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Abstract

The acceptance of a tablet batch is based both on the content uniformity test and on the assay. It is shown that these two characteristics are not
independent, and the acceptance criteria for them are not even consistent. For content uniformity range three methods of calculation are compared:
the present European Pharmacopoeia method, a tolerance range method with improved k tolerance factor and a one-way random effects analysis
of variance model. To resolve the inconsistency several options are discussed: applying the holistic content uniformity range alone; using content
uniformity standard deviation and assay mean simultaneously or applying a criterion based on Taguchi’s quadratic loss function.
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1. Introduction

Pharmaceutical products prior to their approval for market
authorization are evaluated/tested according to their quality test
specification (QTS). Tests, described in the QTS contain physi-
cal tests (appearance, average mass, etc.), chemical tests (assay,
purity, etc.), and pharmaceutical tests (dissolution, content uni-
formity). Assay and content uniformity (CU) tests are two major
aspects of drug quality assessment, discussed in this paper.
Assay value reflects the mean active content in a production
batch. The content uniformity test shows the distribution of the
active content within the production batch.

While most quality attributes are regulated in the Pharma-
copoeias [1,2] and various Guidelines [3], the assay require-
ments are dictated — at least in Europe — by a European Directive
[4]. The European Pharmacopoeia (Ph. Eur.) [1] and the US
Pharmacopeia (USP) [2] slightly differ regarding the content
uniformity requirements, their harmonization is in progress. The
European Pharmacopoeia has introduced a significant change
in the calculation of the content uniformity values and in their
acceptance criteria in 2005. The US Pharmacopeia has declared
that it will apply the new requirements published in the European
Pharmacopoeia in early 2007.
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This paper enlightens some of the inconsistencies of the
assay and CU requirements present in the current European
Pharmacopoeia This paper deals with the regulation concern-
ing solid dosage units, mentioned further for brevity mostly as
tablets.

2. Current regulations
2.1. Assay

The aim of the assay is to prove that the mean active con-
tent of the product batch is close to its label claim. The assay
tests are published in the pharmacopoeia monographs (if any)
individually. For example, the USP monographs are published
for the pharmaceutical dosage forms individually, whereas the
European Pharmacopoeia monographs deal with the active phar-
maceutical ingredient (API) individually and for the finished
dosage forms only general descriptions are available. The assay
limits for medicines are defined by law in Europe [4]: at release
the maximum acceptable deviation from the label claim shall
not exceed £5%. Interestingly, it is not regulated how the aver-
age is made up: neither the number of the tablets representing
the population, nor the number of parallel measurements is
given.

The US requirements are dictated either in the USP or, if
no monograph exists, a draft Food and Drug Administration


mailto:banfai@mail.bme.hu
dx.doi.org/10.1016/j.chroma.2006.10.067

B. Bdnfai et al. / J. Chromatogr. A 1156 (2007) 206-212 207

(FDA) Guidance has to be considered. According to the guide
the assay value is suggested to be in the 5% range of label
claim on release and in £10% through shelf-life [3]. Details for
the implementation are also not given.

2.2. Content uniformity (CU)

The content uniformity tests are used for proving the uniform
distribution of the active content in a production batch. It is per-
formed by measuring the active content of » individual dosage
units.

The European Pharmacopoeia had loose criteria for content
uniformity till July 1, 2005 [5]. It gave criteria only for the
measured individual active contents, no requirements for the
average and the standard deviation were given. The number of
the random taken dosage units was set to 10, and uniformity
was accepted, if the individual values were found to be in the
range of 85-115% of the calculated average. If one of the values
was outside the 85—115% but within the 75-125% range addi-
tional 20 randomly taken dosage units had to be analyzed. If not
more than one individual dosage unit of the total 30 was outside
the 85-115% and none were outside the 75-125% range, the
product met the requirements of the test.

After July 1, 2005 the European Pharmacopoeia intro-
duced a new legislation of the content uniformity [1]. This
tolerance interval-based legislation is more complex than the
previous versions. An acceptance value is computed and is
compared to a permissible limit. The new version is showed in
Table 1.

The requirement of content uniformity is fulfilled if the accep-
tance value (AV) of the first 10 dosage units is less than, or equal
to L1. If it is greater, then together with the next 20 samples the
final AV must be less than, or equal to L1 (rn =30). The individual
contents must be in the range of (100 — L2)M and (100 + L2)M.
This is superior to the previous version, since it contains
some kind of expectation for the average and the standard
deviation.

Table 1
Calculation of the acceptance value (AV = |M — X| + ks) according to the
current Ph. Eur.

AV Acceptance value

M Reference value
98.5% if X < 98.5%
X if X is between 98.5-101.5%
101.5% if X > 101.5%

X Mean of individual contents
n Number of samples
k Acceptability constant (tolerance factor)
k=24ifn=10
k=2.0if n=30
K Sample standard deviation
L1 Limit for the acceptance range
L1=15
L2 Limit for the individual units
L2=25

The acceptance value (AV) is calculated as the sum of two
components, namely the difference of the observed mean and
the reference value (|M — X|) and the width of the tolerance
interval (ks). Thus, the decision on accepting/rejecting a batch
depends not only on the width of this interval but also on the
shift of the mean from the nominal value.

The US requirements are determined in the USP [2]. To
ensure the consistency of dosage units, each measured unit in
a batch should have an active content within the given range
around the label claim. Ten randomly taken units represent the
batch. The individual results should be between 85% and 115%
of label claim, with a RSD < 6.0%. If one of the samples is out of
the 85-115% but is within 75-125% boundaries then additional
20 units must be measured. For the total of the 30 values, the fol-
lowing applies: the individual results should be between 85 and
115% with the RSD < 7.8%, one outlier is permitted, but should
be between 75 and 125% of the label claim. USP is planning to
adopt the current European Pharmacopoeia regulations.

3. Discussion
3.1. Content uniformity method

The content uniformity is related to the idea of tolerance inter-
val. One may ask what the range is in which the content of most
tablets or capsules (e.g. 95% of them) occur at high (e.g. 95%)
probability. In other words most of the patients should obtain a
dose of the active ingredient not deviating from the label claim
more than the specified value (15%). Specifically the 8, content
tolerance interval with U upper and L lower limits, respectively,
should contain at least 8 part of the population with y degree of
confidence (probability): P[P[L <x < U] > B] =y [6]. This inter-
val can be obtained from a random sample of the population
(measuring the individual content of a certain number of tablets)
asX — ks < x < X + ks, where x is the random variable (content
of individual tablets), X and s are the mean and the standard devi-
ation of the random sample, respectively. The k tolerance factor
depends on the degrees of freedom of the s standard deviation,
on the 8 content and y probability.

This approach assumes a single source of variation, thus
would be directly applicable if there were no measurement
uncertainties. Unfortunately the content values are accessible
only through chemical analysis subject to measurement errors.
As the purpose is to calculate tolerance interval for the true active
content, the s standard deviation should stand for the variability
of the dosage units.

In the content uniformity measurements, however there are
two sources of variation: variability of the dosage units (inho-
mogeneity) and the measurement (analytical) error. The ade-
quate approach for this problem is the one-way random-effects
ANOVA (analysis of variance), enabling the separation of the
variability sources. The model is y;; = u +o; + &, where y;; is
the jth measurement result on the ith dosage unit of the batch,
u the centre of fluctuation, «; the deviation in the content of
the ith dosage unit from the centre (effect of the A random fac-
tor) and ¢;; is the measurement error in the jth measurement
of the ith dosage unit. The estimated variance of the inhomo-
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geneity is calculated as 61%\ = (Sf‘ — S,ze)/ p, where Si is the
mean square between tablets, S12e is the mean square attributed
to the analytical error and p is the number of repeated anal-
yses. This experimental design would require repeated mea-
surements of each dosage unit, which is not typical in content
uniformity analysis, thus generally p =1, therefore S% may not
be evaluated. The estimated analytical error variance should
be taken from the validation study of the applied analytical
method.

Calculation of the tolerance interval in the context of one-way
random-effects ANOVA model is not simple. One complication
is that the estimated variance of the tablet diversity is calculated
as the difference of the mean square variances in the content
uniformity test and that of the measurement error, and it does
not behave like the squared standard deviation of a simple set
of measurements (not distributed as x2o2/v). The Satterthwaite-
approximation [7] has to be used which leads to non-integer
degrees of freedom causing elevated computational difficulties.
In addition, because the degrees of freedom depend on the actual
values of the standard deviations, it may not be tabulated for
general use, but (together with the resulting & tolerance factor)
has to be calculated for the actual content uniformity measure-
ment (for the actual combination of observed standard deviation
and estimated measurement error). Since the estimated vari-
ance of the tablet diversity is calculated as the difference of
two mean squares, there is a nonzero probability of finding
this difference negative. The second type of complication arises
from the two-sided nature of the required tolerance interval,
for which there are only approximation methods available here
as well.

Based of the comparative study of Wang and Iyer [§] Howe’s
two-sided tolerance factor approximation [9] has been chosen
for our calculations.

3.2. Reconsidering the content uniformity calculations

3.2.1. Computation methods

In order to demonstrate the difference between the interval
calculation concepts three different methods have been applied
to calculate the width of the tolerance intervals assuming differ-

Table 2
One-sided widths of the intervals (ks) in percent of label claim

ent observed content uniformity standard deviation values and
measurement errors.

The first method (method 1) is the method proposed by the
European Pharmacopoeia content uniformity regulation with k
factor of 2.4 and s standard deviation obtained in the content uni-
formity measurements. This method mathematically assumes a
single source of variation, not considering the one-way random
factor ANOVA model. Two possible corrections of the Euro-
pean Pharmacopoeia method have been investigated and shown
below.

In method II the same concept has been used as in the Euro-
pean Pharmacopoeia, but the value of the k factor is based on
statistically more sound consideration. The value of 4.44 has
been chosen from the two-sided tolerance interval table [10]
for n =10, $=0.99 (99% content) and y =0.95 (95% probabil-
ity). In this method only the tolerance factor has been corrected
but still a single source of variation is considered only, there-
fore measurement error and inhomogeneity cannot be separately
assigned.

In method I1I the correct one-way random effects model based
tolerance intervals have been applied. Therefore, the k tolerance
factor is not constant; it depends on the actual values of the
observed standard deviation of content uniformity and that of
measurement error (n=10, =0.99, y=0.95).

3.2.2. Computation results

Table 2 shows the one-sided widths (ks) of the intervals calcu-
lated in the above mentioned three different ways, with different
variance component values. Total RSD% of the content unifor-
mity test is the relative standard deviation observed (evaluated)
from content uniformity measurements, and this is the only stan-
dard deviation used for methods I and II. The total RSD% of
the content uniformity test reflects the sum of two variances,
namely that of the tablet inhomogeneity and analytical error.
When applying method III the two variances are separated. The
RSD% of the analytical method (used in method IIT) reflects the
fluctuation due to analytical error.

For example if the total RSD% of the content uniformity test
is 3%, and the RSD% of the analytical method is 1%, the orig-
inal European Pharmacopoeia method calculates the range of

Total RSD% of the (I) Ph. Eur. (IT) One variance (IIT) One-way random model® (RSD% of the analytical method)
content uniformity test

k=2.40 k=444 0.25 0.50 1.00 1.50 2.00 2.50 3.00
0.50 1.20 222 222
1.00 2.40 4.44 4.44 3.63
1.50 3.60 6.66 6.67 6.15 432
2.00 4.80 8.88 8.89 8.51 7.27 4.64
2.50 6.00 11.10 11.11 10.81 9.86 8.07 4.69
3.00 7.20 13.32 13.33 13.08 12.30 10.90 8.64 6.96
3.50 8.40 15.540 15.56° 15.340 14.68 13.52 11.74 10.54 3.94
4.00 9.60 17.76P 17.78° 17.59b 17.02° 16.02° 14.54 13.57 9.28
5.00 12.00 22.200 22.220 22.07° 21.62° 20.84° 19.71° 19.00° 16.13°
6.00 14.40 26.64° 26.67° 26.54° 26.16° 25.520 24.61° 24.03b 21.81°

% The ranges are function of the analytical variability with this method.
b Intervals outlying the £15% range.
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tablet contents (around the mean) to be £7.2%, while the modi-
fied European Pharmacopoeia method (method II, with k =4.44)
gives a more realistic approximation for the real value of the
range (£13.32%), and the proposed new method (method III)
proves it to be 12.30%. The higher the total error the wider the
range for methods I and II become. Using method III, the higher
the analytical error (provided that the level of inhomogeneity is
constant), the narrower the range for the true active content of
the tablets is (as the effect of measurement error is subtracted
from the experienced total fluctuation).

It can be seen from the results that the European Pharma-
copoeia intervals are unreasonably narrow, compared to the
intervals with the correct tolerance factor. As the range (x & ks)
needs to be within the nominal +15%, this error can lead to
accepting batches where the major proportion of the dosage units
is not contained within 85-115% of the label claim. In addition
the calculated intervals reflect the variability of the measured
contents of the dosage units, not the true active contents.

Results with method II (single source of variation, in fact
coupling the two sources in an inappropriate way, but with the
correct k factor) are better from compliance aspects. These inter-
vals also reflect the variability of the measured contents of the
dosage units, not the true active contents. Thus if the analytical
error is large (the analytical error is of similar size to the vari-
ability of the tablets), it widens the calculated range beyond
the acceptable level leading to the rejection of appropriate
products.

The tolerance intervals for the one-way random model
(method III) regard both the tablet variability and the analyt-
ical error separately. With this method the calculated intervals
reflect the true active content of a product batch. As a result,
these intervals are wider than those calculated using the original
European Pharmacopoeia rule (I), but narrower than the more
established modified European Pharmacopoeia (II).

The proposed method is more reliable, as the model is sta-
tistically more sound, but in practice may be problematic to use
due to computation demand (the tolerance factors is a function
of the variability sources). This could be made easy for the man-
ufacturers by supplying tabulated factors covering practically
occurring cases.

Table 3

Allowable deviation of the mean from the nominal content (percent of label claim)

According to the current European Pharmacopoeia regulation
the acceptance value is calculated as the sum of two components,
namely the difference of the observed mean and the reference
value (|[M — X|) and the width of the tolerance interval (ks).
Thus, the decision on accepting/rejecting a batch depends not
only on the width of this interval but also on the shift of the mean
from the nominal value. Table 3 shows the size of allowable shift
for the three different methods.

It can be seen from the results that a significant shift is
allowed to occur even with the corrected methods. The smaller
the observed content uniformity standard deviation, the larger
the shift can be. Using the current Ph. Eur method, the allowed
shift can be severe. Method II with the corrected tolerance fac-
tor allows smaller deviations from the nominal value. The shift
changes with the variance of the analytical error when using the
intervals based on the one-way random model (method III). The
intervals for the true content of product are narrow due to the
separation of the measurement error. The larger measurement
error takes larger part in the resulting variability, so the toler-
ance intervals are narrower increasing the allowed shift of the
mean.

For example, if the measured RSD of the content uniformity
test is 3.0% then according to the European Pharmacopoeia the
calculated width of the content range is +7.2% (Table 2). As
such, the average can still shift from the label claim by 7.8%.
If the stricter k factor (4.44) is applied, the calculated width of
the content range is £13.3% and a much smaller, 1.68% shift
of the average is possible. Using the one-way random model,
the allowed shift varies from 1.67% to 8.04%, depending on the
relation of measurement uncertainty to the total variation.

3.3. Doubts in consistency of content uniformity and assay

The acceptance of a tablet batch (among others) is based
both on the content uniformity test and on the assay. In the pre-
vious section it was shown that these two characteristics are
not independent, the shift in mean value (the assay) influences
the position of the tolerance range (the content uniformity test
result). Therefore, it could be preferable to use two independent
(may be mentioned as orthogonal) characteristics.

Total RSD% of the (I) Ph. Eur. (IT) One variance (IIT) One-way random model® (RSD% of the analytical method)
content uniformity test

k=2.40 k=4.44 0.25 0.50 1.00 1.50 2.00 2.50 3.00
0.50 13.80 12.78 12.78
1.00 12.60 10.56 10.56 11.37
1.50 11.40 8.34 8.33 8.85 10.68
2.00 10.20 6.12 6.11 6.49 7.73 10.36
2.50 9.00 3.90 3.89 4.19 5.14 6.93 10.31
3.00 7.80 1.68 1.67 1.92 2.70 4.10 6.36 8.04
3.50 6.60 0.00 0.00 0.00 0.32 1.48 3.26 4.46 11.06
4.00 5.40 0.00 0.00 0.00 0.00 0.00 0.46 1.43 5.72
5.00 3.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6.00 0.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

2 The ranges are function of the analytical variability with this method.
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In general, an industrial product is of good quality if the fluc-
tuation of its characteristic (e.g. active content in drug products)
is small and the average value of the characteristic is close to the
nominal value. These are well characterized by two indepen-
dent parameters of the assumed normal distribution: variance
and expected value, namely the variance is preferably small; the
expected value should be close to the nominal. The estimates
of these two parameters (sample variance and sample mean) are
statistically independent variables.

The assay reflects the sample mean in a correct way in
the context of independent characteristics. Contrarily the cur-
rent content uniformity test tries to represent a consolidated
index of drug product quality, reflecting both the mean and
the variance. These two properties can be verified indepen-
dently. In that case the fluctuation may be characterised as
some kind of interval around the mean characteristic only, with-
out paying attention to the nominal value in the acceptance
requirements.

The philosophy behind the present definition of the con-
tent uniformity tests is that the authorities want to assure that
the consumer will receive a drug product having active con-
tent not seriously deviating from the nominal dose value (within
15%). This philosophy makes the check of the mean assay value
(shift of the mean content from label claim) unnecessary. In this
approach, the shift of the mean content is of no interest, because
the patient is affected only by the true active content of the few
tablets that she/he takes.

Table 4
Analytical application of the proposed criteria

3.4. Proposals for applicable decision criteria

There are several possible solutions for the mentioned
problems.

(a) The current content uniformity regulations can be followed,
because this holistic approach fully respects the patients’
compliance aspect, thus it may serve as a synthetic index of
the quality of a drug product alone. The calculation of the
tolerance range is to be performed in a statistically sound
way (method III), however. In accordance with this approach
the assay becomes unnecessary, therefore it can be omitted
from the QTS. It is worth mentioning that the requirement
of obtaining most of tablets at high probability in the +15%
range is dictated by non-statistical arguments.

(b) There are several cases where the mean of a characteristic
and the fluctuation is examined side by side. In other indus-
tries where mass product is manufactured (e.g. food, house-
hold goods, etc.) both requirements are set independently
[11]. The philosophy behind this regulation is fair business
in addition to assuring the single customer/consumer. The
company is not allowed to deliver product of lower content
in average, even if it is able to manufacture it at low fluctua-
tion. Most generally orthogonal characteristics are preferred
in decisions. This approach may be useful not only for regu-
latory purposes, but it helps in quality improvement, because
different measures are required if the mean or the variance is

Well-controlled product

Products in early stage of development

I 11
Parameter
Average content, X (%) 100.50 102.00 103.50
RSD of the content uniformity test (%) 2.00 4.00 5.00
RSD of the analytical method (%) 0.50 2.00 2.50
Decisions with the different criteria
Current Ph. Eur. method (method I)
Tolerance factor (k) 2.40 2.40 2.40
Acceptance value (AV) 4.80 10.10 14.00
Decision Acceptable Acceptable Acceptable
Content uniformity method with different tolerance factor (method IT)
Tolerance factor (k) 4.44 4.44 4.44
Acceptance value (AV) 9.38 19.76 25.70
Decision Acceptable Unacceptable Unacceptable
(a) Content uniformity method with revised tolerance factor calculation (method III)
Tolerance factor (k) 5.67 6.41 7.60
Width of tolerance range 8.51 14.54 19.00
Acceptance value (AV) 9.01 16.54 22.50
Decision Acceptable Acceptable Unacceptable
(b) Orthogonal criteria
Mean deviation (%) 0.50 2.00 3.50
Width of tolerance range (%) 8.51 14.54 19.00
Decision Acceptable Acceptable Unacceptable
(c) Taguchi’s loss function
Core of the loss function (%2) 4.25 20.00 37.25
Decision Acceptable Acceptable Unacceptable
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found to be improper. If this (orthogonal criteria) approach
is followed, requirements are to be set for both in QTS,
e.g. the mean value of the assay should not deviate more
that 5% of the label claim (preferably demonstrated by two
one-sided #-test); the ks width of the tolerance range (for
instance n=10, $=0.99, y =0.95) should not exceed the
+15% limits.

(c) If one wants to express the goodness of the product with a
single property, however, Taguchi’s quadratic loss function
—widely accepted in quality engineering — may be used (see
the Appendix A for the explanation of the loss function). In
that case requirement is to be specified for the s + (% — T')?
core of the loss function, e.g. it should not exceed 36(%?),
which is roughly equivalent to the £5% (assay), 15% (con-
tent uniformity range) criterion in option (b).

3.5. Example of analytical application of the proposed
criteria

The slightly different characteristics of the proposed decision
criteria are presented on hypothetical examples based on practi-
cally occurring content uniformity and assay data using HPLC
measurement methods. In Table 4 three different hypothetical
products are shown, a well-controlled and two products in early
stage of development. The table contains the measured parame-
ters and the decisions arrived at using the different criteria. The
first three blocks of the table show the different tolerance interval
calculation methods for the content uniformity approach (meth-
ods I-IIT). According to regulation, in order to accept the batch,
the acceptance value must be less than or equal to 15. The batch
in the third column is not accepted by methods II and III. With
the orthogonal criteria (b) the requirements are set side by side
for the mean (+5%) and the tolerance range (£15%). These
values are derived from the current regulatory conventions. The
criterion based on Taguchi’s loss function uses the limit 36%?
for the core of the loss function, again derived from the con-
vention. The different decision characteristics can be seen in the
table, the content uniformity approach with the statistically cor-
rect tolerance range calculation (a) is stricter than method (b)
or (¢). The tolerance range calculation method II is even more
restrictive.

With these settings (+5% for assay and £15% for the toler-
ance range, 36%? for the core of the loss function) the orthogonal
decision criteria (b) and Taguchi’s loss function (c) are not strict
enough compared to the holistic approach (a) thus fine tuning of
the acceptability parameters is required.

4. Conclusion

The European Pharmacopoeia (and in the future the US Phar-
macopeia as well) criteria on the assay and content uniformity
test have to be satisfied to accept a batch. The current content uni-
formity criterion is of holistic nature. It reflects both the extent
of fluctuation and the deviation of the mean from the label claim,
and fully respects the patients’ compliance aspect. Its statistical
background is not well defined, however.

We argue for consistent use of criteria. One option is the appli-
cation of content uniformity criterion alone (without the assay
requirement). It could be more preferable for the development
or control of the manufacturing process to use two statistically
independent criteria, one for the mean (assay) value and another
one for the extent of variation (inhomogeneity). The two statis-
tically independent criteria may be synthesized in a novel way
as well (Taguchi’s loss function).

The calculation of tolerance range for content uniformity cri-
terion is in flaw. The proper model would be the one-way random
effects model, which explicitly considers two sources of vari-
ation (inhomogeneity and measurement error). If this model is
considered too demanding, an acceptable alternative approxi-
mate solution can be used. This is similar to the current official
method assuming a single source of variation by merging the
two sources, but the k tolerance factor calculation method has
to be improved, resulting in a value of 4.44.

Acknowledgement

This work is an extension to a poster presented at 30th
International Symposium on High Performance Liquid Phase
Separations and Related Techniques, San Francisco, CA. We
kindly acknowledge the support of the Haldsz Foundation for
the poster presentation.

Appendix A. Taguchi’s loss function

If y is the quality characteristic of interest, the loss (expressed
in financial categories due to quality deficiency) for an actual part
(tablet in our context) is expressed as

L(y) = k(y — T)*

where T is the target value (label claim in our context) according
to Taguchi [12]. For the population the expected loss is calcu-
lated as

E[L(y)] = k[o® + (u — T)?]

where o2 is the variance, u is the expected value (centre of
fluctuation). From the sample (assay and content uniformity
measurements) the expected loss is estimated as

L=k[s*+(x—T)]

The expected loss reflects both the extent of variation and the
mean value shift in a single function. While the expression itself
is qualitatively obvious (if either the extent of variation or the
mean shift is increased, the quality is suffered), its additional
feature is that is it gives useful and interpretable quantity, giving
the financial loss due to quality. For that the k value is to be
assigned as loss for unit deviation to (y — 7)), in our context for
a unit deviation in content.

This k value (with a different meaning to the tolerance factor
used in the main body of the paper) may not be relevant for the
decision criterion on accepting/rejecting a tablet batch, the term
in square brackets (core) is sufficient.
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