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This paper compares classic and robust multivariate methods for evaluation of experimental results from
the homogeneity test of a new sodium diclofenac candidate certified reference material (CRM). The results
showed that the robust principal component analysis (PCA) based on projection pursuit was the most effective
method for identification of outliers compared to the classicmethod and to the two other robust approaches: the
ROBCA algorithm and the spherical PCA, when the concentrations of all active pharmaceutical ingredient (API)
impuritieswere considered simultaneously. The PCA based on projection pursuitwas able to identify six outliers,
while the other methods identified only five. Through the use of these statistical tools, it was possible to reduce
the value of the standard uncertainty due to between-bottle (in)homogeneity (ubb) and to guarantee an accurate
result of the combined standard uncertainty of the certified reference material (uCRM).

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Exploratory data analysis and classification methods have always
been important tools of multivariate data chemical analysis [1,2].
The application of these methods has expanded in recent years due
to, among other things, an increased emphasis on high throughput
chemical analysis, where researchers are often interested in differen-
tiating among different chemical states of materials.

Exploratory methods, such as principal components analysis (PCA)
or hierarchical cluster analysis (HCA), are unsupervised, so any class
separation that is observed is likely to be real [3]. PCA has dominated
as a method to visualize high dimensional data in lower dimensional
spaces. In the classic PCA approach [4], the first principal component
corresponds to the direction in which the projected observations have
the largest variance. The second component is then orthogonal to the
first and again maximizes the variance of the data points projected on
it. If this procedure is further used, all the principal components can
be obtained, which correspond to the eigenvectors of the empirical
covariance matrix. Unfortunately, both the classic variance (which is
being maximized) and the classic covariance matrix (which is being
decomposed) are very sensitive to anomalous observations. Conse-
quently, the first components are often attracted toward outlying points

and thus may not capture the variation of the regular observations.
Therefore, data reduction based on classic PCA becomes unreliable if
outliers are present in the data.

This problem can be circumvented through robust PCA methods
which are based on robust statistical analysis [4]. The goal of robust
PCAmethods is to obtain principal components that are notmuch influ-
enced by outliers. A first group of methods is obtained by replacing the
classic covariance matrix by a robust covariance estimator, such as
the reweighed minimum covariance determinant (MCD) estimator
[5]. The second approach to robust PCA uses projection pursuit (PP)
and calculates directly the robust estimates of the eigenvalues and
eigenvectors without passing by robust covariance estimation [6–8].

The third approach to robust PCA has been proposed byHubert et al.
[9] and is called ROBPCA. This method combines ideas of both projec-
tion pursuit and robust covariance estimation. The projection pursuit
part is used for the initial dimensional reduction. Some ideas based
on the MCD estimator are then applied to this lower dimensional data
space.

Another approach to robust PCA is the spherical principal compo-
nents procedure, which was first proposed by Locantore et al. [10] as a
method for functional data analysis. The idea is to perform classic PCA
on the data, projected onto a unit sphere. For details about spherical
principal components see references [11,12].

Exploratory methods are being used in chemical metrology to eval-
uate different types of results. Lima et al. [13], for instance, used explor-
atory methods for homogeneity evaluation of a wheat flour reference
material. Gonçalves et al. [14] evaluated different pH glass electrodes
by an interlaboratory comparison using PCA and HCA, while Rocha and
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Nogueira [15] used PCA andHCA to evaluate outliers in homogeneity test
results for certification of two pharmaceutical reference materials.

Certified reference materials (CRM) are widely used in analytical
chemistry, especially for equipment calibration, assessment of mea-
surement methods, and establishment of metrological traceability of
measurement results [16]. The certification of a candidate CRM is car-
ried out according to the ISO Guide 30 series [16–21]. As stated in the
ISO Guide 35:2006 [16], all uncertainty sources related to the certified
property value have to be estimated, including characterization uncer-
tainty, uncertainty due to between-bottle (in)homogeneity (ubb), and
uncertainties due to short- and long-term stability studies (usts and
ults), which are then combined according to the law of propagation of
uncertainties to obtain the combined standard uncertainty of the CRM
property value (uCRM). The homogeneity evaluation is carried out not
only between different units of the candidate CRM batch, but also with-
in the units [16].

In this paper, we compare three procedures for robust PCA with the
classic PCA used in chemical metrology for an easy and quick evaluation
of homogeneity test results of a new sodium diclofenac candidate CRM,
followed by selection of the replicates to be considered for estimation of
the uncertainty due to between-bottle (in)homogeneity (ubb).

2. Material, methods and experimental design

2.1. Instrumentation, methods, and reagents

A high performance liquid chromatography (HPLC) system
(Shimadzu, Kyoto, Japan), consisting of a LC-20AT quaternary pump, a
DGU-20A3/DGU-20A5 on-line degasser, a SIL-20A/20AC auto-sampler,
a SPD-20A photodiode array detector, and a CBM-20A/20A interface,
was used for determination of organic impurities (related substances).

The following experimental conditions were used for the sodium
diclofenac HPLC analysis, based on the Brazilian Pharmacopeia IV [22]
monograph: column C8, 15 cm×4.6 mm i.d., 5 μm, Phenomenex Luna
(Phenomenex, Torrance, CA, USA), pre-column Phenomenex Security
Guard C8, 4×3 mm, 5 μm, mobile phase methanol–0.005 mol L−1 po-
tassium dihydrogen phosphate pH 2.5 (70:30, v/v), flow-rate 1.0 mL
min−1, UV detection at 254 nm, injection volume 50 μL.

The organic impurities mass fraction (worg) was determined by
HPLC peak area ratio, after HPLC analysis of solutions containing
750 μg g−1 and 7.5 μg g−1 of sodium diclofenac, prepared gravimet-
rically using an analytical balance (Shimadzu), model AUW 220D,
with resolution of 0.01 mg. Each solution was prepared in triplicate
and injected three times into the HPLC system.

The volatiles mass fraction (wvol) was estimated by loss on drying
at 105 °C/3 h, while the inorganic impurities mass fraction (winorg)
was determined using an Elan DRC ICP-MS (Perkin Elmer, Waltham,
MA, USA), after microwave digestion.

The studies were carried out using the Inmetro first batch of sodium
diclofenac candidate CRM. The reagents were HPLC grade methanol
(Tedia, Rio de Janeiro, Brazil), o-phosphoric acid 85% w/w p.a. (Merck,
São Paulo, Brazil), and potassium dihydrogen phosphate p.a. (Sigma
Aldrich, St. Louis, USA).

2.2. Certification of candidate reference materials

The certification of the sodium diclofenac candidate CRM was car-
ried out according to the ISO Guides 34:2009 [22] and 35:2006 [16].
Briefly, the certification involved the material characterization, homo-
geneity testing, short- and long-term stability studies, and uncertainties
estimation. The mass fraction of the active pharmaceutical ingredient
(wAPI) of the CRM, expressed in g 100 g−1, was determined by mass
balance according to Eq. (1).

wAPI ¼ 100−∑worg;i−∑winorg;i−∑wvol;i ð1Þ

where∑worg, i,∑winorg, i and∑wvol, i are the respective sums of mass
fractions of organic, inorganic, and volatiles, expressed in g 100 g−1.

2.3. Homogeneity evaluation according to the ISO Guide 35:2006

The homogeneity test was carried out using 17 flasks of the candi-
date CRM selected at random and analyzed as described above. Then,
the single-factor analysis of variance (ANOVA) of measurement re-
sults was carried out to evaluate the homogeneity. According to the
ISO Guide 35:2006 [16], the uncertainties due to between-bottle
(in)homogeneity (ubb) can be calculated by Eq. (2) or (3):

ubb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSbetween−MSwithinð Þ=n0

p
ð2Þ

ubb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MSwithin=n0

p
⋅

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2= vMSwithinð Þ4

p
ð3Þ

where MSbetween is the mean square between CRM batch units (ANOVA),
MSwithin is the mean square within CRM batch units (ANOVA), and n0
is the number of replicates. If MSbetween is larger than MSwithin, either
Eq. (2) is used, or both equations are applied and the largest ubb value is
chosen. On the other hand, if MSbetween is smaller thanMSwithin, which in-
dicates poor repeatability of the measurement method, only Eq. (3) can
be used.

2.4. Homogeneity evaluation according to the exploratory analysis

From the homogeneity results, one matrix (153×6) was con-
structed for the new sodium diclofenac candidate CRM. The total num-
ber of rows corresponded to the number of results: 153 (17 flasks, three
replicates of each flask, three HPLC injections of each replicate). The
columns corresponded to the mass fractions of each of the six organic
impurities observed, expressed in g 100 g−1.

Initially, the results were pretreated using autoscaling and mean
centering. Both pretreated and not pretreated results were then sub-
mitted to the multivariate statistical analysis methods of principal
component analysis (PCA) using the statistical software environ-
ment R, freely available at http://cran.r-project.org/ using the package
chemometrics of Filzmoser and Varmuza [23] and rrcov of Todorov
[24], which can also be downloaded from the same web page.

3. Results and discussion

The single-factor analysis of variance (ANOVA) of homogeneity
test results (sodium diclofenac mass fraction wAPI obtained by mass
balance) was carried out, and the following results were obtained:
MSbetween=1.779673×10−4 (g 100 g−1)2 and MSwithin=2.185600×
10−5 (g 100 g−1)2. Considering the number of replicates (n) equal to
9, the ubb value calculated by Eq. (2) was 0.0041666 g 100 g−1.

The contribution of the (in)homogeneity (C) to the studied mate-
rial was calculated by Eq. (4):

C %ð Þ ¼ ubbx100=x ð4Þ

Where x is the average of all homogeneity test results.
The C value indicates the impact of the homogeneity uncertainty

in the value of the studied property value. For the sodium diclofenac
candidate CRM, the C value was estimated as 0.0041666%, indicating a
good agreement between the flask results. The homogeneity of a refer-
encematerial batch is one of the certification requirements according to
the ISO Guide 35 [16]. Therefore, the degree of (in)homogeneity of the
material has to be well known. Exploratory methods were further
used to better evaluate and understand the homogeneity results.

Experimental results usually suffer any type of pretreatment prior
to using exploratory methods. The best pretreatment methods are
those that ultimately produce a robust model with the most accurate
predictive ability [25]. For the construction of exploratory methods,
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