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Abstract 32 

Background 33 

Defining the exact shelf-life of a shelf-stable food product is still a real challenge for food 34 

manufacturers as there are many variables to be considered. Currently, many shelf-life 35 

determinations of commercial shelf-stable products are based on trial-and-error methods which 36 

could pose risks resulting in brand damage (overestimation) or food waste (underestimation). 37 

Because degradation reactions determining shelf-life are really complex, predicting quality 38 

changes remains a challenge; consequently, a scientific approach which considers multiple 39 

variables is greatly needed. Recent advances in analytical methods (e.g. GC-MS fingerprinting) 40 

and data analysis techniques (e.g. multivariate data analysis and kinetic modelling) can play a 41 

key role in this context if they are used in (accelerated) shelf-life studies. Moreover, the role of 42 

sensory evaluations should not be forgotten as changes in sensorial properties or decreases in 43 

consumer acceptance levels as a function of storage time are in most cases the primary reasons 44 

for defining the end of shelf-life. 45 

Scope and approach 46 

This review paper focuses on research progresses in this field and addresses future challenges 47 

for quality investigation during storage and prediction of shelf-life dates. As proof of concept, 48 

the paper focuses on investigating quality changes of pasteurised shelf-stable orange and mango 49 

juices during storage.  50 

Key findings and conclusions 51 

In the study of shelf-stable orange and mango juices, the (combined) analytical targeted and 52 

untargeted fingerprinting approach proved to be a useful approach for identifying major-quality 53 

related chemical changes and was able to select shelf-life markers (i.e. quality parameters with 54 

a clearly observable time- (and temperature-) dependent change). In studying the kinetics of 55 

change of the monitored quality attributes, it is tempting to think that the fastest reactions will 56 
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determine the shelf-life of a shelf-stable product. However, consumer acceptance through 57 

sensory evaluation plays also an important role in determining the acceptability limit and 58 

therefore the best before date. The integrated science-based approach put forward can be used 59 

to investigate quality changes of a wide range of shelf-stable products during storage. 60 

Keywords 61 

Shelf-stable food; Shelf-life; Kinetics; Fingerprinting; Quality attribute; Consumer acceptance  62 
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1 INTRODUCTION 63 

The growing need for increased food sustainability should boost the need for more accurate 64 

shelf-life predictions. In addition, the rapidly changing food product portfolio (due to new 65 

product formulations, new packaging materials or new technologies applied, etc.), results in a 66 

daily need for new/updated shelf-life dates (Stone & Sidel, 2004; Man, 2015). Shelf-life is 67 

generally known as the period of time during which a food product maintains its acceptable 68 

characteristics under specified storage conditions. On a food label, shelf-life can be indicated 69 

by either a ‘best before’ date which refers to the quality of the food or a ‘use by’ date which is 70 

linked to the food safety (EUFIC, 2013). In case of a shelf-stable product, shelf-life is 71 

determined by a decrease in quality (mostly food sensory characteristics, such as colour, aroma 72 

or taste) rather than safety. Having an accurate shelf-life prediction is important not only for 73 

food industries but also for consumers (Giménez, Ares, & Ares, 2012).   74 

 75 

From food manufacturers point of view, defining an exact shelf-life of a food product can be a 76 

real challenge as there are many variables to be considered. Factors determining shelf-life range 77 

from intrinsic factors inherent to the food (e.g. product composition) to extrinsic factors (e.g. 78 

storage conditions) (Kilcast & Subramaniam, 2000). New shelf-life estimations will be needed 79 

at every stage of new product development as well as when changes in formulation, processing 80 

technology, packaging and/or storage are applied (Nicoli, 2012). When the determination of the 81 

best before date is done inappropriately, several drawbacks could arise, such as brand damage 82 

or food waste.  83 

For a commercial shelf-stable product, shelf-life determination based on a shelf-life study can 84 

be a time-consuming task. Consequently, food industries often conduct an accelerated shelf-life 85 

test (ASLT) in which degradation reactions are expected to be accelerated (Taoukis, Labuza, & 86 

Saguy, 1997; Calligaris, Manzocco, & Lagazio, 2012). In pratice, many determinations of a 87 
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product shelf-life are based on past experience, product competitor data and/or using trial-and-88 

error methods. Such procedures pose a risk that the shelf-life of the product is being 89 

overestimated or underestimated. This is more likely for new products with no or low company 90 

historical experience (Calligaris, Manzocco, Anese, & Nicoli, 2016). When shelf-life is 91 

overestimated, it could be that the product has lost its quality and acceptability. Consumers can 92 

file a complaint and this consequently could lead to the damage of the company’s brand and 93 

reputation. Another drawback can be related to unneccessary food waste in the case that shelf-94 

life is underestimated. Usually food manufacturers declare the product expiration dates at 95 

earlier date than the actual dates to avoid brand damage. Many studies found misconception 96 

about shelf-life dates among consumers, particularly on the differences between ‘best before’ 97 

and ‘use by’ dates, resulting in spoiling food which pasts its ‘best before’ date, but is still perfect 98 

for consumption. This cause of food waste has been identified as a major contributor to 99 

household food waste (Priefer, Jörissen, & Bräutigam, 2013; Williams, Wikström, Otterbring, 100 

Löfgren, & Gustafsson, 2012; Leib et al., 2017; WRAP, 2011).  101 

 102 

Consequently, there is a pressing need to estimate shelf-life dates more adequately, 103 

preferentially using a science-based approach. For many years already, researchers have made 104 

use of kinetic models to describe major quality changes in foods. By extrapolating the kinetic 105 

parameters data, including acceleration factors, to normal storage conditions, shelf-life of the 106 

products can be estimated. In ASLT, the validity of the model should be verified at the actual 107 

condition (Robertson, 1999; Labuza & Schmidl, 1985; Kilcast & Subramaniam, 2000).  108 

Many studies until now followed a conventional targeted approach which focused on known 109 

reactions, specific quality attributes or compounds. However, because the degradation reactions 110 

determining a food shelf-life are very complex, it is possible that multiple reaction pathways 111 

and compounds which are responsible for quality changes may have not been explored yet. 112 
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Also, in the context of developments of new technologies or new packaging materials it could 113 

be that other reactions become more important and unexpected changes are overlooked. 114 

Therefore, giving the complexity, but also the unexpectancy of the behaviour, from an 115 

analytical point of view, investigating food quality changes should consider multiple variables. 116 

Looking at recent advances in analytical methods and data analysis, many studies have reported 117 

the use of untargeted approaches and multivariate data analysis in the area of food quality 118 

research (Castro-Puyana, Pérez-Míguez, Montero, & Herrero, 2017; Vaclavik, Schreiber, 119 

Lacina, Cajka, & Hajslova, 2012; Grauwet, Vervoort, Colle, Van Loey, & Hendrickx, 2014; 120 

Kebede et al., 2015; Liu et al., 2014a; Vervoort et al., 2012). In this context, the analytical 121 

platform usually consists of  separation methods such as liquid chromatography (LC) and gas 122 

chromatography (GC) and detection methods such as nuclear magnetic resonance (NMR) and 123 

mass spectrometry (MS). Concerning statistical data tools, the large quantities of data generated 124 

by chromatographic techniques and corresponding detectors necessitate a solid and powerful 125 

data analysis such as unsupervised (e.g. principal component analysis (PCA)) and supervised 126 

multivariate data analysis techniques (e.g. partial least squares (PLS) analysis) (Esslinger, 127 

Riedl, & Fauhl-Hassek, 2014).  128 

 129 

This review paper focuses on recent research progress done in this field and includes addressing 130 

future challenges for quality investigation and for prediction of shelf-life dates. It presents an 131 

integrated science-based approach to study quality changes of shelf-stable food products during 132 

storage (Figure 1). In the integrated science-based approach described, the following strategic 133 

questions need to be considered: Q1. How to understand the influence of the intrinsic food 134 

matrix characteristics (e.g. food composition ranging from a simple model to complex real food 135 

systems)?; Q2. How to evaluate the impact of extrinsic storage conditions (e.g. normal and/or 136 

accelerated conditions)?; Q3. How to combine a range of analytical approaches (e.g. targeted, 137 
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untargeted and a combination of targeted and untargeted approaches)?; Q4. How to apply 138 

various data analysis techniques (e.g. multivariate and kinetic modelling)?; and Q5. How to 139 

integrate instrumental and/or sensorial evaluations? 140 

 141 

As proof of concept, the paper focuses on investigating quality changes of orange and mango 142 

juices, being representative for pasteurised and shelf-stable products, during storage. In this 143 

review paper, the investigation of quality changes of shelf-stable juices is presented starting 144 

from a traditional targeted approach (section 2) to a more advanced untargeted (section 3) and 145 

a combined targeted and untargeted approach (section 4). Section 5 presents the potentials and 146 

limitations of shelf-life testing and identifies challenges for predicting best before dates using 147 

a science-based approach. 148 

2 INVESTIGATING QUALITY CHANGES DURING STORAGE USING A 149 

TARGETED APPROACH 150 

2.1 Colour change as a function of shelf-life  151 

During storage, a number of deteriorative reactions occur which limit the shelf-life of a food 152 

product. In orange juice, one of the major quality losses extensively discussed in literature is 153 

colour degradation (Berlinet et al., 2006, Polydera et al., 2003, 2005; Cortés et al., 2006; Roig 154 

et al., 1999; Timmermans et al., 2011; Ros-Chumillas et al., 2007). Colour is known as an 155 

important characteristic of food as it affects the consumer perception of the overall product 156 

quality. Wei, Ou, Luo, & Hutchings (2012) reported that colour also affects consumers' 157 

perception of orange juice flavour strength, taste (e.g. sweetness, sourness and bitterness), and 158 

its final acceptance. Moreover, changing in colour indicates a range of different chemical 159 

reactions (van Boekel, 2008).  160 
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 161 

In studies of Wibowo et al. (2015a, 2015b, 2015e), quality changes of pasteurised orange juice 162 

and mango juice during storage were investigated using a targeted approach which is a 163 

hypothesis-driven approach based on known mechanisms, specific quality attributes (e.g. 164 

colour) or, specific chemical compounds (e.g. ascorbic acid) (Grauwet et al., 2014). Particular 165 

targeted attributes such as colour, acidity, sugars, oxygen, vitamin C, and carotenoids were 166 

monitored based on the hypotheses that changes in colour could be related to  (i) fading of the 167 

desired colour of the naturally occurring pigments, namely carotenoids; (ii) non-enzymatic 168 

browning or (iii) a combination of both reactions (Kidmose, Edelenbos, Nørbæk, & 169 

Christensen, 2002; Rodriguez-Amaya, 2001; Sant'Anna et al., 2013, Bharate & Bharate, 2014).  170 

 171 

Figure 2 shows colour changes of orange juice and mango juice as a function of shelf-life. 172 

Quantification of colour was done using a CIELAB colour space. Total colour difference (ΔE*) 173 

between stored and pasteurised juice immediately after processing (i.e. storage time of week 0) 174 

was calculated according to Hunter-Scofield´s equation. All data were modelled by a zero-order 175 

kinetic model and the temperature sensitivity of the degradation rate constants was fitted by the 176 

Arrhenius model.  177 

 178 

In orange juice samples, it was reported that the rate constants (k-value) of ΔE* increased as 179 

the storage temperature increases. Visually, colour of orange juice samples became clearly 180 

darker with increasing storage temperature. Samples stored at 42 °C were classified into well 181 

visible to great difference (ΔE* > 3) after 1 week; on the other hand, this difference was reached 182 

after 8 weeks for samples stored at 20 °C  (Wibowo et al., 2015a). When the k-values of ΔE* 183 

of orange and mango juice were compared, it was shown that during storage at 42 °C mango 184 

juice had a lower reaction rate constant compared to orange juice. The colour degradation of 185 

mango juice during storage at 42 °C proceeded slower (k = 1.28 ± 0.13 week-1) than orange 186 
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juice (k = 2.23 ± 0.11 week-1) (Wibowo et al., 2015a, 2015e) or in other words, a higher colour 187 

stability during storage of pasteurised mango juice compared to pasteurised orange juice was 188 

observed. Changes in colour could influence the acceptance of a product and thereby reducing 189 

its shelf-life (Robertson, 1999). In the complex browning reaction, it is known that many 190 

precursors, intermediates and end-products are involved (Bharate & Bharate, 2014). Since the 191 

composition of orange and mango juices are natively different, this requests further 192 

investigation to study the effect of product composition on colour stability. In order to 193 

understand the higher colour stability of mango juice compared to orange juice when processed 194 

and stored under identical conditions, mango juice was reformulated by adding different 195 

browning reaction precursors (ascorbic acid, citric acid and sugars) to plain mango juice and to 196 

estimate the consequence of these additions on shelf-life quality changes (Wibowo et al., 197 

2015d). 198 

2.2 Correlation between colour change and targeted quality attributes changes in orange 199 

juice 200 

The orange colour of fresh orange juice and mango juice is mainly due to the presence of 201 

naturally occurring pigments, carotenoids (Brat, Rega, Alter, Reynes, & Brillouett, 2003; 202 

Ringblom, 2004). As mentioned earlier, fading of the carotenoids colour may be responsible 203 

for colour degradation of pasteurised orange juice. In literature, the major carotenoids identified 204 

in fresh and processed orange juice are antheraxanthin, -carotene, β-carotene, 205 

β-cryptoxanthin, lutein, luteoxanthin, mutatoxanthin, violaxanthin, zeaxanthin, and 206 

zeinoxanthin, with total carotenoids being reported to vary from 4.40 to 22.18 mg L-1 (Gama & 207 

de Sylos, 2007; Lee & Coates, 2003; Meléndez-Martínez, Vicario, & Heredia, 2009; Vervoort 208 

et al., 2011). Studies have shown that carotenoids are susceptible to oxidation and 209 

isomerisation. Oxidation may occur by (i) autoxidation, which is a spontaneous, free-radical 210 
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chain reaction in the presence of oxygen; (ii) photooxidation produced by oxygen in the 211 

presence of light and (iii) coupled oxidation in lipid containing systems. These oxidation 212 

reactions may result in carotenoid bleaching or the formation of colourless end-products 213 

(Kidmose et al., 2002).  214 

 215 

The correlation between colour change and the changes in total carotenoid content was studied 216 

in pasteurised orange juice during shelf-life (Wibowo et al., 2015a). The decrease in total 217 

carotenoids during storage could be best described by a first-order model. It was observed that 218 

the total carotenoid content was relatively stable during storage: a maximal decrease of 15 % 219 

was observed for samples stored at higher storage temperature (42 °C for 8 weeks). This 220 

indicates that the contribution of carotenoid degradation to colour changes was limited and 221 

other reactions seem to play a more important role for colour degradation of orange juice during 222 

storage. Further research was conducted to quantitatively study changes in other quality 223 

parameters of pasteurised orange juice linked to non-enzymatic browning as a function of 224 

storage.  225 

The possible chemical reactions responsible for non-enzymatic browning reported in literature 226 

are (i) degradation of ascorbic acid (Kaanane, Kane, & Labuza, 1988; Roig, Bello, Rivera, & 227 

Kennedy, 1999; Solomon, Svanberg, & Sahlstrom, 1995; Berlinet, Brat, Brillouet, & Ducruet, 228 

2006; Robertson & Samaniego, 1986, Shinoda, Komura, Homma, & Murata, 2005); (ii) acid-229 

catalysed degradation of sugars (Arena, Fallico, & Maccarone, 2001; Roig et al., 1999; Lee & 230 

Nagy, 1988b, Murata, Shinoda, & Homma, S, 2002); and (iii) Maillard-associated browning 231 

reactions (Bacigalupi et al., 2013; Lee & Nagy, 1988a; Wang, Qian, & Yao, 2011; Manzocco, 232 

Calligaris, Mastrocola, Nicoli, & Lerici, 2000). 233 

 234 
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In the work of Wibowo et al. (2015b), changes in quality parameters in pasteurised orange juice 235 

related to colour such as acidity (pH, titratable acidity, citric and malic acid), sugars (°Brix, 236 

glucose, fructose and sucrose), oxygen (dissolved and headspace), vitamin C (ascorbic acid and 237 

dehydroascorbic acid), furfural and 5-hydroxymethylfurfural (HMF) were monitored during 238 

storage and quantitatively described by kinetic modelling. It was observed that under the storage 239 

conditions investigated (20 °C, 28 °C, 35 °C and 42 °C), the acidity of orange juice was 240 

relatively stable. An increase was observed for fructose, glucose and HMF contents, while 241 

ascorbic acid, sucrose and oxygen contents decreased during storage. The formation of furfural 242 

occurred only at temperatures above 20 °C. Changes of the quality parameters were adequately 243 

described by a zero-order model for fructose, glucose, furfural and HMF; a first-order model 244 

for ascorbic acid; a second-order model for sucrose; and a fractional conversion model for 245 

headspace and dissolved oxygen (Wibowo et al., 2015b).  246 

 247 

Multivariate data analysis (MVDA) was applied to investigate the correlation between the 248 

multiple targeted responses and colour changes (Wibowo et al., 2015b). Within MVDA, 249 

principal component analysis (PCA) and partial least squares (PLS) regression are two 250 

commonly used techniques (Jolliffe, 2002). The importance of all targeted quality parameters 251 

for colour degradation was ranked relatively among each other by means of Variable 252 

Identification (VID) coefficients. VIDs are the correlation coefficients between each original 253 

X-variable and predicted Y-variables, and they have values between –1 and +1. A higher 254 

absolute VID value indicates a higher correlation (Ooms, 1996). The visualisation of the 255 

correlation between different quality characteristics and total colour difference (ΔE*) is shown 256 

in PLS biplots (Figure 3). In these biplots, acidity, sugars, oxygen, vitamin C, furfural, HMF, 257 

and total carotenoids were considered as X-variables and the ΔE* value, as continuous 258 

Y-variable. It was observed that at 20 °C, high correlations were found between sugars (°Brix, 259 
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fructose, glucose, and sucrose), ascorbic acid, HMF and ΔE*. As storage temperature increased 260 

at 28 °C and above (35 °C and 42 °C), one additional parameter, furfural, a degradation product 261 

of ascorbic acid and sugars, exhibited a high correlation with ΔE*. On the other hand, acidity, 262 

total carotenoids, DHAA and oxygen showed low correlation to colour change at all storage 263 

temperatures. As previously mentioned, indeed, the contribution of carotenoids to browning 264 

was considered negligible. It was further hypothesised that there are multiple pathways 265 

involved in the development of brown colour in stored orange juice, in which oxidative ascorbic 266 

acid degradation and acid-catalysed degradation of sugar appeared to play important roles for 267 

browning development. 268 

   269 

2.3 Challenges for investigating quality changes during storage using a targeted approach 270 

As a result of the targeted approach, analytical procedures provide quantitative information of 271 

particular attributes (e.g. carotenoid concentration). Given the importance of consumer 272 

perception in the determination of shelf-life dates, there is an open challenge to link 273 

concentrations of molecular entities with sensorial consequences.  274 

With the purpose of evaluating food quality changes, numerous studies have been conducted 275 

which focus on specific, a priori selected food characteristics. A hurdle in improving food 276 

quality can be due to limited understanding on the relevant degradation reactions and the 277 

influencing factors. It should be taken into account that the degradation reactions determining 278 

a food shelf-life are very complex and many interactions may occur. In addition, it is possible 279 

that another reaction pathway which has not yet been taken into account, is playing a major 280 

role. Because of the complexity of the chemical reactions, other possibilities could be explored 281 

which consider multiple compounds or pathways. In the context of colour changes, as discussed 282 

previously, there is more than one reaction responsible for colour degradation. When dealing 283 

with more complex chemical reactions, a multiresponse kinetic approach can be applied to 284 
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obtain better mechanistic insight compared to a single response kinetic approach. In this 285 

targeted approach, ‘multiple’ selected responses are taking into account simultaneously, rather 286 

than a single response (De Vleeschouwer et al., 2009; Van Boekel, 2008). Applying multiple 287 

response can be time-consuming and expensive, due to the fact that reaction pathways should 288 

be known and precursors, intermediates and end products need to be monitored. Investigating 289 

responses related to a particular reaction or food characteristic selected at the starting point of 290 

the study (i.e. a targeted approach) is still useful but it can potentially result in overlooking 291 

unknown reaction pathways responsible for the observed overall quality changes. Therefore, 292 

the use of fingerprinting as an untargeted multivariate approach (section 3) can be put forward, 293 

which offers a more hypothesis-free approach to study chemical reactions compared to a 294 

targeted approach (Grauwet et al., 2014) 295 

3 INVESTIGATING QUALITY CHANGES DURING STORAGE USING AN 296 

UNTARGETED APPROACH 297 

3.1 Quality changes and the need for untargeted approaches 298 

As previously stated, food degradation reactions are quite complex, interactions between 299 

different reaction pathways may take place and may potentially result in the generation of 300 

unknown compounds. In addition, it is possible that a reaction pathway which has not yet been 301 

taken into account, is playing a major role. In this perspective, focusing on a (set of) specific 302 

reaction mechanism or quality characteristic entails the risk that unknown pathways that occur 303 

during storage are not considered. Furthermore, there is a possibility that other chemical 304 

reactions responsible for quality changes could occur when food industries, for example, are 305 

applying new processing technologies, are changing the storage or packaging conditions and/or 306 

are introducing new ingredients. Therefore, studying quality changes should not be limited to 307 
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the evaluation of previously studied quality characteristics only. To explore the possibility of 308 

new hypotheses responsible for quality changes, an untargeted analytical approach 309 

(fingerprinting) can be applied. In this approach, research starts from a more hypothesis-free 310 

point of view that considers all compounds detected in the investigated food fraction (liquid or 311 

headspace). Applying this approach has been demonstrated to be useful to obtain insight into 312 

chemical reactions which are influenced by either (novel) processing or storage (Aganovic et 313 

al., 2014; Kebede et al., 2015; Liu et al., 2014a; Vervoort et al., 2012). In a fingerprinting 314 

approach, analytical steps include sample preparation, separation, detection and data analysis. 315 

The design of analysis will depend on the sample type and on the food fraction (liquid or 316 

volatile) under consideration.  317 

3.2 Study of the volatile food fraction of orange juice using an untargeted GC-MS 318 

fingerprinting approach  319 

Volatile compounds are often linked to different reaction pathways and are known to be the 320 

end-products of a large range of chemical degradation reactions (Reineccius, 2006, Barham et 321 

al., 2010). One of the most commonly used methods for extracting volatile compounds is solid 322 

phase microextraction (SPME) which integrates sampling, extraction, concentration, and 323 

sample injection in one solvent-free step. The analytes can be extracted on the coated fibre by 324 

immersing it in the sample or by exposing it to the headspace (HS) of the sample. The main 325 

factors to be considered when selecting an extraction mode are the polarity and the volatility of 326 

the analytes. Highly or moderate volatile compounds are commonly studied using HS analysis 327 

followed by gas chromatography (GC) or gas chromatography-mass spectrometry (GC-MS) 328 

(Kataoka, Lord, & Pawliszyn, 2000; Vas & Vékey, 2004).  329 

 330 

Perez-Cacho & Rouseff (2008a) reported that over 300 volatile compounds of fresh orange 331 

juice have been detected by GC-MS. The volatiles can be distributed in the aqueous phase and 332 
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in the insoluble phase (i.e. cloud and pulp) (Brat et al., 2003). In the study performed by 333 

Wibowo et al. (2015c), changes in the volatile fractions of pasteurised orange juice during 334 

storage at 20 °C, 28 °C, 35 °C and 42 °C were monitored using a HS-SPME-GC-MS 335 

fingerprinting approach. Up to 106 volatiles could be detected with an optimised HS-SPME-336 

GC-MS method. GC-MS is considered as a robust technology which enables the identification 337 

of thousands of compounds with the use of mass spectral libraries (e.g. NIST and Wiley) 338 

(Scalbert et al., 2009, Grauwet, et al., 2014). The large amount of data generated from HS-339 

SPME-GC-MS necessitates a solid and profound data analysis. Regarding this, multivariate 340 

data analysis techniques are the most appropriate data analysis techniques to extract important 341 

information from large data sets such as the one obtained by the fingerprinting approach. To 342 

quantitatively select volatile compounds clearly changing during shelf-life (i.e. shelf-life 343 

markers), a VID procedure can be applied. As an example, a threshold value of 0.80 in absolute 344 

value was selected for a volatile in order to be considered a ‘shelf-life marker’. After marker 345 

selection, identification of the selected major volatile changes was based on available mass 346 

spectral libraries as well as on the retention indices and the marker identity has been interpreted 347 

by linking them to possible reaction pathways according to literature (Wibowo et al., 2015c).  348 

 349 

Using the untargeted fingerprinting approach explained above, aldehydes (decanal, octanal, and 350 

nonanal), esters (octyl acetate and α-terpinyl acetate), sulphur compounds (dimethyl sulphide), 351 

terpene alcohols (linalool, α-terpineol, and β-terpineol), terpene hydrocarbons (α-phellandrene, 352 

α-pinene, α-terpinene, and α-terpinolene), and terpene oxides (linaloyl oxide) were selected as 353 

shelf-life markers. Changes in the volatiles were observed at ambient as well as at higher storage 354 

temperatures. The possible reactions responsible for the observed volatile changes in stored 355 

orange juice are acid-catalysed reactions (e.g. terpene rearrangement and hydrolysis of sugars), 356 

Strecker degradation, oxidative reactions of ascorbic acid and terpenes, and hydrolysis of esters. 357 
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Also, flavour scalping by the packaging material could have played a role in changes in the 358 

volatile compounds during storage (Wibowo et al., 2015c). 359 

 360 

3.3 Study of the kinetics of the major shelf-life related volatile changes  361 

In the context of accelerated shelf-life testing (ASLT), changes of the selected shelf-life markers 362 

were studied not only at ambient storage temperature but also at elevated storage temperatures 363 

(Wibowo et al., 2015c). Kinetic modelling was performed to investigate the kinetics of the 364 

changes of the selected volatile compounds. In order to be able to study shelf-life changes of 365 

products under accelerated storage conditions (studying the reactions at higher temperature 366 

during shorter time), it is important to investigate the temperature dependency of the reactions 367 

determining the shelf-life. In this context, ‘ASLT markers’ were defined as compounds with a 368 

clearly observable time and temperature-dependent change. Those markers can be linked to 369 

particular food reactions based on available literature. If a marker shows a clear time and 370 

temperature-dependent trend, it is likely that the reaction to which the marker is linked is 371 

characterised by the same dependency.  372 

 373 

After evaluating the kinetic parameters (reaction rate constant and activation energies) of all 374 

selected shelf-life markers from the headspace fingerprinting approach, only four volatiles were 375 

selected as potential ASLT markers of pasteurised orange juice: three terpenes (α-pinene, 376 

α-terpineol, and linalool) and an aldehyde (octanal) (Wibowo et al., 2015c). These selected 377 

volatiles obeyed two criteria as basic pre-requisites for ASLT markers: (i) the volatile change 378 

should be sufficiently temperature-dependent so that a temperature increase leads to a relevant 379 

acceleration of the reaction rate and (ii) the volatile change should have a sufficiently high rate 380 

constant at 20 °C so that an observable change is present during storage at reference storage 381 

conditions. It should be mentioned that for the development of an ASLT marker able to 382 
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mimic/predict the shelf-life of a certain product, additional kinetic requirements are to be 383 

considered (Wells & Singh, 1988) together with knowledge on the consumer acceptability 384 

limits (section 5). 385 

 386 

Figure 4 shows changes in the four selected potential ASLT markers. A decrease in octanal, 387 

linalool and α-pinene and an increase in α-terpineol concentration as a function of shelf-life 388 

were observed. Octanal is responsible for green, citrus-like geranium, and floral characteristics, 389 

linalool for floral, sweet, fruity notes and α-pinene is described to be linked to resin and pine 390 

tree notes (Perez-Cacho & Rouseff., 2008b; Averbeck et al., 2009). Since these volatiles are 391 

known as the aroma-active compounds of freshly squeezed orange juice (Perez-Cacho & 392 

Rouseff, 2008a; Perez-Cacho & Rouseff, 2008b), a decrease in the concentration potentially 393 

indicates the alteration of the typical orange fruit aroma during storage. In literature, α-terpineol 394 

has been reported as one of the predominant compounds contributing to storage off-flavour 395 

development in citrus juices. Berlinet et al. (2006) described α-terpineol having aged, musty, 396 

earthy and mushroom notes. This compound could be formed by acid-catalysed degradation of 397 

limonene and linalool (Haleva-Toledo, Naim, Zehavi, & Rouseff, 1999). Hydrolysis of esters 398 

(neryl and geranyl acetate) could also contribute to the formation of α-terpineol (Chamblee & 399 

Clark, 1997). Besides being formed, α-terpineol can be converted into 1,8-terpine and later to 400 

1,8-cineole (Farina, Boido, Carrau, Versini, & Dellacassa, 2005). According to Pérez-López et 401 

al. (2006), the measurement of linalool, limonene, α-terpineol and terpinen-4-ol was suggested 402 

as a tool to monitor the quality of mandarin juice during storage. 403 

3.4 Challenges for investigating quality changes during storage using an untargeted 404 

approach 405 

As discussed earlier, using an untargeted approach, chemical quality changes clearly changing 406 

during shelf-life can be selected and identified. It was observed that the selected shelf-life 407 
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markers, in our case specified as the volatiles with a VID of more than 0.80 in absolute value, 408 

were components that could be linked to various chemical reactions, such as acid-catalysed 409 

degradation, Strecker degradation, oxidative reactions, and hydrolysis of esters. However, in 410 

the quest for more comprehensive understanding of food quality changes, there is also a need 411 

to fingerprint particular liquid fractions of food matrices. Several techniques can be considered 412 

such as the use of LC-MS which can cover a wide range of compounds and a larger variety of 413 

matrices. Several LC-MS databases have been built, such as MASS and METLIN, however, 414 

due to the diversity of metabolites, identification based only on mass spectral databases is still 415 

quite a challenge (Commisso, Strazzer, Toffali, Stocchero, & Guzzo, 2013; Scalbert et al., 416 

2009). The comparison between spectral data from different food matrices, different analytical 417 

instruments or different laboratories is still not an easy task. In this context, LC-MS 418 

fingerprinting can be used for initial screening of important chromatographic peaks and then 419 

identification of the selected peaks can be done by combining with other analytical techniques 420 

(Grauwet et al., 2014; Hird et al., 2014). 421 

 422 

Regarding untargeted fingerprinting of volatile compounds, several suggestions can be made 423 

for improving the separation and identification of volatile compounds: (i) analysing the same 424 

extract using two different capillary GC columns. In this way, two sets of retention data (RI) 425 

can be obtained; (ii) using comprehensive two-dimensional gas chromatography (GC×GC). In 426 

this system, the first column is typically coated with a non-polar stationary phase followed by 427 

the second column coated with a stationary phase of different selectivity. This technique offers 428 

a better peak separation of the analytes from coeluting compounds, consequently, the quality 429 

of the mass spectra of the analytes is improved allowing for more confident identification (Pani 430 

& Górecki, 2006); (iii) injecting standards of volatile compounds for indisputable peak 431 
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identification based on complete match between sample peak and injected standard of the 432 

retention time and mass spectra.  433 

For the selected shelf-life markers, a further investigation may be proposed to quantify the 434 

selected volatile compounds by injecting known standards concentration. To evaluate the 435 

contribution of an individual volatile compound to the overall aroma, an odour activity value 436 

(OAV) can be calculated. OAV is a ratio between the concentration of the volatile compound 437 

and its threshold (Mehinagic & Le Quéré, 2010). In literature, the OAVs of orange volatiles 438 

were reported, in which compounds with OAV > 1 are likely to contribute to the aroma profile 439 

(Averbeck et al., 2011). The threshold values can be determined by GC–olfactometry (GC-440 

sniffing). In a next step, odour quality description can be determined by specific in vivo sensory 441 

tests (i.e. descriptive tests).  442 

Analytical differences observed between samples using an untargeted approach are not 443 

necessarily of any concern for human perception. To determine whether or not a sensory 444 

difference persists between samples (e.g. stored and fresh samples), an overall difference test 445 

can be performed. When focussing on a specific quality attribute (e.g. sweetness and sourness), 446 

attribute difference tests can be opted for shelf-life (Lawless and Heymann, 2010). For a 447 

detailed discussion on the sensory evaluation, the reader is referred to the work of Kilcast & 448 

Subramaniam (2000) and Meilgaard, et al. (2006).  449 

In addition, other future challenges can be summarised from a data analysis point of view, 450 

especially in case data sets consist of multiple continuous Y-variables. In classical multivariate 451 

data analysis, the simplest data set consists of a two-way structure, that is rows (objects or 452 

samples) and columns (variables). Data can also be arranged in more complexes three-way or 453 

n-way structures (i.e. multiway); for example, in sensory analysis (sample × attribute × sensory 454 

panelist) (Bro, 1998). In the context of (accelerated) shelf-life studies, multiway data analysis 455 

can also be applied for the generated data (sample × variable × time × temperature). One of the 456 
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most common methods for modelling multiway data are parallel factor analysis (PARAFAC), 457 

which decomposes the data array into sets of scores and loadings, and describes data in a more 458 

compact way. For better understanding on multiway data analysis and its application, the reader 459 

is referred to the works of Smilde, Bro, & Geladi (2004) and Kroonenberg (2008).  460 

4 INVESTIGATING QUALITY CHANGES USING A COMBINED TARGETED 461 

AND UNTARGETED APPROACH 462 

To obtain insight into the reactions resulting in quality changes, there are several strategies that 463 

can be followed, ranging from studies in simple, completely standardised model systems to 464 

studies in complex real food systems. As an example, many researchers studied colour 465 

degradation in juices and its influencing factors in model as well as in real food systems (Liu et 466 

al., 2014b, Vervoort et al., 2011, Shinoda et al., 2015, Lee & Coates, 2003; Meléndez-Martínez, 467 

et al., 2009). Besides extrinsic factors, such as storage temperature and time, intrinsic factors, 468 

such as food composition, may lead to different chemical reactions occurring during shelf-life. 469 

Different fruit juice compositions which showed a distinct rate of quality degradation were 470 

reported by Polydera et al. (2005) and Burdurlu et al. (2006) for orange juice, Vásquez-Caicedo 471 

et al. (2007) for mango puree and nectar and Aguiló-Aguayo et al. (2009) for strawberry juice.     472 

 473 

As previously shown in section 2.1 (Figure 2), it was observed that mango juice has clearly 474 

better colour stability than orange juice. Naturally, the product composition of mango juice is 475 

distinctly different from orange juice. In the work of Wibowo et al. (2015d, 2015e), researchers 476 

decided to use a combined targeted and untargeted approach to investigate quality changes of  477 

mango juice (plain juice and formulated juice). Mango juice was studied as plain juice (i.e. juice 478 

without enrichment of browning precursors) and as reformulated juice (i.e. juice with the 479 
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addition of different potential precursors for non-enzymatic browning such as ascorbic acid, 480 

citric acid, and sugars, making the formulation more similar to the composition of orange juice).  481 

 482 

As discussed earlier, both targeted and untargeted approaches have their advantages and 483 

disadvantages; in that context, both approaches can complement each other and can be used 484 

simultaneously. Thus, qualitative information resulting from an untargeted fingerprinting 485 

approach can be studied in more detail or can be validated by a targeted approach and vice 486 

versa. Moreover, state of the art statistical data tools commonly used in an untargeted approach 487 

can handle complex data sets including thousands of data points generated from the GC-MS, 488 

LC-MS or NMR (Esslinger et al., 2014). Consequently, there is no reason for not including 489 

both targeted and untargeted data in one data analytical method, resulting in a combined 490 

approach.  491 

In this advanced analytical approach, both targeted and untargeted data were integrated into one 492 

multivariate data set and selection of the shelf-life markers were determined using a VID 493 

procedure. Shelf-life markers selected at each formulation of pasteurised mango juice are 494 

colour, soluble solids (°Brix), ascorbic acid, sugars, furfural, and HMF and volatile compounds 495 

belonging to the classes of terpenes, sulphur compounds, acids, ketones, and esters. Possible 496 

reactions that could be related to the observed quality changes are oxidation, ascorbic acid 497 

degradation and acid-catalysed reactions (Wibowo et al., 2015d). Although data were not 498 

previously published on this aspect, authors have conducted a similar analytical approach for 499 

orange juice samples. It was observed that the same shelf-life markers (i.e. quality attributes 500 

which significantly changing during shelf-life) were selected: colour, °Brix, ascorbic acid, 501 

sugars, furfural, HMF, terpenes (hydrocarbons, oxides, and alcohols), sulphur compounds, 502 

aldehydes, and esters. 503 
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In the study of orange juice and mango juice, the (combined) targeted and untargeted analytical 504 

approaches clearly demonstrated to be useful tools to obtain insight into chemical reactions 505 

occurring during storage. The most probable degradation reactions responsible for quality 506 

changes in orange juice and mango juice were identified. Also, relevant shelf-life markers (i.e. 507 

quality attributes which significantly change during shelf-life) were selected: colour, °Brix, 508 

ascorbic acid, sugars, furfural, HMF, terpenes, sulphur compounds, aldehydes, acids, ketones, 509 

and esters. The behaviour of the selected markers can be further characterised by kinetic 510 

modelling (Wibowo et al., 2015a, 2015b, 2015c, 2015e). 511 

5 THE SHELF-LIFE CONCEPT APPLIED TO FRUIT JUICE STORAGE 512 

5.1 Potential and limitation of accelerated shelf-life testing of fruit juice 513 

The concept of shelf-life can be elucidated by several definitions. Shelf-life is known as “a 514 

finite length of time after manufacturing and packaging during which the food product retains 515 

a required level of quality acceptable for consumption” (Nicoli, 2012). A more extensive 516 

definition, which emphasises the relation between food shelf-life and storage conditions, was 517 

proposed by the Institute of Food Science and Technology (IFST), who specified shelf-life as 518 

“the period during which the food product will: (i) remain safe; (ii) be certain to retain its desired 519 

sensory, chemical, physical, microbiological and functional characteristics; (iii) where 520 

appropriate, comply with any label declaration of nutrition data, when stored under 521 

recommended conditions” (IFST, 1993). Both food safety and desired quality are the two major 522 

aspects of an acceptable shelf-life (Man, 2015). Under the European legislation Directive 523 

2000/13/ EC, shelf-life is referred to as ‘the minimum durability date’, which is defined as “the 524 

date until which the foodstuff retains its specific properties when properly stored” (EC, 2002). 525 

Determining the food product’s shelf-life and declaring it, either by a ‘best before’ date or a 526 
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‘use by’ date, on the label, is the responsibility of the food manufacturer or packer. It also 527 

requires that any special storage conditions must be specified on the package (EUFIC, 2013).  528 

 529 

Factors influencing the food shelf-life can be classified as intrinsic factors and extrinsic factors. 530 

The intrinsic factors inherent within a food product are, among others, the product 531 

characteristics, including acidity, water activity, nutrient composition, and product formulation. 532 

Shelf-life can be also influenced by the external factors; this is the case in which, for example, 533 

changes in packaging materials and/or storage conditions are applied (Kilcast & Subramaniam, 534 

2000; Robertson, 1999). Any interactions that occur between intrinsic and extrinsic factors can 535 

either prevent or stimulate a number of deteriorative reactions which limit a product’s shelf-life 536 

(Sousa Gallagher, Mahajan, & Yan, 2011; Kilcast & Subramaniam, 2000). Therefore, in 537 

evaluating food shelf-life, besides knowledge of the important quality characteristics of the 538 

product; understanding how deterioration mechanisms limit the shelf-life is of primary 539 

importance. According to Nicoli (2012), there are three main steps in a shelf-life study: (i) the 540 

preliminary steps comprise of the identification of the early critical event, which can be 541 

chemical, physical or biological changes, leading to the product quality depletion, followed by 542 

the identification of the quality decay descriptor (i.e. critical indicator) and the relevant 543 

acceptability limit; (ii) the testing steps deal with product monitoring which can be managed 544 

under actual (i.e. real-time) or accelerated conditions; and (iii) the modelling steps by means of 545 

mathematical models (e.g. kinetic modelling) in order to obtain shelf-life estimation and 546 

prediction. 547 

 548 

In determining shelf-life of a food product, two types of tests known as real-time and 549 

accelerated shelf-life testing (ASLT) can be pursued. In a real-time testing, a food product is 550 

monitored under simulated real conditions starting from manufacture to consumption or along 551 
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the food chain. Taking into consideration that environmental factors (e.g. temperature, 552 

humidity, oxygen, and light) can fluctuate, the experiment should be conducted at controlled 553 

conditions to ensure reproducibility of the result (Manzocco, 2012). The real-time test is 554 

theoretically applicable for any food category; however, in practice, it is more feasible for a 555 

perishable food product which decays in a reasonably short time, than for a shelf-stable product 556 

(Gudmundsson & Kristbergsson, 2009; Nicoli, 2012). Dealing with a product with a longer 557 

shelf-life (e.g. thermally treated fruit juices), the real-time testing can be time- and resource-558 

consuming. Based on those considerations, to observe quality changes in much shorter time, an 559 

accelerated shelf-life study is often applied. In ASLT, a food product is exposed to controlled 560 

conditions in which one or more of the extrinsic factors are maintained higher than the normal 561 

level. Among extrinsic factors, temperature is the most commonly used factor to accelerate 562 

deterioration reactions (Taoukis, Labuza, & Saguy, 1997; Calligaris, Manzocco, & Lagazio, 563 

2012). The ASLT relies on the fact that the rate constant is temperature-dependent. As for 564 

degradation reactions this temperature-dependence is usually governed by the Arrhenius 565 

equation, predicting the rate of quality changes at normal storage conditions and estimating the 566 

shelf-life can be done by extrapolating the kinetic parameter data obtained from the accelerated 567 

testing. In order to set up an ASLT, the food quality attributes should be evaluated at different 568 

temperatures and time moments. Furthermore, to make the results statistically reliable, at least 569 

five to six data points over time for each temperature should be taken (Kong & Singh, 2011). 570 

For a detailed protocol using the ASLT method, the reader is referred to the works of Man 571 

(2015) and Labuza & Schmidl (1985). Despite its advantages, care should be taken when 572 

conducting ASLT. Storage at elevated temperature can change the mechanisms of food 573 

deterioration or even change the critical factors which limit the shelf-life of a product at normal 574 

temperature. As an example, when different reactions responsible for quality loss have different 575 

temperature sensitivities, at higher temperatures, reactions with higher activation energies may 576 
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predominate, while at lower temperatures, reaction with lower activation energies may 577 

predominate. This could give a false estimation of the shelf-life changes. Another limitation 578 

associated with ASLT is the availability of a valid mathematical model to describe changes 579 

caused by external factor(s) other than temperature, such as oxygen availability and light 580 

exposure (Calligaris et al., 2012; Gudmundsson & Kristbergsson, 2009; Labuza & Schmidl, 581 

1985). In reality, even controlled storage temperature could have a stochastic variation which 582 

will affect the outcome of our observation. Monte Carlo simulations could be applied to address 583 

the uncertainties by simulating stochastic variation in the prediction through repeated random 584 

sampling. Schaffner et al. (2003) used this approach in predicting the shelf-life of pasteurised 585 

milk as affected by storage temperature.  586 

 587 

Some examples of shelf-life studies of fruit juices, in particular citrus and mango juices, and 588 

the kinetic modelling of quality changes can be seen in the work of Oliveira et al. (2012) for 589 

mango juice and Remini et al. (2015), Polydera et al. (2005) and Burdurlu et al. (2006) for 590 

orange juice study. In the work of Wibowo et al (2015b), orange juice samples were stored at 591 

reference temperature (20 °C) and at elevated temperatures (28 °C, 35 °C, and 42 °C). Based 592 

on the kinetics of change of the investigated quality parameters (colour, carotenoids, acidity, 593 

sugars, oxygen, vitamin C, furfural, HMF and volatile compounds), the observed changes at 594 

higher temperatures during a shorter time were comparable to the changes at reference 595 

temperature over a longer time or in other words the ASLT principle holds for the majority of 596 

the quality parameters monitored. An exception was observed for furfural, for which no 597 

formation was observed during storage temperature at 20 °C.  598 

 599 
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5.2 Challenges for predicting best before dates of fruit juice using a science-based 600 

approach  601 

As proof of concept on orange and mango juices, by (combining) targeted and untargeted 602 

analytical approaches, we could identify the degradation reactions responsible for quality 603 

changes and could select the relevant shelf-life markers. Furthermore, in future work, it can be 604 

of specific interest to predict shelf-life dates of shelf-stable products such as fruit juices using 605 

a science-based approach.  606 

Only taking into account the kinetics of the change of the quality attributes, it is tempting to 607 

state that based on reaction kinetics, the fastest degradation reaction will determine the best 608 

before date of a food product. In this section, we want to exemplify that both the acceptability 609 

limit, a quality level which discriminates acceptable products from those no longer acceptable, 610 

and kinetics are required to predict shelf-life dates. The acceptability limit can be a result of 611 

sensorial analysis performed by consumers as well as, in particular cases, obtained from 612 

quantitative data resulting from instrumental analysis (e.g. colour, viscosity, and nutrient 613 

concentration) (Calligaris, Manzocco, Anese, & Nicoli, 2016). 614 

We propose two different scenarios based on experimental instrumental data on colour and 615 

aroma changes of orange and mango juices at storage temperature of 42 °C and hypothetical 616 

consumer’s acceptability limits (Figure 5). In this example, an acceptability limit for colour 617 

(ΔE*) is fixed at 6, which is a threshold between well visible and great difference and two 618 

acceptability limits for aroma. The aroma threshold is based on the changes in α-pinene, one of 619 

the volatile compounds which is responsible for the desirable and natural fruit aroma of orange 620 

juice. In scenario 1, the acceptability limit of aroma is hypothetically set at 40%. Using this 621 

threshold, the hypothetical best before dates for both orange and mango juices would be 622 

determined by the colour change, because the predefined colour-based acceptability upper limit 623 

was reached first. If the acceptability limit for α-pinene is increased to 80% (scenario 2), then 624 
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the change in aroma, although it is the slowest reaction, would determine the best before date 625 

and not the colour change. Figure 5 also shows that the kinetics of both aroma and colour 626 

changes of orange juice occur faster than the kinetics of mango juice changes during storage at 627 

the same conditions. It suggests that the shelf-life of orange juice would be shorter than the 628 

shelf-life of mango juice, but this is not necessarily true, as in a shelf-life study, the role of the 629 

consumers´ sensory evaluation in defining the acceptability limit should not be overlooked.  630 

 631 

As earlier discussed, food quality changes are highly complex, it is possible that different 632 

reactions may change simultaneously or even interact during storage. In this regard, making 633 

accurate prediction of shelf-life based on mechanistic insight shelf life solely is not adequate. 634 

It is a common practice that a food product’s acceptance or rejection is evaluated based on 635 

sensory tests. For example, affective tests can be performed to measure the preference or 636 

acceptance of consumers. When consumer data is expressed as discontinuous variables 637 

(accept/reject), a specific statistical tool called survival analysis can be used (Calligaris et al., 638 

2012; Calle, Huogh, Curia, & Gómez, 2006). It should be taken into account that there are many 639 

factors that can influence the acceptability limit of a food product. Variation can occur along 640 

the food chain (e.g. production or storage conditions variability). Moreover, acceptability of a 641 

food product can be highly subjective or vary among consumers as well as within consumer, 642 

showing the stochastic nature of the acceptability limit (Manzocco, 2016).  643 

 644 

Besides consumer acceptability limits, in some cases, even legal requirements/constraints are 645 

determinants of a shelf-life date. Particularly, in orange juice, the limiting factor for the shelf-646 

life is often related to ascorbic acid degradation, in which the minimum ascorbic acid content 647 

at the end of shelf-life should be 200 mg L-1 (based on Association of the Industry of Juices and 648 

Nectars of the EU regulation) (AIJN, 1996). In the work of Wibowo et al. (2015b), the estimated 649 
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shelf-life of the orange juice samples according to this requirement is 16, 10, 7 and 4 weeks at 650 

20 °C, 28 °C, 35 °C, and 42 °C, respectively.  651 

 652 

In this perspective, food industries should carefully select which quality attributes are changing 653 

as function of shelf-life and should determine the corresponding consumer acceptability limits. 654 

Moreover, legal requirements such as minimum level of the ascorbic acid at the end of shelf-655 

life and the stochastic nature of acceptability limit should be also taken into account.  656 

6 CONCLUSION 657 

Predicting shelf-life quality changes for food industries remains a challenge due to the 658 

complexity of degradation reactions and their interactions. The current practice of many shelf-659 

life determinations are largely based on trial-and-error methods or experience-based guesses 660 

which could potentially lead to overestimation (risk for brand damage) or underestimation (risk 661 

for food waste). To have a better prediction of shelf-life of shelf-stable food products, a science-662 

based approach should be aimed at. The paper summarises an integrated science-based 663 

approach to study quality changes of shelf-stable food product during storage and addreses 664 

future challenges. In the integrated science-based approach described, the following strategic 665 

questions need to be considered: Q1. How to understand the influence of the intrinsic food 666 

matrix characteristics (e.g. food composition ranging from a simple model to complex real food 667 

systems)?; Q2. How to evaluate the impact of extrinsic storage conditions (e.g. normal and/or 668 

accelerated conditions)?; Q3. How to combine a range of analytical approaches (e.g. targeted, 669 

untargeted and a combination of targeted and untargeted approaches)?; Q4. How to apply 670 

various data analysis techniques (e.g. multivariate and kinetic modelling)?; and Q5. How to 671 

integrate instrumental and/or sensorial evaluations?. As proof of concept, the paper focused on 672 

investigating quality changes of pasteurised shelf-stable orange and mango juices during 673 
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storage. It was shown that the (combined) targeted and untargeted approaches proved to be 674 

useful tools for identifying major quality related chemical changes and for selecting shelf-life 675 

markers (i.e. quality attributes which significantly changed during shelf-life). The (combined) 676 

targeted and untargeted approaches have potential to be used for other shelf-stable food 677 

products as well. In determining the shelf-life of a commercial food product, the fastest 678 

reactions may not always be the ones to focus on; therefore, relevant consumers’ acceptability 679 

limit through sensory evaluation should also be taken into account. In addition, the stochastic 680 

nature of the acceptability limit should not be overlooked. 681 
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 957 
Figure 1. Schematic representation of the integrated science-based approach for investigating quality changes of 958 
shelf-stable food products during storage. Q1. How to understand the influence of the intrinsic food matrix 959 
characteristics (e.g. food composition ranging from a simple model to complex real food systems)?; Q2. How to 960 
evaluate the impact of extrinsic storage conditions (e.g. normal and/or accelerated conditions)?; Q3. How to 961 
combine a range of analytical approaches (e.g. targeted, untargeted and a combination of targeted and untargeted 962 
approaches)?; Q4. How to apply various data analysis techniques (e.g. multivariate and kinetic modelling)?; and 963 
Q5. How to integrate instrumental and/or sensorial evaluations? 964 
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 975 

 976 

 977 

Figure 2. Total colour difference (E*) of orange juice during storage at 20 °C (), 28 °C (), 35 °C (▲), 42 °C 978 
() and mango juice during storage at 42 °C () for 8 weeks. The full lines represent the fitted values by the zero-979 
order model. The dashed lines indicate the classification of the differences (E* 0–3 = not noticeable to noticeable, 980 
E* 3–6 = well visible and E* > 6 = great differences). Error bars represent the standard error of measurement 981 
(n = 3). Based on integration of results from Wibowo et al. (2015a, 2015e). 982 
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 997 

 998 

Figure 3. PLS biplots visualising the correlation between colour changes and quality parameters of orange juice 999 
(objects represented by differently shaped symbols) at 20 °C and 42 °C. The open circles show different parameters 1000 
of which the VID values are shown for each parameter. Positive VID coefficients indicate an increase in 1001 
concentration or values during storage while negative coefficients denote a decrease. The correlation loadings for 1002 
the continuous Y-variable (ΔE*) are represented as a vector. The percentages of the variances in X and Y explained 1003 
by each latent variable (LV1 and LV2) are indicated on the respective axes (with permission from Elsevier). 1004 
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 1009 

Figure 4. Selected volatile compounds for ASLT markers of pasteurised orange juice stored at 20 °C (), 28 °C 1010 
(), 35 °C (▲) and 42 °C (). The full lines represent the fitted values by the kinetic modelling (first-order model 1011 
for octanal, linalool and α-pinene; first-order fractional conversion model for α-terpineol). The different symbols 1012 
represent the experimental data (n = 6). The Y-axis indicates the percentage relative peak area with respect to week 1013 
0 for decreasing compounds and to the longest time at each temperature for increasing compounds. The kinetic 1014 
parameters, reaction rate constant (kTref) and activation energy (Ea) were estimated using a one-step regression 1015 
method (Tref =20 °C) (Wibowo et al., 2015c) (with permission from Elsevier). 1016 
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 1022 

Figure 5. A hypothetical shelf-life prediction of shelf-stable orange and mango juice at 42 °C. The first Y-axis 1023 
represents the total colour difference (ΔE*) value and the second Y-axis represents the percentage relative peak 1024 
area of α-pinene. Changes in the colour were modelled using a zero-order model and changes in α-pinene were 1025 
described by a first-order model). The dashed lines indicate two different scenario of aroma threshold relatively to 1026 
the colour threshold (dotted line).  1027 


