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A B S T R A C T

Pasta is a key element of the Mediterranean Diet and it has been declared by Unesco intangible cultural her-
itage of humanity. Despite seems a simple food, only made of semolina and water, pasta is produced following a
multi-step process that strongly affect the final product. Drying stage is the one that has the greater influence on
its organoleptic/nutritional characteristics. This study aimed to analyse the flavour of pasta to test whether the
different drying treatments (High Temperature-Short time or Low Temperature-Long time) have a direct impact on its
composition and consequently whether they could influence the end-product quality. The headspace solid-phase
microextraction was optimized using an experimental design and 52 samples were analysed by HS-SPME/GC-MS
and classified by PLS-DA. The resulting classification model (validated by repeated double cross-validation and
permutation tests) allowed correctly predicting more than 80% of samples, confirming that drying may have a
significant impact on pasta flavour.

1. Introduction

Pasta is obtained by extruding, rolling, drying and packaging of
dough prepared exclusively with wheat semolina and water, without
any addition of colouring agents or preservatives. Pasta is a versatile,
functional, high genuineness, and long shelf-life product, but the reason
of its success and spread worldwide also lies in the simplicity of the tech-
nological steps in its production and its extremely simple composition
(flour and water), that can be easily adjusted substituting cheaper and
easier to trace cereals to encounter any cultural needs and food tradi-
tions.

Pasta is a key element of the Mediterranean Diet. WHO (World
Health Organization of the United Nations) and FAO (Food and Agricul-
ture Organization of the United Nations) described pasta a healthy, sus-
tainable and quality food model, and in 2010, UNESCO (United Nations
Educational, Scientific and Cultural Organization) declared it an intangi-
ble cultural heritage of humanity.

Pasta plays an important role in the Italian food tradition and with
over 55% exports contributes to promote and disseminate its economic
and cultural heritage value of the made-in-Italy food around the world
(Aidepi - Italian association of confectionery and pasta industries, 2017).
According to Coldiretti (National federation of Italian farmers), Italian
consumers prefer dry pasta, representing about 90% of the total pur

chasing volume of the sector. From the supply point of view, the do-
mestic market is highly fragmented, only one player with a stable mar-
ket share around 32%, followed by some national competitors with mar-
ket shares far below (12.3%, 8.1% and 6.5%; 13.5% private labels; and
27.5% other producers) and around 600 small and very small-sized man-
ufacturing factories located nation-wide (IRI, 2014). In order to pre-
serve its historical identity, the Italian Law No. 580 of 1967 (amended
by DPR No. 187/2001) was issued to well-define the requirements con-
cerning the qualitative characteristics of raw materials imposing the ex-
clusive use of durum wheat semolina in its production, but avoiding
to mention restrictions concerning production technologies [1]. Con-
ditions in the manufacturing process can significantly affect semolina
components, threatening the competition between starch and protein
during cooking, and influencing the aromatic profile of end-product
[2–4]. In the manufacturing process, the drying step is certainly the
stage that has the greater influence on the final product peculiarities:
it can be LT-Lt (Low Temperature-Long time) or HT/VHT-St (High/Very
High Temperature-Short time). The temperature varies considerably ac-
cording to the drying technology used: < 60 °C for drying at low tem-
peratures (LT), 70–80 °C for drying at high temperatures (HT) until
at 110 °C for that at very high temperature (VHT). Consequently, the
drying period also varies, longer than 20 h for long-time drying treat-
ments (LT-Lt), about 7–10 h for short-time processes (HT-St) and un-
til 1–2 h for very short-time treatments (VHT-St). Over the years, the
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technological progress and the constant increase of higher hygiene stan-
dards, together with a change of market demand, have gradually modi-
fied the traditional pasta low-temperature processing method. Most pro-
ducers, therefore, have oriented their production towards HT/VHT-St
technologies. The advantages of these technologies are considerable,
such as an increase of production due to a reduction on production
times, product shelf-life extension, or texture property improvements
during cooking [5,6]. On the other hand, several studies showed that
the extreme thermal stress, in the drying step, negatively affect both
nutritional (loss in essential amino acids with reduction of nutritional
value) and organoleptic (formation of Maillard reaction by-products re-
sulting in a flattening of flavour and browning of colour) pasta prop-
erties while low drying temperatures (≤65 °C), limiting the heat-dam-
age, better preserve the characteristics of the final product [7–10]. In
literature, Maillard reaction by-products, lipid oxidation by-products,
neo-formation aromatic compounds, microbiological processes by-prod-
ucts (fermentation processes) and the compounds that cause a reduction
in nutritional value, were all used as indicators to describe the influence
of the manufacturing process on food quality [11–16].

The aim of our studies is to analyse the flavour profile of
made-in-Italy pasta to prove that different drying treatment (LT-Lt, HT
or VHT-St) have a direct impact on its qualitative/quantitative composi-
tion and, consequently, it could influence the nutritional and organolep-
tic quality of the end-product.

Among pasta's main quality parameters, measured by standard pro-
cedures, such as colour, cooking resistance, and texture properties, fur-
ther information on the characteristics and history of the product can
also be obtained investigating other molecular markers. Considering the
conventional indicators, routine controls often neglect technological and
organoleptic aspects that significantly contribute its total quality [17].
Although these aspects are not perceived directly at the moment of con-
sumption, they represent an added value to be considered in order to
discriminate premium price products. In this context, flavour could be
used to valorise pasta that retains all its features at the end of the pro-
duction process.

In a previous study, published in Boccacci Mariani et al. [18], our
team developed an HS-SPME/GC-MS (headspace solid-phase microex-
traction/gas chromatography-mass spectrometry) screening method to
investigate the volatile fraction on durum wheat dry pasta samples.
That method adopted: i) the traditional analytical approach in order
to optimize those parameters that compromise extraction efficiency of
HS-SPME technique (i.e. the selection of the fibre coating, the influ-
ence of sampling temperature and time, the effect of the sample weight);
ii) the use of standard solutions to optimize the HS-SPME procedure
and create a flavour-compounds library in order to identify possible dis-
criminant aromatic substances in pasta samples; iii) finally, the use of
a gas-chromatograph interfaced with an ion-trap mass spectrometer to
monitor sample chromatographic profiles. In order to verify the feasibil-
ity of this method, a further study was later carried out by our team that
analysed a larger number of pasta samples, as published in Giannetti et
al. [19]. The sample-set consisted of pasta belonging to two different
classes, i.e. pasta obtained with LT-Lt drying treatment (traditional prod-
ucts) and pasta produced using HT/VHT-St drying step (industrial prod-
ucts). The results obtained by principal component analysis (PCA) have
shown that a well-defined separation among the two groups of the con-
sidered pasta samples is possible.

Based on these studies, confirmed by others available in literature, it
is thus possible to characterize pasta samples in relation to the drying
conditions used for its production [20]. Therefore, the flavour may help
to discriminate pasta samples manufactured with the traditional method
(LT-Lt) from those obtained under extreme drying conditions.

The successful results provided by our previous work have encour-
aged us to further develop both the HS-SPME technique and chemo-
metric models to identify a set of volatiles compounds that could be

used as product or process markers. Indeed, although some volatile com-
pounds found in the end product are already present in the aromatic
profile of durum wheat (mainly alcohols, esters, aldehydes, terpenes),
many other, e.g. heterocyclic compounds (furans, pyrroles, pyrazines,
thiazoles) and volatiles carboxylic acids, are formed during drying step
in relation to the process conditions adopted (temperature, time, mois-
ture, static or dynamic cell) [21,22]. Those markers could help to assess
the effects of industrial production technologies on the final characteris-
tics of the pasta samples belonging to two specific market segments (tra-
ditional or industrial products), to keep the drying step under control or
to assess product authenticity compared to what mentioned in the label.
In this work, the pasta-flavour monitoring was carried out developing an
HS-SPME/GC-MS method, whose extraction conditions were optimized
using a rational design of experiments and, in particular, a response sur-
face methodology.

Eventually, Partial Least Squares Discriminant Analysis (PLS-DA) has
been used to discriminate pasta produced under HT/VHT-St and LT-Lt
drying process. This classifier has been chosen because it has been
widely and successfully exploited in the food analysis context and, in
particular, for quality control of pasta. In fact, it has been used to au-
thenticate PGI Gragnano pasta [23,24], or to detect adulterations in
egg-pasta [25].

Among the hundreds of volatiles compounds of pasta flavour, the
multivariate statistical analysis allowed the selection of a limited num-
ber of aromatic substances useable as markers. Therefore, when food
safety and nutritional intake are guaranteed, the flavour can become a
discriminating factor to prefer a product rather than any other obtained
with the same raw materials but in different process conditions. The
identification and the quantification of these volatile compounds - to be
assessed together with the conventional parameters (e.g. colour, cooking
resistance, moisture content) - could represent a useful tool to promote
and valorise pasta which has not undergone extreme thermal treatments
during drying step, that includes those pasta productions that despite
having been produced in industrial plants, yet respect Italian tradition
of the LT-St process.

2. Materials and methods

2.1. Samples

All considered samples were short-shaped dried pasta. Pasta samples
were all produced in Italy and sold from popular brands on the terri-
tory (leader brands, common brands, private labels). Samples were pur-
chased from large-scale retail stores and from shops specializing in arti-
sanal and regional food specialities. All samples were packed in a plastic
box. The selection of samples was based on the claims reported on the
label by the producer (e.g. “slow drying at low temperature”; “slow-dried”,
“low-temperature drying”), selling price (ranged from 1 to 5 €/Kg approx-
imately), and some organoleptic features directly evaluable from the
package (e.g. colour, surface appearance). The sample-set consisted of
52 pasta produced under on HT/VHT-St and LT-Lt drying process. Be-
fore analysis, samples were kept in their original packages at room tem-
perature. Samples were fine ground for 30 s using an IKA A 10 labora-
tory mill to obtain a flour. The milling chamber was cooled with tap wa-
ter to avoid heating during milling and thus loss of volatile compounds.
A ground sample of 10.5 g was transferred into a 20 mL glass vial for au-
tosampler with an aluminium-crimp top closure and blue-silicone/PTFE
septum (Chromacol).

2.2. HS-SPME/GC-MS analysis

HS-SPME technique was carried out with a 50/30 Divinylbenzene/
Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS) Stable Flex fibre
(2 cm) by Merch (KGaA, Darmstadt, Germany) using an autosampler
device (Triplus Autosampler, Thermo Scientific). The vial with the
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ground sample was automatically transferred in the autosampler oven
preheated at 75 °C and maintained alike for 20 min. After the incuba-
tion period, the fibre was exposed in the headspace at the same tem-
perature for 38 min. Following the extraction phase, the fibre was trans-
ferred automatically by the autosampler to the split/splitless injector of
the gas chromatograph (Trace 1300 Gas Chromatograph, Thermo Sci-
entific). The desorption step was performed in splitless mode (5 min)
with a split flow of 50 mL/min and by setting the injector tempera-
ture at 260 °C. The chromatographic separation was performed with
VF-WAXms capillary column (30 m × 0.25 mm ID, 0.25 mm) by Agi-
lent Technologies (Santa Clara, CA, USA) with helium as carrier gas at
a flow rate of 1 mL/min. The GC oven temperature was programmed
at 40 °C for 5 min, ramped at 6 °C/min to 150 °C, then at 15 °C/min to
230 °C held for 3 min. The GC was interfaced with a mass spectrome-
ter (ISQ 7000 Single Quadrupole, Thermo Fisher Scientific). The detec-
tion was performed under electron impact (EI) ionisation at 70 eV by
operating in the full-scan acquisition mode in the 35–350 a.m.u. Range.
The temperature of both the ion source and the transfer line was main-
tained at 250 °C. All pasta samples were analysed in duplicate following
the random order required by the experimental design. The sample vials
were interspaced with empty vials in order to avoid cross-contamina-
tion.

2.3. Experimental design

To optimize the extraction conditions, a strategy based on a ratio-
nal design of experiments was followed. In particular, having identi-
fied three experimental factors as possibly critical to determine the ex-
traction recovery and hypothesizing that there could be a non-linear
relationship between the value of at least some of the factors and the
response(s) to be optimized, a strategy based on selecting the experi-
ments to be conducted by means of a face-centered central composite
scheme, in order to build a response surface, was adopted. Central com-
posite design (CCD) [26] are a family of experimental design obtained
by the combination of a 2 k full factorial scheme (with experiments con-
ducted at all the possible points resulting by taking the factors at their
minimum and maximum levels) with a star design (where experiments
are made under conditions in which all factors but one are kept con-
stant at their mean level, while the remaining one assumes the values
+α or -α, plus a further experiment at the center point of the exper-
imental domain). If the value of α, in coded coordinates, is set to 1,

each factor is controlled at three levels and the CCD is said to be
face-centered (FC). For a problem involving three factors, like the one
addressed in the present study, a FC-CCD requires to conduct 15 exper-
iments (Table 1). Such a number of experiments allows estimating reli-
ably the values of the coefficients of the response surface:

(1)

which describes the relation between the controlled factors (and their bi-
nary interactions) and the response(s). The regression coefficients can
be considered as an estimate of the effect induced by the corresponding
design term on the response. Accordingly, to evaluate whether a partic-
ular design term has a significant effect on the response or not, a t-test
is used to verify whether the corresponding coefficient significantly dif-
ferent than zero. If replicated measurements are performed to estimate
the repeatability of the response, this translates to calculating a critical
value of the effect (at a specific confidence level). When, as in the pre-
sent case, the whole design is replicated and a type-I error of 0.05 is
chosen for the two-tailed t-test, the critical value for an effect to be con-
sidered significant is:

(2)

where is the value of the t distribution of N degrees of freedom
corresponding to a cumulative distribution function of 0.975, is the
number of points in the design and is the pooled standard deviation
of the response, estimated through the replication of the design points.
Accordingly, if the corresponding design term is assumed to af-
fect significantly the response [27].

In the present study, as described in more detail in the Sub-section
“Optimization of extraction conditions through design of experiments”, both
a targeted and an untargeted approach have been followed to define the
responses to be optimized. In the first case, the peak areas of eight tar-
get analytes (hexanal, 2-pentylfuran, 1-hexanol, furfural, 1-octen-3-ol,
2-furanmethanol, maltol, nonanoic acid), important for pasta flavour,
have been chosen as responses and further summarized into a desirabil-
ity function [28]. In the second one, the TIC profiles collected across
the experiments have been suitably pretreated and subjected to princi-
pal component analysis, and the corresponding scores along the first PC
were used as response.

Table 1
Experiments of the FC-CCD for volatiles extraction in coded and real values.

Experiment nr. Temperature Time Sample weight Response (targeted) a Response/10 9 (untargeted) b

Coded Real (°C) Coded Real (min) Coded Real (g) Repl.1 Repl.2 Repl.1 Repl.2

1 −1 40 0 38 0 7.25 0.175 0.144 −3.99 −4.42
2 1 75 0 38 0 7.25 0.720 0.616 6.24 4.97
3 0 58 −1 15 0 7.25 0.261 0.221 −1.59 −2.32
4 0 58 1 60 0 7.25 0.427 0.369 3.01 2.44
5 0 58 0 38 −1 4 0.399 0.259 −0.73 −1.74
6 0 58 0 38 1 10.5 0.332 0.384 1.76 2.57
7 0 58 0 38 0 7.25 0.337 0.307 −0.70 0.27
8 −1 40 −1 15 −1 4 0.128 0.106 −5.36 −5.74
9 −1 40 −1 15 1 10.5 0.177 0.134 −4.06 −5.01
10 −1 40 1 60 −1 4 0.148 0.158 −4.68 −4.15
11 −1 40 1 60 1 10.5 0.160 0.151 −4.05 −3.87
12 1 75 −1 15 −1 4 0.366 0.318 0.35 −0.12
13 1 75 −1 15 1 10.5 0.518 0.389 3.54 1.77
14 1 75 1 60 −1 4 0.746 0.661 5.80 5.56
15 1 75 1 60 1 10.5 0.848 0.756 7.57 6.68

a Overall desirability calculated from the peak areas of hexanal, 2-pentylfuran, 1-hexanol, furfural, 1-octen-3-ol, 2-furanmethanol, maltol, nonanoic acid.
b Score on the first PC calculated on pretreated TIC chromatographic profiles.
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2.4. Chemometric processing of chromatographic data

The possibility of using the HS-SPME/GC-MS profile for verifying
whether a sample has been manufactured using as LT-Lt or a HT-St dry-
ing step and at the same time the identification of possible markers of
the treatments relies on the construction and validation of a chemo-
metric classification model [29,30]. In particular, given the highly mul-
tivariate nature of the chromatographic signals, in the present work
the choice fell on partial least squares discriminant analysis (PLS-DA)
[31,32]. Indeed, deriving from the partial least squares (PLS) regres-
sion algorithm [33], PLS-DA allows obtaining accurate and stable mod-
els also in cases, as the present one, when predictors are correlated, and
the number of samples is lower than the number of measured variables.
Briefly, in PLS-DA the categorical information about the samples is en-
coded in a dummy response variable which, when there are only two
classes, like in the present study, can only take the values 1 (class 1) or
0 (class 2). Accordingly, the chromatographic profiles (collected in the
matrix X) and the dummy response for the corresponding samples (col-
lected in the column vector y) are used to build a regression model by
means of the PLS algorithm:

(3)
where is the vector of regression coefficients, collects the predicted
responses for all the samples and the residuals (i.e., the differences be-
tween the actual and predicted values of the response) constitute the
vector . Since the predicted responses are not discrete-valued as their
actual target, classification requires setting a proper threshold to the
value of , so that if is greater than the threshold, the sample is pre-
dicted as class 1, and otherwise it is assigned to class 2. In the present
work, among the possible decision criteria, thresholding was operated
by applying linear discriminant analysis on the values of the predicted
response [34]. In particular, having assumed that prior probabilities for
the two classes should be equal, since there was no reason for one treat-
ment to be, a priori, more probable than the other, for each of the two
categories, the posterior probability was calculated based on the
PLS predicted response of the training samples as:

(4)

where and are the mean and variance of the predicted responses
for the training samples of the gth class, respectively, and is a normal-
ization factor. Accordingly, the classification threshold was calculated as
the value of the PLS predicted response corresponding to equal a pos-
teriori probability for the two categories: .

Once a predictive model is built, it needs to be validated, so that its
reliability and generalizability to new samples can be evaluated [35]. In
the present study, in order to take into account, the not very large num-
ber of samples available and at the same time to guarantee an unbiased
validation of the results, a repeated double cross-validation (rDCV) pro-
cedure was used for this purpose [36]. Double cross-validation (DCV)
consists of two nested cross-validation loops, the innermost one being
used for model selection (e.g., choice of the optimal number of latent
variables) and the outermost one for the evaluation of the predictive
ability on external (i.e., not used for training) samples. The term “re-
peated” come from the fact that, in order for the results not to depend on
a single data split, the procedure is repeated a sufficient number of times
(here, 50), each time changing the way samples are divided into the dif-
ferent cancelation groups. To further rule out the possibility that good
results may be obtained by chance correlation, the values of the figures
of merit obtained by the rDCV procedure were tested against their cor-
responding null distributions, obtained non-parametrically by means of
permutation tests [37].

Since chromatographic data may be affected by other sources of un-
wanted variance which may mask the information of interest (in the pre-
sent case, the difference in volatiles’ concentration between LT-Lt and
HT-St dried pasta samples), prior to building and validating the classi-
fication model, signals need to be pretreated. Accordingly, alignment of
the TIC chromatograms was first carried out using the iCoshift algorithm
which, with respect to other warping procedures, has the advantage of
allowing a finer matching of the profiles, by working interval-wise [38].
Then, normalization of the signals was achieved using probabilistic quo-
tient normalization (PQN). PQN operates by identifying a reference pro-
file which is usually the mean or the median signal, and then, for each
sample, calculates the normalization factor as the median of the ratio
between signal of the sample and that of reference [39].

3. Results and discussion

The results obtained by HS-SPME/GC-MS chromatographic profiles
and processed using chemometric classification models showed it could
be possible to use the flavour fingerprints of end products to recognize
pasta which has been undergone thermal stress during its manufactur-
ing process. On the market pasta packs reporting misleading informa-
tion can be found claims such as slow processing or artisanal product are
frequently used although they refer to secondary stages of the manufac-
turing process or their artisanal designation refers to the pasta factory
only. Consequently, such label information does not automatically attest
a top-quality pasta. On the other hand, pasta packs, produced in indus-
trial plants that operate continuously on a large-scale (big brands or pri-
vate label of large supermarket chains) but manufactured under LT-Lt
drying treatments, can also be found. This procedure could then offer
an objective tool to both commercially valorise the pasta produced with
a LT-Lt drying technology and to help consumers make their conscious
choice.

Before confirming data through the chemometric analysis, the qual-
itative assessment of chromatographic profiles, obtained comparing the
volatiles compounds fingerprint of LT-Lt and HT/VHT drying process
pasta, already showed differences in composition and amount of some
characteristic substances of the two different drying technologies used
for their production. As known, HT/VHT treatments promote the de-
velopment of the Maillard reaction and, thus, several volatile mole-
cules arising from either the early or the advanced stage of this reac-
tion such as maltol, furfural, 2-furan-methanol, and benzaldehyde, are
abundant in pasta samples that do not report information regarding low
temperatures on the label, so, presumably, they had been dried rapidly
at high or very high temperatures. Conversely, the LT drying process,
that does not require sufficient temperatures to promote Maillard re-
action, leads to the formation of molecules arising from the oxidation
of polyunsaturated fatty acids, such as linear aldehydes and alcohol,
volatile acids, 2-pentyl furan, largely detected in LT-Lt drying process
samples. The abundance of the by-products of lipid oxidation compared
to Maillard by-products could indicate that those samples were dried
at T < 68 °C, because above this temperature, the enzymes (lipoxy-
genase, peroxidase, lyase hydroperoxide), that catalyse lipid oxidative
processes, are denatured [40,41]. The qualitative results were obtained
by comparing the experimental mass spectra with those stored in the
US-NIST library database. According to the accepted criteria defined by
the Metabolomics Standards Initiative [42], qualitative results based on
spectral similarity with commercial mass spectral database, without use
of reference standards, should be reported as putative compounds identi-
fications (Level 2). Identification by comparison with mass spectra was
considered satisfactory only for compounds with obtained spectra re-
verse match (R match) higher than 850. As spectral evidence to con-
firm the compounds identifications, the Kovats retention indices (RI)
were determined using a homologous series of aliphatic hydrocarbons
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(C8–C25) (Sigma, Aldrich, Milan, Italy) as external references and
matched with those available in literature [43,44].

3.1. Optimization of extraction conditions through design of experiments

In the first phase of the work, starting from a method previously de-
veloped by some of the co-authors [18], experimental design was used
to try to improve the extraction yields of the analytes of interest (but
also of the whole panel of volatiles, in general), by investigating the ef-
fect of the sample weight, and of the extraction temperature and time
on the recovery.

Accordingly, a three-factor face centered central composite design
(FC-CCD) was constructed, identifying the limits of the experimental
domain as the values 40 and 75 °C for sampling temperature, 15 and
60 min for sampling time and 4 and 10.5 g for sample weight. Start-
ing from these conditions, the design matrix reported in Table 1 and
comprising 15 experiments was then generated. To assess the precision
of the measurements, so to be able to evaluate the significance of the
effects of each design term, it was decided to perform all the required
experiments in duplicate; in particular, to avoid the possibility of high-
lighting spurious correlations or masking effects, the experiments were
carried out in random order, taking care that the randomization also ex-
tended to the replicated measures.

In order to evaluate the recoveries, the 30 (15 × 2) extracts pre-
pared according to the points of the experimental design were analysed
by GC-MS as described in the Section “HS-SPME/GC-MS analysis”. The
corresponding chromatographic data were imported into Matlab,
aligned using the iCoshift algorithm, and subsequently processed. In par-
ticular, to define the responses to be optimized based on the results of
the experimental design two different approaches were followed: a tar-
geted and an untargeted one.

The former approach relied on the quantification of eight substances
(hexanal, 2-pentylfuran, 1-hexanol, furfural, 1-octen-3-ol, 2-furan-
methanol, maltol, nonanoic acid) which are reported in the literature
as important for the constitution of the aroma of the pasta. For each of
these substances, the areas of the corresponding peaks were recorded
and, in order to take into account the recovery of all eight chosen
markers and their different concentrations within the samples, start-
ing from those areas a desirability function [28] was built as fol

lows. Since, for each compound, the aim was to maximize the recovery,
i.e., to have the highest peak area, individual desirability values were
calculated for each compound, by means of the following function:

(5)

where is the value of the desirability function for the kth re-
sponse in the ith experiment, is the area of the kth analyte in the ith
experiment, and and are the minimum and maximum value of the
kth response across all the experiments. Accordingly, through the nor-
malization in equation (5), the peak areas for each analyte were trans-
formed to an individual desirability value, which is normalized so to
vary between 0.1 and 0.9. Then, for each experiment, the overall desir-
ability function was calculated as the geometric mean of the individual
desirabilities:

(6)

The results are reported in Table 1 and graphically summarized in
Fig. 1.

To facilitate the interpretation of the results, the experiments re-
ported in Fig. 1 have been organized in the order described in Table 1,
the outcomes of replicated design units being plotted consecutively and
labelled as a and b. By looking at Fig. 1, it is then possible to observe,
at first, how all the extractions have good repeatability in recoveries,
since the desirability values corresponding to pairs of replicated experi-
ments are very consistent with one another. Furthermore, it is clear that,
among those examined, three experimental conditions result in overall
higher recoveries: these conditions correspond to the experiments indi-
cated in Table 1 as 15 (75 °C–60 min – 10.5 g), 14 (75 °C–60 min – 4 g)
and 2 (75 °C–38 min – 7.25 g).

A first inspection of these results would suggest the need to conduct
the experiments at high temperature and for a medium-long time, but it
would also indicate, on the other hand, how the quantity of sample used
may not be a significant factor for obtaining high recoveries.

As said, the outcomes of the designed experiments were analysed
also through a second, untargeted approach, taking into consideration

Fig. 1. Optimization of the extraction conditions based on a targeted approach: values of the desirability functions for the two replicates (labelled a and b) of the fifteen points of the
experimental design.
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the entire chromatograms and not just the areas of specific peaks of in-
terest. To do so, the aligned chromatograms, after further mean cen-
tering, were processed by principal component analysis. In particular,
inspection of the loadings of the first principal component (Fig. 2a),
which accounts for more than 70% of the original variance, evidenced
how, with the exception of a small region at the beginning of chro-
matogram, very close to the dead volume, the contributions of all the
peaks are always positive: this means that the scores along the corre-
sponding component (Fig. 2b) can be considered as an index of the
overall recovery of eluted volatile substances. Indeed, based on what re-
ported in Fig. 2, it is possible to say that the higher the intensity of

the chromatographic peaks, the higher the score value on PC1. By look-
ing at the values of the scores along PC1 for the different experimental
conditions (Fig. 2b), it is possible note how the observed trend is con-
sistent with the one already discussed for the desirability function built
considering only the 8 markers identified for the targeted analysis (Fig.
1).

Based on these considerations, since the scores on the first princi-
pal component calculated on the whole chromatographic profile could
be considered as an index of the extraction recovery of all volatile sub-
stances of interest (and not only of the 8 selected markers), it was de-
cided to use this variable as response to build the quantitative model to

Fig. 2. Optimization of the extraction conditions based on an untargeted approach. Results of PCA modelling of the TIC chromatograms measured on the 30 (15 × 2) experiments selected
according to the Face Centered-Central Composite Design. Loadings (a) and scores (b) of the first principal component.
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be used for the optimization of the experimental conditions. By indicat-
ing as the response to be optimized (i.e., the score along PC1), the
equation of the response surface to be fit based on the results of the ex-
perimental design is:

(7)

where , and are the values of temperature, time and sample weight,
respectively. Having replicated each point of the experimental design, it
was possible not only to estimate the values of the regression coefficients

in equation (7), but also their statistical significance. The results ob-
tained are summarized in Fig. 3.

By looking at Fig. 3, it is possible to see how the effect of tempera-
ture is predominant and positive; similarly, also time and the interaction
between temperature and time have a positive and significant effect, al-
though lower. There results confirm the qualitative considerations al-
ready discussed on the basis of Figs. 1 and 2. As for the sample weight,
it can be deduced that it has a minimal effect, only additive, since its
interactions and its quadratic term do not give statistically significant
contributions.

Accordingly, considering only the statistically significant contribu-
tions, the mathematical model describing the response surface and re-
ported in equation (7) boils down to:

(8)

In order to choose the optimal conditions, taking advantage of the
fact that the sample weight is not present in quadratic or interaction
terms, but only through the linear term, it can be evaluated separately
from the contribution of the other two factors. In fact, considering that
the mass gives only a linear contribution with a positive coefficient, it
can be concluded that, in order to have a response as high as possible, it
must be fixed at its maximum level.

At this point, it is possible to proceed by investigating the mar-
ginal response surface, obtained from equation (8) by fixing the sample
weight at its optimal level (10.5 g) and considering only the dependence
of on the remaining two factors, temperature and time. The corre-
sponding response function is graphically shown in Fig. 4, both as sur-
face and in the form of a contour plot.

By looking at Fig. 4, it is evident how the optimal conditions, i.e.,
the ones leading to the highest recovery of volatile substances, as sum-
marized by the score on PC1 which was chosen as response, correspond
to the highest values of time and temperature (i.e., considering the in-
vestigated experimental domain, to 75 °C for 60 min). However, in the
light of trying to reduce time and costs of the analysis, a further inves-
tigation of the response surface highlighted how very good recoveries
could still be obtained by keeping the temperature high, but lowering
the extraction time to 38 min, so that these were chosen as the final
experimental conditions. Accordingly, for the successive analysis of the
pasta samples, extraction was performed on 10.5 g of sample at a tem-
perature of 75 °C for 38 min.

3.2. Discrimination of pasta samples according to the processing conditions

The TIC chromatograms of the 52 analysed pasta samples (made up
of 9301 data points each) were exported into Matlab, aligned by means
of the iCoshift algorithm and normalized by means of probabilistic quo-
tient normalization (PQN) using the median profile over the whole data
set as reference chromatogram, as described in “Chemometric processing
of chromatographic data” Section.

A PLS-DA classification model was then built and validated on the
pretreated data, in order to discriminate between the two types of pasta
(pasta produced under on HT/VHT-St and LT-Lt drying process). In
particular, considering the number of available samples, validation has
been performed through the combination of repeated double cross-val-
idation (rDCV) and permutation test. More specifically, the rDCV pro-
cedure was implemented by dividing the samples in both loops into 10
cancellation groups and replicating the procedure for a total of 50 times.
Permutation tests (with 1000 randomizations) were then used to ob-
tain the distribution of the classification figures of merit under the null
hypothesis in order to rule out the possibility that the results obtained
could be due just to chance correlations. In a permutation test, the class
labels of the samples are randomly assigned to the different individuals
and do not match anymore the true grouping. Classification models are
then built based on the permuted class labels, and the results are col-
lected to represent the distribution of values one should expect in cases
where there is no difference between the categories [37].

The results of PLS-DA modelling were very good in terms of predic-
tive ability; here it should be stressed that the use of a repeated double

Fig. 3. Optimization of the extraction conditions based on an untargeted approach. Regression coefficients defining the response surface. The vertical dashed red lines indicate the thresh-
old for statistical significance (p = 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Optimization of the extraction conditions based on an untargeted approach. Marginal response surfaces illustrating the dependence of the modelled response (scores on PC1) as a
function of headspace extraction time and temperature. (a) 3D response surface; (b) contour plot.

cross-validation strategy allows to obtain not only a single estimate of
the correct classification rates of the individual classes or the whole data
set, but also their confidence intervals.

In particular, it was found that the PLS-DA method allows, on av-
erage, correctly predicting the category of more than 80% of the outer
loop samples, i.e., when they are not employed to build the model for
their prediction. Indeed, due to the nature of the rDCV procedure the
figures of merit estimated on the outer loop samples are the ones which
estimate less unbiasedly the performances which can be expected on
new, unknown samples. In detail, when considering the outer loop, a
74.0 ± 8.2% sensitivity and an 86.5 ± 3.9% specificity were obtained
for the class LT-Lt, while, due to the symmetry of the two-class discrim

inant problem, the values were exchanged in the case of the HT/VHT-St
category (86.5 ± 3.9% sensitivity and 74.0 ± 8.2% specificity), lead-
ing to an overall correct classification rate (accuracy) of 80.3 ± 4.7%.
Moreover, the fact that these results were comparable to the values
of the same figures of merit observed in the inner loop (the one used
for model selection, where the sensitivities were 74 ± 10% and
89.4 ± 3.0% and, correspondingly, the specificities 89.4 ± 3.0% and
74 ± 10% for LT-Lt and HT/VHT-St, respectively, with an accuracy of
81.5 ± 5.6%) indicate the absence of overfitting. By inspecting the re-
ported results, it is also possible to observe how the sensitivity for HT/
VHT-St dried pasta presents a smaller standard deviation, indicating
that, probably, the corresponding class is more homogeneous than the
alternative one (LT-Lt).

8
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Apart from the individual sensitivity and specificity, the goodness
of the classification model can be evaluated and summarized by three
other figures of merit: the number of incorrect classifications (Number
of Misclassifications, NMC), the area under the ROC curve (AUROC) and
the discriminant Q2 (DQ2) [37]. The number of misclassification is sim-
ply equal to the number of samples which are predicted as belonging
to the wrong category (HT/VHT-St classified as LT-Lt and vice versa).
The receiver operator characteristics (ROC) curve is a way to graphically
summarize the classification performances of a method as a function of
the values of the discriminant threshold: the curve plots the sensitiv-
ity of a class versus 1-specificity (for a two-class problem, it is enough
to consider only one of the two categories involved due to symmetry:
the sensitivity of a class is equal to the specificity of the other and vice
versa). The ROC curve doesn't consider only the performances at the
optimal value of the classification threshold but shows how sensitivity
and specificity would vary by changing the decision boundary, thus pro-
viding more information about the ability of the classifier to differen-
tiate the two categories. As a figure of merit, the area under the ROC
curve (AUROC) is often used: it takes the value of 1 for a perfect sepa-
ration between the classes, while no separation corresponds to a value
close to 0.5. Lastly, discriminant Q2 (DQ2) was introduced as a modifi-
cation of the coefficient of determination to evaluate the quality of re-
gression-based classification models [45]. DQ2 is defined as the usual
Q2 but without considering, in the calculation of the residual sum of
squares, the errors associated to predictions of values beyond the class
labels: if for class 1 or for class 2 , these errors do not con-
tribute to the residuals.

Concerning their values, while NMC should be as low as possible
(and, ideally, equal to zero), the other two should be as high as possible
(and, ideally, equal to 1). The values of these three figures of merit are
represented in Fig. S1 and compared with their distributions under null
hypotheses, which were non parametrically estimated by means of per-
mutation tests with 1000 repetitions [37].

As explained above, the low NMC value (10.3), like the high value
of AUROC (0.860), are indicators of the goodness of the model; more-
over, by comparing the values obtained on the data with the corre

sponding distributions under the null hypothesis estimated by means of
the permutation test, it is evident how both figures of merit are statisti-
cally significant (with an estimated p-value <0.001). On the other hand,
inspection of the value of DQ2 (−1.26) and comparison of this value
with its distribution under the null hypothesis provide less strong sup-
port to the observed discrimination but this is not unexpected, as there
is debate in the literature about the suitability of this figure of merit in
assessing the goodness of a classification model.

In order to identify which chromatographic regions contribute the
most to the classification model and, accordingly which compounds al-
low discriminating between the two types of pasta, VIP (variable impor-
tance in the projection) indices were calculated for each variable. In-
deed, the normalization adopted in the calculation of these indices is
such that only the variables with VIP higher than 1 are assumed to con-
tribute significantly to the classification model. Moreover, having iden-
tified the significant X variables (chromatographic regions), inspection
of the sign of the PLS regression coefficients, which indicate the how the
dummy Y variable coding for class belonging varies as a function of each
predictor in the X matrix, it is possible to obtain information about how
the signals from the markers vary between the two types of pasta (Fig.
5).

In particular, in Fig. 5 the chromatographic regions corresponding
to VIP indices greater than 1 are highlighted by a bold trait, whereas the
different colour is associated to the value of the regression coefficient:
the red regions are those in which the LT-Lt dried pasta have a more in-
tense signal, while the opposite occurs for the blue ones (the signals of
HT/VHT-St products are more intense).

Among the blue peaks, it is possible to clearly identify those related
to 2-furanmethanol and maltol: this is consistent with the characteristic
of the HT/VHT-St pasta samples, for which the use of high temperatures
implies the formation of these Maillard reaction by-products.

On the other hand, among the red variables it is possible to identify
the presence of 1-hexanol, as expected, together with many other peaks
ascribable to alcohols and carboxylic acids, produced by the oxidation
of lipids, which is possible at the operating conditions of LT-Lt products.

Fig. 5. Identification of potential marker based on the results of PLS-DA modelling. The chromatographic regions found to be significantly contributing to the model are highlighted by a
bold trait over the average experimental profile of the analysed samples. Red and blue colours indicate, respectively, variables being on average more intense for LT-Lt or HT-St, respec-
tively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4. Conclusions

The goal of the present study was to analyse durum wheat pasta
samples by HS-SPME/GC-MS in order to investigate the chemical infor-
mation provided by their flavour profiles. As known, in fact, the differ-
ent thermal conditions used in drying treatments HT/VHT-St and LT-Lt
have a direct impact on qualitative and quantitative composition of the
end-product and, consequently, they could influence the nutritional and
organoleptic pasta qualities. Samples set consisted in 52 short-shaped
dried pasta commercialized by most common Italian brands. The selec-
tion of samples was based on the information reported on the label by
the producer, i.e. whether the product was manufactured under HT/
VHT-St or LT-Lt drying process. A multiresidue analytical method to in-
vestigate the volatile compounds in pasta samples was developed and
the HS-SPME procedure was optimized using a FC-CCD. The chromato-
graphic profiles were then used to classify samples according to the dry-
ing process their underwent. PLS-DA analysis (validated by means of re-
peated double cross-validation and permutation tests) allowed, on av-
erage, correctly predicting more than 80% of the samples, confirming
that the drying step may have a significant impact on the pasta flavour.
In addition, the presence of several volatile compounds arising from ei-
ther the early or the advanced stage of the Maillard reaction (maltol,
furfural, 2-furan-methanol, benzaldehyde) in pasta samples that do not
report claim regarding low temperatures on the label, could confirm
that those samples had been dried rapidly at high or very high tempera-
tures. On the other hand, the abundance of alcohols and carboxylic acids
(1-hexanol, 1-octen-3-ol, nonanoic acid) ascribable to the lipid oxidative
processes in pasta produced under drying LT-Lt as stated on the label
could hence confirm that the samples have not undergone to thermal
stress. It was also observed that the pasta samples dried at high or very
high temperature show a general flattening of the flavour fingerprint.
Therefore, the HT-VHT/St dried pasta could have an organoleptic qual-
ity lower compared to those produced at low temperature.

In conclusion, the outcome indicates that targeted analysis of flavour
profiles could be used as a tool to provide added-value to those pasta
productions that, despite having been produced in industrial plants, re-
spect the artisanal tradition of the LT-St process.
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