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SUMMARY: Virgin olive oil quality relates to flavor and unique health benefits. Some of these properties are
at the most desirable level when the oil is just extracted, since it is not a product that improves with age. On the
contrary, the concentrations of many compounds change during its shelf-life. These changes reveal the aging of
the oil but do not necessarily mean decay in sensory properties, so in some cases an aged oil from healthy olives
may be better qualified than a fresh one from olives affected by fermentation. The aim of this work is to analyze
different methodologies proposed for assessing the quality of virgin olive oil with implications in freshness and
aging of the oil, and to highlight the possibilities of rapid spectrofluorimetric techniques for assessing oil fresh-
ness by checking the evolution of pigments during storage. The observed change in the selected spectral features
and mathematical modelling over time was compared with the accepted model for predicting the amount of
pyropheophytin a, which is based on isokinetic studies. The best regression was obtained for 655 nm (adjusted-
R?=0.91) wavelength, which matches the distinctive band of pigments. The two mathematical models described
in this study highlight the usefulness of pigments in the prediction of the shelf-life of extra virgin olive oil.
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RESUMEN: Prediccion de la fiescura del aceite de oliva virgen extra durante el almacenamiento mediante espec-
troscopia de fluorescencia. La calidad del aceite de oliva virgen esta relacionada con su flavor y sus beneficios
unicos para la salud. Algunas de estas propiedades se encuentran en el nivel mas deseable cuando el aceite esta
recién extraido, ya que no es un producto que mejore con el tiempo. Por el contrario, las concentraciones de
muchos compuestos cambian a lo largo de la vida util. Estos cambios revelan el envejecimiento del aceite, pero
no implican necesariamente la alteracion de las propiedades sensoriales, por lo que en algunos casos un aceite
envejecido procedente de aceitunas sanas puede presentar mejor calidad que uno fresco procedente de aceitunas
afectadas por procesos de fermentacion. El objetivo de este trabajo es estudiar diferentes metodologias propues-
tas para evaluar la calidad del aceite de oliva virgen con implicaciones en la frescura y el envejecimiento del
aceite, destacando las posibilidades de las rapidas técnicas espectrofluorométricas para evaluar la frescura del
aceite verificando la evolucion de los pigmentos durante el almacenamiento. El cambio observado en las carac-
teristicas espectrales seleccionadas y su modelado matematico a lo largo del tiempo se compard con el modelo
aceptado para predecir la cantidad de pirofeofitina a, que se basa en estudios isocinéticos. Los dos modelos
matematicos descritos en este estudio pusieron de manifiesto la utilidad de los pigmentos en la prediccion de la
vida 1til del aceite de oliva virgen extra. La mejor regresion se obtuvo para 655 nm (R*-ajustado = 0,91), longi-
tud de onda que coincide con la banda distintiva de pigmentos.
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1. INTRODUCTION

Virgin olive oil (VOO) sensory quality is related
to its flavor, which decisively influences consumer
preferences, and its unique health benefits explained
by its content in phenols and monounsaturated fatty
acids. Some of these properties are found at the most
desirable level just after the oil extraction. Unlike
other food products, virgin olive oil is not a prod-
uct that improves with age. Thus, a given sample of
virgin olive oil undergoes chemical processes that
negatively affect its properties during its shelf-life.
The decay in functional or quality properties during
aging is related to oxidative processes (Morales and
Przybylski, 2013), and thereby the concentration of
these compounds evolves depending on the concen-
tration of antioxidant compounds of the initial oil
and the storage conditions from the olive mill to the
kitchen.

Many compounds which change in their con-
centrations during VOO shelf-life reveal the aging
of the oil but they do not necessarily imply decay
in aroma or taste properties. In fact, sometimes
an aged oil may have better sensory quality than a
fresh one obtained from damaged olives and still be
within the extra-VOO category, and thereby fresh-
ness and sensory quality should not be confused, as
commonly happens among retailers and consumers
(Aparicio-Ruiz et al., 2014). However, freshness had
become a parameter of paramount importance to
maintain the quality at the highest standard levels
until reaching the date indicated in “Best Before”
though freshness is not necessarily related to VOO
sensory quality (Aparicio-Ruiz et al., 2014). For this
reason, methodologies to assess the freshness of oil
should be separated from those which evaluate sen-
sory quality (e.g. panel tests or volatile compound
analysis) (IOC, 2015). Consequently, the concept
of freshness, which is intuitively associated with the
time from VOO processing, should be measured
with chemical compounds that do not mislead to
underestimations or overestimations of virgin olive
oils of good quality.

Table 1 shows a summary of some methods
proposed for assessing the quality parameters of
virgin olive oils that have implications in fresh-
ness, aging and sensory parameters of oils. The
instrumental approaches qualifying the oils into
higher/lower grades that also assess freshness
can be grouped in two groups: those that have a
causal relationship with sensory quality, and those
that have a casual relationship (Aparicio et al.,
2012). The latter methods analyze compounds
whose concentrations are mathematically cor-
related with freshness or some sensory param-
eters. Mathematical correlation, however, can
fail in providing a full explanation of freshness/
quality under certain circumstances, and in those
cases, sensory and chemical information would be

dissociated. Among the compounds that have been
suggested for tracing the aging of virgin olive oils,
pigments have been proposed as promising mark-
ers (Aparicio-Ruiz et al, 2012). Thus, a recently
obtained VOO contains lutein B-carotene, chloro-
phyll (a, b) and pheophytin (a, b) as major pig-
ments and it does not contain pyropheophytin a
(Minguez-Mosquera et al., 1990). The pigment
profile varies during VOO storage, even under
ideal darkness and controlled temperature con-
ditions (Gallardo Guerrero et al., 2005), because
of pigment degradation reactions (e.g. pheophy-
tinization of chlorophylls) (Aparicio-Ruiz et al.,
2010), which start at the malaxation process of
crushed olives. The degradation process continues
during the storage of VOOs until the formation of
pyropheophytin from pheophytin due to the loss
of the carbomethoxy group in the C13 of the iso-
cyclic ring of the chlorophyll structure. The former
compound, pyropheophytin, should be present at
low levels in recently obtained oils, and hence it
has been suggested as a useful parameter for mon-
itoring the degradation of VOO (Aparicio-Ruiz et
al., 2010) during storage. Thus, a high concentra-
tion of pyropheophytin can be due to inadequate
conditions of temperature during the storage of
VOOs. The relationship between pyropheophytins
and storage conditions has awakened an interest
in studying the formation kinetics of this com-
pound with the aim of establishing a prediction
model (Aparicio-Ruiz et al., 2012) for determin-
ing the shelf-life of VOOs, taking into account the
temperature in the place where the oil is sold.

The determination of pyropheophytins as an
indirect measurement of extra virgin olive oil
(EVOO) freshness can be accepted under the
premise that freshness highly depends on the stor-
age conditions and not only on the time elapsed
since olives were harvested, as consumers are
inclined to think. Thus, researchers have tried to
demonstrate the usefulness of pigments for the
assessment of EVOO freshness (Ayton et al., 2012;
Aparicio-Ruiz et al., 2012). This analytical determi-
nation is particularly interesting if the initial value
of pyropheophytins is provided, because it would
allow for detecting inadequate storage conditions
(Aparicio-Ruiz et al., 2012). Therefore, pyropheo-
phytins can be used to carry out a backward trace
of the storage conditions of VOOs by checking the
differences between the initial concentrations with
the values at any moment. The rising interest in pig-
ments for freshness assessment of VOOs has led to
the requirement of a major perfection in their ana-
lytical determinations, in particular in those that
allow a rapid measurement. The use of fluorescence
spectroscopy is favoring the development of routine
analysis of pigments. In fact, this technique has
been used for studies of stress processes and physi-
ological changes in plants (De Ell and Toivonen,
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TABLE 1. Summary of the characteristics of analytical methodologies proposed for assessing the quality of virgin olive oil with
implications in freshness, aging and sensory parameters of oils (adapted from Aparicio et al., 2012).
Analyte(s) Technique Relationship® Comments
Pyropheophytin a Chromatography Casual Compounds not directly related to rancidity and shelf-life.
The evolution of pyropheophytins can be predicted with
kinetics models.
Hydroperoxides Titration Causal/Casual Causal relationship for rancidity (oxidation) and casual
(Peroxide value) for the rest of the attributes.
There are legal limits.
Diacylglycerols Chromatography Apparently Causal No direct relationship with either positive or negative
attributes.
Information on hydrolysis reactions.
Phenols Chromatography Causal It is not fully known which phenol compounds are the
main contributors to bitterness/pungency.
Bitterness can accurately be explained by total phenols.
Volatiles Electronic nose Causal The total concentration of volatiles can be associated with
(total content) (sensors) / IMS different defects.
(Ion Mobility The direct injection of volatiles may cause problems of
Spectrometry) low sensitivity.
It is a rapid and non-destructive technique.
Volatiles (individual Chromatography Causal Markers for common sensory defects were previously

composition)

selected, and their odor thresholds and their maximum
and average concentrations are known.
Interpretation of chromatograms requires prior training.

“Relationship with sensory quality as perceived by panellists and consumers.

1999) and in tracking thermo-oxidative processes
in edible oils (Tena et al., 2009; Tena et al., 2012)
among other applications.

The present work is focused on checking the
evolution of pigments during VOO storage, firstly
by applying a mathematical model to evaluate the
changes in pigment contents during the storage of
virgin olive oil in supermarkets; and secondly, by
selecting the fluorescence bands associated to aging
in order to design a mathematical model for assess-
ing the freshness of EVOO as a possible alternative
to the determination of pyrophenophitins.

2. MATERIALS AND METHODS
2.1. Samples

Experiments were carried out with two extra
virgin olive oils (EVOO) that were stored for 18
months, which is the most common shelf-life for
EVOOs. First oil was a mixture 1:1 of two VOO
varieties (Picual and Lechin) with the following
quality parameters: organoleptic assessment: 8.3 £
0.4 (median of fruitiness, Mf); peroxide value: 2.87
(mEq O,/kg); acidity: 0.19 (% m/m of oleic acid);
K270: 0.08 k%, ): and K232: 1.95(1(115:;). The sec-
ond virgin olive 0il was an extra virgin olive oil var.
Hojiblanca with the following characteristics: 8.0
+ 0.5 (median of fruitiness, Mf); peroxide value:
2.95 (mEq O./kg); acidity: 0.21(% m/m of oleic
acid); K270: 0.10( K1, ); and K232: 1.98 (K% ).

Each virgin olive oil was stored in eighteen
100 mL sealed flasks, each one corresponding
to one of the months in the shelf-life study. The
flasks were colored and they were filled with oil
to the top to avoid any headspace. The flasks were
stored at room temperature (indoors) in a cabinet
under controlled light conditions. The oils were
sampled every month, which means 18 samples for
each oil.

2.2. Quality parameters

All quality parameters were determined
according to the methods described by the
International Organization for Standardization
(ISO). For acidity determination (ISO, 2009), 20
g of oil were weighed in an Erlenmeyer flask of
250 mL. A solution of 100 mL of ethanol/ethyl
ether (50:50), previously neutralized, and phenol-
phthalein solution were added to the Erlenmeyer
flask. The mixture was titrated with a NaOH 0.1M
solution.

The UV extinction coefficients were determined
by measuring the absorbance of the oil, previ-
ously dissolved in cyclohexane at their respected
concentration, at 232 nm and 270 nm. The results
were expressed as extinction coefficients (K232 and
K270) by applying the equations described in regu-
lation ISO 3656 (ISO, 2011).

The peroxide value was determined by titration
according to ISO 3960 (ISO, 2007). A mixture of 2
g of sample, 10 mL of choloroform, 15 mL of acetic
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acid and 1 mL of a saturated IK solution were pre-
pared in a flask. After 30 s shaking, the flask was left
in the dark for 5 minutes. The mixture was titrated
with sodium tiosulphate 0.002N after adding 75mL
distilled water to stop the reaction and a starch solu-
tion as indicator. The results were expressed in mEq
O,/kg.

2.3. Analysis of pigments
2.3.1. Chromatography

The determination of pigments (chlorophylls,
pheophytins and pyropheophytin a) was carried
out with a HPLC (Agilent Technologies 1100,
Santa Clara, California) equipped with a C18-RF
Spherisorb ODS-2 (25 cm X 4 mm i.d., 3 pm parti-
cle size) (Waters, Saint Quentin-Ylines, France) and
a diode array detector. It worked in gradient regime
using the solvents (A) water/ion-pair reagent/meth-
anol (1:1:8, v/v/v) and (B) acetone/methanol (1:1
v/v), at a flow rate of 1.25 mL/min. The ion-pair
reagent was 0.05 M tetrabutylammonium acetate
and 1 M ammonium acetate in water (Aparicio-
Ruizet al., 2010). The chromatographic signals were
obtained at 410 nm (pheophytin a and pyropheo-
phytin a), 430 nm (chlorophyll a, pheophytin b and
pyropheophytin b) and 450 nm (chlorophyll b).
Sample pre-treatment and quantification were car-
ried out by applying the method already described
by Tena et al., (2012).

The standard of chlorophyll a, from spinach,
was bought from Sigma-Aldrich (C5753) accord-
ing to the suggestion of Gertz and Fiebig (2006).
Pheophytin was obtained by acidification with
hydrochloric acid from the chlorophylls (Sievers and
Hynninem, 1977). Pyropheophytin a was obtained
from pheophytin a by thermal treatment with pyri-
dine for 24h at 100 °C with reflux (Schwartz et al.,
1981).

2.3.2. Fluorescence spectroscopy

Spectrofluorimetric measurements were per-
formed with a RF-1501 Shimadzu spectrofluo-
rophotometer (Shimadzu Corporation, Kyoto,
Japan) equipped with a continuous 150 W xenon
lamp, excitation and emission monochromators,
and a photomultiplier detector. Fluorescence
emission spectra (360-900 nm, 1 nm interval)
were collected at 350 nm excitation wavelength
(Zandomeneghi et al., 2005), slits were set at 10
nm. The samples were scanned using a 3 mL non-
fluorescent cell (10 mm path length). After each
series of measurements, the cuvette was cleaned
using detergent, followed by a rinse with de-ion-
ized hot water and acetone to dry and eliminate
the rest of the fat. Each sample was analyzed in
triplicate.

2.3.3. Mathematical model to predict the percentage
of pyropheophytin a

The mathematical model (Know-How, Ultility
model, MIT_TO-0022272) that allows predicting
the percentage of pyropheophytin a (henceforth,
PPP) in EVOOs stored at any given temperature in
darkness and with lack of oxygen (Aparicio-Ruiz et
al., 2012) was used to evaluate how % PPP values
of samples that are stored in different supermarkets
around the world vary over time.

2.3.4. Statistical Analysis

Univariate and multivariate algorithms have been
applied by means of Statistica version 6.0 (Statsoft,
Tulsa, OK). The Brown-Forsythe test was used with
the one-way ANOVA to determine the emission
wavelengths of the fluorescence spectra obtained for
a A= 350 nm that better correlated with the storage
time. Stepwise linear regression analysis (SLRA),
with a priori F-to-enter and F-to-remove values,
was the statistical procedure used to ensure the sig-
nificance of the results and to avoid good results by
chance. The F-to-enter/remove values (6.14/6.13)
were selected under the strictest conditions (Fisher
distribution table at p = 0.05).

3. RESULTS AND DISCUSSION

The current trade standard of the International
Olive Council (I0C) establishes the criteria, and their
limits, for each category of olive oil (IOC, 2016). Three
of these parameters are free acidity, peroxide value and
absorbance in ultra-violet. Figure 1 shows the trend of
those quality parameters during the entire period of
the experiment (18 months). All the parameters under-
went an increment in their values, with the exception
of the peroxide value, although they were always
below the limit for extra-virgin olive oil category.

With respect to the presence of pigments, the
chromatographic results from quantifying PPP
and chlorophylls (a and b) showed opposite behav-
ior (Figure 2) as the amount of the PPP increased
during the experiment, exponentially during the
summer time (June, July and August); while the
concentration of chlorophylls diminished accord-
ing to a non-linear equation as well. The change in
the concentrations of both compounds has a chemi-
cal explanation since an external source of energy
(mostly heat but also light) which affects EVOO for
a period of time causes decarbomethoxylation of
the C13 carbon of chlorophylls, forming the pyro
derivatives (Aparicio Ruiz et al., 2010).

With respect to the fluorescence spectra of the
samples, the existence of bands is due to the con-
jugated structure of the tetrapyrrole-macrocycle,
which has been described by different authors
(Galeano Diaz et al, 2003; Sikorska et al., 2005;
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Sayago et al, 2007; Tena et al., 2012). In order to
verify the spectral assignments to chlorophylls, a
purified extract of these compounds was analyzed
by fluorescence spectroscopy. Figure 3 shows the
emission spectrum at A,= 350 nm of an extract
of chlorophyll a from spinach and pheophytins
obtained from the chlorophylls by acidification.
The only band (A.,= 650-700 nm) has already been
described by different authors (Dupuy et al., 2005;
Zandomeneghi et al.,2005; Sikorska et al., 2005) as
caused by the presence of chlorophylls and pheo-
phytins in oils, while other authors (Galeano Diaz et
al., 2003) have associated the wavelengths at 669 nm
and 653 nm with chlorophylls a and b, respectively.
Figure 4 shows the emission spectrum of 8 sam-
ples which range over the eighteen months of the
experiment. Six main bands at around 480, 510, 530,
560, 660 and 680 nm characterize the virgin olive oil
at the initial state of the shelf-life study. The profile
of the initial olive oil in the range of wavelengths
associated with pigments, chlorophylls and pheo-
phytins, resembles the fluorescence spectra obtained
with the chlorophyll extract (Figure 3). It is notice-
able that the band around 625nm disappeared before
the fourth month of the experiment, which agrees
with results obtained in a previous study centered
on thermoxidation, where chlorophylls disappeared
at the beginning of the experiment (Tena, 2010).
Brown-Forsythe univariate algorithm showed the
best p-values (<0.05) between the fluorescence spec-
tral ranges and the contents of PPP and chlorophylls
determined by HPLC. Selected bands showed good
correlations between data from pigments (umol/kg)
and fluorescence bands (intensity). The bands
assigned to pigments (650-695 nm) showed a high
negative correlation with PPP(-0.87), while the band
at 680 nm, previously observed in the spectrum of
the purified chlorophyll extracted from spinach

1400
1200
=
2 1000
i}
£
g 800 Pheophytins
C
% 600 Chlorophylls
S 400
[
200
0 Q Q Q Q Q O
A I R R PO
Wavelength (nm)
FIGURE 3. Emission spectrum at A.,= 350 nm of the standard

of chlorophylls extracted from spinach, and the pheophytin
obtained from chlorophylls after an acidification process.

Grasas Aceites 68 (4), October—December 2017, €219. ISSN-L: 0017-3495 doi: http://dx.doi.org/10.3989/gya.0332171


http://dx.doi.org/10.3989/gya.0332171

6 * R. Aparicio-Ruiz, N. Tena, I. Romero, R. Aparicio, D.L. Garcia-Gonzalez and M. T. Morales

400t 700

£ 600

5

12 500 1§ - %

8 400 f
2z 300§
Z S 300
& o -
z S 200 .
[0} '8 A
g 100 ,6{ Y
o P
@ 200 0 i =
[0}
S RS PRLL SPL PSS
w

Wavelength (nm)

100

© o
& AN

Wavelength (nm)

FiGURE 4. Fluorescence spectra of eight virgin olive oil samples that range over the whole experiment of eighteen months of var.
Hojiblanca at A.,= 350 nm. The numbers in the spectra correspond to the month order during the experiment. The inserted figure
shows the spectra from 400 nm to 700 nm for an ample vision of the fluorescence resulting spectra.

(Figure 3), showed a high positive correlation with
the total chlorophylls a and b (0.90).

Once the oils were analyzed by fluorescence spec-
troscopy and the bands associated to pigments were
identified, the study was centered on: (i) evaluating
the pigment (PPP) evolution over time by means of
a mathematical model based on kinetics according
to the temperature of storage and the initial concen-
tration of PPP (Aparicio et al., 2012), (ii) the selec-
tion of fluorescence bands associated to aging and
the design of a mathematical model to assess the
freshness of the oil.

3.1. Mathematical modelling of the concentration of
pigments over time (influence of temperature)

Previous studies on the kinetics of pigment
degradation resulted in a mathematical model to
describe the changes in PPP in EVOOs depending on
time and storage temperature under conditions of
darkness and lack of oxygen (Aparicio-Ruiz et al.,
2012). The results of this estimation can be applied
to optimize the storage conditions or to determine
the “Best-before” date for a particular geographical
location where the oil is being distributed and stored
(Aparicio Ruiz et al., 2014).

On the other hand, the degradation of the chlo-
rophylls present in a just obtained EVOO to PPP
during its inevitable storage period has been stud-
ied with enough scientific base as to regulate that
EVOOs must have % PPP lower than 17% during

their entire shelf-life (CDFA, 2016; SANS, 2015;
AS, 2011).

Considering that limit, the proposed prediction
model can calculate the time that it takes an EVOO
stored under certain conditions of temperature (with
information from hourly to yearly temperature aver-
age) in exceeding this limit and therefore its “Best
before” (or shelf-life) date as EVOO. In order to
develop an application of this kinetics model, we
have analyzed two hypothetical situations. The first
one is the case of an EVOO that is on the shelf of
a supermarket situated in Sacramento (California,
USA). The other situation corresponds to an EVOO
in similar circumstances but located in Frankfurt
(Germany). Since the mathematical equation to
emulate the formation of PPP requires entering the
storage temperature, information was collected from
Deutscher Wetterdienst (http://www.dwd.de) and
the temperature values for Sacramento (USA) were
obtained from the National Climatic Data Center
(http://cdo.ncdc.noaa.gov/climatenormals/clim20/
ca/047630.pdf). Three possible values were consid-
ered for the application of the equation: the recorded
high temperature, the recorded low temperature,
and the average temperature. The two first values
were calculated on a monthly basis, while the aver-
age value was calculated considering the hour-by-
hour information. Figure 5 shows the plots obtained
after applying the predictive model for % PPP with
three temperatures (the average, the maximum aver-
age and the minimum average) in the two cities. The
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EVOO stored in Sacramento (California, USA) does
not reach % PPP higher than 17% in one year when
the temperature is measured on an hourly basis with
the average values given by National Climatic Data
Center (Figure 5a). When the model is applied on a
monthly basis with the maximum average tempera-
ture of each month, the limit of 17% PPPisreached in
six months but these extreme conditions have scarce
possibilities of being real (Figure 5a). On the con-
trary, % PPP would be very low (< 4%) if the monthly
minimum average temperatures are the inputs of the
mathematical model. These results show that EVOO
stored in California should be strictly controlled and
protected from higher temperatures and that action
should be requested by consumer associations that
pay for a virgin olive oil with a controlled quality.
It is important to note, however, that those oils with
high % PPP may still be qualified as EVOO accord-
ing to the sensory assessment and other quality
parameters for all the other international regulatory
bodies (I0C, EU, Codex Alimentarius, USA).

A very different situation is the storage of the
same EVOOs in Frankfurt, where winters and sum-
mer are much cooler. Figure 5b shows that % PPP
would be lower than 17% according to the simula-
tion model. Taking into account an intermediate
situation between Sacramento and Frankfurt, a
shelf-life period of 18-24 months, from olive oil pro-
ducing (not from olive oil bottling), would be appro-
priate enough for establishing a “Best before” date.
The main conclusion is that the increment in % PPP
mostly depends on the temperature of the whole
period of storage from the producer to the consumer.

The method for controlling % PPP is not, how-
ever, easily implemented in all laboratories despite
the effort made by researchers (Gertz and Fiebig,
2006) to simplify the initial procedure (Minguez-
Mosquera et al., 1992). The request for rapid meth-
ods to detect virgin olive oil freshness is widely
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28
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claimed by producers, sellers and consumers
(Aparicio et al., 2013), and it obviously includes the
determination of all the parameters that evolve over
time, such as pigments.

3.2. Mathematical model based on the pigment
fluorescence bands for assistance in freshness
prediction.

Fluorescence spectroscopy meets the require-
ments of being rapid and simple and its application in
determining pigments is scientifically supported since
associated bands were produced (Figures 3 and 4).
However, the selection of wavelengths that explain
the decrease or increase of pigments associated with
time and temperature of EVOO storage is not a
simple exercise due to the complexity of the spectra
and the number of compounds that may emit in the
same region (Tena etz al., 2012). Thus, the statistical
procedures were applied to the whole range of the
spectra collected at A= 350 nm, for sample 1 (var.
Hojiblanca), which was selected as a training set.
The selected wavelengths were verified with the spec-
tra collected with sample 2 (a mix of var. Picual and
var. Lechin), which played the role of validation set.
Stepwise linear regression analysis (SLRA), under
the strict Ridge Regression algorithm, was applied
to the spectral intensities registered for 18 months,
and the explaining variable was time (number of
months). The statistical procedure selected three
bands, 655, 680 and 695 nm, which coincide with
the zone of emission of pigments (Flgure 3). The
best regression in terms of adjusted-R*was obtained
for 655 nm (adjusted-R* = 0.91), a wavelength that
matches the distinctive band of pigments.

Despite the high value for an adjusted -R* coef-
ficient, the decrease in chlorophylls during storage
follows a non-linear trend, as displayed in Figure 2.
In fact, the evolution of 655 nm band showed a

Cultivar: Arbequina
Location: Frankfurt, Germany
PPP (initial): 0.58%
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of temperature
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Prediction of the percentages of pyropheophytin a in accordance with the evolution of temperature based on monthly

averages in Sacramento (a) and Frankfurt (b).
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non-linear trend during storage (Figure 6b), and
a quadratic model was selected to relate the inten-
ity (Ixemsssnm) Of this band and the storage time
(months).

Time (month) = 8.38- 5.812>< Teemessomt 1.19
X (I/(em655nm)

Figure 6a shows the regression line of observed
against predicted values of fluorescence intensity by
the equation for a period of 18 months with the train-
ing and validation sets of data. The behavior of the
results for training and validation sets are very simi-
lar, which could support the use of the strictest algo-
rithm of Ridge Regression for building the model,
but the use of the model with different cultivars and
hence levels of pigmentation (Roca and Minguez-
Mosquera, 2001) added uncertainty when predicting
after 12 months (Figure 6a). This loss in certainty
in prediction is not completely corrected after nor-
malization by the initial values at 655 nm although
some improvement is displayed in Figure 6b. As the
model is based on a well-documented association of
pigments and fluorescence signals (Tena et al., 2012),
the problem of the loss in certainty in the last months
can be found in the empirical effect of working with
different cultivars. Thus, virgin olive oils may have
similar values for their quality parameters but differ-
ent levels of pigmentation, which influence the pre-
diction between 14 and 18 months.

4. CONCLUSIONS

The two mathematical models described in this
study highlight the use of pigments in the predic-
tion of the shelf-life of extra virgin olive oil. The
first mathematical model has pointed out the need
to know the storage temperature from process-
ing to the kitchen and the initial concentration of
pyrophephytin to predict, in an accurate way, the
shelf-life using a model based on the increment in
PPP content. To guarantee an accurate prediction
of the shelf-life based on this parameter, the shelf-
life must be predicted by taking into account the
temperature in the place where the oil is going to
be sold. The second mathematical model presented
in this study was developed using the data obtained
from a rapid and non-destructive technique that
provides a rapid measurement of pigment content.
This model was developed using the spectral region
assigned to these compounds that clearly evolves
during storage. The data treatment applied to the
spectra of EVOOs acquired every month during 18
months selected a wavelength of emission at 655 nm
as the best wavelength that correlates with the evo-
lution of chlorophyll pigments during storage. The
prediction formula has been successfully validated
with the data obtained for another storage study
using a EVOO sample of a different variety. Further
research is currently being carried out to develop
applications to assess freshness at industrial scale.
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FIGURE 6. Relationship between observed and predicted values from the training and validation sets of data after applying the
mathematical model (Figure 6a). Responses of the mathematical model for predicting months from bottling virgin olive oils based on
the standardized value of fluorescence intensity at 655 nm (A,,= 350 nm) for training and validation data sets (Figure 6b).
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