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The performance test is one of a series of tests that compose the specification in a United States
Pharmacopeia (USP) dosage form monograph. For an orally administered, nonsolution dosage form, it
is usually satisfied by either a dissolution or disintegration procedure. Dissolution acceptance criteria are
usually set in private negotiations between an applicant and a regulatory agency. With information about
this private agreement and other information provided in a sponsor’s Request for Revision to USP, the
USP’s Council of Experts elaborates a public dosage form monograph. Based on the relationship
between the regulatory decisions and the Request for Revision, the USP dissolution procedure links to
a regulatory judgment about bioavailability and bioequivalence and, ultimately, to a judgment about
safety and efficacy. The current dissolution procedure and acceptance criteria are perceived as having
worked well over the years and are generally accepted. This article discusses new approaches that merit
consideration. These approaches focus on a) explicit use of hypothesis testing, b) use of parametric
tolerance intervals, ¢) improved ways to set dissolution acceptance criteria, and d) a more flexible
protocol to assess conformity. Application of the proposed approaches may better assess, manage, and
communicate both manufacturer and consumer risk for dissolution testing.
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INTRODUCTION

For orally administered nonsolution dosage forms, in
vitro performance test procedures such as dissolution and dis-
integration are used to i) guide drug development and select
formulations for further in vivo studies, ii) evaluate compa-
rability between products before and after changes in formu-
lation and/or manufacturing; iii) serve as a surrogate for in
vivo bioequivalence studies, with suitable in vitro/in vivo cor-
relations and/or use of the Biopharmaceutics Classification
System approach, and iv) ensure batch-to-batch consistency
for product performance (1-5). These procedures are fre-
quently part of a private or public drug product specification,
which is defined as a list of tests, references to analytical
procedures to evaluate those tests, and appropriate accep-
tance criteria (6). Conformity testing to ingredient, product,
and other specifications supports a conclusion that a drug
product and its ingredients are acceptable for their intended
use. These statements depart to some extent from the com-
pendial approach termed “singlet testing” (7), which the au-
thors believe needs revisiting.
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A drug product specification submitted in a regulatory
application frequently relies on public disintegration or dis-
solution procedures in the United States Pharmacopeia—
National Formulary (USP-NF), with adaptation of specific
elements to the particular product (8,9). After approval, the
manufacturer may provide information to USP that allows
the USP Council of Experts to consider the adapted proce-
dure and acceptance criteria. With endorsement of the coun-
cil and opportunity for public comment via the Pharmaco-
peial Forum, the private procedure and acceptance criteria
can become the public USP performance test in the USP
monograph for the specified dosage form. Private acceptance
criteria for the dissolution procedure are generally agreed to
between an applicant and a regulatory agency based on clini-
cal trial, stability, and other development batches (2). The
criteria can further be modified in postapproval filings based
on subsequent manufacturing experience (10-11). The au-
thors acknowledge that in vitro dissolution is primarily a qual-
ity control test, particularly in the absence of an in vitro—in
vivo correlation. Nonetheless, the general approach allows
the dissolution test in a USP dosage form monograph to link
to the U.S. regulatory decision about an applicant’s bioavail-
ability and bioequivalence data, which in turn links to the
regulatory decision about an applicant’s safety and efficacy
data (12). This is a crucial point, given that reliance on the
dissolution procedure in a USP dosage form monograph by a
manufacturer of the dosage form in another country does not,
in and of itself, assure appropriate in vivo performance of that
dosage form. For oral immediate and modified release dosage
forms, USP-NF describes four types of apparatus, together
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with means of assessing conformity to acceptance criteria
(13).

Although the current dissolution procedure and accep-
tance criteria are perceived as having worked well and are
generally accepted, their scientific basis has not been revisited
recently. (Note: The authors acknowledge the harmonization
of dissolution in the Pharmacopeial Discussion Group, which
is composed of representatives of the European, Japanese,
and United States Pharmacopeias. This harmonization has
not concluded. The current article speaks to future consider-
ations and is not intended to impact on the PDG harmoniza-
tion effort.) For this reason, we reconsidered the dissolution
procedure and suggest new approaches for further consider-
ation. These approaches focus on a) explicit use of hypothesis
testing, b) use of parametric tolerance intervals, ¢) improved
ways to set dissolution acceptance criteria, and d) a more
flexible protocol design to assess conformity.

HYPOTHESIS TESTING

The current USP dissolution procedure (9) relies on a
three-stage sequential experimental design (S;, S,, S;), with
the possibility of stopping at each stage and meeting or failing
to meet the criteria. In designing a sequential experiment,
three elements should be considered: 1) sample size (N), 2)
likelihood (alpha) of a false positive (type I) error (passing a
test that should not be passed—consumer risk), and 3) like-
lihood (beta) of a false negative (type II) error (failing a test
that should be passed—manufacturer risk). Typically, experi-
mental design proceeds by specifying acceptable levels of al-
pha and beta and then determining the sample size, N. An
alternative acceptable approach might specify alpha and N
and then determine the power of the study (1 — beta). In
contrast, the current USP dissolution procedure focuses on
sample size, intended to be small, and beta, also intended to
be small, without specifying the hypothesis to be tested and
without explicit consideration of alpha—the degree of allow-
able consumer risk.

The application of statistical hypothesis testing to a dis-
solution procedure requires a statement of the null and alter-
native hypotheses. Stated explicitly, the null hypothesis is that
the group of units, such as a batch, from which some are
selected to be tested is not acceptable, and the alternative
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hypothesis is that it is acceptable. If the characteristics of the
sample are sufficiently good, the null hypothesis is rejected in
favor of the alternative (i.e., the test passes). Setting alpha at
some specified level of consumer risk (e.g., a chance of mak-
ing a type I error not greater than 1 in 20 times, or p < 0.05)
allows a science-based approach for the dissolution proce-
dure.

PARAMETRIC TOLERANCE INTERVALS

USP currently uses a mostly nonparametric approach for
both content uniformity and dissolution testing. For content
uniformity testing, Katori et al. proposed replacing the cur-
rent USP approach (test by attributes) with a parametric ap-
proach (test by variables), using a tolerance interval (14). The
Katori et al. proposal is under consideration in the Pharma-
copeial Discussion Group. Moving from a nonparametric to a
parametric approach depends in part on whether a specific
distribution, such as the normal, can be assumed. The normal
distribution can be a reasonable assumption for content uni-
formity testing but may not be for dissolution testing. Normal
distribution of dissolution data may be unlikely due to the
boundary of 100% dissolved—with values sometimes greater
than 100% given variability in assay and content. The 100%
boundary forces nonsymmetry and hence non-normality of
distribution. Although data transformation may help, one so-
lution to this issue would be to choose the time at which
dissolution is measured to achieve values that are acceptably
below 100%.

In contrast to use of a parametric tolerance interval ap-
proach for content uniformity testing, Katori et al. (15) pro-
posed a parametric confidence interval approach for dissolu-
tion testing (Table I). Both confidence and tolerance intervals
estimate the characteristics of a distribution. Confidence in-
tervals assess the precision of estimates of single quantities
(e.g., mean, variance). For example, a 95% confidence inter-
val for a mean consists of all values within +2 standard errors
of the estimated mean; the more precise the estimate, the
narrower the confidence interval. In contrast, tolerance inter-
vals describe ranges of specified coverage for a distribution of
values (16); for example, at least 80% of dissolution values for
a product fall within a specified range with some specified
level of confidence. A choice between the two approaches is

Table I. Dissolution Criterion

Acceptance criteria®

Cumulative
Number number of Tolerance
Stage of units tested units tested USP (711) JP proposal® interval proposal®
S, 6 6 X, - 2.01585,/V6 = O* X, -1918,=Q
All units = Q + 5% All units = 0* - 10%
S, 6 12 X,=0 X, - 1.796S,N12 = Q* —
All units = Q - 15% All units = Q* — 10%
S, 12 24 X,=0 — —

All units = Q - 25%
At least 22 units = Q - 15%

X and S are the sample mean and standard deviation. Q and Q* are the acceptance limits. Subscripts denote first or second stage; each mean
and standard deviation is calculated using the cumulative number tested at that stage.

> The 2.015 and 1.796 in the JP proposal are 5th percentiles from ¢ distributions with 5 and 11 degrees of freedom, respectively.

¢ This is an illustrative choice. Criterion is that at least 75% of the batch would be dissolved at least Q. The 1.91 is the approximate value for
a one-sided normal tolerance interval for 75% coverage and 95% confidence (interpolated from Ref. 16, Table Al2c).
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based on what quantity (or quantities) best characterizes the
distribution for the problem of interest. As discussed below,
characterizing the distribution solely by the mean and its con-
fidence interval is insufficient—they are essentially uninfor-
mative as to the width of the distribution. To consider also
variability, standard deviation controls could be established.
We argue that a tolerance interval approach is a good overall
solution, based on the following discussion.

The confidence interval approach proposed by Katori et
al. for dissolution testing is similar to that now used for in vivo
bioequivalence studies. The general approach requires that
an observed confidence interval, obtained from analysis of
data comparing “test” and “reference,” falls within prespeci-
fied equivalence limits (acceptance criteria or goalposts) at a
certain level of confidence. For a dissolution procedure, the
“test” data represents dissolution data for units of the dosage
form under evaluation. The “reference” is a fixed value that
is usually expressed as a percentage of the label claim—the
amount of drug substance in the dosage form. The acceptance
criteria (Q) could be one-sided (noninferiority) or two-sided
(both noninferiority and nonsuperiority), depending on
whether it is sufficient to control only for excessively slow
(one-sided) or both excessively slow and excessively rapid
dissolution (two-sided). The Katori et al. proposal specifies
two stages and six units tested at each stage. It also includes
a zero tolerance value (safety net); that is, no value for a
single unit can be less than Q — 10%.

The Katori et al. confidence interval approach for disso-
lution testing has some limitations. First, it is designed as if
alpha (consumer risk) is =5%. However, the risk is actually
closer to 8-9%, because it relies on the two specified stages
with 5% consumer risk at each stage. This can be fixed with
wider confidence intervals at each stage. More importantly,
although both confidence intervals and tolerance intervals
control a change in average dissolution, an approach consist-
ing solely of a confidence interval for the average does not
provide limits on variability. As an aggregate criterion, a tol-
erance interval approach directly controls both mean and
variability (16). Figure 1 provides various combinations of
means and standard deviations that correspond to 90% of a
group of units tested. The control is direct, because a devia-
tion in mean or an increase in variability will reduce the cov-
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Fig. 1. For all combinations of means and standard deviations on or
below each curve, at least 90% of the distribution falls within the
tolerance limits. The upper curve is for tolerance limits of 75-125% of
label claim. The lowest curve, with narrower specified tolerance limits
of 80-120%, is more restrictive.
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Fig. 2. The illustration demonstrates how different two distributions
can be while having equal means.

ered proportion. With a confidence interval approach, two
similar means with widely differing distributions can fall
within an equivalence interval, providing a sufficiently large
sample is studied (Fig. 2). The Katori et al. confidence interval
approach for dissolution testing exerts indirect control on
variability by limiting the sample size, making it more difficult
to pass when variability is increased. The zero tolerance com-
ponent of both current USP practice and the Japanese Phar-
macopeia (JP) proposal should also serve to limit variability.
Tsong et al. note, however, that the current USP approach for
dissolution does not control the proportion below the disso-
lution acceptance criteria (Q) very well (17).

Based on these considerations, we propose using a para-
metric tolerance interval approach to analyze data from a
dissolution procedure, just as it is being adopted for content
uniformity testing. A parametric tolerance interval approach,
by using actual values, ought to make better use of the data
than approaches based on counts of values falling within
specified intervals. A tolerance interval approach controls
both mean and variance directly, in contrast to a confidence
interval approach that focuses only on the mean. And, finally,
a tolerance interval is more informative about the width of
the distribution of dissolution values.

ACCEPTANCE CRITERIA USING A TOLERANCE
INTERVAL APPROACH

Acceptance criteria for the dissolution procedure can ei-
ther be a limit (the USP Q value) or a range (upper and lower
percent dissolved at a specified time). Although acceptance
criteria may be based on an in vitro—in vivo correlation (4,18),
setting acceptance criteria frequently lacks a formal approach
for most dosage forms (5). In this article, we propose a tol-
erance interval approach as a means of setting a dissolution
limit or range, using in vitro dissolution results of preapproval
batches—batches used in clinical trials, bioavailability and/or
bioequivalence studies, stability testing, and other studies
conducted during drug development. These preapproval
batches directly or indirectly reflect the in vivo performance
of batches used to document safety and efficacy. The appli-
cation of a tolerance interval in this setting is distinct yet
similar to the use of a tolerance interval approach to judge the
acceptability of batches to be released into the marketplace,
as discussed in the previous section. As with this approach,
the proposed tolerance interval approach to setting accep-
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tance criteria can be expressed as an equivalence test. In this
setting, an equivalence test asks whether the dissolution of
units in the postapproval batches is sufficiently similar
(equivalent) to the dissolution of units in the preapproval
batches. Using a tolerance interval approach, a percentile of
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the distribution of dissolution data from the preapproval
batches is used to establish an acceptable minimum dissolu-
tion value. The approach represents a way of thinking about
an acceptable minimum dissolution value (Q), using percen-
tile as a means of defining acceptance, as follows (Figs. 3A-
30).

1. The value R defines a minimum proportion for the
distribution of the dissolution results from preapproval
batches at a specified time point (T}). T, is chosen to be in
an acceptable region of the percent dissolved/time curve (e.g.,
<80%). To control for low dissolution values, R should be
>50% or higher. Although R could be very large (e.g., 99%),
statistical methods to deal with extreme tails require very
large sample sizes. As an intermediate approach, we suggest
R = 80% or 90%. Figure 3A shows an example with R =
80%.

2. For immediate-release dosage forms, Q is a limit be-
low which only a small proportion of the dissolution values
should fall. The choice of R determines Q. Q is that value of
percent dissolved such that a proportion of the units (1 — R)
in the baseline batches have dissolution values less than Q.
The approach is also suitable if an upper limit is needed. The
value for Q is initially a private standard and can become a
public standard based on submission of suitable information
in a Request for Revision to USP. In Fig. 3A, Q is found as
69.1%; 80% of the distribution exceeds 69.1%.

3. The value a represents the allowable level of con-
sumer risk, typically taken to be 0.05, which is the probability
of falsely claiming that the batch meets the set standard.

4. The value P represents the minimum proportion of
individual dosage form units from a postapproval batch that
should exceed Q. The choice of P requires some consider-
ation. Choosing P greater than R requires that future batches
be better (exhibit faster dissolution) than the preapproval
batches. This is counter to the initial presumption that the
premarket batches are acceptable. If P is set equal to R, the
structure of the statistical hypothesis test dictates that the
chance of passing is only a when the true proportion is R,
what is, again, supposed to be an acceptable value. This leads
to substantial producer risk or requires a manufacturer to
accelerate dissolution relative to the premarket batches. Set-

Fig. 3. (A) The curve shows a possible baseline distribution. If we
pick R = 80%, then Q = 69.1% of label claim (LC), the 20th per-
centile of this distribution. That is, at least 80% of the units in these
baseline batches exhibit dissolution of at least 69.1% (Q) by time 7T'p,.
(B) The right-hand curve is the baseline distribution of Fig. 3A. The
other two curves are two distributions that do not meet the standard
of atleast P = 75% (for illustrative purposes) of units greater than Q,
the 20th percentile of the baseline distribution. The middle distribu-
tion is shifted to the left of baseline but has similar variability; its 25th
percentile is 65.3% of label claim. The flatter distribution is shifted
left and shows greater variability; its 25th percentile is 58.3% of label
claim. (C) The middle curve is the baseline distribution of Fig. 3A.
The other two curves are two distributions that do meet the standard
of atleast P = 75% (for illustrative purposes) of units greater than Q,
the 20th percentile of the baseline distribution. The flatter distribu-
tion is more variable than the baseline, but the average percent dis-
solved is greater, so that the 25th percentile is 71.9% of label claim.
The taller curve is shifted left to a lower average percent dissolved at
T, but shows less variability than the baseline distribution, so its 25th
percentile is 69.3% of label claim, still greater than Q (69.1%).
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ting P less than R, however, suggests a relaxation of a quality
standard. We propose that P be less than but close to R,
allowing a small difference (e.g., 5%) that is not discernible or
likely to be related to changes in in vivo performance. Thus if
R is set at 80%, P should be 75% (see examples in Figs. 3B
and 3C).

Using a one-sided tolerance criterion, the statistical
analysis of a sample from a postapproval batch determines
the tolerance interval and compares it to the limit (acceptance
criterion) Q. Specifically, the batch would pass if X — kS>Q*,
where X is the average percent dissolution of the units in the
postapproval batch to be released, S is the standard deviation
of these units, and k is a constant that depends on P, o, sample
size of each stage, and statistical design of the sampling. Table
I provides a comparison of the three types of approaches:
nonparametric (USP), parametric confidence interval (JP),
and parametric tolerance interval (proposed in this article).
The important aspects of the design will be the number of
tiers (k will be different at each tier) and the number of units
tested at each tier. Only a single-stage comparison is currently
possible for all three approaches. For more than one stage,
the k values need to account for both the multitier nature of
the design and potential contributions to variability from ex-
perimentation in sets of six dosage form units. Methods for
tolerance intervals allow for experimentation in sets of six
(19-22), but these need to be extended to multitier designs, as
has been done for content uniformity (23).

FLEXIBLE DESIGN OF THE DISSOLUTION
TEST PROCEDURE

In a separate article, the possibility of more flexible pro-
tocol designs for content uniformity testing was discussed
(24). A primary argument for flexibility is to give the manu-
facturer control over the risk of failure. The same approach
could be applied for dissolution testing. With flexible study
designs, the regulatory agency and/or compendium would
agree on the allowable consumer risk and performance of an
acceptable batch or unit (the alternative hypothesis in statis-
tical language). Using a tolerance interval approach, this
would be achieved by establishing i) the limit (Q), ii) the
minimum proportion of the batch that should fall within the
criteria (P), and iii) the degree of confidence needed to reach
an accept/reject decision (1 — alpha). With a good understand-
ing of the performance (mean and variability) of their product
relative to these standards, a manufacturer determines the
number of testing stages and units tested at each stage to
satisfy three public standards: Q, P, and consumer risk (al-
pha). The specification for the dosage would then include the
specified testing protocol and units tested, which might differ
between manufacturers.

One advantage for the manufacturer of flexible designs is
better control over producer risk of failing good batches or
samples. This is a consequence of the manufacturer choosing
the sample size. We consider it premature to develop details
on sample sizes. We do note, however, that concern has been
expressed that a tolerance interval approach, by dealing with
the spread of the distribution, may require larger samples
than a confidence interval approach. This is possible but very
dependent on the choices of P and R.
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CONCLUSIONS

For the dissolution procedure, this article suggests a) hy-
pothesis testing, with clear delineation of consumer and pro-
ducer risks, b) testing by variables as opposed to testing by
attributes (parametric vs. nonparametric testing), c) a toler-
ance interval approach to set acceptance criteria, and d) more
flexible study designs. With these approaches, both consumer
and producer (manufacturer) risks are clearly assessed, man-
aged, and communicated.
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