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ABSTRACT

The purpose of this article is 2-fold: (1) to document in the
public domain the considerations that led to the development
of a regulatory statistical test for comparison of aerodynamic
particle size distribution (APSD) of aerosolized drug formu-
lations, which was proposed in a US Food andDrug Adminis-
tration (FDA) draft guidance for industry; and (2) to explain
the background and process for evaluation of that test through
a working group involving scientists from the FDA, industry,
academia, and the US Pharmacopeia, under the umbrella of
the Product Quality Research Institute (PQRI). The article and
the referenced additional statistical information posted on
the PQRI Web site explain the reasoning and methods used
in the development of the APSD test, which is one of the key
tests required for demonstrating in vitro equivalence of orally
inhaled and nasal aerosol drug products. The article also de-
scribes the process by which stakeholders with different
perspectives have worked collaboratively to evaluate proper-
ties of the test by drawing on statistical models, historical and
practical information, and scientific reasoning. Overall, this
article provides background information to accompany the
companion article’s discussion of the study’s methods and
results.

KEYWORDS: Chi-square ratio, bioequivalence, cascade
impactor, particle size distributionR

INTRODUCTION

Drug deposition in the respiratory tract is influenced by the
aerodynamic particle size distribution (APSD) of the active
pharmaceutical ingredient from the drug product.1-3 It is be-
lieved that, in general, aerosol particles greater than ~10 μm
in aerodynamic diameter deposit primarily in the oropharynx
and are swallowed rather than reaching the lungs. Smaller
particles are thought to be deposited either centrally or periph-
erally in the lungs, depending on their size and the manner
in which they are inhaled. The APSD measured in the labo-
ratory by a cascade impaction method, for instance, is largely
a characteristic of the delivery device, the formulation in-
side the device, and the APSD test procedure. Because of
some plausible link between aerodynamic particle size and
eventual deposition site within the respiratory tract, APSD
may affect both the safety and the efficacy of orally inhaled
and nasal drug products (OINDP).

When a manufacturer wishes to develop a generic version of
a drug product, or when an innovator firm makes a change
to a drug product and wishes to establish that the modified
version is equivalent to the precursor (Reference) product, a
critical issue is whether the new or modified (Test) product
has an APSD sufficiently similar to that of the precursor
product. This article presents a progress report of the Prod-
uct Quality Research Institute (PQRI) working group that
is analyzing the approach recommended by the 1999 US
Food and Drug Administration (FDA) guidance4 for inves-
tigating whether a Test product exhibits an APSD that is
sufficiently comparable to that of the precursor product, with
the focus on orally inhaled and nasal aerosols. The objective
of this working group has been to recommend a robust meth-
od for assessing APSD equivalence, based on the guidance’s
approach or its modification or alternative. Even though the
published guidance refers to only intranasal products, the
focus of this working group from the beginning has been on
all aerosols, including orally inhaled and nasal aerosols (but
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excluding nasal sprays), which is explained by the agency’s
interest in applying a standard APSD profile comparisons test
to all aerosol and dry powder inhaler OINDP.

The Methods section describes in detail the FDA rationale
and objectives in developing the chi-square ratio test. This sec-
tion also describes the process by which the proposed test
could be thoroughly evaluated by scientists from the FDA,
industry, academia, and the US Pharmacopeia (USP), using
industry databases, extensive statistical modeling, scientific
reasoning, and regulatory considerations.

The Results and Discussion section enumerates the features
of a test that would make it ideal from both the scientific
and regulatory perspectives. This list could be used as a bench-
mark for any new tests that might be proposed in the future
for APSD profile comparisons.

Since the test under study was intended for practical appli-
cation as a regulatory tool during review of drug applica-
tions, it is important to understand the boundaries of the test’s
design, to avoid any misunderstanding or misapplication.
For this reason, the Additional Considerations section ex-
plains why the chi-square ratio is not designed to and should
not be used for quality control within the Chemistry, Manu-
facturing, and Controls (CMC) context.

METHODS

FDA Test Development

In 1997, the FDA formed the OINDP Technical Committee
(OINDP TC) to develop bioequivalence and product qual-
ity bioavailability guidances for OINDP intended for local
action. For locally acting orally inhaled products formulated
as metered-dose inhalers (MDIs) and dry powder inhalers
(DPIs), the FDA’s OINDP TC currently believes that both in
vivo and in vitro tests are key components to establishing the
equivalence of a generic to an innovator product. Further-
more, these tests can be envisioned to contribute to the char-
acterization of individual product performance before and
after the introduction of product changes likely to affect
performance. The in vitro tests complement the in vivo tests,
characterize the in vitro performance of the Test product
relative to the Reference product, and provide additional as-
surance that the Test product is comparable to the Reference
product as determined by the more variable and less sensi-
tive in vivo tests. For equivalence of APSD, for which there
is no established in vivo test, OINDP TC recommended an
in vitro test based on cascade impactor (CI) measurements.
The goal of the OINDPTCwas to provide a test that (1) would
be sensitive to potential differences between the Test prod-
uct and the Reference product with respect to deposition at
each individual deposition site in the impactor and acces-
sories; (2) would be based on a single metric that incorporated

differences on all sites to minimize the number of in vitro tests
that must be met to claim equivalence; and (3) would be gen-
erally applicable to all inhalation products typically assessed
in terms of APSD, rather than being drug product–specific.

A possible alternative to a test that considers deposition on
each individual deposition site could be an equivalence test
based on groups of deposition sites. For example, according
to the draft CMC guidances for MDIs and DPIs,5 for post-
approval release and stability testing, but not for character-
ization of the drug product, drug deposition on individual
sites may be grouped, with separate requirements placed on
each of the groupings. However, because the APSD is drug
product–specific, a general approach to establish the group-
ings is difficult to specify. Furthermore, combining 2 or more
deposition sites within a single grouping (eg, a grouping com-
posed of several adjacent impactor stages) would generally
diminish sensitivity to differences between the Test product
and the Reference product in deposition on individual sites
in the impactor and accessories.

Another consideration of the FDA OINDP TC in selecting
an equivalence test for APSD was the desire to have a sin-
gle metric rather than multiple metrics, because for the Test
product in vitro equivalence must also be demonstrated
for other (non-APSD) tests, and the likelihood of failing
by chance 1 or more tests in a battery of tests increases with
the number of tests because of multiplicity. Therefore, a test
based on independent comparisons of individual sites or
groupings of sites was avoided.

Furthermore, no specific distribution was assumed for the
APSD profile. If it had been established that an APSD could
be described analytically by a mathematical function (eg,
linear, lognormal, exponential), the parameters of that func-
tion could have served as the metric for comparison. How-
ever, no such function could be used in general to describe
an APSD, and therefore a new metric and specifically de-
signed test were sought.

The OINDP TC initiated work on developing a CI profile
comparisons test in early 1998. Based on albuterol MDI data
from an Andersen CI (USPApparatus 16), CI data were sim-
ulated at the FDA, with different mean deposition profiles
and with specified levels of variability at each deposition site.
Using the simulated data, the FDA conducted exploratory
studies of the statistical performance and appropriateness
for APSD profile comparisons of 4 ratio tests for equivalence
testing, and it was determined that the chi-square ratio test
appeared most promising. These 4 ratio tests were based on
the statistics of the ratio of (1) chi-squares, (2) mean square
differences (Cramer–Von Mises statistic) of cumulative per-
centages, (3) mean absolute differences of cumulative percent-
ages, and (4) similarity factors (f2) of cumulative percentages.
Each of these original statistics provides a measure of the
distance between 2 profiles. The ratios were constructed
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with the Test-to-Reference distance in the numerator, and the
Reference-to-Reference distance in the denominator. More
complex tests might potentially be created, but one of the
objectives was to have a relatively uncomplicated test to be
implemented in practice.

An APSD CI profile is composed of deposition (mass) data
on multiple sites in the impactor. If we had counts of num-
bers of particles on each stage instead of mass, we would
have an ordered multinomial distribution. The chi-square sta-
tistic is often used to test the significance of differences be-
tween such multinomial distributions, and its properties
have been well studied for that use.7 For application to com-
parison of CI profiles, we adopt the form of the chi-square
statistic to provide a measure of the distance between 2 pro-
files. This statistic is calculated as the sum of the squared
differences in deposition at each impactor site (differences
between the 2 profiles), scaled by the average deposition
on that site (averaged between the 2 profiles). In developing
a test for APSD profile comparisons, the FDA OINDP TC
used this statistic to construct a new metric, namely a ratio of
the chi-square distance of Test-to-Reference to the distance
of Reference-to-Reference. (The corresponding formulas are
provided in the 1999 Draft Guidance8 and PQRI documents.9)
This was done to have the test react to the differences in
variation between the Test and Reference profiles in addi-
tion to the distance between the 2 profiles. To determine a
chi-square ratio value (a so-called critical value) that would
allow equivalent profiles to be distinguished from profiles
that failed to establish equivalence, the FDA OINDP TC
used simulation studies of Test and Reference profiles with
identical mean depositions but different variabilities at each
site, and of Test and Reference profiles with different mean
depositions and fixed variabilities at each site. One criti-
cal value from such preliminary studies was reported at a
2000 meeting.10 (A detailed theoretical description of this
and the other 3 tests considered by the FDA OINDP TC
is available from the PQRI Web site.9) These analyses
revealed that the ratio of chi-squares test performed better
than the other tests investigated by the FDA OINDP TC.11

Therefore, the ratio of chi-squares test was proposed in the
June 1999 “Draft Guidance for Industry: Bioavailability and
Bioequivalence Studies for Nasal Aerosols and Nasal Sprays
for Local Action”4 and later was posted as a stand-alone
appendix8 to the updated draft of the guidance.12

Assessment of Test Performance: Mandate of
PQRI Working Group

In 1999, the FDA and several trade and professional associ-
ations established PQRI13 as a collaborative process between
the Center for Drug Evaluation and Research (CDER)/FDA,
industry, academia, and the USP, to conduct research that

explores scientific bases for regulatory policy related to drug
product quality. PQRI is governed by a board of directors
and a steering committee. The steering committee oversees
TCs that currently focus on research projects in 4 disciplines:
drug product, drug substance, biopharmaceutics, and manu-
facturing. Each TC defines research objectives for its work-
ing groups, while the working groups prepare work plans
detailing the specifics of the work to be accomplished. Af-
ter approval of the work plan by the PQRI senior committees,
a working group implements the plan and usually publi-
cizes its findings through scientific journals and conferences
as the work progresses. Upon completion of the work, a re-
port with recommendations for changes to existing or draft
guidances is prepared and submitted to the FDA/CDER for
consideration. CDER reviews the submission and responds
to PQRI, either accepting the recommendation or explain-
ing why it cannot be accepted as given and what additional
information is needed.14

In late 2001, a PQRI Working Group was formed under the
Drug Product TC (an Aerodynamic Particle Size Distribu-
tion (APSD) Profile Comparisons Working Group), which
included representation from the above-mentioned 4 sec-
tors. As detailed in its 2002 workplan,15 the working group
set as its objective the examination of the chi-square-based
method proposed by the FDA and, if needed, revision of
this test to develop a more widely applicable method for
testing the equivalence of APSD profiles. The working group
is focusing on MDI and DPI data from the Andersen CI,
either as USP Apparatus 1 or as USP Apparatus 3, but is
also interested in extending the approach to other CIs,
in particular the next-generation pharmaceutical impactor,
which may become the impactor of choice in the future and
is now included in USP chapter G6019 as Apparatus 5 and
Apparatus 6.

The status of this project and issues under consideration by
the working group have been presented at several public
meetings.16-18 The companion article presents the work and
findings to date and outlines the areas to be addressed by the
working group in the near future to determine appropriate
recommendations to the FDA on this topic.

RESULTS AND DISCUSSION

Ideal Profile Comparisons Test

In the course of its investigations, the working group had to
consider a number of questions, such as what constitutes a
good test and how sensitive, discriminating, and consistent
a test should be.

These discussions resulted in a consensus list of desirable
characteristics, which are presented below. They help set
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the stage for the studies performed by the working group,
which are described in the companion article.

& The test and critical value should be independent of
a particular impactor type or impactor configuration.

& The test should be applicable to a broad range of orally
inhaled and pressurized nasal products.

& It is desirable that the test be applicable to a broad
range of realistic profiles; however, it is not neces-
sary that the test be applicable to all theoretically
conceivable profiles.

& The test should reward the Test product when it has
lower variability than the Reference product, based
on the FDA goals for the test.

& The test statistic should have a minimum for an ideal
Test product. An ideal Test product has the samemean
as the Reference product and zero variance; thus, the
lower variability in the Test product is rewarded.

& An ideal test would not require any distributional as-
sumptions about deposition on individual stages.

& It is desirable but not essential that the test statistic
itself (eg, the 95th percentile of the distribution of the
mean of the chi-square ratios), or at least the mean of the
chi-square ratios, follow a known distribution, such as
normal, chi-square, or F. (The approach of analyzing a
test’s performance by looking, in particular, at the dis-
tribution of means or other selected percentiles has
been explained in detail elsewhere.19)

& The test should be sufficiently sensitive without be-
ing overly sensitive because from a practical point of
view, exaggerated sensitivity might limit the useful-
ness of the test as a decision-making tool. For example,
a statistical test may be able to detect small differences
in the means without such differences being of any
practical significance for the given regulatory task. On
the other hand, a test may not be able to extract rele-
vant information in a consistent way because of a low
signal-to-noise ratio, or high variability in the data rel-
ative to the test’s capabilities. With either extreme, the
ability to make correct decisions consistently would be
hampered. Ideally, a test should be sensitive and power-
ful enough to react to the differences that are considered
important, but only to those that are important. For ex-
ample, the working group had to consider (1) whether
sensitivity to the change in the mean or sensitivity to
the change in variability is more important, or whether
they are equally important; and (2) whether the ideal
test’s sensitivity should be equal for all sites or should
be greater for some sites than for others (eg, with
greater sensitivity to sites with higher deposition com-
pared with sites with lower deposition, or with greater
sensitivity to fine particle deposition sites).

The above list details the ideal properties of a profile com-
parisons test. However, the objective of the working group

has been to determine whether the chi-square ratio test can
make consistently correct decisions about Test and Refer-
ence profile comparisons even if the test does not have all
of the ideal properties.

Additional Considerations

APSD Profile Comparisons Test Is Not Appropriate for
Quality Control Purposes

An APSD profile comparisons test, as described in the FDA
published guidance and discussed in this article, is intended
to compare a Test product (eg, a generic product, or an in-
novator product after certain changes in device components,
formulation, or supplier) to a Reference product. The devel-
oped test metric is a ratio of the 2 chi-square statistics char-
acterizing both products. Thus, it would be nonsensical to
speak about a predetermined “chi-square ratio specification”
for a given, isolated profile. Moreover, to obtain mean-
ingful results from the chi-square ratio calculation, both of
the products must be tested within the same set of experi-
ments and at the same time. This precludes use of the pro-
file comparison test throughout stability studies.

In summary, the chi-square ratio test was not designed as a
quality control test. Its properties in that context are unknown.
Thus, its use for quality control purposes would be inap-
propriate and incompatible with its design and intentions.

Zero Deposition Sites

Zero (or below the limit of detection) deposition on indi-
vidual sites may pose a challenge in some implementations
of the algorithm,20 but this situation should be manageable
as long as the 2 Reference profiles used in the calculation of
the chi-square ratio are not identical.21 From the formulas for
the chi-square ratio, it is clear that theoretically, the mathe-
matical problem arises either when all of the Reference sites
have zero deposition, or when both of the Reference profiles
used in the calculation are exactly the same. The first of these
situations is unlikely to occur in practice, and the second has
been eliminated by the definition of the algorithm (ie, 2 Ref-
erence profiles, R1 and R2, are selected such that R1 ≠ R2).

CONCLUSION

An objective statistical test to determine the equivalence of
CI profiles of pharmaceutical aerosols would be a helpful
tool for both industry and regulators. A draft FDA guidance
for industry recommended a particular test that has been fur-
ther evaluated through a PQRI working group. This article,
which explains the working group’s background and man-
date, is the first in a series documenting the working group’s
investigations and findings. The interim results are presented
in the second article of this series.
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