the distribution for the rest
of the 55 scenarios (except for scenarios 37 and 47, where
it was above a portion of the distribution). This means that
for scenarios 1 to 36, the chi-square ratio test showed no
discrimination and declared all of the T and R pairs to be
equivalent. For scenarios 37 to 55, the chi-square ratio showed
some discrimination but mostly declared the T and R pairs
to be equivalent. This shows that when the chi-square ratio’s

Figure 2. Profile of Scenario 2b, showing deposition and
variability on each of 13 cascade impactor sites. ISM indicates
impactor-sized mass.

Figure 3. Profile of Scenario 2c, showing deposition and
variability on each of 13 cascade impactor sites. ISM indicates
impactor-sized mass.
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critical value is 7.66, the discriminatory ability of the com-
bined statistical procedure is largely due to the ISM-PBE
component, as will be discussed in more detail below.

To explore the possibility of improvement with a different
critical value, the WG chose an alternative critical value of
2.75 (dashed line in Figure 4) to reevaluate the discriminating
ability of the chi-square ratio test across the same scenarios.
The value of 2.75 was selected because it was neither so
high as to be above all chi-square ratio distributions for sce-
narios 1 to 36, nor so low as to be always below distribu-
tions for scenarios 37 to 55. In other words, the value of
2.75 seemed to offer the best possibility for an increased
discrimination (rather than summarily failing all scenarios
or declaring them all equivalent). The reader, however, can
examine any other critical value by moving the dashed line
to the desired ordinate in Figure 4 and following the same
line of argument as presented below.

A summary of all results for the chi-square ratio test with the
critical values of 7.66 and 2.75 is presented in Table 1 along-
side the results when combined with the ISM-PBE test.

The 2 “Chi-Square Ratio Alone” columns of Table 1 show the
effect of changing the critical value on the outcome of the
chi-square ratio test. The results reflect the choice of 2.75
as a compromise across the 2 sets of scenarios discussed
earlier. For scenarios 1 to 36, the chi-square ratio test still
passed most of the T and R data sets as equivalent. For sce-
narios 37 to 55, the chi-square ratio test with a critical value
of 2.75 failed most of the T and R pairs.

Table 1 also shows that the combined test (ie, the “statistical
procedure”) produced results that were generally in better
agreement with the WG than either the chi-square ratio test
alone or the ISM-PBE test alone. Differences between the
decisions of the WG and the statistical procedure (listed in
the 9th and 10th columns of Table 1) were explored in
greater detail as follows: agreement to within 50% (or 0.50)
of the overall frequency of equivalence declarations between
the WG and the statistical procedure was interpreted as ade-

quate for the statistical procedure to make correct decisions.
In cases where the difference was more than 0.50, the WG
concluded that the statistical tests were not generally capable
of making the correct decision and therefore judgment based
on reviewer’s experience and other information about the
products (eg, details of the device, exact formulation, results
of other in vitro and in vivo tests)18 would be necessary to
determine APSD equivalence. Of the 55 scenarios, 10 sce-
narios (18%) fell into this latter category using 7.66 as a
critical value (Vcrit) and 12 (22%) fell into this category
when 2.75 was used as Vcrit. For example, with respect to
Figures 1, 2, and 3, WG members generally agreed with the
statistical procedure (difference ≤ 0.5) for Scenarios 2a and
2b but not 2c, where the statistical procedure showed
equivalence 89% of the time, while only 21% of the WG
members declared the profiles equivalent (difference = 0.68).
Overall, however, the change from a critical value of 7.66
to 2.75 resulted in less consistency between the decisions
made using the statistical procedure and those based on the
WG’s judgment. Even though for some of the scenarios
(eg, 12a1), the statistical procedure became more closely
aligned with the WG’s judgment, statistical decisions on sev-
eral other scenarios were reversed and became farther removed
from the WG’s judgment.

Further examination of Table 1 shows that in most cases the
outcome of the statistical procedure was controlled by the
ISM-PBE test when the chi-square critical value was 7.66
(exceptions were 12a0 and 12a1, which represented very
low variability for both R and T profiles, and 13c, which
had large differences in the high-deposition sites outside the
impactor). This is what would be expected from Figure 4
for the choice of Vcrit = 7.66. Stated differently, for 52 of
the 55 scenarios the statistical assessment of profile equiva-
lence depended on only the total API mass deposited inside
the impactor, regardless of the relative amounts deposited
on the various stages (or particle size ranges) within the CI.
Moreover, in some of the cases in which the ISM-PBE test
controlled the outcome of the statistical procedure, the re-
sult was not consistent with the WG assessment, suggesting
that neither the ISM-PBE test alone nor the overall statis-
tical procedure is adequate in those cases. With the choice
of 2.75 as Vcrit, the situation is the same for scenarios 1 to
36. For scenarios 37 to 55, however, this critical value leads
to the chi-square ratio test failing almost all data sets. The
chi-square ratio is then the dominating component of the
combined procedure.

Table 2 shows a subset of results from the 55 scenarios for
which the difference between the WG assessment and the
statistical assessment (using 7.66 as the chi-square ratio’s
critical value) was 50% or greater (10 scenarios). The ma-
jority of these scenarios have visibly different R and T pro-
files for the impactor stages.10,11 However, the total amounts
deposited within the impactor differed by no more than 7%

Figure 4. Box-and-whisker plot of the 95th percentile of the
chi-square ratio means, for the studied 55 scenarios.
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Table 1. Summary of the Proportions and Proportion Differences With Which Scenarios Were Declared “Equivalent” by the WG and by
the Statistical Procedure (Chi-Square Ratio With Critical Value 7.66 and the ISM-PBE Tests)*

Chi-Square Ratio
Alone

Chi-Square Ratio
+ ISM

Differences:
Combined vs WG

Comments
for Cases

ID Scenario

WG
Assessment

“E”

ISM-PBE
Alone
“E”

Vcrit = 7.66
“E”

Vcrit = 2.75
“E”

Vcrit = 7.66
“E/E”

Vcrit = 2.75
“E/E” Vcrit = 7.66 Vcrit = 2.75

“Difference
9 0.50”:

Combined,
7.66 vs 2.75

1 1a 1.00 0.70 1.00 1.00 0.70 0.70 –0.30 –0.30
2 1b 0.79 0.22 1.00 1.00 0.22 0.22 –0.57 –0.57 No change
3 1c 0.07 0.01 1.00 0.99 0.01 0.01 –0.06 –0.06
4 1d 0.00 0.00 1.00 0.75 0.00 0.00 0.00 0.00
5 1aa 1.00 0.81 1.00 1.00 0.81 0.81 –0.19 –0.19
6 1bb 0.79 0.48 1.00 1.00 0.48 0.48 –0.31 –0.31
7 1cc 0.36 0.01 1.00 0.99 0.01 0.01 –0.35 –0.35
8 1dd 0.00 0.00 1.00 0.77 0.00 0.00 0.00 0.00
9 1ee 0.00 0.00 1.00 0.38 0.00 0.00 0.00 0.00

10 2a 0.79 0.89 1.00 1.00 0.89 0.89 0.10 0.10
11 2b 0.50 0.92 1.00 1.00 0.92 0.92 0.42 0.42
12 2c 0.21 0.89 1.00 1.00 0.89 0.89 0.68 0.68 No change
13 2aa1 0.71 0.88 1.00 1.00 0.88 0.88 0.17 0.17
14 2bb1 0.64 0.80 1.00 1.00 0.80 0.80 0.16 0.16
15 2cc1 0.50 0.74 1.00 1.00 0.74 0.74 0.24 0.24
16 2dd1 0.29 0.89 1.00 1.00 0.89 0.89 0.60 0.60 No change
17 2aa2 0.64 0.90 1.00 1.00 0.90 0.90 0.26 0.26
18 2bb2 0.29 0.89 1.00 1.00 0.89 0.89 0.60 0.60 No change
19 2cc2 0.14 0.94 1.00 1.00 0.94 0.94 0.80 0.80 No change

20 4a 1.00 0.88 1.00 1.00 0.88 0.88 –0.12 –0.12
21 4b 1.00 0.89 1.00 1.00 0.89 0.89 –0.11 –0.11
22 4c 0.21 0.68 1.00 0.96 0.68 0.66 0.47 0.45
23 4d 0.14 0.45 1.00 0.57 0.45 0.29 0.31 0.15
24 5a 0.93 0.89 1.00 1.00 0.89 0.89 –0.04 –0.04
25 5b 0.86 0.86 1.00 1.00 0.86 0.86 0.00 0.00
26 5c 0.29 0.50 1.00 0.97 0.50 0.49 0.21 0.20
27 7a 0.29 0.89 1.00 1.00 0.89 0.89 0.60 0.60 No change
28 7b 0.50 0.95 1.00 1.00 0.95 0.95 0.45 0.45
29 7c 0.93 0.92 1.00 1.00 0.92 0.92 –0.01 –0.01

30 10a 0.14 1.00 1.00 0.97 1.00 0.97 0.86 0.83 No change
31 10b 0.29 1.00 1.00 1.00 1.00 1.00 0.71 0.71 No change
32 10c 0.50 1.00 1.00 1.00 1.00 1.00 0.50 0.50
33 10d 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00
34 11a 0.64 0.78 1.00 1.00 0.78 0.78 0.14 0.14
35 11b 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00
36 11c 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.00
37 12a0 0.07 1.00 0.07 0.00 0.07 0.00 0.00 –0.07
38 12a1 0.14 1.00 0.82 0.00 0.82 0.00 0.68 –0.14 2.75 “agrees”
39 12a2 0.86 1.00 1.00 0.01 1.00 0.01 0.14 –0.85 7.66 “agrees”

40 12a3 1.00 1.00 1.00 0.88 1.00 0.88 0.00 –0.12
41 12b0 0.29 0.03 0.99 0.00 0.03 0.00 –0.26 –0.29
42 12b1 0.86 0.93 1.00 0.06 0.93 0.06 0.07 –0.80 7.66 “agrees”
43 12b2 0.86 1.00 1.00 0.70 1.00 0.70 0.14 –0.16
44 12b3 1.00 1.00 1.00 0.83 1.00 0.83 0.00 –0.17
45 13a 1.00 0.40 1.00 0.90 0.40 0.37 –0.60 –0.63 No change
46 13b 0.57 0.38 1.00 0.08 0.38 0.03 –0.19 –0.54 7.66 “agrees”
47 13c 0.36 0.41 0.63 0.00 0.26 0.00 –0.10 –0.36
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between T and R. The WG assessment for 8 of the 10 sce-
narios invariably indicated that they should not be consid-
ered equivalent; however, the ISM-PBE assessment, based
solely on the total deposition in the impactor, uniformly re-
sulted in a decision of equivalence for these 8, consistent with
the way this test is designed. An example of this is scenario
2c (Figure 3), where it can be seen that although the ISM
values for R and T differ by less than 3%, the profiles are
visibly quite different. It appeared that for these 8 scenarios
the WGmembers consistently judged the relative differences
between R and T to be important enough to be considered
inequivalent, while the ISM-PBE test was unable to detect
profile differences since it compared only total amounts de-
posited inside the impactor.

For Scenario 2c (Figure 3), even though the WG
considered the products to have important differences in
deposition profile within the CI, the chi-square ratio test
indicated equivalence between profiles because of high and
nearly equal deposition on site 4 (outside the impactor),
despite an almost 3-fold difference in mean deposition on
site 8 and an almost 30% lower mean deposition on site 10
(both of these sites are within the impactor-sized portion of
the profile).

In the remaining 2 of 10 scenarios, namely 1b and 13a, the
majority of the WG judged the profiles to be equivalent,
while the statistical tests consistently indicated inequiva-
lence, because of the ISM-PBE results. The R vs T differ-
ences in ISM for these scenarios were 21% of the reference
ISM for 1b, and 12% for 13a (as calculated from the last
2 columns of Table 2). These differences were not consid-
ered to be important by the WG members but were large
enough to be consistently detected as inequivalent by the
ISM-PBE test.

When the above exercise was repeated using a critical value
of 2.75 for the chi-square ratio test, 12 instances of differ-
ences greater than 0.50 between the statistical tests and the
WG judgment were found. Nine of those cases were iden-
tical to, or at most no more than 0.03 different from, the
results seen when 7.66 was used as a critical value. Three
additional instances (12a2, 12b1, 13b) disagree with theWG
judgment using the 2.75 critical value, whereas the 7.66
critical value results do not disagree, and in only one in-
stance did the 2.75 critical value result agree with the WG
judgment when the 7.66 result did not (12a1). Overall, the
test with Vcrit = 2.75 performed slightly worse than the
test with Vcrit = 7.66, relative to the agreement with the WG
judgment.

Generally speaking, particles inside the impactor, especially
those with smaller aerodynamic size, may affect the efficacy
of delivered inhaled drugs. Particles deposited outside the
impactor roughly represent the nonrespirable portion of the
dose and therefore may play some role in the safety of a
product. The exact definitions of respirable and nonrespir-
able particles, and their correlation to safety and efficacy,
remain a subject of debate. Nevertheless, based on this gen-
eral understanding, the value of the chi-square ratio test could
lie in its ability to detect differences in the high-deposition
sites, which for most orally inhaled drugs occur outside the
impactor andmay be tentatively linked to safety considerations.

The value of using the ISM-PBE test as proposed here lies in
its ability to detect differences in the total deposition inside
the impactor. A potential disadvantage of introducing this
additional ISM-PBE test is that the T product must satisfy
2 tests (chi-square ratio and ISM-PBE), which may increase
the overall rate of incorrectly declaring 2 profiles inequiva-
lent unless special statistical adjustments are made in each

48 13d 0.21 0.00 1.00 0.19 0.00 0.00 –0.21 –0.21
49 13e 0.07 0.00 1.00 0.00 0.00 0.00 –0.07 –0.07

50 13f 0.93 0.84 1.00 0.74 0.84 0.65 –0.09 –0.28
51 13g 0.50 0.83 1.00 0.11 0.83 0.10 0.33 –0.40
52 14a1 0.00 0.00 0.98 0.00 0.00 0.00 0.00 0.00
53 14a2 0.07 0.00 1.00 0.00 0.00 0.00 –0.07 –0.07
54 14a3 0.43 0.03 1.00 0.03 0.03 0.00 –0.40 –0.43
55 14a4 0.71 0.37 1.00 0.49 0.37 0.22 –0.34 –0.49 7.66 “closer”

*The bolded values are to help guide the reader to the appropriate results for the combined test and for those instances where the combined test results
are “importantly” different from the WG assessment. WG indicates the Aerodynamic Particle Size Distribution Profile Comparisons Working Group;
ISM, impactor-sized mass; PBE, population bioequivalence; E, equivalent.

Table 1. Cont.

Chi-Square Ratio
Alone

Chi-Square Ratio
+ ISM

Differences:
Combined vs WG

Comments
for Cases

ID Scenario

WG
Assessment

“E”

ISM-PBE
Alone
“E”

Vcrit = 7.66
“E”

Vcrit = 2.75
“E”

Vcrit = 7.66
“E/E”

Vcrit = 2.75
“E/E” Vcrit = 7.66 Vcrit = 2.75

“Difference
9 0.50”:

Combined,
7.66 vs 2.75
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test component to keep the overall probability of that error at
a predetermined low value.

In this study, the WG compared the statistical outcomes of
the chi-square ratio test with and without the addition of the
ISM-PBE test with the judgment of expert WG members.
This approach was adopted because currently there are no
clinical data that would allow estimation of some “permitted
difference” in APSD (considering both mean and variability)
from the R product that would result in equivalent clinical
performance. A limited number of studies have been published
about the relationship between mass median aerodynamic di-
ameter and deposition patterns in the lung, but these have
involved small numbers of subjects, showed limitations in
methodology, and occasionally led to discrepant conclusions.19-22

Thus, currently there is no predictive relationship between
changes in APSD and clinical results. Without a clinically
defined “permitted difference” or a “gold standard” to which
the outcome of the statistical procedure could be compared,
the experienced judgment of the WG members using “target
profiles” described previously7 was the best available option.
While the WG recognizes the limitations in its estimation of
equivalence, the general consistency of responses among the
members, each of whom conducted the evaluation indepen-
dently using his or her own methods, lends further credence
to the WG conclusions.

The WG did not address issues of in vivo equivalence, al-
though the WG acknowledges that a complete bioequiva-
lence package that includes in vivo information may assist in
evaluating the importance of the in vitro APSD results. Sim-
ilarly, this study did not address other in vitro tests that might
be recommended by current regulatory guidance documents.

The WG arbitrarily set the threshold for “agreement” be-
tween statistical evaluation and the WG assessment as being
a difference in frequency ≤ 0.50. Obviously, if this “con-
dition for agreement” had been set differently, a different
number of cases would have been seen where the statistical
procedure produced results that were inconsistent with the
WG judgment. Even so, the general conclusions in this PQRI
report would remain unchanged, as can be seen from a care-
ful examination of the results presented in Table 1.

From these comparisons, neither the statistical tests alone
nor their combination seemed able to discriminate important
shifts in the potentially “respirable” portion of the profile
when the overall API mass deposited inside the impactor
remained the same (eg, the highest-deposition sites do not
shift from outside to inside the impactor). For the chi-square
ratio test, this is in part related to the choice of the critical
value, Vcrit. The FDA originally proposed 7.66 based on
the albuterol MDI data it considered. As Figure 4 confirms,
the value of 7.66 was not a good choice for the scenarios
considered here. However, an alternate choice that was dis-
criminatory for the profiles at the right side of Figure 4 would
still be too large for the scenarios to the left. Similarly, if the
critical value were chosen for the scenarios at the left, it would
be too low for the other scenarios, mostly declaring all T-R
pairs to not be equivalent. For instance, the considered al-
ternative critical value of 2.75, which was chosen so as not
to be too low for the right-hand scenarios nor too high for the
left-hand scenarios, showed inferior performance compared
with the critical value of 7.66. As can be seen from Figure 4,
any selected critical value (2.75, 7.66, or any other) would
cut across statistical distributions for profiles judged both E

Table 2. Scenarios for Which the Difference Between WG Assessment and Statistical Assessment Is Greater Than 0.50 (50%) Using
7.66 as the Chi-Square Critical Value*

ID Scenario

Proportion of Assessments

Difference WG
vs Method

ISM Deposition
Mean (%RSD)

WG
Assessment “E”

Chi-Square
Vcrit = 7.66 “E” ISM-PBE “E”

Combined
Chi-Sq/ISM-PBE

“E � E” Reference Test

2 1b 0.79 1.00 0.22 0.22 0.57 59 (15) 47 (15)
12 2c 0.21 1.00 0.89 0.89 –0.68 57 (17) 56 (14)
16 2dd1 0.29 1.00 0.89 0.89 –0.60 56 (17) 56 (14)
18 2bb2 0.29 1.00 0.89 0.89 –0.60 54 (17) 53 (15)
19 2cc2 0.14 1.00 0.94 0.94 –0.80 57 (15) 55 (12)
27 7a 0.29 1.00 0.89 0.89 –0.60 64 (13) 67 (12)
30 10a 0.14 1.00 1.00 1.00 –0.86 86 (7) 88 (5)
31 10b 0.29 1.00 1.00 1.00 –0.71 87 (7) 87 (5)
38 12a1 0.14 0.82 1.00 0.82 –0.68 72 (8) 67 (4)
45 13a 1.00 1.00 0.40 0.40 0.60 25 (11) 22 (10)

*The bolded values are to help guide the reader to the comparisons between the WG assessment and the outcome of the combined statistical
procedure. WG indicates the Aerodynamic Particle Size Distribution Profile Comparisons Working Group; E, equivalent; ISM, impactor-sized mass;
RSD, relative standard deviation; PBE, population bioequivalence.
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and I, and so there is no single critical value that can discrimi-
nate differences of interest with this statistical procedure.

Another possible way to improve performance of the chi-
square ratio test could be to apply that test to only the impactor-
sized portion of the profile. However, this approach was re-
jected because it cannot improve the situation because of the
decreased number of sites, which decreases the performance
(stability, consistency, and discriminating power) of the chi-
square ratio test, as was shown in earlier PQRI studies.23

Similarly, fine-tuning of the ISM-PBE method by changing
its acceptance criteria may only change the sensitivity of the
ISM-PBE test to the changes in the overall API mass sized
by the impactor; it will not affect the inability of the test to
detect shifts in the profile.

In summary, adjusting the acceptance criteria (for the PBE
test) or the critical value (for the chi-square ratio test), or
applying the chi-square ratio test to only the impactor-sized
portion of the profile, cannot address the identified deficien-
cies, because of the nature and design of these tests.

Important Note on Using Appropriate Data for
APSD Comparisons

In the present evaluation, it was assumed that R and T data
were comparable, that is, obtained under the same conditions
and in such a way that non-product-related variability was
minimized and statistically balanced between R and T, such
that any observed differences were mostly due to true differ-
ences between the products. Because CI measurements can
be notoriously dependent on factors not related to the prod-
uct (eg, analyst, impactor, laboratory, environmental condi-
tions, and method24), it is important to ensure in practice that
the 2 sets of data to be compared are indeed comparable.
Therefore, regardless of the statistical or other test used for
APSD comparison, the APSD profiles should be obtained
from CI testing in cohorts, such that variabilities and biases
introduced into APSD results by different analysts and im-
pactors are balanced. (This approach is similar to the crossover
designs used in bioequivalence studies to address subject-
to-subject variability.) Without such balancing, comparison
of APSD profiles obtained from CI testing is generally inap-
propriate and may be misleading, regardless of the statistical
method to be employed.

The requirement of simultaneous testing in cohorts also
makes the discussed tests inappropriate for quality control
purposes. Current quality control tests typically compare CI
deposition data from groupings of stages (which are specific
to a particular product) to preset numerical limits (also spe-
cific to a product). By contrast, the equivalence tests con-
sidered here require head-to-head comparisons between 2
products tested in cohorts (ie, both products tested on the
same day by the same analyst using the same impactors, etc)

through a balanced design, which is not possible in a quality
control context of batch release or in stability testing to de-
termine whether a batch has changed over time.

CONCLUSIONS

The PQRI WG evaluated the capability of the combined
statistical procedure (a chi-square ratio test plus an ISM-PBE
test) for detecting differences in APSDCI profiles between T
and R that may be considered important for the establish-
ment of in vitro bioequivalence. It was found that the studied
statistical procedure may lead to conclusions that are at odds
with expert judgments regarding the equivalence of T and R
profiles. In situations where the variabilities of T and R pro-
files are commensurate, the statistical procedure may be overly
sensitive to the differences in mean depositions that were not
deemed important by the WG (as discussed, eg, for 1b and
13a); in other situations, the statistical tests in their current
construction were unable to detect profile shifts. The change
of the acceptance criteria (for the PBE test) or the selection of
a different critical value (for the chi-square ratio test) could
not resolve these deficiencies; therefore, no recommenda-
tions are made by the WG for APSD profile comparisons.
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