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1Departamento de Fármacos e Medicamentos, Faculdade de Ciências Farmacêuticas,
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Analytical validation is an essential component in allowing a laboratory to ensure routine
acceptable performance of analytical methods. Despite the considerable amount of important
published work on this subject, diversity still prevails in the employed methodologies because
validation of an analytical method depends on the specific purpose of that method. This can
lead to difficulties in validation approaches and the interpretation of results. Aiming to assist
in the planning of validation methods, we discuss relevant approaches of various parameters
in quantitative high-performance liquid chromatographic methods and validation fields in
pharmaceutical analysis. Moreover, this article provides several up-to-date examples that should
be useful as an introduction to analytical validation for practical applications in academic
research or the industrial sector.

Keywords analytical method validation, quality control, high-performance liquid chromatographic
methods, pharmaceutical analysis

INTRODUCTION
Validation is defined as “confirmation through examination

and provision of objective evidence that the requirements for
a specified intended use or application are fulfilled” (Interna-
tional Organization for Standardization, 2005). The execution
of analytical validation procedures, therefore, supplies the sci-
entific demonstration that an analytical method is suitable for
its specific application. This approach is important in the cir-
cumstances of new method development, established method
revision, the same method used in different laboratories, the
employment of different analysts or instrumentation, and for
demonstration of equivalence between two different methods
(Eurachem Guide, 1998). These considerations lead us to con-
clude that method validation is an essential component in al-
lowing a laboratory to ensure routine acceptable performance
of analytical methods.

The authors are grateful to FAPESP, CNPq, and PADC/FCF/
UNESP for research fellowships.

Address correspondence to Rudy Bonfilio, Departamento de
Fármacos e Medicamentos, Faculdade de Ciências Farmacêuticas,
UNESP—Universidade Estadual Paulista, Rodovia Araraquara-Jaú,
km 1, CEP 14801-902, Araraquara-SP, Brazil. E-mail: rudybon-
filio@yahoo.com.br

Method validation has been published extensively in the liter-
ature, as well as in several guidelines from regulatory agencies,
including Eurachem (Eurachem Guide, 1998), the International
Union of Pure and Applied Chemistry (IUPAC; Thompson
et al., 2000), AOAC (AOAC International, 2000), the U.S. Food
and Drug Administration (FDA; FDA, 2000), the United States
Pharmacopoeia (USP; United States Pharmacopoeia, 2009),
International Conference on Harmonization (ICH; ICH, 2005),
and World Health Organization (WHO; WHO, 1992). These
guidelines serve as a worldwide basis both for regulatory au-
thorities and industry.

The International Conference on the Harmonization of the
Technical Requirements for Human Use Pharmaceuticals Regis-
tration (ICH) is a joint initiative involving the regulatory author-
ities of Europe, the U.S., and Japan. The ICH has an important
and beneficial role in regulatory affairs in these three partici-
pating regions, as well as in many other regions throughout the
world.

Despite the considerable importance of guidelines from the
ICH and other study organizations, and the large amount of
work published on analytical validation, a wide variety of val-
idation methods still continue to be employed. The published
guidelines disagree, however, on a few key points in validation
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88 R. BONFILIO ET AL.

parameters and acceptance criteria (Chandran and Singh, 2007).
These differences appear principally because the adopted pro-
cedures depend on the type and nature of the analytical method
being performed, which can lead to difficulties in validation ap-
proaches and results interpretation. Moreover, analytical method
validation requires an appreciation of the choice of performance
characteristics, in addition to an understanding of statistical
analysis.

In this article, we present a practical view of the concepts
of various parameters in the validation fields of quantitative
high-performance liquid chromatography (HPLC) analytical
methods in pharmaceutical analysis, as well as several recent
examples to serve as an introduction to applications of analyti-
cal validation, whether they are for an academic or an industrial
researcher.

ANALYTICAL METHOD VALIDATION PROCEDURES
According to ICH, there are four common types of analyt-

ical procedures to be validated: identification tests, impurities
content quantitative tests, limit tests for impurity control, and
quantitative tests for the active moiety or other selected com-
ponent(s) in drug products (ICH, 2005). Once the analytical
procedure type has been chosen, the laboratory will be able to
define which parameters are appropriate for method validation.
Table 1 presents characteristics that are normally evaluated for
each analytical procedure type.

As observed in Table 1, in active moiety quantitative
tests it is not necessary to perform detection limit (DL)
and quantitation limit (QL) determinations. However, recent
studies in the field of analytical validation for pharmaceutical
analysis have determined DL and QL for these tests (Bonfilio
et al., 2009; Fu et al., 2010; Jain et al., 2009; Kumar et al.,
2009a; Mahadik et al., 2009; Rane et al., 2009; Shou et al.,
2009). For this reason, this article considers these analytical

validation parameters, and the authors recommend DL and
QL determination to assure that the analytical validation is
complete. Furthermore, determination of the DL and QL will
demonstrate that the analyses are being performed in a region
higher than these values, producing more reliable results.

The official guidelines do not present a validation experi-
ment sequence because the optimal sequence may depend on
the method itself. For quantitative analytical HPLC methods in
pharmaceutical analysis, however, the following sequence has
proven to be useful:

1. System suitability
2. Solution stability
3. Selectivity
4. Linearity and range
5. Precision (repeatability and intermediate precision)
6. Concentration range accuracy
7. Detection limit
8. Quantitation limit
9. Ruggedness

System Suitability
USP 31 guidelines (United States Pharmacopoeia, 2009)

recommend the system suitability test as a component of any
analytical procedure because HPLC data accuracy and preci-
sion begin with a well-behaved chromatographic system. This
parameter is based on the concept that the samples, analytical
procedures, electronics, and equipment to be checked consti-
tute an integral system that can be evaluated as such (Shabir,
2003). The solution used must contain the analyzed compound
at 100% of the level of that used in the method, including
all other substances that could also be present in the sample
(additional active ingredients, impurities, decomposition prod-
ucts, and internal standards) (Épshtein, 2004). The U.S. FDA

TABLE 1
Characteristics evaluated for each analytical procedures type (ICH, 2005)

Characteristics Identification
Impurities

Quantitation test
Impurities Limit

test
Active moiety

quantitative tests

Accuracy − + − +
Precision
Repeatability − + − +
Intermediate
Precision

− + − +

Specificity + + + +
Detection Limit − − + −
Quantitation
Limit

− + − −

Linearity − + − +
Range − + − +
− This characteristic is not normally evaluated.
+ This characteristic is normally evaluated
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ANALYTICAL VALIDATION OF QUANTITATIVE HPLC 89

guidelines for pharmaceutical methods validation (U.S. Food
and Drug Administration, 2000) describe the terms used in the
system suitability test, as well as the acceptance criteria, that
are useful for chromatographic system assessment. A brief de-
scription of these terms and their acceptance criteria are given
in the following sections.

The capacity factor (K) is the retention time measurement of
the peak of interest in relation to the nonretained component(s).
This factor is expressed according to:

K = (tR − to)/to [1]

where tR is the analyte retention time and to is the nonretained
compound retention time. The FDA states that the analyte peak
should be well resolved from the void volume with a K value >

2 (U.S. Food and Drug Administration, 2000).
Injection precision, expressed as an RSD (relative standard

deviation), is determined through five or six injections per-
formed in repeatability conditions of the same solution at 100%
of the concentration used in the method. The RSD for injection
precision is calculated by:

RSD(%) = 100SD

X
[2]

where SD is the standard deviation determined in a series of
measurements and X represents the mean value of the mea-
surements. The FDA recommends that the RSD for injection
precision be ≤ 1% for n ≥ 5 (U.S. Food and Drug Administra-
tion, 2000).

Resolution (Rs) is a measure of how well two peaks are
separated, and it is determined according to:

Rs = (tR2 − tR1)
/

(1/2)(w1 + w2) [3]

where tR is the retention time of the analyte and w is the peak
width measured at the baseline of the extrapolated straight sides
to baseline. Epshtein and Emshanova (2008) recommend Rs ≥
1.5, if the peaks have about the same height and a shape close
to Gaussian. If the peaks have tailing or fronting, an Rs ≥ 2.0
or even Rs ≥ 2.5 is recommended.

The tailing factor (T), a peak symmetry measurement, is
an important term in chromatographic analysis because the
quantitation accuracy decreases with increases in the peak tail-
ing. This effect is due to the difficulties encountered by the
integrator in determining the area under the peak. T is obtained
according to:

T = WX

/
2f [4]

where Wx is the peak width determined at either 5% (0.05) or
10% (0.10) above the peak baseline and f is the distance between
the maximum of the peak and the front of the peak. As for the
tailing factor, the FDA states that T should be ≤ 2 (U.S. Food
and Drug Administration, 2000).

Theoretical plate number (N) is a measure of column effi-
ciency and is constant for each peak on a chromatogram with

fixed operating conditions. N is calculated from:

N = 16(tR
/
tW )2 [5]

where tR is the analyte retention time and tw is the peak width
measured at the baseline of the extrapolated straight sides to the
baseline. The theoretical plate number depends on elution time,
but in general should be > 2000, according to the FDA (U.S.
Food and Drug Administration, 2000).

A relevant example of analytical validation of an HPLC
method in pharmaceutical analysis is the work of Karakuş
and coworkers (Karakuş et al., 2008). The authors developed
and validated a reversed-phase HPLC method for the deter-
mination of binary mixtures of pseudoephedrine hydrochloride
(PSE) with fexofenadine hydrochloride (FEX) or cetirizine di-
hydrochloride (CET) in antihistaminic-decongestant pharma-
ceutical dosage forms. In this work, system suitability tests were
determined by making six replicate injections from freshly pre-
pared standard solutions in mobile phase. The authors analyzed
theoretical plates (N), resolution (RS), and tailing factors (T)
for each compound peak area. The acceptance criteria were an
RSD for peak areas and retention times less than 1%, a peak
resolution (RS) greater than 2.0 between two adjacent peaks for
the three analytes, theoretical plate numbers (N) of at least 2000
for each peak, and USP tailing factors (T) less than 1.5. The
authors concluded that all parameters were found in accordance
with the acceptance criteria.

Sultana and coworkers (Sultana et al., 2010) developed an
HPLC method for simultaneous analysis of diltiazem and non-
steroidal anti-inflammatory drugs (NSAIDs) in the bulk drug,
tablet dosage forms, and human serum. System suitability was
appraised by sixfold replicate analysis of the drugs dissolved
in mobile phase. The authors presented in a table results from
measurement of retention time, capacity factor (K), theoretical
plate (N), resolution (RS), and tailing factor (T) for each com-
pound peak area. All values (except resolution for two drugs,
which showed values between 1.5 and 2.0) were found to be in
accordance with FDA specifications.

Rane and coworkers (2008) developed and validated a chi-
ral HPLC method for separation of epinephrine enantiomers in
the bulk drug. System suitability was determined by injecting a
racemic mixture containing equal quantities of the D and L enan-
tiomers. Because the enantiomers form a critical pair of peaks
in the chromatogram, the authors established that resolution of
the two enantiomers should not be less than 2.5 and the tailing
factor should not exceed 1.5. The authors presented system suit-
ability results in a table and concluded that all parameters were
found in accordance with the acceptance criteria.

Rao and coworkers. (Rao et al., 2008) developed an HPLC
method for determination of process impurities and degrada-
tion products of bicalutamide in bulk drug and pharmaceutical
formulations. The system suitability was conducted using 2.5%
(w/w) of all the impurities spiked to bicalutamide (200 µg mL−1)
and evaluated by making five replicate injections. According to
the authors, the system was suitable for use if resolution for all
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90 R. BONFILIO ET AL.

compounds was not less than 2.27. A minimum resolution of
2.27 was observed for all impurities, and the authors considered
this minimum resolution as a system suitability parameter for
the proposed method.

Solution Stability
To produce reliable and reproducible results, the samples,

standards, and reagents must be stable for the period in which
they will be stored. Frequently in automatic systems, the chro-
matographic injections are carried out overnight, which requires
the solutions to be stable throughout this period. The stability of
samples and standards should be tested over at least a 48 h stor-
age period, after which the components should be quantified.
In the case of instability over this period, storage conditions or
additives that can improve stability should then be identified
(Chandran and Singh, 2007).

As a statistical confirmation of stability, it is recommended
to compare the area under the peak at the time when samples
are first prepared to the area under the peak at time t of storage.
This can be statistically confirmed by the regression relation At

= A0 + bt + e, where At is the area under the peak at time t, A0

is the area at the initial moment, b is the slope of the regression
line, and e is the random part of the model. For this statistic
to follow Student’s t distribution, it is necessary that e follows
a normal distribution, with mean zero, equal variance for each
value of time t, and independence from one time ti to another
tj. A parameter tb = |b|/SDb (SDb is the standard deviation
of the slope) is then calculated and compared with the critical
(tabulated) Student criterion t for the confidence probability of
99% and n – 2 degrees of freedom, where n is the number of
experimental points. If tb is smaller than the tabulated t value,
the coefficient b is not statistically significant and, therefore,
the stability of the analyzed compound is confirmed (Épshtein,
2004).

However, to the best of our knowledge, in most studies in-
volving analytical validation of chromatographic methods in
pharmaceutical analysis, a statistical approach to confirmation
of stability is not shown. Chitturi and coworkers (Chitturi et al.,
2008) have published a validation of a gradient HPLC method
for ten related substances determined in the lopinavir drug for-
mulation. The authors determined lopinavir stability by spik-
ing samples with related substances dissolved in a water and
acetonitrile mixture (30:70 v/v). The solutions were analyzed
immediately after preparation, and then after different time in-
tervals up to 15 h, while maintaining samples at both 25◦C and
6◦C. The authors concluded from these studies that the sample
solution, while unstable at room temperature, was stable for at
least 15 h at 6◦C.

Kasawar and Farooqui (2010) developed and validated an
HPLC method for the quantification of related impurities of al-
buterol sulfate and ipratropium bromide in liquid pharmaceuti-
cal dosage form. The stability of drugs in analytical solution was
checked by preparing sample solutions as per method and in-

jecting at regular time intervals in the proposed method at room
temperature. On verifying the formation of additional peaks,
it was found that no additional peaks were formed until 26 h,
indicating that the sample solution is stable over this period at
room temperature.

Rao and coworkers (Rao et al., 2010) published a stability-
indicating ultra-performance liquid chromatophaphic method
for desloratadine and its impurities in pharmaceutical dosage
forms. The stability of desloratadine in solution was determined
by leaving test solutions of the sample and reference standard
in tightly capped volumetric flasks at room temperature for 48
h during which they were assayed at 12 h intervals. Stability
of mobile phase was determined in the same way; however,
the mobile phase was prepared at the beginning of the study
period and not changed during the experiment. The percentage
assay of the results was calculated for both the mobile phase
and solution-stability experiments. The stability of deslorata-
dine and its impurities in solution for the related substance
method was determined by leaving a spiked sample solution
in a tightly capped volumetric flask at room temperature for
48 h and measuring the amounts of impurities every 12 h. The
stability of mobile phase was also determined by analysis of
a freshly prepared solution of desloratadine and its impurities
at 12 h intervals for 48 h. The mobile phase was not changed
during the study period. The authors concluded that standard so-
lutions, sample solutions, and related substances were stable up
to 48 h because assay (%) of desloratadine during solution sta-
bility and mobile phase stability experiments was within ±1%
and the variability in the estimation of desloratadine impurities
was within ±10% during solution stability and mobile phase
experiments.

Kalı́ková and coworkers (Kalı́ková et al., 2008) published
an HPLC method for the separation and quantification of clo-
prostenol enantiomers. Stability of the sample solutions was
checked under various storage conditions for three weeks. Three
equal solutions of (±)-cloprostenol were prepared by dilution
of the stock solution with the mobile phase (to the final con-
centration of 0.1 mg/mL). The first sample solution was stored
at low temperature (in the refrigerator), the second one at room
temperature and in darkness, and the last solution was held also
at room temperature but in daily light. The authors concluded
from these studies that all the samples were proved to be stabile
over the three-week period.

Khedr and Sheha (2008) developed a sensitive stability-
indicating HPLC assay to study the stability of betahistine
at different stress conditions. Betahistine and its decomposi-
tion products were derivatized by reaction with dansyl chloride
and analyzed by HPLC equipped with a fluorescence detec-
tor. The authors tested sample solution stability by a repetitive
daily injection of betahistine solution (1 ng µL−1) and photode-
composed betahistine at 1.85 ng µL−1 for four days, and they
concluded that these samples were stable at room temperature
for 24 h. Moreover, the authors show that the samples left in
the autosampler for more than two days have different results.
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ANALYTICAL VALIDATION OF QUANTITATIVE HPLC 91

However, the authors freshly prepared the reagent (dansyl chlo-
ride) every day, and they state that to apply this method success-
fully, a freshly prepared solution should be used and the analysis
should be done within 12 h.

Selectivity
Some authors consider selectivity and specificity as different

terms, as the term selective refers to a method that produces
different responses for different chemical entities or analytes,
while specificity is the ability to assess, unequivocally, the an-
alyte in the presence of components that may eventually be
found with the analyte (ICH, 2005). However, both selectivity
and specificity are considered one in the same for other authors
(Taverniers et al., 2004).

Selectivity can be assessed in several ways. The first is a com-
parison between a matrix without analyte and a matrix with this
analyte added. In this case, the interfering compounds present
should not affect the assay result (ICH, 2005). In HPLC meth-
ods, this parameter is frequently verified by an absence of inter-
ferences at the retention times of interest.

If a matrix without the analyte is not available, the selectiv-
ity determination can be carried out through a standard curve
slope comparison of two analytical curves. One curve includes
the sample matrix, and the other represents a sample without
matrix. The selectivity is then assessed by comparing these two
linear regression curve slopes. If they are similar, the method is
considered selective and the matrix did not cause interference
in the method (Bruce et al., 1998).

An additional way to assess selectivity is by the signal purity
analysis measurement using mass or a UV/vis-diode array. In
this approach, the drug substance or drug product is spiked with
appropriate levels of impurities, and the signal purity is used
to confirm that no other compounds co-elute with the analyte.
When impurities are not available, the analyte can be exposed
to severe stress conditions to force the creation of degradation
products in a forced degradation study. The stress factors for bulk
pharmaceutics forced degradation studies must include acid (0.1
Mol L−1 HCl) and base hydrolysis (0.1 Mol L−1 NaOH), thermal
degradation (50◦C), photolysis (600 foot candles), and oxidation
(3% H2O2). Forced degradation studies for formulated products
are often conducted under conditions such as heat (40◦C), light,
and humidity (60–75% RH) (Chandran and Singh, 2007).

An example of selectivity determination can be found in
the work published by Ali and Nazzal (2009). The authors
developed and validated a reversed-phase HPLC method for
the simultaneous analysis of simvastatin (SIM) and tocotrienols
(TRF) in nanoparticles. To confirm the selectivity of this method
in regards to the excipients, the authors carried out a comparison
between excipient chromatograms of nanoparticles containing
TRF and SIM with TRF and SIM standard solutions. The method
specificity, in regards to degradation products, was demonstrated
by a comparison between reference chromatograms and the ma-
jor SIM degradation product (i.e., de-esterified SIM). To convert

SIM to its corresponding degradation product, the authors per-
formed a forced degradation under basic hydrolytic conditions
by incubating SIM in a 70% ethanol solution containing 0.1 Mol
L−1 NaOH at 50◦C for 1 h. The authors demonstrated the method
selectivity by confirmation of the lack of any interference at the
retention times of interest.

Bianchini and coworkers (Bianchini et al., 2009) developed
and validated an HPLC method for the determination of process-
related impurities in bulk drug of the central anticholinergic
compound pridinol mesylate. The method selectivity was de-
termined employing a diode-array detector under the optimized
chromatographic conditions. According to the authors, all the
analytes were well separated, with resolution higher than two be-
tween adjacent peaks. In addition, the peak purity function was
employed and values of 0.9997, 0.9998, and 0.9996 for pridi-
nol mesylate, 1-(3,3-diphenylprop-2-en-1-yl) piperidine, and 3-
piperidinopropiophenone hydrochloride, respectively, excluded
the presence of co-eluting interferences embedded in the peaks.
Moreover, forced degradation samples (neutral, acid, basic, ox-
idative, and photolytic) produced no additional peaks. Based
on these results, the authors confirmed the selectivity of the
proposed method.

Tamaro and coworkers (Tamaro et al., 2010) developed and
validated a stability-indicating HPLC method for the determina-
tion of alizapride and its main degradation products alizapride
carboxylic acid (AL-CA) and alizapride N-oxide (AL-NO2) in
drug substance and product. To assess the method selectivity,
the authors prepared tablets and ampoule formulations with the
excipients used for commercial preparations. Moreover, to eval-
uate the influence of degradation products, a standard solution
was prepared with the addition of the degradation products.
After HPLC analyses, resolution factors were calculated. The
authors demonstrated the method selectivity by confirmation
of no peak interfering with analytes. Moreover, the adjacent
chromatographic peaks were separated with resolution factors
higher than five. The authors concluded from these data that the
excipients and the degradation products did not interfere with
the alizapride peak, indicating selectivity of the method.

Dencausse and coworkers (Dencausse et al., 2008) validated
an HPLC method for quantitative determination of Tinosorb R©S
(bis-ethylhexyloxyphenol methoxyphenyl triazine) with three
other sunscreen agents (benzophenone-3, butyl methoxydiben-
zoylmethane, and ethylhexyl methoxycinnamate) in a high-
protection cosmetic product. The selectivity of the method was
determined by comparing the results obtained from the analy-
sis of a blank matrix solution with those of standard solution
without matrix. According to the authors, the chromatogram of
the blank matrix indicates that there is no analytical signal at
the retention times of sunscreens and internal standard. Addi-
tionally, the selectivity of the method is shown by a satisfactory
resolution greater than 1.25 for each peak.

Kafkala and coworkers (Kafkala et al., 2008) developed
and validated an HPLC method for the determination of
donepezil hydrochloride assay and impurities content in an oral
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92 R. BONFILIO ET AL.

pharmaceutical formulation. The method selectivity was as-
sessed by preparing donepezil hydrochloride solution, individ-
ual impurities solution, standard solution, sample solution, and
placebo solution, which were analyzed by the proposed method.
The spectra and purity plots were extracted through a diode ar-
ray detector for each ingredient in the standard solution. Fur-
thermore, the authors conducted forced degradation studies in
order to prove selectivity of the method. The sample solution
was subjected to acid and basic hydrolysis (using 1 Mol L−1

HCl and 1 Mol L−1 NaOH, respectively, for 2 h), to oxidative
hydrolysis (using 30% H2O2 for 24 h), and to UV radiation (254
nm for 24 h). The authors show that donepezil hydrochloride
and its impurities are well separated from each other in a sam-
ple solution injection and that the placebo solution shows no
interfering peak with the rest of the analytes. Additionally, the
authors show the purity angle values for all peaks derived from
the purity plots, and they concluded that the obtained values
were acceptable (purity angle < purity threshold in all cases).
Furthermore, forced degradation studies confirmed the selec-
tivity of the method. Donepezil showed degradation products
after alkaline hydrolysis and oxidation, and the purity angle of
the main peak maintained an acceptable value during all stress
conditions.

Linearity and Range
Linearity is the ability of an analytical procedure to obtain re-

sults that are directly proportional to the analyte concentration in
the sample, within a given range (ICH, 2005). The mathematical
correlation between obtained results and analyte concentration
is represented by the calibration equation:

y = bx + a + ε [6]

where y is the measured response, x is the analyte concentration,
b is the calibration curve slope, a is the intercept, and ε is the
random error term, the error in predicting the value of Y, given
the value of X.

Frequently, linearity is judged through the correlation coef-
ficient assessment, r (Equation (7)), and the linear regression
y-intercept of the response versus concentration plot.

r =
∑

i
(xi − x)(yi − y)

/√∑
i
(xi − x)2

∑
i
(yi − y)2

[7]
where y is the measured response and x is the analyte concen-
tration.

A high correlation coefficient means the data fit well with
the regression line, and, for chromatographic methods, a cor-
relation coefficient greater than 0.999 is generally considered
acceptable (U.S. Food and Drug Administration, 2000). How-
ever, even such a high level of correlation may be accompanied
by significant deviations from linearity in the regions of high
and low drug concentrations (Épshtein, 2004). Therefore, before
applying any inferential method, it is not recommended to pay

attention only to the correlation coefficient itself. It is necessary
to establish the following:

(i) The residuals must follow the same distribution (normal and
homoscedastic), independent of the concentration (Analyti-
cal Methods Committee, 1994). Residuals are defined as the
difference between calculated values yi = a + bC from the
measured Yi values as the function of the concentration Ci.
A visual approach is useful to check if the residual values
are randomly distributed about the regression line. Residu-
als examples plotted against concentrations in random and
systematic distributions are shown in Figure 1.

(ii) The regression model should be tested, in both regression
and in that there is not significant lack of fit (Analytical
Methods Committee, 1994). To check the regression, the
hypothesis is that the variation of y is explained by a re-
gression model. In this approach, an F value is calculated
by dividing the explained variance by the unexplained vari-
ance. When F is significant (F calculated is higher than the
critical value F for 1 and n-2 degrees of freedom at risk
level of 5% (n is the number of experimental points)), the
regression equation helps us to understand the relationship
between X and Y (Analytical Methods Committee, 1994).
If the first hypothesis is acceptable, then a second hypoth-
esis would be tested. If not, the regression model is not
valid. The second hypothesis is to check the lack of fit of
the model. In this approach, the F value is calculated on the
basis of the ratio between the variance due to the linearity
and that due to nonlinearity, and the variance due to the
residue. The hypothesis that the regression model is linear
can be accepted if F calculated is lower or equal to the critical
value F for u-2 and n-u degrees of freedom at risk level of
5% (u is the number of concentration levels and n is the
number of experimental points).

Moreover, a Student t test to decide if the intercept value (P <

0.05) is different from zero can be carried out, which is accom-
plished by obtaining a calculated t value (tcal = |a|/SDa, where
a is the intercept and SDa is the intercept standard deviation). If
tcal is lower than or equal to the critical value t distribution for
n-2 degrees of freedom at the risk level of 0.05, the hypothesis
of an intercept not significantly different from zero is accepted
(Épshtein, 2004).

An additional way to assess linearity is by dividing the ana-
lytical signal by the respective concentrations, yielding relative
responses. A graph is then plotted with the relative responses
on the ordinate axis (y) and the corresponding concentrations
on the abscissa axis (x), on a log scale. Parallel horizontal lines
corresponding to 95% and 105% of the central horizontal line
are drawn on the graph to establish a linear range limit. The cen-
tral horizontal line corresponds to the average relative response.
The method is linear in the range where the plotted relative re-
sponses are within the horizontal lines (Taverniers et al., 2004).
Figure 2 illustrates a graphical evaluation using this approach.
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ANALYTICAL VALIDATION OF QUANTITATIVE HPLC 93

FIG. 1. Residuals examples plotted against concentrations in random and systematic distributions: (A) no convincing pattern in
the residuals, and (B) a clear trend.

In practice, calibration curves are constructed by using ana-
lytical solutions, with or without the sample matrix, and by dilut-
ing these solutions to different concentration levels covering the
entire working range. The USP (United States Pharmacopoeia,
2009) and ICH (2005) recommend a minimum of five concen-
trations covering from 80 up to 120% of the test concentrations.
On the other hand, IUPAC (Thompson, 2000) recommends six
or more calibration standards over a concentration range of 0
to 150%, or 50 to 150% of the test concentration. The AOAC
(2000) determined that four concentration levels should be se-
lected (target concentrations of 50, 100, 150, and 200% of the
test concentration) across three different days.

Work recently published by Mostafavi and coworkers
(Mostafavi et al., 2009) presents an HPLC development and vali-
dation method for buprenorphine hydrochloride (BH), naloxone
hydrochloride dehydrate (NH), and noroxymorphone (NM) de-
termination in a tablet formulation. The method linearity was
evaluated through standard calibration curves constructed with
seven calibrators over a 0.22–220 µg mL−1 concentration range
for BH and a 0.1–100 µg mL−1 range for both NH and NM.
Three calibration curves were generated for each drug on three
consecutive days (n = 3), and the values of evaluation param-
eters like slope, intercept, correlation coefficient, and squares
residual sum are reported as the mean ± S.D. of the calibration
curves.

A second example of linearity assessment that deserves to be
cited is the work of Hoti and coworkers (Hoti et al., 2008). The
authors published a reverse phase HPLC-MS method to assess
the dissolution behavior of sugarcoated rociverine tablets. This
method linearity was evaluated by preparing rociverine refer-
ence standard solutions in 0.01 Mol L−1 HCl at concentrations
of 1.45, 2.90, 4.45, 7.25, 10.40, and 12.50 mg L−1 in triplicate.
The linearity was evaluated by linear regression analysis, and
the method was demonstrated to be linear with a 0.998 corre-
lation coefficient. Additionally, the regression was checked by
means of the analysis of variance (ANOVA), which showed sig-
nificant linear regression for one and four degrees of freedom at
risk level of 5% (Fcalculated > Fcritical).

Manassra and coworkers (Manassra et al., 2010) have pub-
lished an analytical method by HPLC for simultaneous anal-
ysis of pseudophedrine hydrochloride, codeine phosphate, and
triprolidine hydrochloride in liquid dosage forms. Linearity of
the method was evaluated by analyzing ten different concentra-
tions in the range of 0.06–1.00 mg mL−1 for pseudophedrine
hydrochloride, 0.02–1.0 mg mL−1 for codeine phosphate, and
0.0025–1.0 mg mL−1 of triprolidine hydrochloride. According
to the authors, the results obtained showed the method linear-
ity, with a correlation coefficient of 0.9996 for pseudophedrine
hydrochloride, 0.9997 for codeine phosphate, and 0.9993 for
triprolidine hydrochloride.

Salgado and coworkers (Salgado et al., 2009) developed and
validated an HPLC method for the analysis of fleroxacin in bulk
and pharmaceutical dosage forms. The linearity of the proposed
method was checked by construction of standard curves, which
were prepared using six standard concentrations in the range
of 0.2–20 µg mL−1 for fleroxacin. The representative linear
equation obtained by the authors was y = 422.82x – 2.129,
with r2 = 1. The RSD% values of the slope and Y intercept of
the calibration curve were 1.3 and 2.0, respectively. From these

FIG. 2. Graph of a linear evaluation using an analytical sig-
nal/concentration ratio vs. concentration on a log scale.
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94 R. BONFILIO ET AL.

results, the authors concluded that the results showed an excel-
lent correlation existed between the peak area and concentration
of the fleroxacin.

Precision
According to ICH (2005), analytical procedure precision is

the closeness between multiple measurement series obtained
from multiple sampling of the same homogeneous sample. This
parameter is frequently evaluated in terms of the relative stan-
dard deviation estimative (see System Suitability section above)
and may be considered at the levels of repeatability, intermediate
precision, and reproducibility.

Repeatability (also termed intra-assay precision) expresses
the precision under the same operating conditions using the
same equipment over a short period of time (ICH, 2005). In
practice, the same analyst would prepare nine samples (three low
concentration replicates, three medium concentration replicates,
and three high-concentration replicates) of a model mixture
solution, a parent compound, or a drug, covering the rated range
of concentrations. As there is strong evidence that repeatability
in liquid chromatography is concentration dependent (Salgado
et al., 2009), this approach is employed when the analytical
method is intended to be used over a large concentration range.

Another way of determining repeatability is by analyzing
repeated replicates of no less than six solution samples in con-
centrations close to the nominal value (ICH, 2005). IUPAC,
however, states that at least seven solutions (preferably n = 10)
should be analyzed to obtain good precision estimates (Thomp-
son et al., 2000).

Intermediate precision (also termed inter-assay precision)
characterizes the precision between results obtained in the same
laboratory by different analysts using various instruments over
at least two days. In this approach, no less than six indepen-
dent solutions should be prepared at concentrations close to
the nominal value (Épshtein, 2004). An interesting approach in
intermediate precision assessment is to show that the average
results (obtained with different analysts, over two or more days,
or using various instruments) are statistically equivalent. Ac-
cording to Épshtein (2004), however, it is more convenient, in
practical terms, to show that RSD ≤ 1.0% for parent compound
determination, RSD ≤ 2.0% for drugs, and RSD ≤ 10.0% for
impurities.

Reproducibility validation is important if the method is going
to be used in different laboratories. The IUPAC stated that it was
not advisable to draw conclusions with fewer than five labora-
tories and generally calls for eight laboratories in its guidelines
(Horwitz, 1994). Some studies in the literature evaluated repro-
ducibility using eight or more laboratories by demonstrating the
statistical equivalence between standard deviations of the ob-
tained results (Horwitz, 1994; Hsu and Huang, 1992; Gill et al.,
1986, 1989; Buchheit et al., 2002).

Bonifacio and coworkers (Bonifacio et al., 2009) presented
an HPLC method validation for the determination of Cy-

closporin A (CyA), four degradation products (ID-005-95, CyH,
IsoCyH, and IsoCyA) and two related compounds (CyB and
CyG) in pharmaceutical capsules. The precision of this method
was assessed in terms of repeatability and intermediate preci-
sion. Repeatability was calculated from six replicate injections
of freshly prepared solutions on the same equipment on the
same day at 100% of the test concentrations. Impurities were
tested at 2% of the CyA nominal concentration. This experiment
was repeated at the same concentration on two additional and
consecutive days to determine intermediate precision. Precision
was expressed by percent relative standard deviation (RSD) of
the analyte peak.

A second relevant example of precision determination is from
Vignaduzzo and coworkers (Vignaduzzo et al., 2008). The au-
thors developed and validated an RP-HPLC method for the si-
multaneous determination of meloxicam (MEL) and pridinol
mesylate (PRI) in drug formulations. The intra-assay precision
was evaluated by the injection of six independent samples at
100% level of the expected concentrations of the analytes in the
tablet samples. The relative standard deviations observed were
0.4% and 1.0% for MEL and PRI, respectively. The interme-
diate precision was evaluated by means of a two-way ANOVA
of recovery data of six standard independent mixtures injected
by three independent analysts in triplicate across three different
days. It was observed that all calculated F-ratios were smaller
than the F-tabulated value, which led to the conclusion that there
were no significant differences between days or analysts in the
proposed method (Dencausse et al., 2008).

Kumar and coworkers (Kumar et al., 2009c) developed and
validated a stability indicating HPLC method for quantifica-
tion of exemestane and its impurities (process related and
degradants). The assay method precision was evaluated by car-
rying out six independent assays of test samples of exemestane
against qualified reference standard and calculated the percent-
age of relative standard deviation (% R.S.D.). The precision of
the related substance was checked by injecting six individual
preparations of exemestane spiked with 0.15% of impurities
with respect to exemestane concentration; % R.S.D. of area for
each impurity was then calculated. The intermediate precision
of the method was evaluated using different analysts, on differ-
ent days with different make instruments in the same laboratory.
According to the authors, the % R.S.D. of assay of exemestane
during the assay method precision study was within 0.6%. The
% R.S.D. of area of impurities in the related substance method
precision study was within 5%. The % R.S.D. of assay results
obtained in the intermediate precision study was within 1.0%,
confirming good precision of the method.

Gerpe and coworkers (Gerpe et al., 2008) developed an HPLC
method for the determination of six antichagasic phenylethenyl-
benzofuroxans and their major synthetic secondary products.
The method precision was established by injecting six standard
samples of each active compound at three concentration levels
for the intraday precision and on three days for the inter-day
precision. Precision was expressed by the percentage of relative
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ANALYTICAL VALIDATION OF QUANTITATIVE HPLC 95

standard deviation of the analyte peaks. By applying a Fisher
F-test for the ratio of variances, the authors concluded that no
significant differences were observed between inter-day and in-
traday results for percentage of relative standard deviation.

Hadad and coworkers (Hadad et al., 2009) developed and val-
idated a stability-indicating HPLC method for separation and
quantitation of paracetamol, dantrolene, cetirizine, and pseu-
doephedrine in two pharmaceutical dosage forms. Repeatability
and intermediate precision of the proposed method were per-
formed at three concentration levels for each compound. The
authors performed an 8 days × 2 replicates design, and a statis-
tical comparison of the results was carried out using the P-value
of the F-test. The authors concluded that there is no statisti-
cally significant difference between the mean results obtained
from each day to another at the 95% confidence level, since the
P-value of the F-test is always greater than 0.05, confirming,
therefore, the method precision.

Accuracy
The accuracy, which can also sometimes be termed exactness,

is the closeness of an obtained result to the true value. Accord-
ing to ICH (2005), accuracy should be established across the
specified range of the analytical procedure. This parameter is
expressed in terms of error or bias percentages.

There are several ways to determine the accuracy of an ana-
lytical method. When a certified reference material is available,
the accuracy can be determined by comparison of the measured
value with the declared true value. In this case, accuracy should
be reported as the difference between the mean and the ac-
cepted true value together with the confidence intervals (ICH,
2005). Accuracy can also be obtained by comparison of the re-
sults of a proposed analytical procedure with those of a second,
well-characterized reference method. The samples used in this
approach may be certified reference materials, in-house stan-
dards, or analytical samples (Taverniers et al., 2004). When the
certified reference material or method is not available, a recov-
ery study could be performed. This procedure is carried out by
spiking a known amount of analyte (by weight or volume) into
a blank sample matrix. Recovery is then calculated according
to:

R(%) = (found content)

(Cadded)
× 100% [8]

An alternative approach is the standard addition technique,
which is used when it is not possible to prepare a blank sam-
ple matrix without the analyte being present. In this case, the
recovery is calculated by:

R(%) = (C spiked measured − C unspiked measured)

(Cadded)
×100%

[9]
In all cases, an appropriate analyte concentration range

should be investigated because the analyte recovery may be
concentration dependent. At very low levels, the analyte may be

largely chemisorbed on the analytical vessel matrix or surface,
resulting in recoveries close to zero. At higher concentrations,
however, where the adsorbed analyte is only a small fraction
of the total analyte, the recovery may be effectively unchanged
(Thompson et al., 2000).

According to ICH (2005), accuracy should be estimated at
nine measurements for at least three different concentrations
(three replicates of each: low, medium, and high concentration
ranges). The FDA (U.S. Food and Drug Administration, 2000)
recommends that accuracy should be estimated at three concen-
tration levels for five replicates of each level.

The acceptable recovery percentage depends principally on
the sample concentration range, the matrix, and the quality level
required by the method. The following limits are acceptable:
from 99.0 up to 101.0% for parent substance quantitative anal-
ysis with a high amount of active component (98% and above)
and from 98.0 up to 102% for parent substance quantitative anal-
ysis with a lower amount of active component (98% and below).
For ready-to-use drugs, these limits are: from 90.0 to 110% for
quantitative determination of impurities with a rated maximum
content of up to 1%, from 75 up to 125% for the quantitative
determination of impurities with a rated content from 0.1 to
1%, and from 50.0 up to 150% for quantitative determination of
impurities with a rated content below 0.1% (Épshtein, 2004).

An accuracy example in pharmaceutical product analyti-
cal validation is from Cazedey and coworkers (Cazedey et al.,
2009). The authors published HPLC method development and
validation for the analysis of ciprofloxacin hydrochloride in
ophthalmic solutions. The accuracy was determined by adding
known amounts of reference substance to the sample at three
concentration levels. From this study, the authors found recovery
values between 98.0 and 102%.

Garnero and Longhi (2010) developed an HPLC method
for the determination of ascorbic acid using hydroxypropyl-
β-cyclodextrin and triethanolamine as photostabilizing agents.
The method accuracy was determined by analyzing three dif-
ferent concentrations of ascorbic acid through recovery studies.
Three samples were prepared at each concentration level, and
the recoveries of ascorbic acid were obtained by comparison
of measured concentration with nominal concentration. The au-
thors concluded that good recoveries of ascorbic acid were ob-
tained at each concentration (within 100 ± 2%), suggesting the
accuracy of the proposed methods.

Jia and coworkers (Jia et al., 2010) published a method for
determination of four kinds of anti-diabetic drug by HPLC with
ultraviolet (UV) detection, evaporative light scattering detec-
tion (ELSD), and charged aerosol detection (CAD). The authors
compare the results with reference to linearity, accuracy, pre-
cision, and limit of detection (DL). The accuracy was tested
by injecting 10, 50, and 90 µg mL−1 of each standard into
the detectors and comparing the peak areas with those from
the calibration curves. For the recovery, 500 µg/mL of each
standard was spiked to the methanol extract of a dietary sup-
plement (product A, Canada) and the recovery was calculated
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96 R. BONFILIO ET AL.

according to the following equation: recovery (%) = experi-
mental amount/spiked sample amount × 100. According to the
authors, the accuracies of UV, CAD, and ELSD detection were
all acceptable, with the values around 100%, and the% recovery
of CAD was better than that of UV detection or ELSD.

Al-Rimawi (2009) developed and validated a stability-
indicating HPLC method for the analysis of metformin hy-
drochloride and its related compound (1-cyanoguanidine) in
tablet formulations. The accuracy of the proposed analytical
method was studied by preparing the placebo of the drug formu-
lation according to the formulation procedure. A known quantity
of metformin hydrochloride with the same proportion as in the
drug formulation was then added to get three concentrations
(0.01, 0.02 (nominal concentration), and 0.03 mg mL−1). The
authors concluded that the accuracy of the current method is
comparable to the accuracy of other methods listed in the refer-
ences because they found mean recovery results of metformin
hydrochloride within 100 ± 2.0%, and an RSD lower than 1.0%.

Kumar and coworkers (Kumar et al., 2009b) developed and
subsequently validated an HPLC method for the determination
of almotriptan malate and its process-related impurities. The au-
thors demonstrated the method accuracy by recovery test at four
different concentration levels (25%, 50%, 100%, and 150% of
the specification limit) in triplicate. The authors concluded that
the method was found to be accurate, since the mean recoveries
of all impurities were found to be in the range of 96–102%.

Detection and Quantitation Limit
Detection limit is the smallest measured concentration of an

analyte from which it is possible to deduce the presence of the
analyte in the test sample with acceptable certainty. Several ap-
proaches for determining the detection limit (DL) are possible.
For analytical procedures that exhibit baseline noise, an alter-
native is based on the signal-to-noise ratio. This alternative ap-
proach is performed by comparing measured signals from blank
samples with known low analyte concentrations, and then es-
tablishing the minimum concentration at which the analyte can
be reliably detected. According to ICH (2005), a signal-to-noise
ratio of between 3:1 or 2:1 is generally considered acceptable
for estimating the detection limit.

However, the most common way for determining the detec-
tion limit is based on the slope (S) and on the standard deviation
of the response at zero concentration level (σ ). The slope may
be estimated from the analyte calibration curve. However, it is
recommended to determine the calibration curve slope using
reference sample solutions with concentrations in the vicinity
of the DL. The standard deviation value can be determined us-
ing the standard deviation of the area under the peak in the drug
chromatograms (ten sequential injections) within 0.01–0.05% of
the nominal drug concentration (Épshtein, 2004). An alternative
is to construct several calibration curves in the DL region and
determine the standard deviation of the intersections. Detection

limit is then expressed by:

DL = 3.3σ

S
[10]

where σ is the standard deviation of the responses and S is the
calibration curve slope, which are calculated according to the
above explanation.

Another way of determining DL is from the minimum con-
centration for which the RSD for the analyzed compound peak
area for five sequential determinations does not exceed 20%
(Épshtein, 2004).

The quantitation limit (QL) is the lowest amount of analyte
in a sample that can be quantitatively determined with suitable
accuracy (ICH, 2005). QL could be calculated based on the
signal-to-noise ratio (S/N). According to this method, an initial
reference solution of the analyzed compound is measured for
which the signal-to-noise ratio is at least 30. Then this solution
is sequentially diluted until this ratio decreases to S/N ∼= 10.
This corresponding concentration is then considered to be the
QL (Épshtein, 2004). This procedure uses peak heights from
HPLC (rather than areas), presenting a disadvantage in that it
does not take into account the requirements of reproducibility
of the HPLC procedure (Épshtein, 2004).

The QL could also be calculated based on the standard de-
viation of the responses and the slope. The quantitation limit is
expressed by:

QL = 10σ

S
[11]

where σ is the standard deviation of the responses and S is the
calibration curve slope.

The slope and σ may be estimated in the same way as pre-
sented in the DL calculation, by using either the analyte calibra-
tion curve or a calibration curve at concentrations in the vicinity
of the QL. Another method for determining QL is through the
analysis of the minimum concentration for which six sequen-
tial injections of the analyzed compound give a RSD ≤ 2.0%
(Adamovics, 1997).

A practical example of the determination of detection and
quantitation limits is from Shaikh and coworkers (Shaikh et al.,
2008). The authors validated a reversed-phase HPLC method
for the simultaneous estimation of ambroxol hydrochloride and
azithromycin in tablets. DL and QL for analytes were estimated
from calibration curves generated by triplicate injections of
azithromycin and ambroxol hydrochloride solutions at concen-
trations in the vicinity of the DL and QL; QL and DL were then
calculated by using Equations (10) and (11), respectively. The
σ used by the authors was the regression line residual standard
deviation.

Das Neves and coworkers (das Neves et al., 2010) developed
and validated an HPLC method for the in vitro pharmaceutical
characterization of dapivirine-loaded polymeric nanoparticles.
DL and QL were determined based on the response and slope of
a specific calibration curve obtained from six standard solutions
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(0.3, 0.4, 0.6, 0.8, 1.0, and 1.5 µg mL−1) that were in proximity
of these limit concentration values. Equations (10) and (11) were
used by the authors. The σ used was the standard deviation of
the responses, and S was the slope of the calibration curve.

Devi and Chandrasekhar (2009) validated a stability-
indicating HPLC method for the quantitative determination of
levofloxacin in the presence of degradation products and its
process-related impurities in bulk samples and in pharmaceuti-
cal dosage forms. The DL and QL for levofloxacin impurities
were estimated at a signal-to-noise ratio of 3:1 and 10:1, re-
spectively, by injecting a series of diluted solutions with known
concentration. Precision study was also carried at the level of
quantification (LOQ) by injecting six individual preparations of
the impurities and calculating the percentage RSD of the area.

Azeem and coworkers (Azeem et al., 2009) developed and
validated a stability-indicating HPLC method for analysis of
buspirone in the bulk drug and in solid dosage formulations. DL
and QL were calculated from Equations (10) and (11), based
on the standard deviation of the responses for blank injection in
triplicate (σ ) and the slope (S) of the calibration curve obtained
in linearity study.

Ruggedness
The ruggedness of an analytical procedure is the capacity of

its measurements to remain unaffected by small, but deliberate,
variations in method parameters, and provides an indication of
its reliability during normal usage (ICH, 2005). Ruggedness is a
term used by IUPAC (Thompson et al., 2000) and USP (United
States Pharmacopoeia, 2009), but Eurachem (Eurachem Guide,
1998) and ICH (2005) have used the term “robustness,” and,
according to Eurachem, both parameters are synonymous.

Ruggedness is usually studied by varying typical parame-
ters that are capable of influencing analysis results, such as the
organic solvent content in the eluent (± 2%), amount of addi-
tives (salts, ion-pair reagents, etc.) in the eluent (± 10%), the
buffer solution pH (± 0.5), HPLC column temperature (± 5◦C),
compound extraction time from a drug eluent (± 20%), ex-
tractant composition (± 5%), eluent concentration gradient (±
2%), mobile phase flow rate, column type, and/or manufacturer
(Épshtein, 2004). It is desirable that the proposed analytical
procedure is robust with respect to all these important parame-
ters, which would make the given procedure suitable for routine
laboratory use.

Narashiman and coworkers (Narashiman et al., 2009) de-
scribed the development and validation of a stability-indicating
reverse-phase HPLC method for oseltamivir active pharmaceu-
tical ingredient analysis. Method ruggedness was investigated
by varying the chromatographic conditions, such as flow rate
(± 10%), organic content in mobile phase (± 2%), detection
wavelength (± 5%), and buffer pH in mobile phase (± 0.2%).
The developed method ruggedness was indicated by the over-
all% RSD < 2 between the data at each variable condition.

Srinivasu and coworkers (Srinivasu et al., 2010) developed
and validated a stability-indicating HPLC method for the quanti-
tative determination of acetazolamide and its related substances.

To determine the ruggedness of the developed method, the au-
thors altered the experimental conditions and evaluated the res-
olution between acetazolamide and its impurities. The flow rate
of the mobile phase was 1.0 mL/min. To study the effect of the
flow rate on the resolution, the flow rate was changed by 0.2
units (0.8 and 1.2 mL/min). The effect of pH on the resolution
of the impurities was studied by varying the pH by ±0.1 units
(buffer pH of 2.9 and 3.1). The effect of the column temperature
on the resolution was studied at 22◦C and 32◦C instead of 27◦C.
The authors concluded that in all of the deliberately varied chro-
matographic conditions carried out, the resolution between the
closely eluting impurities was greater than 5.0, illustrating the
ruggedness of the method.

An alternative ruggedness assessment is by the multivariate
approach. Youden and Steiner (1975) proposed a test where
the basic idea is to introduce several changes at once in such
a manner that the individual effects can be ascertained. This
test consisted of the evaluation of seven variables that could
influence the final result if their nominal values were slightly
changed. Each variable effect was investigated at two levels, as
indicated by upper- (A, B, C, D, E, F, and G) and lowercase (a, b,
c, d, e, f, and g) letters. Uppercase letters represented high-level
variable values and lowercase letters represents low-level vari-
able values. From these results, it was possible to estimate each
variable effect by obtaining the mean difference of four analyses
that have a nominal value (capital letter) and the mean of four
analyses with the alternative value (small letter). If the differ-
ence was higher than the standard deviation, the variable would
have a significant effect and the method would be sensitive to
changes in that variable.

A practical example of the Youden and Steiner test is from
the work of Mirza and Tan (2001). The authors developed
and validated an anion-exchange HPLC method for the anal-
ysis of captopril in tablet dosage form using indirect photo-
metric detection. The ruggedness of this method was eval-
uated by varying mobile phase pH, mobile phase flow rate,
marker concentration,% organic modifier, column temperature,
detector wavelength, and column age. A total of eight exper-
iments were conducted to identify variables that may have to
be controlled to obtain accurate assay results, and their find-
ings were designated by the letters s through z. From the re-
sults of these eight experiments, the effect of each variable
could be determined, with the differences obtained between the
two levels of each variable ranked in decreasing order. The
obtained results indicated that the mobile phase pH was the
most important variable that needed to be controlled to maintain
accuracy.

An interesting multivariate approach for ruggedness assess-
ment is presented by Ashenafi and coworkers (Ashenafi et al.,
2010). The authors developed an HPLC method for the deter-
mination of oxytocin and its related substances in bulk drugs.
In the ruggedness study, the influence of four chromatographic
parameters on the separation was investigated. The parame-
ters examined were the amount of acetonitrile in mobile phase,
the pH of the dihydrogen phosphate solution, the amount of
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dihydrogen phosphate solution in the mobile phases, and the
column temperature (◦C). Their effects on the resolution of dif-
ferent peak pairs were evaluated by means of an experimental
design and multivariate data analysis. The authors presented in
a figure the calculated effects for each variable on the peak res-
olutions and the statistical errors. When the effects exceed the
error, this effect becomes statistically significant. Furthermore,
factors with positive effects indicate that an increase of their
level provides a significant increase in the analytical response,
and negative effects mean that a higher resolution between the
peaks’ value is obtained with a decrease in the levels of the
factors. The authors observed that, under the conditions exam-
ined, the pH has a significant effect on the resolution of two
peak pairs. The authors also discuss the influence of each chro-
matographic parameter on the separation, and they concluded
that within the domain examined, the method can be considered
robust, except for the pH, which has quite some influence and
has to be set carefully.

Another experimental design often used in ruggedness testing
is the Plackett-Burman design (1946). In this approach, N-1
factors (variables) are studied in N experimental runs (with N
being a multiple of 4). The construction of these designs has
been described in the literature (Plackett and Burman, 1946;
Vander Heyden et al., 2001). The factors are investigated at two
levels: (−) and (+). From the obtained responses, factor effects
are calculated according to:

EX = �Y (+) − �Y (−)

N/2
[12]

where EX is the effect of factor X,
∑

Y(+) and
∑

Y(−) the
sums of the responses where factor X is at (+) or (−) level,
respectively, and N is the number of design experiments. To
identify significant effects, both graphical and statistical inter-
pretation methods are described (Vander Heyden and Massart,
1996; Dejaegher et al., 2006, 2007).

A practical example of the Plackett-Burman design for
ruggedness assessment is from the work of Halabi and cowork-
ers (Halabi et al., 2004). The authors developed and vali-
dated a chiral HPLC method for determination of salbutamol
enantiomers. The ruggedness of this method was evaluated by
studying the effect of variation in the mobile phase acidity,
mobile phase flow rate, and column temperature on the resolu-
tion, on the R.S.D. (%) of the R-SS peak area, and on the R/S
ratio (ratio between peak areas of (R)-salbutamol sulfate and
(S)-salbutamol sulfate). The variables were evaluated in four
experiments, according to the combinations presented by the au-
thors in a matrix, which was described by Plackett and Burman
(1946). The effect of each factor was then calculated according
to Equation (12). Values higher than the criterion s(2)1/2 were
considered important, where s is the standard deviation obtained
in the precision study for each parameter. From the obtained re-
sults, the authors concluded that resolution, R.S.D. (%) of the

R-SS peak area, and R/S ratio were almost unaffected by the
considered factors, under the conditions studied.

CONCLUSION
Analytical method validation is a very important tool for

ensuring reliable and accurate method performance. Although
various regulatory bodies have already considered this subject,
and a significant amount of advice exists in the literature, unifor-
mity is still lacking in the methodology employed for validation
and acceptance criteria. In practice, a laboratory must be able to
decide the best method for carrying out the validation tests. For
this reason, this review is useful as a guide to analytical labora-
tories because it offers several literature examples and presents
relevant information for various parameters in the field of quan-
titative HPLC analytical methods validation in pharmaceutical
analysis.
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