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Review

Validation of Bioanalytical Methods

H. Thomas Karnes, '3 Gerald Shiu,? and Vinod P. Shah?

Validation of bicanalytical methods used to generate data for pharmacokinetic and bioavailability
studies is approached by a variety of techniques and is subject to many different methods of inter-
pretation. This Review puts the various techniques into perspective and discusses pitfalls which may
occur in interpretation of validation data. Recovery studies, standardization techniques, and selectiv-
ity/specificity are discussed with regard to the intrinsic value of various techniques that are used in
validation. Models used for analytical calibration curves are explained in terms of their validity and
limitations, along with a presentation of the most common ways to validate the model. Analytical
sensitivity and detection limits are presented and discussed with regard to the usefulness of the various
definitions. Appropriate means of testing precision and accuracy, the most important factors in as-
sessing method quality, are presented. Stability and ruggedness testing are discussed along with a

presentation of ways to assess data acceptability on a daily run basis.
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INTRODUCTION

Quality control procedures in biopharmaceutical analy-
sis associated with drug studies have not been well estab-
lished. The many different approaches used for evaluation of
the quality of analytical methods and results make it difficult
to determine whether a prospective analytical method meets
the needs of a particular project.

Pharmaceutical science is a dynamic discipline in which
today’s rules may not fit tomorrow’s problems, and it is
therefore difficult to establish specific directives regarding
method validation. Also, the idea that a minimum set of
standards be established is problematic because it is as-
sumed that only the minimum would then be carried out.

The importance of adequate and validated analytical
methodology used in biostudies for interpretation of phar-
macokinetic data has been discussed earlier (1). This Review
puts various bioanalytical validation procedures into per-
spective.

DEVELOPMENT OF ANALYTICAL METHODS

Method performance is determined primarily by the
quality of the procedure itself. The two factors that are most
important in determining the quality of a method are selec-
tive recovery and standardization.

Analytical recovery of a method refers to whether the
analytical method in question provides a response for the
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entire amount of analyte that is contained in a sample (2).
Recovery is usually defined as the percentage of reference
material which is measured to that which has been added to
a blank. This should not be confused with tests for matrix
effects in which recovery is defined as the response mea-
sured from the matrix (e.g., plasma) as a percentage of that
measured from pure solvent (e.g., water). Results of exper-
iments that compare the matrix to pure solvent are referred
to as relative recovery, and true tests of recovery are re-
ferred to as absolute recovery.

Absolute recovery is measured as the response of a pro-
cessed spiked matrix standard expressed as a percentage of
the response of pure standard which has not been subjected
to sample pretreatment. This can be expressed as a ratio of
slopes measured at several concentration points or individ-
ual percentages. It should be stated that these are not equiv-
alent because of the effect of weighting with the slopes
method.

If an internal standard is used, the recovery of the in-
ternal standard should be determined independently. It may
be necessary to add an internal standard just prior to injec-
tion to compensate for reproducibility problems. Also, in
cases where there is no primary standard available for the
species that is extracted (e.g., precolumn derivatization),
relative recovery may be most appropriate.

Values for recovery not less than 50, 80, and 90% have
all been used as numerical acceptance limits. Although it is
desirable to attain recovery as close to 100% as possible, it is
not needed to provide good accuracy and precision if ade-
quate detection can be attained.

Another important issue at the method development
stage is internal versus external standardization. In external
standardization, the response of the analyte alone is plotted
versus concentration to generate a calibration curve. Inter-
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nal standardization requires a functional or isotopic analogue
of the analyte which is added to standards and samples prior
to sample pretreatment. The response is then generated as a
ratio of the signal of the analyte to that of the internal stan-
dard (3).

The internal standard technique is very common in bio-
analytical methodology especially with chromatographic
procedures. The assumption for use of an internal standard
is that partition characteristics of the analyte and the internal
standard are very similar. This can be a false assumption,
and according to Curry and Whelpton (4), the only appro-
priate uses of nonisotopic analogue internal standards are to
serve as qualitative markers, to monitor detector stability,
and to correct for errors in dilution and pipetting. Internal
standards are usually beneficial for classical instrumentation
and manual sample pretreatment. Modern equipment and
automation, however, can provide extremely reproducible
response measurements. The results of analysis can there-
fore be adversely affected by the use of an internal standard
because of the added variability of the internal standard mea-
surement. This has been experimentally shown through a
consideration of the law of propagation of errors (5). The
internal standard technique will not inevitably improve, nor
will it always adversely affect, the precision of an analytical
method. Internal and external standardization techniques
may both be evaluated when this issue is in question.

SELECTIVITY/SPECIFICITY

The terms selectivity and specificity are often used in-
terchangeably. The term specific, however, refers to a
method which produces a response for only a single analyte.
The term selective refers to a method which provides re-
sponses for a number of chemical entities which may or may
not be distinguished (6). If the response in question is dis-
tinguished from all other responses, the method is said to be
selective. Since there are very few methods that respond to
only one analyte, the term selectivity is usually more appro-
priate.

In an analytical measurement, where concentration (x)
is determined as some function of a response (y), it is desir-
able that the matrix have no influence on the response. If this
condition is met, the analytical method is said to be selec-
tive. Frequently, there is some contribution of the matrix
which can lead either to a constant or a proportional sys-
tematic error. The effects of constant (interference) and pro-
portional (matrix effect) errors on calibration are shown in
Figs. 1a and b. Both types of errors are examples of non-
specificity and could occur simultaneously.

In biopharmaceutical analysis interferences are much
more problematic. It cannot be assumed that the level of
interference in a blank measurement will be equal to that in
a measured sample and, therefore, cannot be compensated
for by subtraction. In contrast, matrix effects can usually be
compensated for by matching the matrix in calibration stan-
dards to that in samples.

There is a variety of ways to test selectivity which can
provide validation. The simplest test is to demonstrate a lack
of response in the blank biologic matrix. In chromatographic
analysis, examining blank chromatograms from several
sources across the time window of the largest peak can ac-
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Fig. 1. Calibration curves comparing the ‘‘ideal’’ curve ( ) to
one showing interference (a; — ~ -) and to one demonstrating a ma-
trix effect (b; — — -).

complish this (Fig. 2). It is not sufficient to test only one
source of blank or to choose one from many that were
tested.

Another approach is to test whether the intercept of the
calibration curve is significantly different from zero. This is
done with a one-sided ¢ test (7) and provides a quantitative
assessment. This test can be very liberal or rigid, depending
on the reproducibility of calibration.

For competitive binding assays, lack of interference is
generally indicated by a lack of measurable response in the
blank along with an evaluation of cross-reactivity to struc-
turally related or concomitant substances. Lack of cross-
reactivity is generally accepted to be no response when the
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Fig. 2. Chromatograms showing the absence of interfering peaks
(indicated by arrows) (A) over the time window of elution for the
highest concentration standard (B).
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substance is present at 1000 times the lower limit of quanti-
tation for the analyte or <0.1% cross-reactivity.

The presence of matrix effects can be tested either by a
comparison of slopes between matrix standards and nonma-
trix standards or by standard addition. In standard addition,
known quantities of analyte are added to a real sample which
may contain metabolites. The slope of the measured re-
sponses divided by the y intercept should equal the x inter-
cept within experimental error (8). This technique can be
useful for demonstrating a lack of matrix effect with regard
to metabolites when primary standards of the metabolites
are not available.

CALIBRATION

The calibration curve should be constructed using at
least five to seven values from the expected range of con-
centrations. Although some analytical procedures may re-
quire nonlinear calibration, it is conventional to use a linear
model and univariant regression. In this model, the indepen-
dent variable (x) is concentration and the dependent variable
(y) is response. This distinction is necessary since univariant
regression minimizes residuals around y and assumes x to be
errorless, and it is more appropriate to assume negligible
error associated with the concentration axis. Other assump-
tions involved in linear regression analysis are that the cal-
culated residuals are independent, are normally distributed,
and have equal variances. The condition of equal variances
is termed homocedasticity and, unlike the first two condi-
tions, is frequently not met for analytical data. A test of
homocedasticity can be carried out by observing a plot of
residuals versus concentration (Figs. 3a and b). The most
common occurrence of nonhomocedasticity or heterocedas-

(a)
residuals 0
concentration
(b)
residuals -7
0
. N
concentration
Fig. 3. Residuals versus concentration plots (- — —) showing a con-

stant error term (a) and an error term which increases with concen-
tration (b).

423

ticity is an increase in variance as a function of concentration
(Fig. 3b). In such cases, the assumption of homocedasticity
is not justified and a weighted regression may be performed
9).

The most appropriate weighting factor is the inverse of
the variance of the standard point, although 1/x, 1/y, and 1/x?
(x = concentration; y = response) are valid approximations
of this variance (10). The effect of weighting the calibration
curve is shown in Table I. There is usually some sacrifice in
the accuracy of reverse predicted standards at the high end
of the range for improved accuracy at the low end.

Data that should be linear by theory but provide a better
fit by a nonlinear function suggest a problem in the system.
A better fit may also be provided by a nonlinear model in
cases where the condition of homocedasticity is not met.
Linearity can be demonstrated over a given range by simple
observation of a calibration plot. If there is no deviation from
linearity at either of the extremes of the curve, the calibra-
tion range can be considered appropriate. A generally ac-
cepted criterion for the upper or lower boundary is the point
where the slope of the line deviates from the overall slope by
not more than 5% (11).

The quality of fit can be evaluated using tables that list
reverse calculated standard points as compared to the nom-
inal value; tables that list correlation coefficients, slopes,
and intercepts; lack-of-fit analysis; and log concentration
versus log response plots. The acceptability of reverse cal-
culated mean and individual data should be in line with the
acceptance criteria set for the evaluation of quality control
samples. The criteria for correlation coefficients, slopes, and
intercepts should vary according to the method. The down-
fall of lack-of-fit analysis for analytical data is that the more
precise the data, the less the likelihood of passing the test.

A plot of log concentration versus log response should
ideally provide a slope equal to one for a linear model (11).
The closeness of the slope to one may be used as a criterion
of acceptance for linear data. Although partition processes
should theoretically be linear, a certain degree of nonlinear-
ity may be acceptable. This is handled best by the almost-
linear approach in which a fractional exponent is used to
impart some curvature to calibration (11). The degree to
which the exponent can deviate from unity is controlled to
be within acceptance limits for linearity.

SENSITIVITY AND DETECTION LIMIT

There is a great deal of confusion over the terms related

Table I. Comparison of Reverse Predicted Standard Points Using
Weighted and Unweighted Regression

Average deviation

Concentration Unweighted Weighted
(ng/ml) (%) l/conc. (%)

20 49.1 9.4

50 18.9 8.8

100 18.5 9.5

500 3.1 4.1

1000 7.9 7.1
2000 2.2 3.9
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to the ability to assay low concentrations. The term most
frequently used is sensitivity (S). A method is said to be
sensitive if small changes in concentration cause large
changes in analytical response (12). Although sensitivity (de-
fined as the slope of the calibration curve) is very closely
related to the ability of a method to measure small concen-
trations, the term has no allowance for reproducibility of the
measurement and cannot be used appropriately as a criterion
to describe this concept. A term which recognizes that lower
variability of a measurement can be just as important to the
ability to detect small concentrations as the slope of the
curve is S/s,,, where s, represents the standard deviation of
the blank measurement (13). This term has not been gener-
ally accepted, however, and the ability to detect small con-
centrations can be expressed as the limit of detection (LOD)
(14), limit of quantitation (LOQ) (14), or limit of guarantee of
purity (LOGP) (16). The limit of detection is calculated as
LOD = 3s,/S, where 3 is a factor for a 99.9% level of con-
fidence. This value represents the smallest concentration
that can be distinguished from the blank. While this may be
an adequate measure of the theoretical limit of an analytical
method, concentrations measured at this level would be indis-
tinguishable from zero measurements by a large probability.

The LOGP is a value that represents the concentration
at which a sample can be distinguished from blank with
greater probability and can be calculated as LOGP = 6s./S,
where s, represents the standard deviation of the blank and
is assumed to be equal to the standard deviation of a sample
measurement at LOGP. This value is used to identify
whether an analyte is present or absent in a sample but does
not indicate a value above which reliable quantitation can be
accomplished.

The limit associated with reliable quantitation is the
LOQ and it is defined as the concentration above which
quantitation is possible within a certain preset level of cer-
tainty. Although this value cannot be accurately calculated a
priori, it is estimated to be LOQ = Ks./S, where K is a
factor indicating the desired precision at the lower limit (i.e.,
10 for 10% RSD, 20 for 5% RSD, etc.). The RSDs that are
deemed acceptable may vary but usually range from 10 to
20%. Concentrations below LOQ should not be quantita-
tively reported but may be reported as simply “‘present’” or
as semiquantitative numbers. They should not be used in the
interpretation of results without appropriate weighting fac-
tors. Practical validation is accomplished by defining the
LOQ as the concentration of the lowest standard and dem-
onstrating the appropriate level of certainty in reverse cal-
culated standards. The lowest standard then becomes the
operational limit since one should not extrapolate standard
curve data beyond the range of standardization. Although
the practice is widely accepted, it should be pointed out that
the standard had influence on the regression line from which
it was calculated and does not represent the uncertainty of
an unknown sample which is measured at that same concen-
tration.

PRECISION AND ACCURACY

Precision and accuracy together determine the error of
an analytical measurement and are the primary criteria used
when one judges the ““‘quality’’ of an analytical method. Ac-
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curacy or method bias is generally recognized as the differ-
ence between the mean of a set of results and the ‘‘true
value.”’ Precision which refers to the variability of measure-
ments within a set is often confused with reproducibility and
repeatability. Reproducibility should be used to describe the
closeness of agreement between results obtained with the
same method under different conditions, whereas repeatabil-
ity refers to agreement between successive measurements
on the same sample.

Precision and accuracy are considered together because
they are interdependent in assessing the acceptability of a
method. For example, the term accuracy applied to a single
quality control measurement is inappropriate because a sin-
gle measurement has incorporated into it both random and
systematic error. If one considers the random error to be the
width of the Gaussian distribution at a specified confidence
interval of 99% (estimated by *+2.58 X the standard devia-
tion; SD), the accuracy of the method can be obtained as the
difference between the measured mean (x) and the true value
(1). The total error (E) which applies to an individual value
can therefore be calculated as follows (17):

lx — ul +258SD = E

An assessment of accuracy must therefore be carried out on
mean values, and if acceptance limits are to be applied to
single quality control values, the range must be wide enough
to include both the random and systematic error.

The ““true value’ for accuracy assessment can be ob-
tained in two ways. The matrix of interest can be spiked in
bulk at a known concentration of the analyte and the true
value is taken as this concentration. One can also compare
results of a method with results of an established *‘reference
method.’” The reference method approach can be used with
real samples that would contain metabolic products. This
approach, however, assumes no systematic error in the ref-
erence method, which is generally a false assumption.

It may be helpful to determine whether the bias is due to
random error alone. This is done with a ¢ test to determine
whether the mean value differs significantly from the true
value. If the difference is significant, the deviation between
the mean of the measured results and the true value is an
estimate of the bias. Significance testing is generally not car-
ried out and the accuracy of a method is usually expressed
simply as the percentage difference of the mean from the
true value.

There are two basic questions that should be addressed
by the evaluation of precision. The first is a determination of
whether the analytical method is precise enough for a par-
ticular study. This assessment is usually carried out prior to
the analysis of samples. The second is to monitor the quality
of a method during sample analysis and is intended to detect
transient problems.

Precision is usually assessed on both a within-batch and
a between-batch basis. Batch terminology is more appropri-
ate than “‘within day’’ and ‘‘between day’’ since between-
batch assessment is not always carried out with a single
batch per day and some batches may be of sufficient size that
more than 1 day is required for analysis of a batch. Within-
batch assessment should be considered as a measure of the
precision of a method under optimal conditions. The be-
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tween-batch precision is considered to be a better represen-
tation of the precision one might observe during routine con-
duct of a method because these data are generally subjected
to a greater number of sources of variability.

Precision is generally assessed by repeated analysis of
known quality control samples measured independent of the
calibration curve and spiked at concentrations to represent
the low, medium, and high ranges of calibration. All quality
control results should be considered for method assessment
unless contraindicated by poor chromatography or equip-
ment failure. The goal of the ‘‘during-study’” assessment,
however, is to monitor the method. For quality control dur-
ing sample analysis, values that fall outside of a set rejection
range should be deemed ‘‘out of control’’ and samples cor-
responding to these controls should be reanalyzed. Since
this assessment is the indicator of method function, one
should not report values during a time in which the method
was not functioning according to the quality control data.

THE “BATCH” CONCEPT AND ACCEPTANCE
OF DATA

There is general agreement that quality control (QC)
samples should be placed throughout a batch of samples
during operation of an analytical procedure. There are dif-
ferent techniques applied, however, with regard to the num-
ber of QC samples in a batch, the sequence of QC place-
ment, the order in which QC concentrations are run, and the
criteria for acceptance of sample data based on QC. The
number of QC samples per batch should depend on the size
of the batch and the stability of the analytical method. It is
frequently difficult to determine the stability of a method a
priori and it is advisable to let the size of the batch determine
the number of QC samples to be run. It is also prudent to
disperse QC samples evenly in a low-high, high-low se-
quence throughout the batch. In this way, maximum detect-
ability of analytical problems can be achieved. Prior to sam-
ple analysis when the method is evaluated it is a good idea to
simulate batch conditions with QC samples to detect prob-
lems of drift. If controls are arranged low to high, then high
to low, carryover problems can also be detected.

There are generally two ways used to establish accept-
ability of samples within a run. The bracket approach estab-
lishes that acceptable sample results should be taken only
from between acceptable QC samples. Although this ap-
proach is appropriate, an additional criterion should be es-
tablished to detect concentration-dependent problems. The
second method is the application of the acceptance criterion
on the entire batch. This criterion is usually set to allow a
certain percentage (usually not more than 33.3%) of unac-
ceptable quality control samples, along with some criteria
for concentration-dependent problems, before an entire run
is judged unacceptable. In this method, however, transient
problems that may occur during an analytical run are not
compensated for and an entire run may be rejected, although
a large portion of the run may have occurred in the absence
of the problem.

Criteria of acceptance for QC samples can be estab-
lished with a fixed-range approach or a confidence-interval
approach. The fixed-range approach is based on a combined
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accuracy and precision criterion with an arbitrary range
around the ‘‘true value.”” This range can be established any-
where between 10 and 25%. The advantage of a fixed-range
approach is that all methods must yield values of a certain
minimum quality to be acceptable. A quality control pro-
gram, however, not only should assess the quality of a
method but should ensure that the method is operating ac-
ceptably on a routine basis. The confidence interval ap-
proach does this through establishment of a range around the
mean value for QC samples. This range is based on a factor,
chosen to represent the level of confidence, times the stan-
dard deviation. In this way, the precision of the method itself
determines the acceptance range and wide ranges would be
allowed for relatively imprecise methods. In contrast, the
fixed-range criteria may be too wide for methods that are
relatively precise and too narrow for methods that are im-
precise as is illustrated in Fig. 4. All methods do not have
equivalent precision and the decision regarding adequate
precision should be made independent of the decision on
whether the method is operating as expected. To address the
quality of the method with a confidence interval approach,
absolute criteria can be applied to overall relative standard
deviations and separate accuracy criteria can be applied to
mean QC values. This will prevent acceptance of data dem-
onstrating a significant systematic error.
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Fig. 4. Quality control charts showing confidence-interval (+2.58
Sb; — — -) and fixed-range (+15%; ) approaches to evaluation of
quality control data. Examples show situations where the fixed-
range approach is relatively narrow (a) and where the fixed-range
approach is relatively wide (b).
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SAMPLE STABILITY

In situations where samples are stored, the stability of
drugs during the storage period should be ensured. Assess-
ment of drug stability can be accomplished by analyzing
spiked samples immediately and on subsequent days for the
anticipated storage period. When the integrity of the drug is
affected by freezing and thawing, spiked samples should be
stored in individual containers and appropriate caution
should be employed for study samples. Instability due to
freezing and thawing should be tested independently when
study samples are to be repeated after thawing and refreez-
ing. In the event of indicated instability, appropriate addi-
tives (buffers, antioxidants, or enzyme inhibitors) may be
essential to minimize degradation of the analytes.

RUGGEDNESS

The ruggedness of a method refers to the reproducibility
of the method under different conditions. This can be as-
sessed experimentally, to determine the effect of a changing
environment on a method, usually through factorial ap-
proaches (18). In a method validation sense, the goal is usu-
ally to determine a priori whether a different set of condi-
tions will have an effect on a method. This is done through a
process of cross validation in which the new conditions are
applied and the data are evaluated to determine whether the
new conditions had an effect. Typical reasons for cross val-
idation would include transfer of the method from one ana-
lyst to another, significant instrumental or procedural mod-
ifications, and a significant time lapse between periods of
operation. Cross validation will involve the regeneration of
validation data under the new conditions and comparison of
these results to the original.

Another way to address ruggedness testing is to observe
QC results over time or under different conditions to deter-
mine if results have changed with time or environment. The
easiest way to monitor results over time is to construct
Levy-Jennings charts (19) and visually determine if trends or
shifts in the data can be observed. These data can be statis-
tically analyzed to determine a criterion for acceptability
(20). Assessment of ruggedness under different conditions a
posteriori is necessary when one wishes to carry out inter-
laboratory comparisons. This is frequently done in biophar-
maceutical analysis with multisite studies and the laborato-
ries in question need not use the same methodology. Results
of such a comparison would be analyzed appropriately with
a one-way analysis of variance (21).

CONCLUSION

One of the major causes of deficient biopharmaceutics
submissions to the FDA has been inadequate analytical
method validation (1). The essential performance character-
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istics for analytical methodology have been discussed here in
detail to provide guidance to bioanalytical chemists.
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