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Plant medicines are gaining more and more attention all over the world. Many modern analytical
approaches have been introduced to evaluate the quality of medicinal plants, and significant amount of
measurement data has been produced. Therefore, the application of chemometrics in the field of
medicinal plants is spontaneous and necessary. Comprehensive methods and hyphenated techniques
associated with chemometrics used for extracting useful information and supplying various methods of
data processing are now more and more widely used in medicinal plants. This review focuses on the
applications of chemometrics in quality evaluation of medicinal plants in the authenticity, efficacy and

safety evaluation.
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INTRODUCTION

Natural plant medicines are gaining more and more
attention all over the world. The establishment of
advanced and effective quality evaluation system of
medicinal plants is the premise for authenticity, safety
and efficacy of medicinal plants (Chen, 2006; Yang and
Gao, 1999). Correct identification of the species, accurate
determination of the content of heavy metal,
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Abbreviations: ANN, Artificial neural networks; CA, cluster
analysis; CDA, clustering discriminate analysis; CE, capillary
electrophoresis; DA, discriminate analysis; GC, gas
chromatography; GC-MS, gas chromatography-mass
spectrometry; HCA, hierarchical clustering analysis; HPLC, high
performance liquid chromatography; HPLC-DAD, high
performance liquid chromatography-diode-array-detector; LC-
MS/MS, liquid chromatography-mass/mass spectrometry; MSC,
multiplicative scattering correction; PCA, principal component
analysis; SA, similarity analysis; TCM, traditional Chinese
medicine; TLC, thin-layer chromatography; TPA, target peak
alignment.

pesticide residual and mycotoxin are indispensable for
safety of medicinal plants. Determination of trace
Elements and active ingredients are essential for reflect-
ing intrinsic quality of medicinal plants, their consistency
and efficacy (Ernst, 2002). With the introduction of
comprehensive methods and highly selective, sensitive
and versatile analytical techniques including thin-layer
chromatography (TLC), gas chromatography (GC), high
performance liquid chromatography (HPLC), capillary
electrophoresis (CE), gas chromatography-mass spectrometry
(GC-MS), liquid chromatography-mass/mass spectrometry
(LC-MS/MS), the quality evaluation of medicinal plants
has been promoted obviously (Wong et al., 2002; Liang
et al., 2004; Dirk and markus, 2011). For instance, Devi
(2008) used proton induced X-ray emission and proton
induced y-ray emission techniques to estimate essential
and trace elements in some medicinal plants. Barthwal et
al. (2008) determined heavy metal and its accumulation
in medicinal plants collected from environmentally
different sites by inductively coupled plasma emission
spectrometry. Qing et al. (2009) simultaneous determined
26 pesticide residues in 5 Chinese medicinal materials
using solid-phase extraction and gas-chromatographic-
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electronic capture detector method. The authentication of
medicinal plants is really a challenging task in cases
where botanical and classical microscopy identification is
impossible for drying and processing procedure. The
analysis of active ingredients in medicinal plants is a
challenging task also, because of their chemical diversity,
low availability and variability. = Chromatographic
fingerprinting, which adapts well to the condition where
most active components in medicinal plants are
unclear, offers a comprehensive, integrated and
qualitative profile and is being increasingly used for the
authentication and quality evaluation of medicinal plants
(Xie and Albert, 2009; Yi et al., 2008). However, the use
of modern analytical apparatus produces a significant
amount of measurement data. Medicinal plants re-
searchers now face a new challenge of extracting
sufficient chemical information and analyzing the result
(Daniel and Mok, 2010). These challenges necessitate
the use of chemometrics. Chromatographic fingerprint,
associated with chemometrics, is typically used to
evaluate the quality of medicinal plants by extracting
useful information and supplying various methods of data
processing. Its analysis has made great progress (Zhang
et al., 2008; Yu et al., 2010; Song et al., 2010; Valentina
et al., 2010). Computer-based software, SPSS, supports
pretreatment methods such as background and retention
time correction, peak alignment, identification and
matching, translating processed data into information
accessible for objective analysis, and can also
simultaneously evaluate many different samples (Yang et
al.,2007; Fang et al., 2002).

In this review, we introduced the origin and develop-
ment of chemometrics in the first part. Then we described
its several common methods such as hierarchical
clustering analysis (HCA), principal component analysis
(PCA), similar analysis (SA) applied in the quality
evaluation of medicinal plants. In the final part, we
discussed its application with regard to authenticity,
determination of chemical component, including trace
elements, heavy metal, pesticide residual and mycotoxin
by analytical techniques, especially on the use of
chemometrics combined with chromatographic fingerprint
for quality evaluation based on active ingredients.

ORIGIN AND DEVELOPMENT OF CHEMOMETRICS

The name "chemometrics," first coined by a Swedish
scientist Svante Wold in 1971 (Wold and Sjdstrom,
1998), is a discipline of chemicals. Chemometrics
integrates mathematics, statistics, and formal logic which
can offer theories and methods for chemical measure-
ment, provide new approaches for the analysis of various
types of spectroscopy and chemical measurement data.
Moreover, chemometrics can be implemented in chemis-
try to optimize experimental procedures and provide
maximum relevant chemical information (Kateman, 1983;

Jurgen, 2004). Chemometrics has developed rapidly
since the early twentieth century. The driving forces for
chemometrics are twofold: (1) the flood of data produced
by modern multi-element and multi-component
apparatus, which requires the application of chemometric
methods to extract essential information; and (2) the
popularity of computers, which makes processing
complex data possible (Yu, 1991; Daniel and Mok, 2008).

Chemometrics is a breakthrough for the software-
subjectivation development of analysis apparatus in the
twenty-first century (Li and Zhu, 2005; Wu et al., 1999;
Liang and Yu, 1999). It promotes equipment intellec-
tualization and offers new ideas and methods for the
construction of new and high-dimensional and
hyphenated equipment. Furthermore, with the rapid
development of the microcomputer (that is, establishment
and retrieval of chemical spectrum library), the analysis of
high-dimensional data, artificial neural networks, research
of artificial intelligence of chemistry, and expert systems
has made great progress. With the development of
analytical chemistry, chemometrics is also being
developed vigorously (Yu, 1992; Wold, 1991).

COMMON CHEMOMETRIC METHODS IN QUALITY
EVALUATION OF MEDICINAL PLANTS

Among the different kinds of sensitive and versatile
analytical  techniques, high  performance liquid
chromatography (HPLC) is extensively applied for the
quality evaluation of medicinal plants due to its superior
precision, high resolution and extensive applicability
(Marston, 2007; Xie, 2007). Liquid chromatography mass
spectrometry (LC-MS) has played an increasingly
important role in complex chemical identification and toxic
determination of herbal medicines (Ganzera et al., 2003).
The improved instrumentation is able to record small
differences between samples, which might have large
implications for the discrimination of medicinal plants. At
the same time, they generate enormous amounts of data.

Taking these into consideration, we discussed the
chemometrics applied in the handling of fingerprints in
this part. Before analyzing the fingerprint, the pretreat-
ment is essential for overlapped peaks and sifted
baseline caused by the unknown components and
unclear interferences. Then we discussed the commonly
methods applied in quality evaluation of medicinal plants,
such as similar analysis (SA), principle component
analysis (PCA), cluster analysis (CA), discriminate
analysis (DA) and pattern recognition. These methods
play a vital role in the discrimination and classification of
medicinal plants.

Pretreatment of chromatogram

To obtain accurate quantitative results from the finger



print, pretreatment of individual datum collected from the
apparatus via peak alignment and data transformation is
necessary. Many approaches in peak alignment have
been suggested including target peak alignment (TPA)
and correlation optimized warping (COW) (Xu et al.,
2006; Gong et al., 2006). Gong et al. (2004) developed
HPLC-DAD fingerprints of cortex Cinnamomi, herba
Menthae, rhizoma Chuanxiong and radix Angelicae. The
data sets were analyzed prior and after warping and the
beneficial effects of aligning fingerprints in the
classification of the species were clearly shown. Another
important pretreatment step is the transformation of the
data. By putting weight on different parts of the
fingerprints, the variability of the desired information is
maximized while that of the unwanted information is
minimized. In gray and black systems of unknown
components, factor analysis is widely used to clarify the
overlapped chromatography (Wiberg et al.,, 2004).
Evolutionary factor analysis (EFA), alternative moving
window factor analysis (AMWFA), and fixed size moving
window evolving factor analysis (FSMWETA) are
representative methods (Zeng et al., 2006). Under the
method of fixed size and moving direction of local
window, the computation time of the matrix is significantly
reduced, peak purity is determined, and information of
component number is shown (Zeng et al., 2003). Zhao et
al. (2006) determined the volatile oil content in different
samples of Rhododendron with GC-MS, and identified
128 volatile components based on retention factor and
sub-window factor analysis. Gong et al. (2006) sifted the
representative variables from all the variables in groups,
analyzed samples of 79 Chinese herbal medicines, and
verified the feasibility of the method.

Classification and discrimination methods
Similarity analysis of chromatographic fingerprint

One of the most common and easiest tools is similarity
analysis based on the correlation coefficient. The
similarity analysis method of peak height, peak area, and
ratio between peaks of the fingerprint has been
successfully applied for quality evaluation of medicinal
plants (Gong et al., 2003b; Xu et al., 2007). Many means
of improving the analysis of fingerprint similarity, such as
cosine angle have been proposed (Liu et al., 2004). Gan
and Ye (2006) established the HPLC fingerprint, using
the peak areas of Chuanxiong from three main producing
areas of China. The correlation coefficient and vector
cosine offer a better differentiation of the similarity or
difference between the fingerprints from the same
samples of Chuanxiong.

Principal component analysis (PCA) and cluster
analysis (CA)

PCA is the most commonly method applied in the
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fingerprint and other data sets for exploratory data
analysis. It reflects the original measurement by
discovering the dominant factors while excluding the
relevant interference factors, thereby allowing a more
accurate estimate (Liang et al., 2004; Marek, 2003) (Figure 1).
CA classifies objects based on quantitative charac-
teristics. Generally, the different clustering techniques are
divided into two subtypes: hierarchical and non-
hierarchical (example, fuzzy clustering). In the quality
evaluation of medicinal plants, the most popular
clustering technique is hierarchical clustering analysis
(HCA) (Figure 2). The main advantage of hierarchical
cluster analysis is the flexibility to alter the similarity
measurement criterion and the applied linkage method to
suit different applications. Fingerprint based PCA can
directly reflect the difference between samples, whereas
CA can classify objects based on their quantitative
characteristics (Huang et al., 2008). A combination of CA
and PCA has been widely used in current quality
assessment of medicinal plants.

Pattern recognition

Pattern recognition unlike SA, PCA and HA uses discrete
information on the samples in the calibration set. It can
establish identification model by analyzing data, find out
regular law, obtain accurate analysis of components in
medicinal plants and provide a comprehensive evaluation
of their quality (Gong et al., 2003a; Xie et al., 2006). Over
the vyears, pattern recognition methods have been
intensively used for the classification of samples (Wang
et al., 2007; Zhai et al., 2010). Tian et al. (2009)
evaluated Chaihu (Bupleuri Radix) by both high-
performance liquid chromatography-evaporative light
scattering detector (HPLC-ELSD) and high-performance
thin-layer chromatography (HPTLC) analyses of its
principal bioactive components (saikosaponins). The
pretreated data acquired from both HPLC fingerprints and
HPTLC fluorescent images were processed by
chemometrics for similarity and pattern recognition,
including Artificial Neural Networks (ANNs), k-nearest
neighbor (k-NN) and an expert’'s panel. Among these, k-
NN classifier was apparent that exhibited good
performance with sufficient flexibility for processing
HPTLC fingerprint images which were otherwise not
easily dealt with by other algorithms due to the shift of Rf
values and varying hue/saturation of the band colors
between different TLC plates. The results indicated that
these two chromatographic fingerprint methods can be
considered complementary measure of quality control.

Discriminate analysis (DA)
DA is a type of clear-cut classification that segregates

objects through clear indicators; it is different from CA
that needs no indicators. In the research of quality
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Figure 1. Simulation of a scores plot as generated by hierarchical clustering of fourteen samples.
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Figure 2. Simulation of a dendrogram as generated by hierarchical clustering of sixteen

samples

evaluation of medicinal plants, DA is used to set up a

discriminate function. Multiple regressions of a few typical
properties are sifted by variance regression testing

technology through a recognized index (such as the
amount of active ingredient).
Consequently, the unknown sample is identified and



classified by observing the information of various types of
known samples. Maximum likelihood, Fisher discriminate
analysis, Bayes discriminate analysis, and logistic
regression are common DA  methods (Philip, 2003;
Chen et al., 2007).

Clustering discriminate analysis (CDA) is a combination
of CA and DA, and can be used to induce and extract
signals from complicated data and set up feature models.
CDA has been increasingly used in the quality evaluation
of medicinal plants for its comprehensive and objective
advantages (Gong et al., 2004; Zhang, 1994; Yu et al.,
2002).

APPLICATION OF CHEMOMETRICS IN QUALITY
EVALUATION OF MEDICINAL PLANTS

After introducing the origin and development of
chemometrics, the commonly applied methods in
handling procedure of data generated from hypnated
analytical instruments, we will describe the application of
chemometrics in quality evaluation by giving detailed
examples in the field of authenticity, efficacy, consistency
and safety evaluation of medicinal plants, respectively.

Authenticity

Ascertaining authenticity is the first important step to
assess the quality of plant medicine. Each medicinal
plant contains certain characteristic constituents.
Therefore, constituents including their respective
chemical ratios can be analyzed to identify medicinal
plants and distinguish the fakes.

Lai et al. (2010) analyzed fingerprint of Cassia seed,
generated by HPLC-UV at two wavelengths, with
chemometrics methods. Samples were clustered into four
groups in accordance with the plant sources and
preparation procedures by PCA analyzed. And partial
least squares (PLS), back propagation artificial neural
network (BP-ANN), and radial basis function artificial
neural network (RBF-ANN) were effectively applied to
predict the category of the four different samples in the
test set. Guo et al. (2009) established HPLC-DAD
method to simultaneously determine 10 triterpenoid
acids, and used HCA and PCA to differentiate and
classify the samples based on the contents of the 10
triterpenoid acids. The presented HPLC-DAD method,
combined with chemometrics, was demonstrated to be
very helpful in searching Ziziphus jujuba var. inermis
resources, and to be possibly useful in chemotaxonomic
characterization.

Furthermore, not only can authenticity be identified but
substitutes can also be searched according to the theory
that "herbs containing the same properties have similar
potency". For instance, comparing fingerprints of species
under the monograph in Chinese Pharmacopoeia, and
the nonofficial species by similarity analysis, one can
investigate the possibility of using these nonofficial
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species as alternatives to the official species (Xu et al.,
2003; Xu et al., 2009; Zhu et al., 2010).

Taking herbal Cistanches for instance, Jiang et al.
(2009a) developed HPLC-DAD-MS method, and
compared the fingerprints of another non-official species
Cistanche salsa and Cistanche sinensis with the official
one Cistanche deserticola. They found that C. salsa has
high similarity with the standard while C. sinensis varies,
suggesting that C. salsa may be used as alternative
species.

Efficacy and consistency

The efficacy of plant medicines is closely related to their
chemical constituents and their concentration, and
consistency might vary slightly according to differences in
climate, cultivating or wilding, harvest time, possessing
procedure, and storage.

When evaluating the recorded fingerprints, minor
differences in concentrations might influence the quality
of the plant medicines, while small differences between
the fingerprints can discriminate between species. PCA,
SA and HCA can classify and discriminate medicinal
plants fingerprints effectively.

Lin et al. (2011) developed enhanced fingerprints of
various Artemisia selengensis Turcz by means of HPLC-
DAD. The results were analyzed by SA, HCA and PCA.
Each method highlighted different properties of the data
matrix according to the fingerprints from different types of
A. selengensis Turcz. It provided comprehensive
information for matching and discrimination of the
fingerprints, and appeared to be suited for quality
assurance purposes for medicinal plants.

Ni et al. (2009) developed HPLC-DAD fingerprint of
Cassia seed, and analyzed the results with a series of
chemometrics methods. Consequently, the preference
ranking organization method for enrichment evaluations
(PROMETHEE) and geometrical analysis for interactive
assistance (GAIA) and multi-criteria decision making
(MCDM) methods provided the most comprehensive
information for matching and discrimination of the
fingerprints, and appeared to be best suited for quality
assurance purposes for these and similar types of
sample.

Kong et al. (2009) developed ultra performance liquid
chromatography with photodiode array detector (UPLC-
PAD) method for quantitative analysis of five active
alkaloids and chemical fingerprint analysis. The data
were analyzed by chemometrics methods such as SA,
PCA and HCA to classify the samples. The presented
method, combined with chemometrics, demonstrated to
be very helpful in the quality control and evaluation of
Rhizoma Coptidis.

Safety

The safety issue of plant medicines has been reported to
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contain heavy metals, pesticide residual, mycotoxin and
synthetic prescriptions or non-prescription drugs. They
may originate from mineral components, contamination
and adulteration (Ernst, 2002). The determination of them
is crucial to ensure the safety of the plant medicines.

Trace elements such as iron, copper, zinc and
manganese are known to play important roles in
biological systems, and may have relationship with
specific growth location and curative efficacy of the plant,
so it has been studied extensively recently. The research
is often carried out combined with PCA and CA (Li et al.,
2007; Razic¢ et al., 2003; Wesotowski et al., 2003).

In contrast, other elements, such as lead and cadmium
are toxic even in trace amounts. Therefore, it has the
central importance of ascertaining the content of toxic
elements. Wang et al. (2010) determined trace and toxic
element concentrations in Paris polyphylla from China by
flame and graphite furnace atomic absorption
spectrometry to evaluate and classify their quality. The
results were analyzed with PCA and HCA which support
important information for safety evaluation. Kolasani et al.
(2011) determined mineral elemental concentrations of
50 Chinese medicinal herbs in acid digests with flame
atomic absorption spectroscopy. The data were analyzed
by PCA and HCA to understand the association between
the elements and to classify the herbal samples.

PROSPECTS

The potential power of chemometrics in quality evaluation
needs no further description. In the evaluation of quality
of herbs, chemometrics can be used to optimize
experimental procedures, pre-treat fingerprints, extract
maximum useful information, and analyze results.
Chemometrics is a suitable analysis method and a useful
tool for estimating medicinal plants quality (Valentina
Razmovski-Naumovski et al., 2010).

Meanwhile, we should keep in mind that chromato-
graphic fingerprint is not always a perfect way to present
all compounds of medicinal plants. The macromolecules
(example, polysaccharides, amino acids), a major part of
the bioactive compounds in medicinal plants, are often
not considered in fingerprint, and should be taken into
account during future development of quality evaluation.
Although there are different kinds of monographs on
quality evaluation of medicinal plants in some countries,
sometimes we still lack an effective standard to make
scientific quality estimation (Springfield and Eagles,
2005). New ways to assess the quality of medicinal
plants are constantly being explored, such as com-
bination chemical fingerprint with biological methods, bio-
fingerprint, metabolic fingerprint (Li et al., 2008; Fan et
al., 2006; Liang et al., 2009; Jiang et al., 2009b).
Pharmacodynamics, quality metrology, and the export
system of herbal medicine have been researched in
some groups (Qi and Yu, 2010; Wang et al., 2006; He
and Zeng, 2006). A perfect system of quality evaluation

of quality evaluation of medicinal plants has not been
achieved and will require a significant amount of work to
accomplish it.
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