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Abstract: The gas chromatography-olfactometry (GC-O) technique couples traditional gas 

chromatographic analysis with sensory detection in order to study complex mixtures of 

odorous substances and to identify odor active compounds. The GC-O technique is already 

widely used for the evaluation of food aromas and its application in environmental fields is 

increasing, thus moving the odor emission assessment from the solely olfactometric 

evaluations to the characterization of the volatile components responsible for odor nuisance. 

The aim of this paper is to describe the state of the art of gas chromatography-olfactometry 

methodology, considering the different approaches regarding the operational conditions 

and the different methods for evaluating the olfactometric detection of odor compounds. 

The potentials of GC-O are described highlighting the improvements in this methodology 

relative to other conventional approaches used for odor detection, such as sensoristic, 

sensorial and the traditional gas chromatographic methods. The paper also provides an 

examination of the different fields of application of the GC-O, principally related to 

fragrances and food aromas, odor nuisance produced by anthropic activities and odorous 

compounds emitted by materials and medical applications. 
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1. Introduction 

Odors have a direct effect on human behaviors and can significantly affect the quality of life. 

Evolutionary history has demonstrated the importance of a good sense of smell as it protected our 

primitive ancestors from predators and helped them to find food. Nowadays, it may not have the same 

connotation for human survival, but it can most certainly play an important role in human attractions, 

memories, and emotions. People associate odors with past experiences and, from those experiences, 

they will involuntarily assess the odor as likable, dislikable or indifferent. These responses are 

individual and may vary from person to person. Through breathing, humans are continuously testing 

air quality to obtain relevant information such as potential dangers (e.g., smoke), the presence of food, 

another individual, and so on. In order to detect an odor, several factors and properties can contribute 

to generate an olfactory perception [1]: 

- Odor threshold (OT). This is the minimum concentration at which 50% of a human panel can 

detect the presence of an odor or odorant without characterizing the stimulus. This is different 

from the recognition threshold which is the concentration that 50% of a human panel is able to 

detect and describe qualitatively. 

- Physical and chemical properties. These include the appreciable volatility of a substance at 

ordinary temperatures (less than 300–400 relative molecular mass) to permeate the air near the 

sensory area, as well as the slight water-solubility which allows an odor to pass through the 

mucous layer to the olfactory cells and the lipid-solubility which is necessary since olfactory 

cilia are composed primarily of lipid material. 

- Intensity. This is the relative strength of the odor above the recognition threshold. It is 

logarithmically related to odorant concentration (Stevens’ law or the power law) which can be 

calculated with the following equation [2]: 

I = K logC (1)  

where I is the intensity, C is the concentration and K is a constant. 

- Hedonic tone. This is a measure of the pleasantness or unpleasantness of an odor mixture. 

- Quality. This property identifies an odor and differentiates it from another odor of equal intensity. 

- Molecular structure. Molecular geometry, in particular, the composition and structure of the 

functional groups within a molecule, can deeply affect the quality and features of an odor [3]. 

It should be noted that odors are complex mixtures of many volatile chemicals which are present  

in different concentrations. These chemicals can interact synergistically or additively in the mixtures 

according to unpredictable rules [4–6], and are at the basis of the overall sensation of smell. 

In the recent years, various research activities have been developed in different scientific disciplines 

to investigate odors and odor perception with the aim of producing direct applications in industry. 

Some applications focus on improving the quality of scented products such as perfumes [7] and food 
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products through the use of natural or synthetic odorous compounds. For example, the results of an 

aroma food analysis can help assess the quality of foods and make them more pleasing and desirable [8]. 

Others examine the impact of odorous compounds on the quality of human life and the environment.  

In this case, odors may derive from industrial activities [9–13] (landfills, wastewater treatment plants, 

refineries, tanneries, and so on) or be emitted from materials that people frequently use [14,15]. 

The main purpose of odor research is to identify the odor active compounds and to relate them  

to human perception. Instrumental approaches to the characterization of odorants using Gas 

Chromatography coupled with Mass Spectrometry (GC/MS) have been widely used to produce lists of 

the substances present and their concentrations [16,17]. The main limitation of this technique is 

connected to the complexity of the odor under investigation. Since many volatile chemicals are often 

present at concentrations lower than the instrumental detection limit and since information about 

human perception is not provided, a linear correlation between a quantified substance and an olfactory 

stimulus cannot be made [18]. Notwithstanding the usefulness of GC/MS analyses, the mammalian 

olfactory system is the most sensitive and inclusive odor detector. Hence, the sensory evaluation of 

smells by panels of sensory trained evaluators represents a valid approach to odor assessment. 

A notable improvement in odor identification consists of coupling GC-MS with olfactometric 

detection (GC-MS/O). The gas chromatographic separation of an odorous air sample can be useful for 

identifying specific odorant components. GC-MS/O, thus, allows a better understanding of odorant 

composition through the identification and quantification of its compounds while offering a partial 

correlation between the chemical nature of an odorant and its perceived smell [19,20]. 

This paper will examine the state of the art of the gas chromatography-olfactometry methodology 

(GC-O), different approaches regarding operational conditions, and different methods for evaluating 

the olfactometric detection of odor compounds. The potentials of GC-O will be described and its 

different fields of application such as fragrance and food aromas, industrial and material emissions, 

and medical applications will be examined. 

2. GC-O Analysis  

2.1. GC-O Configuration and Parameters Affecting the Analysis 

GC-Olfactometry (GC-O) is a valuable method for the selection of odor components from a 

complex mixture. A properly trained human assessor or a team of them is employed as a detector and 

can sniff the eluate in order to detect the presence of odor—active compounds via a specifically 

designed odor port (ODP) connected in parallel to conventional detectors [21] (thermal conductivity, 

photo-ionization or flame-ionization), as shown in Figure 1. 

Each separated compound, eluted by the GC, can be detected by a human assessor (odor present or 

not), who is able to measure the duration of the odor activity (start to end), to describe the quality of 

the odor perceived and to quantify its intensity. GC-O in combination with a mass spectrometer  

(GC-O/MS) not only enables the evaluation of odor compounds, but also their identification with mass 

spectral information. 
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Figure 1. Scheme of the gas chromatograph equipped with an olfactometric detector 

(reprinted from [22] with permission from Elsevier). 

 

In particular, the flow of the eluate is split so that the analytes reach both detectors simultaneously, 

permitting a comparison of both signals. The retention times of the analytes might differ for the two 

detectors (typically shorter for the mass spectrometer), due to the fact that the mass spectrometer 

works under vacuum conditions while the olfactometric detector works under atmospheric pressure 

conditions. This difficulty can be overcome by installing a restrictor, a narrow bore capillary, before 

the mass spectrometer to increase the pressure drop between the interface and the flow splitter, as well 

as through careful selection of the flows of the carrier and auxiliary gases [23]. 

The design of all commercially available olfactometric ports is very similar. The eluate reaches the 

port through an uncoated transfer line (deactivated silica capillaries) and is sniffed in a glass or a PTFE 

conical port, fitted to the shape of a nose. The transfer line is heated to prevent the condensation of 

semi volatile analytes on the walls of the capillary. Auxiliary gas (moist air) is added to the eluate to 

prevent the drying of the assessors’ nose mucous membranes, which could cause discomfort especially 

in longer analyses. The transfer line length can vary, but it must be long enough to ensure a 

comfortable sitting position and to avoid discomfort due to the vicinity of hot chromatograph 

components during detection. Each port is also equipped with an electric push-button to generate a 

signal of 1 V when pressed. If the extract analyzed is sufficiently concentrated, the eluate stream can 

sometimes be separated into several streams and delivered to more olfactometric ports, for the 

simultaneous detection by several assessors (Figure 2). This approach can yield more representative 

results since different sniffers simultaneously smell the sample providing an average value for each 

analysis [24,25]. 

A multi-gas chromatography-olfactometry device (eight way gas chromatography olfactometry  

8W-GC-O) has recently been developed [26]. This device consists of a chromatograph coupled with a 

divider that synchronously distributes the volatile component outflow to eight transfer lines which are 

connected to eight sniffing ports located in separate booths. Flow rates can be set to ensure the best 

compromise between chromatographic resolution and sufficient effluent at the sniffing ports so that the 

odorous fractions can be adequately sensed. 
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Figure 2. Scheme of the GC/MS-O multi-sniffing system (reprinted from [25] with 

permission from Elsevier). 

. 

There are several factors that determine the quality of the data collected by GC-O. The method used 

to extract volatile compounds from the samples determines the composition of the extract, and 

therefore the quality of the eluate available for perception. The set-up of the GC instrument and of the 

separation conditions affects the quality of chromatography and the response of the human detector. 

The peak shape affects the perception of odor intensity and the calculation of detection thresholds. 

Chromatographic behavior of odor substances varies with the compounds and the stationary phases of 

the GC column. Non polar stationary phases enable the elution of odor-active volatiles at the lowest 

possible temperature [21]. However, very polar molecules, such as fatty acids, result in poor peak 

shapes using nonpolar phases. Polar phases demonstrate greater selectivity, although the overall 

quality of the separation will depend upon the composition of the sample [27]. 

Moreover, it should be noted that some volatile compounds are labile and will readily decompose in 

heated injector blocks, forming artifacts; for example, sulfur compounds are particularly susceptible  

to heat-induced decomposition. The odor character of some compounds depends strongly on  

their concentration which can become important in the case of poor chromatography or poor 

chromatographic separation (co-elution). Many key odor compounds often occur at very low 

concentrations in complex matrixes. Therefore, the identification of odor compounds remains a  

hard task even with GC-O/MS because some compounds co-elute with other analytes making the 

correlation between the detected aroma and the correct compound difficult. 

Comprehensive two-dimensional gas chromatography (GC × GC) appears to be the most 

appropriate choice to meet the need for enhanced separation and better sensitivity. This technique is 
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based on the continuous collection of an effluent from a GC column and the periodic reinjection of 

small portions of the effluent to a second column of different polarity. This novel technique, which 

associates the resolution power of GC × GC with the selectivity and sensitivity of the human olfactory 

system, can enable the olfactive analysis of congested chromatographic areas [28–30]. However,  

GC × GC coupled with ODP is an extremely demanding technique for the operator because peaks are 

eluted very quickly and the panelist may not have enough time to both recognize odors and provide 

their descriptors. Respiratory rate can also be critical and an analysis time of more than ten minutes is 

difficult to achieve. 

A direct gas chromatography–olfactometry (D-GC-O) method can be used to perform a 

representativeness test on the global odor of a sample and select the best conditions for analysis. This 

recent technique consists of connecting a deactivated capillary column between the GC injector and 

the sniffing port to avoid chromatographic separation. In this way, the aroma compounds arrive 

simultaneously at the ODP, where the assessor perceives, evaluates and compares the resulting odor of 

the starting sample [31,32]. 

The behavior of the human detector should also be considered during the assessment of the data 

quality collected when using GC-O. There are very significant differences in olfactory ability between 

humans; odor thresholds can vary significantly among individuals and some people, with an otherwise 

normal sense of smell, are unable to detect families of similar smelling compounds (anosmia) [21]. In 

addition, the olfactory response of an individual is known to vary over time, even during the course of 

a single day, and with the speed of breathing [33,34]. Sensitivity may also fluctuate due to health status 

and mood. 

In order to obtain reproducible data, potential assessors should be screened for sensitivity, 

motivation, ability to concentrate, and ability to recall and recognize odor qualities [21]. They should 

be asked to refrain from smoking and eating/drinking strongly flavored foods for 1 h prior to 

performing GC-O. They also should not to wear aftershave, perfume or strong deodorants on the day 

of assessment [21,35]. Moreover, the assessor’s comfort and ability to sniff free of distraction should 

be considered. GC-O instrument should be located in a dedicated laboratory with temperature and 

pressure control. Finally, a maximum sniff time of 25–30 min is recommended since GC-O sniff 

duration can impact human detector performance [21]. 

2.2. GC-O Olfactometric Detection Methods 

In recent decades, several techniques have been developed to collect and process GC-O data and to 

estimate the sensory contribution of a single odor active compound, rated as intensity, in order to evaluate 

the relative influence on the total odor of the sample [36]. These methods can be categorized into three 

groups: frequency detection methods, dilution to threshold methods, and direct intensity methods. 

2.2.1. Frequency Detection Methods 

The frequency detection method involves a team of 6–12 people who analyze the same sample  

in order to provide the percentage of people who sensed the odor compound at a given retention  

time [37,38]. Each odor can be evaluated using Nasal Impact Frequency (NIF) or Surface of Nasal 

Impact Frequency (SNIF) values. The NIF value is set at a value of one when each of the evaluators 
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sensed a given odor, and zero when no-one sensed any odor at a given retention time [39]. Therefore, 

the NIF value corresponds to the peak height of the olfactometric signal. The SNIF values describes 

the peak areas obtained multiplying the frequency percentage by duration, and enables the production of 

an aromagram (see Figure 3) [24,38,40]. Simplicity is the main advantage of detection frequency-based 

methods which do not necessitate qualified evaluators. The methods are repeatable and the results 

reflect the differences in sensitivity between the evaluators, which can also be related to differences 

within a given population. Hence, the impact of inattention, specific anosmia, etc. on the aromagram is 

minimized. However, as the detection frequency is related to the intensity of the odor perceived by the 

assessors, the correlation of the peak height with the real concentration of the odor compound in the 

sample cannot be obtained. In particular, odorous compounds present in different concentrations, all 

above the detection threshold, will produce an aromagram with peaks of equal intensity [21,22,41]. 

Figure 3. Scheme of an aromagram obtained using detection frequency methods, with four 

evaluators (reprinted from [22] with permission from Elsevier). 

 

2.2.2. Dilution to Threshold Methods 

Dilution to threshold methods provide a quantitative description of the odor potential of a given 

compound based on the ratio between its concentration in the sample and its sensory threshold in  

air [21]. These methods consist of preparing a dilution series of an extract, usually using twofold, 

threefold, fivefold or 10-fold dilution levels (R) and then analyzing them with GC-O [42].  

The assessors state under which dilution the compound analyzed can still be sensed, and usually 

describe the type of smell. Odor potency is equivalent to the concept of ―aroma values‖, ―odor values‖, 

―odor units‖, ―flavor units‖, and ―odor activity values‖ (OAV) [21]. OAV is the most commonly used 

index and represents the ratio of the concentration of a given compound on its sensory detection 

threshold [43–46]. 

The most frequently reported dilution methods are ―Aroma Extract Dilution Analysis‖ (AEDA)  

and ―Combined Hedonic Aroma Response Measurement‖ (CharmAnalysis
TM

) [24,47–57]. AEDA 

measures the highest sample dilution at which the odor of the analyzed compound is still detectable 

and reports this as the flavor dilution factor (FD) [36]. If the last dilution under which the analyte is 

still detectable is equal to p (p = 0, 1, 2, 3, ...), then its dilution factor is R
P
, where R is the dilution 
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level [42]. The overall results obtained with this method are reported in an aromagram presenting the 

FD value, or its logarithm, against the retention index (RI) [58,59]. CharmAnalysis
TM

 records the 

duration of odors (start and end) and generates chromatographic peaks. The assessors record the start 

and the end of each detected odor, hence the aromagram is obtained by plotting the duration of the 

odor sensation against the dilution value. The peak areas are expressed in dimensionless ―Charm‖ 

values (C), which are proportional to the amount of the analyte in the sample, and inversely 

proportional to the sensory detection threshold [22]. Charm value can be calculated with the formula: 

       (2)  

where n is the number of coincident odor responses detected at a single retention index and R is the 

dilution level [60]. CharmAnalysis
TM

 considers both the peak width and the peak shape, thus a short 

and broad peak may have the same Charm value as a tall and narrow peak that is perceived at a higher 

dilution. This gives CharmAnalysis
TM

 more discriminating power than AEDA, but it also results in 

greater variation than AEDA [21]. 

A drawback of the dilution methods is the length of the total analysis due to the large number of 

dilutions for each extract and evaluator. Therefore, these methods are normally performed by only one 

or two evaluators. For example, in a series of 10 dilutions, 30 GC injections are needed, which  

requires about 2 weeks [61]. Dilution to threshold methods are also criticized for the underlying false 

assumption that the odor intensity increases in parallel with the concentration for all odor components 

in a sample [62]. In order to attain a complete analysis of key odorants, recombination models and 

omission experiments can be performed. In the former, the aroma model system for a specific sample 

is prepared based on the combination of previously achieved AEDA or CHARM values, and/or OAVs. 

Odorants showing higher values are used to formulate a recombined model, which is then compared to 

the real sample for similarity or difference [25]. The omission experiments, on the other hand, deal 

with the preparation of an aroma model for a specific sample in which one or more odorants are 

omitted. In this experiment, the panelists are asked to perform duo and triangle tests to compare the 

reduced model with the complete one and indicate the perceived sensorial differences [25,31,63]. 

2.2.3. Direct Intensity Methods 

The odor intensity and its duration can be measured with direct intensity methods using different 

kinds of quantitative scales: category scales or unstructured line scales [21]. These methods include a 

single time-averaged measurement registered after the elution of the analyte (posterior intensity 

evaluation methods) or a dynamic measurement, where the appearance of an odor, its maximum 

intensity and decline are registered in a continuous manner (OSME, the Greek word for odor,  

and Finger span method) [64–66]. In the first case, the assessor assigns an appropriate value, from  

a previously defined intensity scale, to each detected compound while in the second case, the 

olfactogram obtained is similar to conventional chromatograms in which the height of the peak 

corresponds to the maximum odor intensity and the width corresponds to odor duration. Depending on 

the method, the measurement can be performed in different ways, best results will be obtained if a 

panel of assessors is used, and the average panel result is treated as one signal. There is a correlation 

between the logarithm of the odor intensity obtained using the OSME method and the logarithm of  
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the analyte concentration, as described by Steven’s Law [29,62]. The intensity is recorded as a 

function of time by moving the cursor of a variable resistor [25,66]. In the finger span method, the  

olfactograms are built moving the potentiometer slider using the thumb and the index or middle finger 

(195 mm) [21,34,67]. The distance between the two is proportional to the intensity of the odor, and  

the time of sliding corresponds to the duration of the odor in the olfactometric port. Some studies 

demonstrated that even a completely unprepared team of evaluators is able to repeatedly perform 

olfactometric measurements [22]. Another device, based on the use of a spring-loaded button can be 

used to build the aromagram. This device can relate a perceived odor intensity to the physical stimulus 

of hand pressure, thereby improving the reliability of recorded odor intensity data [41,68]. Using a  

3- or 7-point category scale with half values, the data are processed using the modified frequency MF (%), 

that can determine the most important odorous compounds present in the sample. It can be calculated 

with the following formula: 

                 (3)  

where F (%) is the detection frequency of an aromatic attribute expressed as percentage and I (%) is 

the average intensity expressed as a percentage of the maximum intensity. Usually, odorous stimuli 

detected with a MF (%) higher than 50 represent the most important compounds present in each 

sample [31,69]. This group of methods requires expert evaluators in order to obtain fast, repeatable and 

generally consistent results even in a single run [21]. 

2.3. Sample Preparation Methods 

The choice of an appropriate sample preparation method is crucial in GC-O analyses. The flavor 

profile is closely related to the isolation procedure which should prevent decomposition of labile 

compounds, loss of highly volatile compounds and heat-induced artifact formation. Therefore, the 

selected method should yield a product which is as representative as possible of the sample. According 

to the properties of the investigated sample, the preparation may include mincing, homogenization, 

centrifugation, steam distillation (SD), solvent extraction (SE), simultaneous distillation-extraction 

(SDE), solid phase extraction (SPE), supercritical fluid extraction (SFE), Soxhlet extraction, solvent 

assisted flavor evaporation (SAFE), microwave-assisted hydrodistillation (MAHD), headspace (HS) 

techniques, solid-phase microextraction (SPME), matrix solid-phase dispersion (MSPD) and/or 

methylation, direct thermal desorption (DTD), among others. Conventional solvent extraction and/or 

distillation methods are widely used to isolate volatile organic compounds present in food, beverages 

and materials [32,49,51,52,59,70–72]. However, these procedures yield extracts of a sample that do 

not always reflect the composition of the odor that is perceived by a subject when smelling or eating 

the sample. In particular, highly volatile compounds that most contribute to the original odor of foods, 

plants, flowers or materials can be lost during these procedures [73]. 

Solid phase extraction is carried out by shaking the sample with resin particles or more simply by 

eluting the sample in SPE columns [45,46]. The SPE resins are usually washed and conditioned with 

different solvents before sample extraction or clean up [28,74]. Another very popular method is SAFE, 

which may be applied after SE techniques or be used as an individual extraction method for aqueous 

samples such as milk, fruit and urine [49]. The technique removes volatile compounds under low 
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temperature and high vacuum conditions. Headspace techniques are used for the sampling of volatiles, 

using either static or dynamic methods. Sorption traps with porous polymers such as Tenax
®

 TA  

or Porapak™ Q, and resins such as Lichrolut
®

 EN, are most often used to concentrate collected  

volatiles [63,66,75,76]. The volatile components are then chemically or thermally desorbed from the 

trap and analyzed with GC-O [66,75]. Compared to conventional extraction techniques, headspace 

methods have the benefit of usually not causing the loss of the most volatile compounds and enable 

chromatographic analysis of these compounds without interferences due to the solvent peak. Headspace 

volatiles can be also concentrated exposing SPME fibers coated with specific extraction phases such  

as Carboxen
®

/PDMS or divinylbenzene/carboxen/polydimethylsiloxane [30,31,47,48,50,77–82]. The 

chemical profile of the collected volatiles depends upon the type, thickness and length of the fiber, as 

well as on the sampling time and temperature.  

Another technique, worthy of note is the direct thermal desorption (DTD), a widely applied  

solvent-free method [83–87]. For this method, volatile compounds are collected onto adsorption tubes 

filled with specific resins by using an air pump. The resins are selected according to the type of matrix 

(Tenax
®

 GR, Carbograph™, Carboxen
®

 GR). Sampled tubes are then thermally desorbed and then 

analyzed with GC-O [84–87]. Alternately, bags made of inert materials (Nalophan
®

, Tedlar
®

,) are used 

to collect air samples for analysis with TD-GC-O [83]. 

3. Applications 

Because of the its unique features, GC-O is already well established in areas involving fragrance 

and food aromas and is becoming more and more common in areas related to the environment, 

medicine and materials. In this section, these principal areas of application are explored and a sampling 

of results are presented in order to highlight the potentials of this technique. 

3.1. Food Application 

Consumers select and consume food based on three principal properties: flavor, appearance (color) 

and texture. Flavor is usually divided into the subsets of taste and smell, which are perceived in the 

mouth and the nose, respectively [60]. It is also defined as the sensation arising from the integration or 

interplay of signals produced as a consequence of sensing smell, taste, and irritating stimuli from food 

or beverage [88]. Instead, odor usually refers to the smell of food before it is put into the mouth (nasal 

perception) while aroma is the retronasal smell of food in the mouth. 

The application of GC-MS in this area has marked a real turning point for flavor research. Indeed, 

the number of known flavors has increased to over 7,000 compounds [89], however, there is no 

information about odor active components. Gas chromatography in combination with olfactometric 

techniques (GC-O) can help to detect potent odorants, without knowing their chemical structures, even 

at very low concentrations and this makes it the only viable method for the selection of aroma-active 

components from a complex mixture. 

GC-O studies on food products focus essentially on three main issues: 

(1). The ―aroma profile‖ of various foods and beverages and the dependence between the odor and 

the chemical composition of the volatile fraction on these products; 
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(2). The odor changes in food due to processing techniques (fermentation, cooking, the addition of 

preservatives and flavorings); 

(3). The discrimination among a family of foodstuffs (cheese types, coffee). 

3.1.1. The Study of ―Aroma Profiles‖ 

In recent years, intensive food ―aroma profiles‖ studies have been carried out with the aim of 

characterizing the substances responsible for odor. In particular, the characterization of the odor-active 

compounds in different kinds of fruit has been the topic of many papers reported in literature [90–97]. 

In several studies, Pino et al. have investigated the odor-active compounds in fruits such as banana, 

guava and pineapple [47,98,99]. In these investigations, volatile compounds were extracted from the 

fresh fruit homogenate headspace using SPME fiber coatings and then introduced in successive 

sequences into the GC port [100–106]. Moreover, the volatile compounds were examined by isolating 

the volatile compounds using Simultaneous Distillation-Extraction (SDE) [107–109]. A trained panel 

of three assessors perceived and evaluated the global odor of the fruits by performing SPME direct gas 

chromatography (GC-O). The combination of SPME-GC-O and SDE-GC-O detected thirty-one  

odor-active compounds; eleven of which were reported for the first time as important odorants of 

banana fruit. Guava fruit volatiles included more than 100 compounds that had been reported in 

previous studies [110–115], as well as ethyl acetate which had not been previously reported as a major 

compound. Pineapple fruit volatiles included esters (51), aldehydes (7), alcohols (5), acids (3), terpenes (2), 

furans (2) and miscellaneous compounds (9) which had all been reported in previous studies, with the 

exception of methyl 2-methylbutanoate [116–120]. 

This work reveals two emerging tendencies in GC-O applications: the improvement of repeatability 

and reliability of the obtained results. These developments were achieved by unifying, simplifying and 

shortening procedures, especially those involving sample preparation (SPME avoids the use of 

solvents and the resulting artifacts) and the integration with other extracting techniques, such as SDE. 

SPME allows the isolation of high and medium volatile compounds whereas SDE can cause their 

losses and, consequently, an underestimation of their aroma contribution. Hence, the combination of 

SPME-GC-O and SDE-GC-O can be a way of overcoming this discrepancy in the evaluation of the 

contributions of volatiles. 

Camembert cheese has been studied using aroma extract concentration analysis (AECA) and 

headspace gas chromatography-olfactometry (HGC-O). This approach revealed the complexity of an 

odorant matrix in which the most potent odorants are 2,3-butanedione, 3-methylbutanal, methional,  

1-octen-3-ol, 1-octen-3-one, phenethyl acetate, 2-undecanone, decalactone, butyric acid and isovaleric 

acid [121]. The work identified the neutral odorants with the highest OAVs as methanethiol, methional 

and dimethyl sulphide which contributed to the garlic-like sensory attribute in the odor profile of 

Camembert. Instead, 1-octen-3-ol and the corresponding ketone were found to be responsible for the 

mushroom-like sensory attribute while acetic, butyric and capric acid were associated with the acidic 

sensory attribute. 

Using two strategies, a recent work [122] has applied GC-O to the characterization of the aroma 

active compounds in black truffles (Tuber melanosporum) and summer truffles (Tuber aestivum). The 

first approach used aroma extract dilution analysis (AEDA), while the second involved a GC-O 
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technique combining measurements of both intensity and modified detection frequency [123–125]. 

Eighteen different odor zones, with a MF higher than 15%, were detected in the GC-O experiments. 

The newly identified components were relevant compounds in the aroma composition of the two 

truffles, particularly in the case of the summer truffles. In fact, 1-hexen-3-one was amongst the five 

most important aroma compounds. The olfactogram obtained from black truffle was more intense and 

complex than that of the summer truffle. In addition, the results suggested that there were relevant 

differences between the aroma profiles of both varieties. In particular, while DMS, DMDS and  

3-methyl-1-butanol were among the five most important aroma compounds in both cases, black truffle 

aroma was rich in 2,3-butanedione and ethyl butyrate while summer truffle aroma contained 

methional. The comparison between the GC-O profiles of both varieties is shown in Figure 4 where a 

spider web diagram of the data (normalized so that the maximum = 100%) reveals that the most 

important differences are related to methional (c.11) and 3-ethylphenol (c.17) which were much  

richer in the GC-O profile of summer truffle, and 2,3-butanedione (c.3), ethyl butyrate (c.4),  

ethyl 3-methylbutyrate (c.5) and 3-ethyl-5-methylphenol (c.12), which were particularly important in 

the aroma profile of black truffle. 

Figure 4. Spider web diagram comparing the GC-O olfactometric profiles (normalized so 

that the odorant showing maximum MF (%) = 100) obtained from black and summer 

truffles (reprinted from [122] with permission from Elsevier). 

 

Black truffle was particularly rich in phenols (3-ethyl-5-methylphenol, 5-methyl-2-propylphenol, 

given as mass of 3-propylphenol and 3-ethylphenol, respectively) and in -phenylethanol, while the 

emissions of summer truffle was mostly a product of -phenylethanol, DMS and 3-ethylphenol. 

The characterization of aroma-impact compounds in yerba mate (YM) using GC-O and GC-MS 

was carried out to clarify consumer preferences of major commercial brands of YM sold in Uruguay 

and its neighboring countries (Argentina, Brazil and Paraguay) [69,126]. For this purpose, all the 

samples studied were extracted with an identical extraction system and experiments were performed 

with a system that represented an ―artificial mouth‖. Approximately 50 odorants were detected  

during the GC-O experiments but, for simplicity, those not reaching a maximum GC-O modified  

detection frequency (MF) of 50%, were considered as noise. Sixteen odor-active compounds 

presenting MF ≥ 50 [127] were detected (Table 1). 
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Table 1. Odor-active compounds in yerba mate detected by GC–O with MF ≥ 50 

(reprinted from [69] with permission from Elsevier). 

LRI 
a
 %MF 

b
 Descriptor Compound 

1154 53 Herbaceous, sweet Myrcene 

1278 76 Citrus Octanal 

1294 53 Mushroom 1-Octen-3-one 

1340 74 Moss 6-Methyl-5-hepten-2-one 

1450 68 Flower (Z)-linalool oxide (furanoid) 

1478 76 Nuts (E,Z)-2,4-heptadienal 

1490 68 Nuts (E,E)-2,4-heptadienal 

1510 84 Mushroom (E,Z)-3,5-octadien-2-one 

1528 66 Mushroom (E,E)-3,5-octadien-2-one 

1540 65 Flower Linalool 

1745 61 Flower Geranial 

1798 76 Sweet Nerol 

1832 71 Apple β-Damascenone 

1843 76 Flower α-Ionone 

1936 79 Sweet β-Ionone 

1987 53 Oxidized, metallic (E)-4,5-epoxy-(E)-2-decenal 
a LRI in Carbowax™; b MF, modified frequency. 

Intensive studies have been carried out using gas chromatography with olfactometric detection  

(GC-O) to evaluate the sensory activity of the individual odorous components of different alcoholic 

beverages. In these cases, sample preparation represents a critical step since exhaustive extraction 

methods, such as solvent extraction and distillation, are time consuming, involve many steps and do 

not always reflect the composition of the odor reaching the receptors during their actual consumption. 

Moreover, during the concentration step, oxidation of volatiles may occur without the use of 

antioxidants. Isolation methods are the most used, as static and dynamic headspace with purge and trap 

(on Tenax
®

 TA or Porapak™ Q, as well as resins, such as Lichrolut
®

 EN), followed by thermal 

desorption or solvent elution, or Solid Phase Microextraction (SPME) [22]. In alcoholic beverages, 

GC-O is most commonly used to investigate odor compounds in order to reconstruct alcoholic 

beverage odors, check the quality of the raw materials used in the production processes and identify 

the compounds responsible for the aftertaste [128]. 

3.1.2. The Study of Odor Changes in Food after Technological Treatments 

Another interesting area of research concerns the generation of different aroma compounds in foods 

as the result of technological treatment and the consequent changes of sensory characteristics. In one 

study, Feng et al. set out to evaluate the crucial impact of fermentation on soy sauce aroma [77]. An 

aroma extract obtained with SPME of a harvested koji sample was subject to GC-O analysis. The results 

detected 2-phenylpropenal and di-epi--cedrene for the first time and concurred with previous findings 

that had noted the presence of volatile [129–131] or aromatic compounds [132–134] as well as. 

GC-O combined with the aroma extract dilution analysis (AEDA) approach [59,135] was used to 

determine key odorants after 1 and 5 days of fermentation and the subsequent frying of soy tempeh. 
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The volatile compounds isolated from the tempeh represented different chemical classes, mainly 

aldehydes and ketones, hydrocarbons, mono and sesquiterpenes, sulfur containing compounds, 

nitrogen containing compounds, alcohols, and furans. 

A recent study has investigated a new alternative antioxidant in meat originating from a natural plant 

source [48]. In this work, Kim et al. studied the effects of the addition of two commercial rosemary 

extracts (RE), namely RMD (oil-soluble type) and RMP (water-soluble type), on potent odorants  

in cooked beef extracts (BE) using solid-phase-micro-extraction-gas chromatography-olfactometry  

(SPME-GC-O) [136]. The sensory evaluation results indicated that the addition of RE influenced  

the odor character of cooked BE and thus analysis using SPME-GC-O coupled with AEDA was 

subsequently conducted to identify the odorants responsible for this trend. A combined total of  

57 odorants including 10 unknowns were detected in the treatments. Kim et al. concluded that two 

effects, namely odor-supplementation and odor-suppression, were triggered by the addition of RE. The 

odor-supplementation consisted in an addition of sweet and floral notes to BE; these odorants were 

mainly esters, terpenes and phenolic compounds which had originated from the RE, and most notably 

from the RMD. This effect was thought to have either caused pleasant flavors or masked certain  

off-flavors in the cooked beef. Instead, the odor suppression effect was mainly observed for the 

odorants generated from lipid oxidation or the Maillard reaction [137–143]. The study highlighted that 

CG-O could be a useful tool to monitor and optimize some treatments. 

Another interesting study addressing the use of GC-O in evaluating the effect of technological 

treatments on odor characteristics was carried out on cooked pork products [75]. This study set out to 

obtain new knowledge about how nitrite helps to develop aroma in cooked pork products and to  

describe the reaction mechanisms involved [144–151]. For this purpose, two complementary GC-MS/O 

instruments were used to identify odorant compounds (GC-MS/8O and GC  GC-MS/O) [26,152]. 

Using GC-MS/8O, the authors identified 22 odorant zones that subsequently were explored in detail 

with GC  GC-MS/O for a reliable identification of odorant compounds in the nitrited or nitrite-free 

cooked ham headspaces. Among the detected compounds, several oxidation products were identified. 

Indeed, meat fatty acid oxidation explained the presence of the numerous saturated or unsaturated 

aldehydes with 6–10 atoms of carbon, ketones and alcohols [153,154]. In addition, the authors 

revealed sulfur compounds resulting from the breakdown of sulfur-containing precursors during 

cooking [155]. A comparison of the aromagrams of nitrite-free (Figure 5a) and nitrite-cured cooked 

hams (Figure 5b) is reported, showing that the odor intensity of most of the olfactory peaks was 

weakened by the added nitrite. Moreover, the authors concluded that an analysis of the differences 

observed indicates that the zones of the aromagrams most significantly changed (p < 0.01) by nitrite 

correspond to fatty acid oxidation products (green peaks in Figure 5).  

In conclusion, the authors demonstrated that the addition of nitrited salt in ham production is not 

directly involved in the production of the odorous substances that give nitrite cured pork products their 

specific aroma. Indeed, the absence of nitrite simply promotes the oxidation of fatty acids and, in 

particular, the production of aldehydes which will mask the odor of the sulfur-containing compounds 

responsible for the aromatic note typical of nitrite-cured pork products. Thus, the odor of nitrite-cured 

pork products is merely the outcome of a balanced perception of certain sulfur-containing compounds 

and fatty acid oxidation products, important among which are aldehydes. 
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Figure 5. GC-MS/8O aromagrams of cooked hams without (a) and with (b) nitrite 

expressed in mean intensities of perception, each calculated from 16 individual sniffing 

sessions (one type of ham × 8 sniffers × 2 repeats). The breakdown of the signal into three 

classes of chemical origin shows the odorant zones originating from: lipid oxidation  

(in green), sulfur compound degradation (in red) and unspecified origins (in grey). 

(reprinted from [75] with permission from Elsevier). 

 

GC-O analysis, based on a detection frequency method has also been used to describe the aroma 

attributes of beef like flavors (BFs). This has been carried out to determine aroma-active compounds 

and identify volatile compounds in oxidized tallow samples [156] as well as to clarify the influence of 

enzymatic hydrolysis-mild thermal oxidation on the odor produced to obtain oxidized tallow. GC-MS 

profiles of oxidized tallow were analyzed together with quantitative descriptive sensory data and GC-O 

responses of BFs to understand which compounds had significant effects on aroma-active compounds 

and sensory attributes of BFs. Through the analyses, the characteristic flavor precursors from enzymatic 

hydrolysis thermal oxidation tallow were identified and the main differences between enzymatic 

hydrolysis-thermal oxidation tallow and simple thermal oxidation tallow were elucidated. Compounds 

with detection frequencies greater than 50% were considered characteristic flavor components; a total of 

34 aroma-active compounds were identified, mainly consisting of heterocyclic sulphur or nitrogen 

compounds and aldehydes. Among these compounds, the most potent odorants were acetic acid, 

nonanal, 3-(methylthio)propionaldehyde, 2-methyl-3-furanthiol and bis(2-methyl-3-furyl)disulphide.  

The study also identified bis(2-methyl-3-furyl)disulphide and 2-methyl-3-furanthiol, the latter which is 

responsible for beef like aroma had also been detected in previous studies [154,157–164]. 

A similar study was carried out for the evaluation of the changes in the aroma characteristics of 

mutton process flavors (MPFs) prepared from sheep bone protein hydrolysates (SBPHs) with different 

DHs (degrees of hydrolysis) using descriptive sensory analysis (DSA) and analyzing the corresponding 

volatile odor-active compounds with GC-MS/O [165]. The results showed 58 odor-active compounds 

while on the basis of the detection frequency method only 36 of these possessed an odor activity in the 

MPFs. The developed odorous compounds varied according to the starting sample and depending on 

the degree of hydrolysis. DH was an important index in the preparation of meat flavors; in particular, 
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compounds with a DH range of 25.92%–30.89% produced a wider range of odor-active compounds 

through thermal reaction. 

GC-O analysis was also used to discriminate between fresh and frozen lamb meat in a study 

attempting not only to evaluate the chemical basis of the aroma of grilled lamb but also to determine 

the major aroma changes linked to meat freezing [166]. Experiments were performed using a 

multidimensional gas chromatography–olfactometry–mass spectrometry (GC  GC-O/MS). The 

experimental design included the GC-O analysis of nine different extracts: two blanks, two samples of 

fresh grilled meat, two of fresh grilled muscle, two of previously frozen grilled meat and one of fresh 

grilled fat. The main advantage of this methodology compared with others presented in recent  

years [167] is that it was performed in vivo with the help of volunteers; therefore, the relevant 

processes occurring inside the mouth such as chewing and enzyme action from saliva were taken into 

account. This work was able to detect the most important compounds in the aroma of lamb during 

grilling and consumption and for the first time 2-isopropyl-3-methoxypyrazine, 2-methylbenzaldehyde 

and vanillin were detected in lamb. 

GC-O with statistical analysis was applied to aromatic caramel which is widely used in the food 

industry especially as a food flavoring. Caramel can be liquid or solid and brown to dark brown. It is 

soluble in water and obtained by the controlled action of heat on sugars [168,169]. Products resulting 

from the thermal degradation of sugars, like coffee, and odorant properties are closely linked to the 

volatile fraction which represent 5%–10% of their total mass; GC-O and GC-MS could be used to 

identify and structurally characterize those compounds. The relationship between physicochemical and 

sensory data sets was studied by means of multivariate statistical tools such as Partial Least Square 

(PLS) regression. The odorant compounds detected belonged to several chemical classes: oxygenated 

heterocycles, carbocyclic compounds, carboxylic acids, phenolic compounds, esters, aldehydes  

and carbonyled compounds. Among them, 13 odor zones were related to oxygenated heterocycles, 

carbocyclic compounds and carboxylic acids. These results suggested the importance of these three 

chemical classes to the odorant properties of burnt sugars. 

Extensive reviews dealing with the application of GC-O on dairy products, including tables of 

classified odorants according to their chemical classes are present in literature [25,170]. In one study, 

the change in aroma composition of cow’s milk during heating and fermentation was investigated [19]. 

Seven common odorants were found in four different types of raw milk: dimethylsulfone, ethyl 

butanoate, ethyl hexanoate, heptanal, indole, nonanal, and 1-octen-3-ol. Heating brought about  

the formation of four common odor-potent compounds: hexanal, 2-nonanone, benzothiazole, and  

δ-decalactone. Instead, fermentation resulted in the formation of 1-octen-3-one, methional,  

3-methylbutanal, and butyric acid. 

3.1.3. GC-O as a Discrimination Tool among a Family of Foodstuffs 

Discriminant analysis between foods and among varieties of the same class of foods is another of 

the applications for GC-O. Several studies have used GC-O to verify odorant compounds in coffee and 

to compare the highly volatile odorants of the powders and brews prepared from roasted Arabica and 

Robusta coffees. A brew was also obtained from a soluble coffee powder to detect odorants with a 

boiling point lower than that of the extraction solvent [171]. Furthermore, GC-O was successfully  
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used for the aroma analysis of coffee flavor by evaluating defects in green coffee beans due to 

microorganisms responsible for the formation of off-flavors [172]. In this study, the authors compared 

green Arabica coffee beans from Mexico, obtained by a dry post-harvest treatment, with a coffee bean 

of identical origin having no noticeable organoleptic defect and then a moldy/earthy character defined. 

A frequency detection method was applied for obtaining the olfactogram. GC sniffing profiles made it 

possible to locate zones with a typical moldy/earthy character and to attribute moldy/earthy off-flavor 

to six substances. 

In another study, GC  GC-O was extensively used to check odor compounds in complex samples 

such as brewed coffee. This led to the detection of numerous odor compounds which could be well 

resolved and identified in both roasted and brewed coffee [28]. The authors clearly demonstrated  

that certain odor regions correspond to several overlapping compounds in 1D GC, however, these  

co-eluting peaks were well resolved in the 2D axis of GC  GC analysis. Moreover, it was found that a 

short 15 m 1D column could exacerbate the resolution problem in 1D analysis and a better resolution 

could be obtained on a longer column. However, the latter would add time and aggravate the problems 

of assessor’s fatigue when an olfactometric port is used. 

An interesting study has recently been carried out [173] on 7 different semi-hard French cheeses. 

The work investigated the relationship between physicochemical and sensory data sets using 

multivariate statistical tools. It began by identifying thirteen odor attributes. A characterization was 

made using a conventional AFNOR sensory profile to correlate the perceived orthonasal aroma 

compounds with those extracted from the headspace and analyzed with GC-O [174,175]. Only 9 of  

the 13 odor attributes showed any significant difference among the seven cheeses (analyzed with 

ANOVA). As illustrated in Figure 6, the ―Smoked‖, ―Dairy‖, ―Nutty‖ and ―Melted Cheese‖ attributes 

did not have enough discriminant power to differentiate the 7 cheeses. 

In the second phase, the odor-active compounds were detected using 8-way gas  

chromatography-olfactometry (GC-O/8). The single-port GC-MS/O chromatogram and the GC-O/8 

aromagrams were aligned, by means of standards, and processed with AcquiSniff software [26,173,176]. 

It was found that some odor zones were present in all of the cheeses while some were specific to only 

one or a few cheeses. ANOVA was carried out on the intensity ratings from the eight judges for each 

odor-active compound and it was noted that a total of 15 compounds significantly discriminated the 

cheeses. Evaluation of the correlations between the sensory profile and GC-O was performed using 

PLS with a nonlinear iterative partial least squares (NIPALS) algorithm to explain sensory ratings 

from the GC-O intensities. The total intensity of GC-O data was considered as the X matrix and the 

mean sensory scores as the Y matrix. The optimal number of dimensions for model prediction was 

determined by cross-validation. The results of the bi-plot correlation between the sensory profile and 

the GC-O data are reported in Figure 7. The sensory attributes, ―Buttery‖, ―Cream‖, ―La vache qui rit‖ 

(cheese type), and ―Raw Milk‖, were correlated with odorant compounds having green (E-2-nonenal 

and 1-nonen-3-one) and roasted (2,3-dimethylpyrazine) characteristics. The attributes, ―Musty‖, 

―Animal‖, ―Sweaty‖ and ―Acidic‖, were mostly correlated with odorant compounds having cheesy, 

sulphury, rancid and chocolate characteristics as butanoic acid and 3-methyl-1-butanol. 
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Figure 6. Mean ratings of the 13 odor attributes for the seven (C1–C7) semi-hard cheeses 

(13 judges; 3 repetitions). Significant differences are shown: * significant at p < 5%;  

** significant at p < 1%; *** significant at p < 0.1% (reprinted from [173] with permission 

from Elsevier). 

 

Figure 7. Bi-plot of the two first components as a result of PLS analysis of the sensory 

profiles (Y matrix, black) and the GC-O intensity measurements for the odor-active 

compounds (X matrix, grey) (reprinted from [173] with permission from Elsevier). 

 

The work underlines that the use of a simultaneous multi-sniffing detection system aims to 

overcome a well-known drawback of the GC-O technique, that is the lack of repeatability and 

reliability of some measurements with respect to instrumental ones, especially when only one assessor 

is employed. 
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3.2. Fragrance Applications 

Chemical characterization methods coupled with olfactometric detection can be a powerful tool for 

the sensorial characterization of odor. In the field of fragrances, this method can be used for research 

purposes or for improving industrial manufacturing processes. The use of fragrance materials dates 

back to antiquity, when spices and resins from animal and plant sources were used in perfumery. 

Today, perfumers work with several thousand natural or synthetically manufactured ingredients to 

create different fragrance compositions [177]. The combination of commercial demands with the 

development of monodimensional gas chromatography (GC), GC/mass spectrometry (GC/MS), and 

GC-olfactometry (GC-O) has produced an explosive acceleration of the evolution of flavor and 

fragrance materials [29]. Essential oils, extracted from the source array, or perfumes used as such, are 

subject to quality control as well as chemical and odorous characterization in industry where the main 

goal is to make these products as pleasant as possible and to confer a characteristic odor. Hence, GC-O 

can be readily used because of its ability to efficiently separate and characterize the principal 

molecules constituting these matrix such as terpenes, aldehydes and alcohols. 

For fragrance recognition, innovative FFNSC (flavor and fragrance natural and synthetic 

compounds) libraries are used; the best matche can be found between an investigated compound and 

the target one based on similarities in fragmentation and the closeness of the RI values [25,178]. In the 

case of particularly complex mixtures or when compounds are present at trace-level concentrations, 

multidimensional gas chromatography techniques (GC × GC) are preferred in order to obtain a better 

separation of the different compounds. The main advantage of using GC × GC-O is shown in Figure 8. 

Indeed, the comparison of a GC-O chromatogram and a GC × GC-O 2D plot of a commercial perfume 

has revealed that these type of matrixes are very complex and that conventional GC-O analyses cannot 

adequately record the presence of all constituents [29].  

Using GC-O analysis, detailed reports of the chemical and aroma components of some essential  

oils have been compiled. For example, GC-O analyses revealed several compounds related to the 

camphoraceous, herbaceous and fresh odor that characterizes the essential oil of Tarchonanthus 

camphoratus L. It is notable that the majority of the compounds having the highest intensity score 

belonged to the class of oxygenated monoterpenes which are considered the most expressive class  

of terpenes used in perfumery [179]. 

While studying P. mirifica, a commercially available Thai leguminosae plant considered to be a 

rejuvenating drug, α-necrodol, a terpene having anti-insect activity in the Pueraria genus, was detected 

for the first time by Yagi et al. [57,180,181]. Moreover, odor analysis allowed to distinguish green 

odor (C9 aldehydes group, such as phenylacetaldehyde and (2E)-nonenal) and sweet odor 

(monoterpene alcohols, such as geraniol). Hence, the main advantage of GC-O analysis lies in the 

possibility of assigning a characteristic odor to the various compounds present in the same species of 

plants, in order to obtain information for a possible use of these aromatic samples in food products or 

in medicinal or cosmetic applications [182]. 
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Figure 8. GC-O chromatogram (A) and GC × GC-O 2D plot (B) of a commercial perfume 

achieved without (A) and with (B) cryogenic modulation (reprinted from [29] with 

permission from Elsevier). 

 

AEDA analysis has been performed for odor characterization in essential oils. Relevant AEDA 

results were found in the GC-O characterization of Scutellaria laeteviolacea essential oil: relative flavor 

activity (RFA) was calculated using the equation reported by Song et al., starting with the FD-factor: 

       
        

    
 (4) 

In the formula reported above, the FD-factor is the dilution factor while S is the weight percentage 

of the component present in the mixture [183–185]. In GC and GC-MS analyses, 100 compounds were 

characterized and seventeen peaks were confirmed by sniffing with GC-O. The work demostrated that 

the compound germacrene D and Scutellaria laeteviolacea essential oil had the most similar smell, 

even if the latter was characterized by a relatively low (0.5) flavor activity and by the highest  

FD-factor (7). These findings suggest that the relative flavor activity, defined as a new odor unit, and 

the FD-factor often have no relation to the aroma character of a compound. In other words, even if the 

RFA of one compound is not comparatively high, it often contributes significantly to the original odor 

and can be used when considering flavor activity [55]. 
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Clinopodium tomentosum (Kunth) Govaerts essential oil was studied with GC-O in order to 

calculate threshold odor concentration (TOC) values of the main odorants in a mixture [53]. As 

displayed in Table 2, Benzo et al. found a good agreement between the calculated and measured TOC 

values of a few odorants in the essential oil. They established a relationship between the odorant 

concentration at the sniffing port and that in the injected solution using the TOC value of limonene as a 

reference compound. 

Table 2. TOC values calculated using AEDA method in GC-O technique and measured by 

dynamic dilution olfactometry (reprinted from [53] with permission from Elsevier). 

No. Compound 
Calculated TOC 

(µg/m
3
) 

Measured TOC 

(µg/m
3
) 

Descriptor 

1 1-Octen-3-ol + 6-methyl-5-hepten-3one 0.223 2.36 and 18.89 Mushrooms 

2 1,8-Cineole 2.67 5.08 Balsamic 

3 Isomenthone 40.451 n.d. Wine bottle stopper 

4 Isopulegone 0.076 n.d. Minty 

5 Pulegone 0.884 1.87 Minty 

6 cis-Piperitone oxide 22.427 n.d. Minty 

3.3. Environmental Odor Applications 

Odors produced by anthropic sources are a complex issue because they directly affect both the 

environment and the human quality of life. Industrial plants and farms are often a source of bad odor, 

hence, their close proximity to residential zones can lead to complaints by local residents [4,186,187]. 

Furthermore, odors can strongly affect people’s daily life and wellbeing since they may provoke both 

physiological symptoms (respiratory problems, nausea, headaches) and psychological stress [188,189]. 

The official methodology for odor emissions assessment is dynamic olfactometry, a sensorial 

technique standardized by international technical laws [190,191]. It is based on the use of a dilution 

instrument, called an olfactometer. This device releases the odor sample diluted with odor-free air at 

precise ratios to a panel of human assessors who have been selected according to their perception 

threshold for a reference gas. The odor concentration, usually expressed in odor units (ou/m
3
), is 

numerically equal to the dilution factor required to reach an odor threshold, which is the minimum 

concentration perceived by 50% of the population [190,191]. However, it is not sufficient to 

completely evaluate a case of olfactory nuisances for various reasons [192]: 

- Continuous and field measurements, which are useful for monitoring industrial processes 

causing odor emissions, cannot be performed; 

- Odor concentration refers to the whole odor sample, without discriminating between single 

chemical compounds and their contribution to that concentration; 

- Odor samples require rapid analysis since they are instable and difficult to store; 

- Olfactometry can be quite time-consuming and expensive, and the frequency and duration of the 

analyses are limited. 

In order to overcome these limitations, sensoristic and analytical methodologies as well as others 

are widely employed and their information are often integrated to achieve a more complete 
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understanding of olfactory nuisance cases. The use of a hybrid instrumentation such as GC-O has been 

shown to provide interesting information in the environmental field due to the coupling of the chemical 

characterization with sensorial perception related to the single compounds eluted by the column. 

A considerable number of scientific works dealing with the use of GC-O have focused on odor 

assessment produced by different types of animal farms. The activities connected with high density 

livestock operations can produce several hundred volatile organic compounds (acids, alcohols, 

aldehydes, amines, volatile fatty acids, hydrocarbons, ketones, indoles, phenols, nitrogen and sulfur 

compounds) yet relatively few of them are responsible for the typical odor of these environments. 

Hence, the aim is to the extract compounds that are actually responsible for the primary odor impacting 

livestock environments. Several factors can complicate this task; for instance, the variability among 

species, manure management systems and animal production practices [193]. 

Figure 9. Aromagram for 4 h SPME fiber collection 20 m downwind (―near‖ site) from 

commercial beef cattle feed yard (reprinted from [193] with permission from Elsevier). 

 

Figure 10. Aromagram for 4 h SPME fiber collection 2,000 m downwind (―distant‖ site) 

from commercial beef cattle feed yard (reprinted from [193] with permission from Elsevier). 
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Using GC-O to profile odor is a functional approach for defining, prioritizing and tracking livestock 

odorants. Wright et al. [193] have studied the odor profiles produced by swine and beef cattle 

operations by optimizing the collection time and/or increasing the distance from the odor source. The 

increased distance showed a significant reduction in the total number of detectable odors, as shown in 

Figures 9, 10. The authors found that p-cresol was the only significant olfactory response even 2,000 m 

away from the odor site, meaning that it could be considered as a surrogate parameter correlated to odor. 

A lot of studies have reported that most of the odor produced by swine barns is carried on  

dust [194–196] and that its reduction is possible using dust filters for Particulate Matter  

(PM) [197,198]. To further understand this aspect, GC-MS/O was used to identify odorous VOCs 

adsorbed/absorbed on different size swine barn dust (PM1, PM2,5, PM10 and TSP). The study of the 

aromagrams of the VOCs extracted from TSP filters at different SPME sampling times allowed  

Cai et al. [81] to identify the key odorants for the different granulometric fractions of the particulate 

matter as well as identify what is actually carrying the odorous compounds. 

GC-MS/O is also widely employed for determining the efficiency of different treatment systems for 

odor emission reduction and for developing a suitable and cost effective strategy for implementation. 

In particular, the sensorial data associated to each single compound are able to indicate what 

compounds, among those that really contribute to odor, have to be mitigated in order to reduce odor 

emissions. This aspect has a practical implication in the development of opportune abatement systems 

specific for the compounds causing odor emissions [78,83]. For example, GC-MS/O was used to 

evaluate the effectiveness of topical zeolite applications to mitigate VOCs and odor from simulated 

poultry manure storage [199]. It was also used to characterize the odorants either before and after the 

application of abatement products (activated carbon, silica gel and zeolite) in order to reduce odor 

compounds emitted by broiler litter materials [200] or prior to and after waste gas treatment from a  

fat refinery [80], as shown in Figure 11. An analogous approach was used by Chen et al. [78] for 

examining two types of wood chip-based biofilters as common abatement systems. 

In the same way, Agus et al. [74,201] set up a noteworthy application of GC-O in environmental 

matrixes. Their study identified trace amounts of odorous organic compounds in drinking water that 

was obtained from highly treated wastewater during the different phases of the treatment. 

Some authors have tried to combine the GC-O results with those acquired from other approaches. 

The goal of this integration may be to discover useful correlations in order to obtain a better 

understanding of a case study or to test the effectiveness of GC-O in determining the principal 

odorants in a mixture. The work of Sohn et al. [202] can exemplify the former objective. Their study 

combines GC-O with a real time monitoring system (an artificial olfaction system) to measure in shed 

odor concentrations at two different poultry farms. The results were combined with ventilation rates 

and weather data to calculate the odor emission rate (OER) throughout the batches, observing that 

OERs varied significantly between farms. This variation was linked to changes in ventilation rates, 

bird activity and other management and environmental factors. Similarly, GC-MS/O results showed 

different chemical profiles during the poultry production cycle. The matrix was first dominated by 

terpenes originating from the bedding material of young birds while later it became populated by 

aldehydes, ketones and sulphides as the bedding became soiled with manure. 
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Figure 11. FID/O-chromatograms of waste gas from a fat refinery obtained prior to and 

after waste gas treatment: (a) untreated waste gas; (b) after bioscrubber; (c) after biofilter; 

a–p odor signals (reprinted from [80] with permission from Elsevier). 

 

In other studies, the results of GC-O were integrated with the odor concentrations measured by 

dynamic olfactometry. In these cases, correlations between the concentrations of odorous VOCs and 

measured odor units were investigated in order to define the main compounds contributing to the entire 

perception of odorous VOCs [83,84]. In another case, Zhang et al. [87] characterized the odor 

emissions produced at swine and dairy sites and associated odor intensity and hedonic tone to 

compounds. They were also able to demonstrate that concentrations of odorous compounds correlated 

well with the measured log stimulus intensity. 

For the purpose of demonstrating the effectiveness of GC-O in identifying the principal odorants in 

a mixture, Trabue et al. [86] compared the results of GC-O with odor activity values (OAV) obtained 

in open cattle feedlots. Here, the sampling was carried out at the source and far from it. Based on 

OAVs, the chemical characterization of the source revealed that Volatile Fatty Acids (VFA) were the 

principal contributors to odor, followed by phenols and indoles. At 250 m downwind from the source, 

the total OAV declined by almost 95% while at 3.2 km downwind it decreased to a value of less than 

one, meaning that no odor should be present, unlike to what was described. On the other hand, GC-O 

results revealed that, at 250 m downwind of the feedlot, a panelist could not perceive pentanoic acid 

odor, despite its concentration was above its OT while perceived 4-ethylphenol with an OAV less than 

one. These results indicate that an approach based solely on OAVs is not sufficient to describe odor 

characteristics because of the OT value uncertainty, as revealed in literature. 
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3.4. Material Applications 

The GC/MS-O method has proven to be a useful and reliable tool for the detection and 

identification of odor active VOCs responsible for off-flavors coming from a wide range of materials. 

Material applications have two main goals. One is to inform industry of manufacturing processes and 

any possible improvements in that practice. The other is to find replacements for raw materials that 

generate odorous compounds with other odorless compounds in order to avoid or, at least, reduce odor 

nuisance. This research is important for food packaging materials since it can search for ways of 

avoiding the possible migration of materials into food or other susceptible products where they may 

cause unexpected and unsightly changes. Tyapkova et al. used the GC-O approach to characterize the 

volatile chemicals that forms in sterilization processes, with 60Co γ-irradiation in the presence of 

oxygen, of polypropylene (PP) packaging materials, used in food, pharmaceutical or cosmetic  

fields [52]. The authors compared VOCs emission from irradiated (rays at 10 and 20 kGy) and not 

irradiated polypropylene, including a sensory evaluation with a panelist. Besides compositional 

changes in volatile odorous substances from PP during treatment, the results showed a shift towards a 

different odor descriptor (fatty, sweet, sour, burnt, stinging, metallic, wax-like, plastic) depending  

on the γ-irradiation condition. The experimental results are reported in Figure 12 as orthonasal 

comparative Flavor Profile Analyses (cFPA). 

Figure 12. Orthonasal comparative flavor profile analysis (cFPA) of three powdered PP 

samples. The data are displayed as mean numerical values of the sensory evaluations (three 

sessions with six panelists each) (Reprinted from [52] with permission from Elsevier). 

 

Nowadays, GC-O methodology is widely applied to evaluate VOCs and odor emissions from 

waste-recycled innovative materials, employed both in the automotive industry and for construction, 

furniture and consumer products. Although the recycling of waste materials is well established and 

widely applied, it has to satisfy chemical requirements in order to obtain safety certification. 

Felix et al. applied HS-SPME extraction and GC-O/MS analysis to wood-plastic composites (WPC) 

produced with landfill derived plastic and sawdust in order to characterize VOC emissions and to 

assess the impact of the odor on the end-users [82]. This study found that the WPC prototype had a 

characteristic odor profile and that many of the compounds observed are related to reprocessed 

materials, confirming the hypothesis that repeated recycling can generate thermo-oxidative degradation 
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(Table 3). In addition to the findings reported by a previous study [203], Felix et al. stressed that the 

degradation of a polymeric matrix produces a characteristic odor associated with aldehydes, ketones 

and carboxylic acids, whereas the degradation of the lignocellulosic component releases acetic acid, 

formaldehyde, formic acids, aldehydes and other acids [82]. 

Table 3. Olfactory description, chemical identity and modified frequency percentage  

MF (%) for each odorant identified in WPC prototype (Adapted from [82] with permission 

from Elsevier). 

RT (min) KIexp 
a
 KIref 

b
 Odor Descriptor MF (%) Compound 

7.268 1011 970 Diacetyl, cream, sweet, yogurt, curd, wood, fruity 83 Diacetyl (2,3-Butanedione) 

9.188 1120 1084 
Grass, herb, green, flower,  

solvent, chemical 
76 Hexanal 

10.468 1177 1150 
Fruity, ester, candies, jelly,  

plastic, varnish 
53 m-Xylene 

13.849 1321 1280 
Aldehyde, medicine, chemical, herb, flower,  

field, lemon, grapefruit, orange 
82 Octanal 

16.314 1424 1385 
Aldehyde, bleach or  

lemon cleaner, unpleasant 
77 Nonanal 

17.668 1481 1450 
Acid, unpleasant, solvent, glue, sweat,  

sunflower seeds 
79 Acetic acid 

18.732 1527 1484 Aldehyde, powdered sugar, acid 51 Decanal 

19.029 1540 1490 
Gas, burnt, green shield bug, fresh wood,  

fried, oily 
71 Acetylfuran 

19.316 1553 1491 Dry fruit, nut, almond, mold, dense 58 Camphor 

21.655 1658 - Cheese, rancid cheese, butiric or propanoic acid 77 Unknown 

22.611 1702 - Acid, cheese, butiric acid 76 Unknown 

23.080 1724 1720 Bug, nail polish remover, naphthalene balls 53 α-Terpineol 

26.123 1872 1829 
Acid, trash, waste, foot, wood,  

hair removal wax, licorice 
74 

Hexanoic acid  

(caproic acid) 

26.508 1891 1859 
Phenol, shoeshine, medicine, sweat,  

bug, vanilla 
65 

2-Methoxyphenol  

(Guaiacol) 

28.105 1973 - 
Phenol, aromatic, sweet, zinc oxide adhesive 

plaster, opium, hospital 
74 Unknown 

30.857 2075 - Unpleasant, acid, wood, manure 65 Terpin hydrate 

32.727 2130 2198 Lactone, burnt, car tire, rubber 35 c 
2-Methoxy-4-vinylphenol  

(4-Vinylguaiacol) 

35.655 2204 2358 d Flower, salt water, hair removal wax 38 c Diethyl phthalate (DEP) 

39.374 2270 2569 Car tire, vanilla, soluble chocolate powder, burnt 53 Vanillin 

a Kovats retention index calculated from BP-20, 30 m column; b Kovats retention index reported in the 

Flavornet Database (Carbowax™ 20 m column); c Compounds with MF < 50% but relevant to the sample; d 

Kovats retention index calculated from DB-Wax 60 m column. 

The applied combination of sensory assessment and GC/MS analysis also seems to be a useful 

approach in the effort to eliminate unwanted odors from building products. In this regard, Knudsen et al. 

focused attention on VOCs and odor emissions derived from environmentally friendly products with 
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linseed oil (e.g., linoleum, wall paint) that influence the perceived air quality more negatively than 

similar synthetic products and for a longer period of time [204]. The primary goal of this work was to 

test if the odor of linseed oil influenced the odor of the final building product. Experimental data 

obtained indicated that the undesirable odor-active VOCs, having low odor thresholds, had probably 

originated from the degradation of the linseed oil, due to ozone-oxidation processes. As a result, the 

authors suggested the use of less odorous linseed oils and gave useful instruction to manufacturers to 

improve the acceptability of odorous emissions from these building products. Hence, once the 

objective perception of an odor, for example, by conducting a preliminary olfactometry analysis, is 

verified, the identification of the principal volatile compounds contributing to the perceived overall 

odor derived from the object of investigation can be obtained with the application of GC-O/MS. 

Another interesting application of GC-O/MS investigation has evidenced the link between  

the physical and chemical properties of oak wood with the chemical composition, olfactory and 

gustatory qualities of wines fermented and/or aged in oak barrels. The aim of a study carried out by  

Díaz-Maroto et al. was to investigate the sensory importance of oak wood VOCs in order to evaluate 

the contribution of wood-derived volatile compounds to the overall aroma of oak-aged wines [51]. 

This study demonstrated that oak wood treatments such as seasoning and toasting, as well as other 

factors like tree species and geographic location, can modify both the physical and chemical qualities 

of the wood, resulting in the characteristic aromas (fruity, fresh/green/grassy and floral) of wines. 

Moreover, trans-2-nonenal and decanal which can transmit unpleasant aromas to wine were detected in  

non-toasted oak woods suggesting that the toasting treatment of the wood could reduce the problem. 

Taking into account the aforementioned applications of GC-O/MS methodology for the 

optimization of production processes and the improvement of the quality and odor acceptability of a 

final product, it can be stated that GC-O/MS methodology has revealed potentials not associated to 

other analytical techniques. 

3.5. Medical Applications 

One of the more recent and promising applications of GC-O is in medical research where the study 

of volatile and odorous profiles of biological matrixes is mainly used to aid in the diagnoses of 

diseases and dysfunctions. In this area, interesting results have been obtained from the characterization 

of volatile and odorous profiles in human urine. Indeed, the study of urine could yield a wealth of 

physiological information and increase the understanding of metabolization and excretion processes of 

low molecular weight compounds originating from dietary or endogenous sources. Moreover, changes 

in individual profiles can be potential indicators and mechanistic clues of deviations or even 

misbalances in physiological conditions induced by diseases or hormonal changes. However, since the 

application of modern analytical tools in volatile analysis in urine has been limited, the diagnostic 

potential of urinary volatile fraction is not yet fully understood. 

Recently, Wagenstaller and Buettner [49] have applied GC-O methods to evaluate a combination of 

comprehensive chemo-analytical and human-sensory methods for the characterization of human urine 

odorants. A total of 14 odorants were detected in most of the untreated urine samples and 24 odorants 

in the glucuronidase-treated samples. Most of these potent odor compounds had not previously been 

detected in human urine when traditional methodologies were used. The study highlighted the high 
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analytical potential of the combined approach in elucidating the fate of volatile/odorous food 

constituents or substances originating from other origins (e.g., pharmaceuticals) and in characterizing 

the excretion of endogenous substances. This approach may very well pave the way for a better 

understanding of the diagnostic potentials of the odorous and volatile fraction in human urine. 

GC-O was also used to study the influence of thermal reaction and microbial transformation on the 

odor of human urine after being boiled or fermented [72]. The headspace of the samples was analyzed 

to isolate and identify the malodor-generating bacteria present in the urine of healthy people. The study 

showed that urine composition may certainly influence pH, bacterial composition and urine odors. 

Incubation of freshly collected urine revealed that the maximum concentration of total bacterial counts 

was reached after 4 days at room temperature (20–25 °C) and after 1 day at 37 °C. Indeed, most of the 

volatile compounds were generated during the first hours of incubation. Analytical comparisons 

between boiled and fermented urine revealed that the incubation of sterile urine with a bacterial 

mixture of E. fergusonii, Enterococcus faecalis, Citrobacter koseri, S. agalactiae and M. morganii 

produced a characteristic aged urine odor. 

Shirasu et al. identified dimethyl trisulfide (DMTS) as the main odorant responsible for  

severe malodors in some advanced cancer patients by performing gas chromatography-mass 

spectrometry-olfactometry analysis of volatiles from fungating cancer wounds [205]. The intensity and 

quality of the body odors emitted from the fungating wounds of three female patients with breast 

cancer and of two male patients with head and neck cancer were examined. In particular, sterile gauze 

pads were placed on the wounds for 6–12 h and headspace volatiles were extracted using SPME fiber 

and then analyzed with GC-O. The study produced useful data for the development of a strategy to 

prevent or reduce the DMTS odor which helped to improve the quality of life of the patients. 

In another study, the strong ―maple-syrup‖ odor which accompanies fenugreek ingestion was 

investigated by Mebazaa et al. [206]. The odor active compounds present in HS-SPME armpit sweat 

extracts collected before and during fenugreek ingestion periods were analyzed with GC-O and 

evaluated by a panel of eight experienced assessors. Collected data were treated using the frequency of 

detection methodology. Among the 44 compounds identified, 10 were detected by assessors before  

and during fenugreek ingestion such as a-pinene, 6-methyl-5-hepten-2-one, nonanal, 1-octen-3-ol,  

2-phenylethyl alcohol and benzenemethanol. Although these compounds had already been identified in 

human armpit sweat collected from different male and female subjects, this is the first study of their 

effect in the overall odor of human armpit sweat. 

4. Conclusions 

In recent years, researchers involved in the study of odorous substances have recognized the great 

potential of gas-chromatography/olfactometry in their work as it can simultaneously provide analytical 

and sensorial information about an odor mixture. However, the complexity of this matter has limited 

the application of GC-O whose first application dates back to 1964. The many factors linked with 

chromatographic parameters as well as the variables related to human perception and panel assessment 

represent a challenge for researchers. The goal is to find the best use of these components in order to 

improve both the practical experimental use of GC-O and the quality of the data obtained. 
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GC-O has been extensively employed in food aromas and fragrance studies. This application has 

been primarily industrial and driven by commercial desires to improve of the quality of products in 

order to make them more pleasing and desirable to consumers. In the recent years, researchers have 

also begun exploring GC-O applications in environmental, material and medical areas. One remarkable 

application of GC-O is in the medical field where the characterization of volatile and odorous  

profiles of biological matrixes could be useful for carrying out screening analyses of human diseases  

and dysfunctions. 

GC-O is becoming a reliable and reproducible method for characterizing the odor footprint of 

complex mixtures of chemicals of diverse origin. Noteworthy application improvements include the 

introduction of new and efficient interfaces between the GC and olfactometric port, the reduction of 

subjective error perception and anosmia by increasing the number of simultaneous panelists (up to 8), 

and the use of bi-dimensional GC techniques and sophisticated statistical programs for data processing 

and interpretation. In conclusion, GC-O may be considered one of the most valuable methods in odor 

research today. Future improvements in the effectiveness of GC-O application should include a 

standardization of the different approaches being used. This would be valuable in order to estimate  

the sensory contribution of a single odor active compound in a complex mixture as well as in the 

resulting aromagrams. 

Conflicts of Interest 

The authors declare no conflict of interest.  

References 

1. Ruijten, M.W.M.M.; van Doorn, R.; van Harreveld, A.P. Assessment of Odor Annoyance  

in Chemical Emergency Management; RIVM Report 609200001; RIVM: Bilthoven,  

The Netherlands, 2009. 

2. Both, R.; Sucker, K.; Winneke, G.; Koch, E. Odor intensity and hedonic tone—important 

parameters to describe odor annoyance to residents? Water Sci. Technol. 2004, 50, 83–92. 

3. Czerny, M.; Brueckner, R.; Kirchhoff, E.; Schmitt, R.; Buettner, A. The influence of molecular 

structure on odor qualities and odor detection thresholds of volatile alkylated phenols.  

Chem. Senses 2011, 36, 539–553. 

4. Yuwono, A.S.; Lammers, P.S. Odor pollution in the environment and the detection 

instrumentation. Int. Agric. Eng. J. 2004, 6, 1–33. 

5. Vincent, A.; Hobson, J. Odor Control; Terence Dalton Publishing Ltd.: London, UK, 1998. 

6. Craven, M.A.; Gardner, J.W.; Bartlett, P.N. Electronic noses—development and future prospects. 

Trends Anal. Chem. 1996, 15, 486–493. 

7. Schilling, B.; Kaiser, R.; Natsch, A.; Gautschi, M. Investigation of odors in the fragrance 

industry. Chemoecology 2010, 20, 135–147. 

8. Yeomans, M.R. Olfactory influences on appetite and satiety in humans. Physiol. Behav. 2006, 

87, 800–804. 



Sensors 2013, 13 16788 

 

 

9. Beghi, S.P.; Santos, J.M.; Reis, N.C.; de Sá, L.M.; Goulart, E.V.; de Abreu Costa, E. Impact 

assessment of odours emitted by a wastewater treatment plant. Water Sci. Technol. 2012, 66, 

2223–2228. 

10. Li, L.; Han, C.; Guo, B.; Zhou, Y. Comprehensive monitoring and assessment of odour emission 

sources from refinery I. monitoring of odorous sources. Pet. Process. Petrochem. 2013, 44,  

95–101. 

11. Aatamila, M.; Verkasalo, P.K.; Korhonen, M.J.; Suominen, A.L.; Hirvonen, M.-R.; Viluksela, M.K.; 

Nevalainen, A. Odour annoyance and physical symptoms among residents living near waste 

treatment centres. Environ. Res. 2011, 111, 164–170. 

12. Romain, A.-C.; Nicolas, J.; Cobut, P.; Delva, J.; Nicks, B.; Philippe, F.-X. Continuous odour 

measurement from fattening pig units. Atmos. Environ. 2013, 77, 935–942. 

13. González, C.R.-N.; Björklund, E.; Forteza, R.; Cerdà, V. Volatile organic compounds in landfill 

odorant emissions on the island of Mallorca. Int. J. Environ. Anal. Chem. 2013, 93, 434–449. 

14. Peng, C.Y.; Lan, C.H.; Wu, T.J. Investigation of indoor chemical pollutants and perceived odor 

in an area with complaints of unpleasant odors. Build. Environ. 2009, 44, 2106–2113. 

15. Bitter, F.; Muller, B.; Muller, D. Estimation of odour intensity of indoor air pollutants from 

building materials with a multi-gas sensor system. Build. Environ. 2010, 45, 197–204. 

16. Davoli, E.; Gangai, M.L.; Morselli, L.; Tonelli, D. Characterisation of odorants emissions from 

landfills by SPME and GC/MS. Chemosphere 2003, 51, 357–368. 

17. Dincer, F.; Odabasi, M.; Muezzinoglu, A. Chemical characterization of odorous gases at a 

landfill site by gas chromatography–mass spectrometry. J. Chromatogr. A 2006, 1122, 222–229. 

18. Di Francesco, F.; Lazzerini, B.; Marcelloni, F.; Pioggia, G. An electronic nose for odor 

annoyance assessment. Atmos. Environ. 2001, 35, 1225–1234. 

19. Friedrich, J.E.; Acree, T.E. Gas Chromatography Olfactometry (GC/O) of dairy product.  

Int. Dairy J. 1998, 8, 235–241. 

20. Lo, Y.C.M.; Koziel, J.A.; Cai, L.; Hoff, S.J.; Jenks, W.S.; Xin, H. Simultaneous chemical and 

sensory characterization of volatile organic compounds and semi-volatile organic compounds 

emitted from swine manure using solid phase microextraction and multidimensional Gas 

Chromatography-Mass Spectrometry-Olfactometry. J. Environ. Qual. 2008, 37, 521–534. 

21. Delahunty, C.M.; Eyres, G.; Dufour, J.P. Gas chromatography-olfactometry. J. Sep. Sci. 2006, 

29, 2107–2125. 

22. Plutowska, B.; Wardencki, W. Application of gas chromatography-olfactometry (GC-O) in 

analysis and quality assessment of alcoholic beverages—A review. Food Chem. 2008, 107,  

449–463. 

23. Hochereau, C.; Bruchet, A. Design and application of a GCSNIFF/MS system for solving taste 

and odor episodes in drinking water. Water Sci. Technol. 2004, 49, 81–87. 

24. Debonneville, C.; Orsier, B.; Flament, I.; Chaintreau, A. Improved hardware and software for 

quick gas chromatography: Olfactometry using CHARM and GC-―SNIF‖ analysis. Anal. Chem. 

2002, 74, 2345–2351. 

25. D’Acampora Zellner, B.; Dugo, P.; Dugo, G.; Mondello, L. Gas chromatography-olfactometry in 

food flavour analysis. J. Chromatogr. A 2008, 1186, 123–143. 



Sensors 2013, 13 16789 

 

 

26. Berdagùe, J.L.; Tournayre, P.; Cambou, S. Novel multi-gas chromatography-olfactometry device and 

software for the identification of odor-active compounds. J. Chromatogr. A. 2007, 1146, 85–92. 

27. Ferreira, V.; Lopez, R.; Aznar, M. Olfactometry and Aroma Extract Dilution Analysis of Wines. 

In Analysis of Taste and Aroma; Jackson, J., Linskens, H., Eds.; Springer-Verlag: Berlin, 

Germany, 2002; pp. 90–122. 

28. Chin, S.T.; Eyres, G.T.; Marriotta, P.J. Identification of potent odorants in wine and brewed 

coffee using gas chromatography-olfactometry and comprehensive two-dimensional gas 

chromatography. J. Chromatogr. A 2011, 1218, 7487–7498. 

29. D’Acampora Zellner, B.; Casilli, A.; Dugo, P.; Dugo, G.; Mondello, L. Odour fingerprint 

acquisition by means of comprehensive two-dimensional gas chromatography-olfactometry and 

comprehensive two-dimensional gas chromatography/mass spectrometry. J. Chromatogr. A 

2007, 1141, 279–286. 

30. Koziel, J.A.; Lo, Y.C.; Cai, L.; Wright, D.W. Simultaneous characterization of VOCs and 

livestock odors using solid-phase microestraction- multidimensional Gas Cromatography-mass 

spettrometry-olfactometry. Chem. Eng. Trans. 2010, 23, 73–78. 

31. Vera, P.; Uliaque, B.; Canellas, E.; Escudero, A.; Nerína, C. Identification and quantification  

of odorous compounds from adhesives used in food packaging materials by headspace  

solid phase extraction and headspace solid phase microextraction coupled to gas  

chromatography-olfactometry-mass spectrometry. Anal. Chim. Acta. 2012, 745, 53–63. 

32. Naudé, Y.; Rohwer, E.R. Investigating the coffee flavour in South African Pinotage wine using 

novel offline olfactometry and comprehensive gas chromatography with time of flight mass 

spectrometry. J. Chromatogr. A 2013, 1271, 176–180. 

33. Friedrich, J.E.; Acree, T.E. Flavour Chemistry: Industrial and Academic Research. In ACS 

Symposium Series; Risch, S.J., Ho, C.T., Eds.; American Chemical Society: Washington, DC, 

USA, 2000; Volume 756. 

34. Hanaoka, K.; Sieffermann, J.M.; Giampaoli, P. Effects of the sniffing port air makeup in gas 

chromatography-olfactometry. J. Agric. Food Chem. 2000, 48, 2368–2371. 

35. Etiévant, P.X.; Callement, G.; Langlois, D.; Issanchou, S.; Coquibus, J.N. Odor intensity 

evaluation in gas chromatography-olfactometry by finger span method. Agric. Food Chem. 1999, 

47, 1673–1680. 

36. Ruth, S.M. Methods for gas chromatography–olfactometry: A review. Biomol. Eng. 2001, 17, 

121–128. 

37. Fur, Y.; Mercurio, V.; Moio, L.; Blanquet, J.; Meunier, J.M. A new approach to examine the 

relationships between sensory and gas chromatography-olfactometry data using generalized 

procrustes analysis applied to six French Chardonnay wines. J. Agric. Food Chem. 2003, 51, 

443–452. 

38. Pollien, P.; Ott, A.; Montigon, F.; Baumgartner, M. Hyphenated headspace-gas  

chromatography-sniffing technique: Screening of impact odorants and quantitative aromagram 

comparisons. J. Agric. Food Chem. 1997, 45, 2630–2637. 

39. Ferrari, G.; Lablanquie, O.; Cantagrel, R.; Ledauphin, J.; Payot, T.; Fournier, N. Determination of 

key odorant compounds in freshly distilled cognac using GC-O, GC-MS, and sensory evaluation. 

J. Agric. Food Chem. 2004, 52, 5670–5676. 



Sensors 2013, 13 16790 

 

 

40. Villberg, K.; Veijanen, A.; Gustafsson, I.; WickstrÖm, K. Analysis of odor and taste problems in 

high-density polyethene. J. Chromatogr. A 1997, 791, 213–219. 

41. Etiévant, P.X. Odour Intensity Evaluation in GC-Olfactometry by Finger-Span Method. In Analysis 

of Taste and Aroma; Jackson, J., Linskens, H., Eds.; Springer-Verlag: Berlin, Germany, 2002;  

pp. 223–237. 

42. Ferreira, V.; Petka, J.; Aznar, M. Aroma extract dilution analysis. Precision and optimal 

experimental design. J. Agric. Food Chem. 2002, 50, 1508–1514. 

43. Audouin, V.; Bonnet, F.; Vickers, Z.M.; Reineccius, G.A. Limitation in the Use of Odor Activity 

Values to Determine Important Odorants in Foods. In Gas Chromatography-Olfactometry: The 

State of the Art; Leland, V., Scheiberle, P., Buettner, A., Acree, T.E., Eds.; American Chemical 

Society: Washington, DC, USA, 2001; pp. 156–171. 

44. Aznar, M.; Lopez, R.; Cacho, J.F.; Ferreira, V. Identification and quantification of impact 

odorants of aged red wines from Rioja. GC-olfactometry, quantitative GC-MS, and odor 

evaluation of HPLC fractions. J. Agric. Food Chem. 2001, 49, 2924–2929. 

45. Cullere, L.; Escudero, A.; Cacho, J.; Ferreira, V. Gas chromatography-olfactometry and  

chemical quantitative study of the aroma of six premium quality Spanish aged red wines.  

J. Agric. Food Chem. 2004, 52, 1653–1660. 

46. Lopez, R.; Ortin, N.; Perez-Trujillo, J.P.; Cacho, J.; Ferreira, V. Impact odorants of different 

young white wines from the Canary Islands. J. Agric. Food Chem. 2003, 51, 3419–3425. 

47. Pino, J.A. Odor-active compounds in pineapple (Ananas comosus [L.] Merril cv. Red Spanish). 

Int. J. Food Sci. Technol. 2013, 48, 564–570. 

48. Kim, H.; Cadwallader, K.R.; Kido, H.; Watanabe, Y. Effect of addition of commercial rosemary 

extracts on potent odorants in cooked beef. Meat Sci. 2013, 94, 170–176. 

49. Wagenstaller, M.; Buettner, A. Characterization of odorants in human urine using a combined 

chemo-analytical and human-sensory approach: A potential diagnostic strategy. Metabolomics 

2013, 9, 9–20. 

50. Mallia, S.; Piccinali, P.; Rehberger, B.; Badertscher, R.; Escher, F.; Schlichtherle-Cerny, H. 

Determination of storage stability of butter enriched with unsaturated fatty acids/conjugated 

linoleic acids (UFA/CLA) using instrumental and sensory methods. Int. Dairy J. 2008, 18,  

983–993. 

51. Díaz-Maroto, M.C.; Guchu, E.; Castro-Vázquez, L.; de Torres, C.; Pérez-Coello, M.S.  

Aroma-active compounds of American, French, Hungarian and Russian oak woods, studied by 

GC-MS and GC-O. Flavour Fragr. J. 2008, 23, 93–98. 

52. Tyapkova, O.; Czerny, M.; Buettner, A. Characterisation of flavour compounds formed by  

γ-irradiation of polypropylene. Polym. Degrad. Stab. 2009, 94, 757–769. 

53. Benzo, M.; Gilardoni, G.; Gandini, C.; Caccialanza, G.; Finzi, P.V.; Vidari, G.; Abdo, S.; 

Layedra, P. Determination of the threshold odor concentration of main odorants in essential oils 

using gas chromatography–olfactometry incremental dilution technique. J. Chromatogr. A 2007, 

1150, 131–135. 

54. Eyres, G.; Marriott, P.J.; Dufour, J.P. The combination of gas chromatography-olfactometry and 

multidimensional gas chromatography for the characterization of essential oils. J. Chromatogr. A. 

2007, 1150, 70–77. 



Sensors 2013, 13 16791 

 

 

55. Miyazawa, M.; Nomura, M.; Marumoto, S.; Mori, K. Characteristic odor components of essential 

oil from Scutellaria Iaeteviolacea. J. Oleo Sci. 2013, 62, 51–56. 

56. Clery, R. High-impact odorants in essential oils. Flavour Fragr. J. 2010, 25, 117–120. 

57. Yagi, N.; Nakahashi, H.; Kobayashi, T.; Miyazawa, M. Characteristic chemical components of 

the essential oil from white kwao krua (Pueraria mirifica). J. Oleo Sci. 2013, 62, 175–179. 

58. D’Acampora Zellner, B.; Bicchi, C.; Dugo, P.; Rubiolo, P.; Dugo, G.; Mondello, L. Linear 

retention indices in gas chromatographic analysis: A review. Flavour Fragr. J. 2008, 23,  

297–314. 

59. Jeleń, H.; Majcher, M.; Ginja, A.; Kuligowski, M. Determination of compounds responsible for 

tempeh aroma. Food Chem. 2013, 141, 459–465. 

60. Blank, I. Gas Chromatography-Olfactometry in Food Aroma Analysis. In Techniques for 

Analyzing Food Aroma; Marsili, R., Ed.; CRC Press: Rockford, IL, USA, 1996. 

61. Le Guen, S.; Prost, C.; Demaimay, M.J. Critical comparisons of three olfactometric methods for 

the identification of the most potent odorants in cooked mussels (Mytilus edulis). J. Agric.  

Food Chem. 2000, 48, 1307–1314. 

62. Petka, J.; Ferreira, V.; Cacho, J. Posterior evaluation of odor intensity in gas  

chromatography-olfactometry: Comparison of methods for calculation of panel intensity and 

their consequences. Flavour Fragr. J. 2005, 20, 278–287. 

63. Hallier, A.; Courcoux, P.; Sérota, T.; Prosta, C. New gas chromatography-olfactometric 

investigative method, and its application to cooked Silurus glanis (European catfish) odor 

characterization. J. Chromatogr. A 2004, 1056, 201–208. 

64. Fan, W.; Qian, M.C. Identification of aroma compounds in Chinese ―Yanghe Daqu‖ liquor by 

normal phase chromatography fractionation followed by gas chromatography/olfactometry. 

Flavour Fragr. J. 2006, 21, 333–342. 

65. Fu, S.G.; Yoon, Y.; Bazemore, R. Aroma-active components in fermented bamboo shoots.  

J. Agric. Food Chem. 2002, 50, 549–554. 

66. Garruti, D.S.; Franco, M.R.B.; da Silva, A.M.A.P.; Janzantti, N.S.; Alves, G.L. Assessment  

of aroma impact compounds in a cashew apple-based alcoholic beverage by GC-MS and  

GC-olfactometry. LWT Food Sci. Technol. 2006, 39, 372–377. 

67. Gurbuz, O.; Rouseff, J.M.; Rouseff, R.L. Comparison of aroma volatiles in commercial Merlot 

and Cabernet Sauvignon wines using gas chromatography-olfactometry and gas chromatography 

mass spectrometry. J. Agric. Food Chem. 2006, 54, 3990–3996. 

68. O’Riordan, P.J.; Delahunty, C.M. Comparison of volatile compounds released during the 

consumption of Cheddar cheese with compounds extracted by vacuum distillation using gas 

chromatography-olfactometry. Flavour Fragr. J. 2001, 16, 425–434. 

69. Márquez, V.; Martínez, M.; Guerra, M.; Fariña, L.; Boido, E.; Dellacassa, E. Characterization of 

aroma-impact compounds in yerba mate (Ilex paraguariensis) using GC-olfactometry and  

GC-MS. Food Res. Int. 2013, 53, 808–815. 

70. Engel, W.; Bahr, W.; Schieberle, P. Solvent assisted flavour evaporation—a new and versatile 

technique for the careful and direct isolation of aroma compounds from complex food matrices. 

Eur. Food Res. Technol. 1999, 209, 237–241.  



Sensors 2013, 13 16792 

 

 

71. Yao, S.S.; Guo, W.F.; Lu, Y.; Jiang, Y.X. Flavour characteristics of lapsang souchong and smoked 

lapsang souchong, a special chinese black tea with pine smoking process. J. Agric. Food Chem. 

2005, 53, 8688–8693. 

72. Troccaz, M.; Niclass, Y.; Anziani, P.; Starkenmann, C. The influence of thermal reaction and 

microbial transformation on the odor of human urine. Flavour Fragr. J. 2013, 28, 200–211. 

73. Grosch, W. Evaluation of the key odorants of foods by dilution experiments, aroma models and 

omission. Chem. Senses 2001, 26, 533–545. 

74. Agus, E.; Zhang, L.; Sedlak, D.L. A framework for identifying characteristic odor compounds in 

municipal wastewater effluent. Water Res. 2012, 46, 5970–5980. 

75. Thomas, C.; Mercier, F.; Tournayre, P.; Martin, J.L.; Berdagué, J.L. Effect of nitrite on the 

odourant volatile fraction of cooked ham. Food Chem. 2013, 139, 432–438. 

76. Campo, E.; Ferreira, V.; Escudero, A.; Cacho, J. Prediction of the wine sensory properties related to 

grape variety from dynamic headspace gas chromatography-olfactometry data. J. Agric. Food Chem. 

2005, 53, 5682–5690. 

77. Feng, Y.; Cui, C.; Zhao, H.; Gao, X.; Zhao, M.; Sun, W. Effect of koji fermentation on 

generation of volatile compounds in soy sauce production. Int. J. Food Sci. Technol. 2013, 48, 

609–619. 

78. Chen, L.; Hoff, S.J.; Koziel, J.A.; Cai, L.; Zelle, B.; Sun, G. Performance evaluation of a  

wood-chip based biofilter using solid-phase microextraction and gas chromatography-mass 

spectroscopy-olfactometry. Bioresour. Technol. 2008, 99, 7767–7780. 

79. Heitmann, K.; Wichmann, H.; Bahadir, M. Chemical causes of the typical burnt smell after 

accidental fires. Anal. Bioanal. Chem. 2009, 395, 1853–1865. 

80. Kleeberg, K.K.; Liu ,Y.; Jans, M.; Schlegelmilch, M.; Streese, J.; Stegmann, R. Development of 

a simple and sensitive method for the characterization of odorous waste gas emissions by means 

of solid-phase microextraction (SPME) and GC–MS/olfactometry. Waste Manag. 2005, 25,  

872–879. 

81. Cai, L.; Koziel, J.A.; Lo, Y.C.; Hoff, S.J. Characterization of volatile organic compounds and 

odorants associated with swine barn particulate matter using solid-phase microextraction and gas 

chromatography-mass spectrometry-olfactometry. J. Chromatogr. A 2006, 1102, 60–72. 

82. Félix, J.S.; Domeño, C.; Nerín, C. Characterization of wood plastic composites made from  

landfill-derived plastic and sawdust: Volatile compounds and olfactometric analysis.  

Waste Manag. 2013, 33, 645–655. 

83. Ranau, R.; Kleeberg, K.K.; Schlegelmilch, M.; Streese, J.; Stegmann, R.; Steinhart, H. Analytical 

determination of the suitability of different processes for the treatment of odorous waste gas. 

Waste Manag. 2005, 25, 908–916. 

84. Lehtinen, J.; Veijanen, A. Odor Monitoring by combined TD-GC-MS-Sniff technique and dynamic 

olfactometry at the wastewater treatment plant of low H2S concentration. Water Air Soil Pollut. 

2011, 218, 185–196. 

85. Rabaud, N.E.; Ebeler, S.E.; Ashbaugh, L.L.; Flocchini, R.G. Characterization and quantification 

of odorous and non-odorous volatile organic compounds near a commercial dairy in California. 

Atmos. Environ. 2003, 37, 933–940. 



Sensors 2013, 13 16793 

 

 

86. Trabue, S.; Scoggin, K.; McConnell, L.; Maghirang, R.; Razote, E.; Hatfield, J. Identifying and 

tracking key odorants from cattle feedlots. Atmos. Environ. 2011, 45, 4243–4251. 

87. Zhang, S.; Cai, L.; Koziel, J.A.; Hoff, S.J.; Schmidt, D.R.; Clanton, G.J.; Jacobson, L.D.;  

Parker, D.B.; Heber, A.J. Field air sampling and simultaneous chemical and sensory analysis of 

livestock odorants with sorbent tubes and GC-MS/olfactometry. Sens. Actuators B: Chem. 2010, 

146, 427–432. 

88. Laing, D.G.; Jinks, A. Flavor perception mechanism. Trends Food Sci. Technol. 1996, 7, 387–389. 

89. Chemistry and Technology of Flavours and Fragrances; Rowe, D.J., Ed.; CRC Press:  

Boca Raton, FL, USA, 2005. 

90. Pino, J.A.; Febles, Y. Odor-active compounds in banana fruit cv. Giant Cavendish. Food Chem. 

2013, 141, 795–801. 

91. Pino, J.A.; Bent, L. Odor-active compounds in guava (Psidium guajava L. cv. Red Suprema).  

J. Sci. Food Agric. 2013, 93, 3114–3120. 

92. Schieberle, P. Recent Developments in Methods for Analysis of Flavour Compounds and Their 

Precursors. In Characterization of Food: Emerging Methods; Goankar, A., Ed.; Elsevier: 

Amsterdam, The Netherlands, 1995; pp. 403–431. 

93. Aprea, E.; Carlin, S.; Giongo, L.; Grisenti, M.; Gasperi, F. Characterization of 14 raspberry 

cultivars by solid-phase microextraction and relationship with gray mold susceptibility. J. Agric. 

Food Chem. 2010, 58, 1100–1105. 

94. Marković, K.; Vahčić, N.; Ganić, K.K.; Banović, M. Aroma volatiles of tomatoes and tomato 

products evaluated by solid-phase microextraction. Flavour Fragr. J. 2007, 22, 395–400. 

95. Quijano, C.E.; Pino, J. Analysis of volatile compounds of camu-camu (Myrciaria dubia (HBK) 

McVaugh) fruit isolated by different methods. J. Essent. Oil Res. 2007, 19, 527–533. 

96. Quijano, C.E.; Pino, J. Analysis of volatile compounds of cacao maraca (Theobroma bicolor 

Humb. et Bonpl.) fruit. J. Essent. Oil Res. 2009, 21, 211–215. 

97. Thaiphanit, S.; Anprung, P. Physicochemical and flavour changes of fragrant banana (Musa 

acuminata AAA group ―Gross Michel‖) during ripening. J. Food Process. Preserv. 2010, 34, 

366–382. 

98. Wang, J.; Zhi, L.Y.; Chen, R.R.; Bao, J.Y.; Yang, G.M. Comparison of volatiles of banana 

powder dehydrated by vacuum belt drying, freeze-drying and airdrying. Food Chem. 2007, 104, 

1516–1521. 

99. Nogueira, J.M.F.; Fernandes, P.J.P.; Nascimento, A.M.D. Composition of volatiles of banana 

cultivars from Madeira Island. Phytochem. Anal. 2003, 14, 87–90. 

100. Pino, J.; Quijano, C. Study of the volatile compounds from plum (Prunus domestica L. cv. 

Horvin) and estimation of their contribution to the fruit aroma. Ciência e Tecnologia de 

Alimentos (Campinas) 2012, 32, 76–83. 

101. Tamura, H.; Boonburung, S.; Yoshizawa, T.; Varayanond, W. The volatile constituents in the 

peel and pulp of a green Thai mango, Khieo Sawoei cultivar (Mangifera indica L.). Food Sci. 

Technol. Res. 2001, 7, 72–77. 

102. Steinhaus, M.; Sinuco, D.; Polster, J.; Osorio, C.; Schieberle, P. Characterization of the  

aroma-active compounds in pink guava (Psidium guajava, L.) by application of the aroma extract 

dilution analysis. J. Agric. Food Chem. 2008, 56, 4120–4127. 



Sensors 2013, 13 16794 

 

 

103. Hashinaga, F.; Shima, Y.; Itoo, S. Production of volatile components of guava during maturation. 

Bull. Fac. Agric. Kagoshima Univ. 1987, 37, 59–64. 

104. Vernin, G.; Verin, E.; Vernin, C.; Metzger, J. Extraction and GC-MSSPECMA data bank 

analysis of the aroma of Psidium guajava L. fruit from Egypt. Flavour Fragr. J. 1991, 6, 143–148. 

105. Chyau, C.C.; Chen, S.Y.; Wu, C.M. Differences of volatile and nonvolatile constituents between 

mature and ripe guava (Psidiumguajava Linn) fruits. J. Agric. Food Chem. 1992, 40, 846–849. 

106. Pino, J.; Ortega, A.; Rosado, A. Volatile constituents of guava (Psidium guajava L.) fruits from 

Cuba. J. Essent. Oil Res. 1999, 11, 623–628. 

107. Porat, R.; Tietel, Z.; Zippori, I.; Dag, A. Aroma volatile compositions of high- and low-aromatic 

guava varieties. J. Sci. Food Agric. 2011, 91, 2794–2798. 

108. Takeoka, G.R.; Buttery, R.G.; Teranishi, R.; Flath, R.A.; Guntert, M. Identification of additional 

pineapple volatiles. J. Agric. Food Chem. 1991, 39, 1848–1851. 

109. Wu, P.; Kuo, M.C.; Hartman, T.G.; Rosen, R.T.; Ho, C.T. Free and glycosidically bound aroma 

compounds in pineapple (Ananas comosus L. Merr.). J. Agric. Food Chem. 1991, 29, 170–172. 

110. Umano, K.; Hagi, Y.; Nakahara, K.; Shoji, A.; Shibamoto, T. Volatile constituents of green and 

ripened pineapple (Ananas comosus [L.] Merr.). J. Agric. Food Chem. 1992, 39, 170–172. 

111. Brat, P.; Thi Hoang, L.N.; Soler, A.; Reynes, M.; Brillouet, J.M. Physicochemical 

characterization of a new pineapple hybrid (FLHORAN41 Cv.). J. Agric. Food Chem. 2004, 52, 

6170–6177. 

112. Elss, S.; Preston, C.; Hertzing, F.; Heckel, F.; Richling, E.; Schreier, P. Aroma profiles of 

pineapple fruit (Ananas comosus [L.] Merr.) and pineapple products. Lebensmittel-Wissenschaft 

und-Technologie 2005, 28, 263–274. 

113. Beever, D.J.; Hopkirk, G. Fruit Development and Fruit Physiology. In Kiwifruit: Science and 

Management; Warrington, I., Weston, G.C., Eds.; Ray Richards Publisher: Auckland, New 

Zealand, 1990; pp. 97–126. 

114. Atkinson, R.G.; Gunaseelan, K.; Wang, M.Y.; Luo, L.; Wang, T.; Norling, C.L. Dissecting  

the role of climacteric ethylene in kiwifruit (Actinidia chinensis) ripening using an  

1-aminocyclopropane-1-carboxylic acid oxidase knockdown line. J. Exp. Bot. 2011, 62,  

3821–3835. 

115. Sarry, J.E.; Günata, Z. Plant and microbial glycoside hydrolases: Volatile release from glycosidic 

aroma precursors. Food Chem. 2004, 87, 509–521. 

116. Reineccius, G. Flavour Chemistry and Technology, 2nd ed.; Taylor and Francis Group:  

Boca Raton, FL, USA, 2006. 

117. Garcia, C.; Stevenson, R.J.; Atkinson, R.G.; Winz, R.A.; Quek, S.-Y. Changes in the bound 

aroma profiles of ―Hayward‖ and ―Hort16A‖ kiwifruit (Actinidia spp.) during ripening and  

GC-olfactometry analysis. Food Chem. 2013, 137, 45–54. 

118. TNO Nutrition and Food Research Institute. Mango (Mangifera indica L.). In Volatile Compounds 

in Food: Qualitative and Quantitative Data. Visscher, C.A., Maarse, H., Willemsens, L.C., 

Boelens, M.H., Nijssen, L.M., Eds.; TNO Nutrition and Food Research Institute: Zeist,  

The Netherlands, 1996; pp. 1–10. 

119. Chauhan, O.P.; Raju, P.S.; Bawa, A.S. Mango Flavour. In Handbook of Fruit and Vegetable 

Flavours; Hui, Y.H., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010; pp. 319–344. 



Sensors 2013, 13 16795 

 

 

120. Lalel, H.J.D.; Singh, Z.; Tan, S.C. Glycosidically-bound aroma volatile compounds in the skin and 

pulp of ―Kensington Pride‖ mango fruit at different stages of maturity. Postharvest Biol. Technol. 

2003, 29, 205–218. 

121. Kubikova, J.; Grosch, W. Evaluation of potent odorants of camembert cheese by dilution and 

concentration techniques. Int. Dairy J. 1997, 7, 65–70. 

122. Culleré, L.; Ferreira, V.; Chevret, B.; Venturini, M.E.; Sánchez-Gimeno, A.C.; Blanco, D. 

Characterisation of aroma active compounds in black truffles (Tuber melanosporum) and 

summer truffles (Tuber aestivum) by gas chromatography–olfactometry. Food Chem. 2010, 122, 

300–306. 

123. Campo, E.; Cacho, J.; Ferreira, V. The chemical characterization of the aroma of dessert  

and sparkling white wines (Pedro Ximenez, Fino, Sauternes, and Cava) by gas  

chromatography-olfactometry and chemical quantitative analysis. J. Agric. Food Chem. 2008, 

56, 2477–2484. 

124. Cullere, L.; Cacho, J.; Ferreira, V. Comparative study of the aromatic profile of different kinds of 

wine cork stoppers. Food Chem. 2009, 112, 381–387. 

125. Escudero, A.; Campo, E.; Farina, L.; Cacho, J.; Ferreira, V. Analytical characterization of the 

aroma of five premium red wines. Insights into the role of odor families and the concept of 

fruitiness of wines. J. Agric. Food Chem. 2007, 55, 4501–4510. 

126. Filip, R.; Ferraro, G.E.; Bandoni, A.L.; Bracesco, N.; Nunes, E.; Gugliucci, A. Mate (Ilex 

Paraguariensis). In Recent Advances in Phytochemistry; Imperato, F., Ed.; Research Signpost: 

Kerala, India, 2009; pp. 113–131. 

127. Dravnieks, A. Atlas of Odor Character Profiles; ASTM: Philadelphia, PA, USA, 1985; p. 354. 

128. Plutowska, B.; Wardencki, W. Gas Chromatography-Olfactometry of Alcoholic Beverages.  

In Alcoholic Beverages. Sensory Evaluation and Consumer Research; St. Angelo, A.J., Ed.; 

Woodhead Publishing Limited: Cambridge, UK, 2012; pp. 101–130. 

129. Lee, S.M.; Seo, B.C.; Kim, Y.S. Volatile compounds in fermented and acid-hydrolyzed soy 

sauces. J. Food Sci. 2006, 71, C146–C156. 

130. Yan, L.; Zhang, Y.; Tao, W.; Wang, L.; Wu, S. Rapid determination of volatile flavour components 

in soy sauce using head space solid-phase microextraction and gas chromatography-mass 

spectrometry. Chin. J. Chromatogr. 2008, 26, 285–291. 

131. Gao, X.L.; Cui, C.; Zhao, H.F.; Zhao, M.M.; Yang, L.; Ren, J.Y. Changes in volatile aroma 

compounds of traditional Chinese-type soy sauce during moromi fermentation and heat 

treatment. Food Sci. Biotechnol. 2010, 19, 889–898. 

132. Baek, H.H.; Kim, H.J. Solid phase microextraction-gas chromatography-olfactometry of soy 

sauce based on sample dilution analysis. Food Sci. Biotechnol. 2004, 13, 90–95. 

133. Petra, S.; Peter, S. Characterization of the key aroma compounds in soy sauce using approaches 

of molecular sensory science. J. Agric. Food Chem. 2007, 55, 6262–6269. 

134. Moy, Y.S.; Lu, T.J.; Chou, C.C. Volatile components of the enzyme-ripened sufu, a Chinese 

traditional fermented product of soy bean. J. Biosci. Bioeng. 2011, 113, 196–201. 

135. Grosch, W. Detection of potent odorants in foods by aroma extract dilution analysis. Trends Food 

Sci. Technol. 1993, 4, 68–73. 



Sensors 2013, 13 16796 

 

 

136. Martí, M.P.; Mestres, M.; Sala, C.; Busto, O.; Gausch, C. Solip-phase microextraction and gas 

chromatography olfactometry analysis of successively diluted samples. A new approach of the 

aroma extract dilution analysis applied to the characterization of wine aroma. J. Agric. Food Chem. 

2003, 51, 7861–7865. 

137. Blank, I.; Fay, L.B. Formation of 4-hydroxy-2,5-dimethyl-3(2H)-fruanone and 4-hydroxy-2(or 5)- 

ethyl-5 (or 2)-methyl-3(2H)-fruanone through Maillard reaction based on pentose sugars.  

J. Agric. Food Chem. 1996, 44, 531–536. 

138. Hofmann, T.; Schieberle, P. Identification of potent aroma compounds in thermally treated 

mixtures of glucose/cysteine and rhamnose/cysteine using aroma extract dilution technique.  

J. Agric. Food Chem. 1997, 45, 898–906. 

139. Lalas, S.; Dourtoglou, V. Use of rosemary extract in preventing oxidation during deep-fat frying 

of potato chips. J. Am. Oil Chem. Soc. 2003, 80, 579–583. 

140. Grosch, W.; Konopka, U.C.; Guth, H. Characterization of Off-Flavours by Aroma Extract 

Dilution Analysis. In Lipid Oxidation in Food; St. Angelo, A.J., Ed.; American Chemical 

Society: Washington, DC, USA, 1992; pp. 266–278. 

141. Konopka, U.C.; Guth, H.; Grosch, W. Potent odorants formed by lipid peroxidation as indicators 

of the warmed-over flavour (WOF) of cooked meat. Zeitschrift für Lebensmittel-Untersuchung 

und -Forschung A 1995, 201, 339–343. 

142. Christlbauer, M.; Schieberle, P. Characterization of the key aroma compounds in beef and pork 

vegetable gravies á la chef by application of the aroma extract dilution analysis. J. Agric. Food Chem. 

2009, 57, 9114–9122. 

143. Guth, H.; Grosch, W. Identification of the character impact odorants of stewed beef juice by 

instrumental analysis and sensory studies. J. Agric. Food Chem. 1994, 42, 2862–2866. 

144. Gray, J.I.; Pearson, A.M. Lipid-Derived Off-Flavours in Meat—Formation and Inhibition.  

In Flavour of Meat and Meat Products; Shaididi, F., Ed.; Blackie Academic and Professional: 

London, UK, 1994; pp. 129–131. 

145. Honikel, K.O. The use and control of nitrate and nitrite for the processing of meat products.  

Meat Sci. 2008, 78, 68–76. 

146. Sebranek, J.G.; Bacus, J.N. Cured meat products without direct addition of nitrate or nitrite: 

What are the issues? Meat Sci. 2007, 77, 136–147. 

147. Lücke, F.K. Manufacture of Meat Products without Added Nitrite or Nitrate—Quality and Safety 

Aspects. In Foodbalt—2008, Proceedings of the 3rd Baltic Conference on Food Science and 

Technology, Jelgava, Germany, 2008; pp. 41–45. 

148. Sindelar, J.J.; Milkowski, A.L. Sodium Nitrite in Processed Meat and Poultry Meats: A Review 

of Curin and Examining the Risk and Benefit of Its Use. In White Paper, Series No. 3; American 

Meat Science Association: Champaign, IL, USA, 2011; pp. 1–14. 

149. Sindelar, J.J.; Cordray, J.C.; Sebranek, J.G.; Love, J.A.; Ahn, D.U. Effects of varying levels of 

vegetable juice powder and incubation time on colour, residual nitrate and nitrite, pigment, pH, 

and trained sensory attributes of ready-to-eat uncured ham. J. Food Sci. 2007, 72, S388–S395. 

150. Corpet, D.E. Red meat and colon cancer: Should we become vegetarians, or can we make meat 

safer? Meat Sci. 2011, 89, 310–316. 



Sensors 2013, 13 16797 

 

 

151. Demeyer, D.; Honikel, K.; de Smet, S. The World Cancer Research Fund report 2007: A 

challenge for the meat processing industry. Meat Sci. 2008, 80, 953–959. 

152. Berdagué, J.L.; Tournayre, P. Gas Chromatography-Olfaction Analysis Device and Method. 

Patent WO 2005/001470 A2, 6 January 2005. 

153. Brunton, N.P.; Cronin, D.A.; Monahan, F.J. Volatile components associated with freshly cooked 

and oxidized off-flavours in turkey breast meat. Flavour Fragr. J. 2002, 17, 327–334. 

154. Mottram, D.S. Flavour formation in meat and meat products: A review. Food Chem. 1998, 62, 

415–424. 

155. Nanamori, M.; Kanatani, R.; Kihara, M.; Kawahara, K.; Hayashi, K.; Watanabe, T. Effects of 

nitrogen application on malt modification and dimethyl sulfide precursor production in two 

Japanese barley cultivars. J. Sci. Food Agric. 2008, 88, 1464–1471. 

156. Shi, X.; Zhang, X.; Song, S.; Tan, C.; Jia, C.; Xia, S. Identification of characteristic flavour 

precursors from enzymatic hydrolysis-mild thermal oxidation tallow by descriptive sensory 

analysis and gas chromatography-olfactometry and partial least squares regression.  

J. Chromatogr. B 2013, 913–914, 69–76. 

157. Song, S.Q.; Zhang, X.M.; Hayat, K.; Huang, M.G.; Liu, P.; Karangwa, E.; Gu, F.L.; Jia, C.S.; 

Xia, S.Q.; Xiao, Z.B.; et al. Contribution of beef base to aroma characteristics of beeflike process 

flavour assessed by descriptive sensory analysis and gas chromatography olfactometry and partial 

least squares regression. J. Chromatogr. A 2010, 1217, 7788–7799. 

158. Baek, H.E.; Kim, C.J.; Ahn, B.H.; Nam, H.S.; Cadwallader, K.R. Aroma extract dilution analysis of a 

beef-like process flavour from extruded enzyme-hydrolyzed soybean protein. J. Agric. Food Chem. 

2001, 49, 790–793. 

159. Kerscher, R.; Grosch, W. Comparative evaluation of potent odorants of boiled beef by aroma extract 

dilution and concentration analysis. Zeitschrift für Lebensmitteluntersuchung und -Forschung A 

1997, 204, 3–6. 

160. Moon, S.Y.; Cliff, M.A.; Li-Chan, E.C.Y. Odor-active components of simulated beef  

flavour analysed by solid phase microextraction and gas chromatography-mass spectrometry  

and -olfactometry. Food Res. Int. 2006, 39, 294–308. 

161. Wilson, R.A.; Mussinan, C.J.; Katz, I.; Sanderson, A. Isolation and identification of some sulfur 

chemicals present in pressure-cooked beef. J. Agric. Food Chem. 1973, 21, 873–876. 

162. Leod, G.M.; Ames, J.M. Capillary gas chromatography-mass spectrometric analysis of cooked 

ground beef aroma. J. Food Sci. 1986, 51, 1427–1434. 

163. Peterson, R.J.; Chang, S.S. Identification of volatile flavour compounds of freshly frozen beef 

stew and a comparison of these with those of canned beef stew. J. Food Sci. 1982, 47, 1444–1448. 

164. Wu, Y.-F.G.; Cadwallader, K.R. Characterization of the aroma of a meat-like process flavouring 

from soybean-based enzyme-hydrolyzed vegetable protein. J. Agric. Food Chem. 2002, 50, 

2900–2907. 

165. Song, S.Q.; Zhang, X.M.; Hayat, K.; Liu, P.; Jia, C.S.; Xia, S.Q.; Xiao, Z.B.; Tian, H.X.; Niu, Y.W. 

Formation of the beef flavour precursors and their correlation with chemical parameters during 

the controlled thermal oxidation of tallow. Food Chem. 2011, 124, 203–209. 



Sensors 2013, 13 16798 

 

 

166. Bueno, M.; Resconi, V.C.; Mar Campo, M.; Cacho, J.; Ferreira, V.; Escudero, A. Gas 

chromatographic-olfactometric characterisation of headspace and mouthspace key aroma 

compounds in fresh and frozen lamb meat. Food Chem. 2011, 129, 1909–1918. 

167. Resconi, V.C. Efecto de la alimentación sobre la calidad sensorial y los compuestos aromáticos 

en carne de cordero y de vacuno (in Spanish). Ph.D. Thesis, Universidad de Zaragoza, Zaragoza, 

Spain, 2010. 

168. ISO/TC 93—Starch (Including Derivatives and by-Products). Available online: http://www. 

iso.org/iso/home/store/catalogue_tc/catalogue_tc_browse.htm?commid=50564&development=on 

(accessed on 27 November 2013). 

169. Paravisini, L.; Gourrat-Pernin, K.; Gouttefangeas, C.; Moretton, C.; Nigay, H.; Dacremonta, C.; 

Guicharda, E. Identification of compounds responsible for the odorant properties of aromatic 

caramel. Flavour Fragr. J. 2012, 27, 424–432. 

170. Curioni, P.M.G.; Bosset, J.O. Key odorants in various cheese types as determined by gas 

chromatography-olfactometry. Int. Dairy J. 2002, 12, 959–984. 

171. Semmelroch, P.; Grosch, W. Analysis of roasted coffee powders and brews by gas 

chromatography-olfactometry of headspace samples. Lebensm.-Wiss. u.-Technol. 1995, 28,  

310–313. 

172. Cantergiani, E.; Brevard, H.; Krebs, Y.; Feria-Morales, A.; Amadò, R.; Yeretzian, C. 

Characterization of the aroma of green Mexican coffee and identification of mouldy/earthy 

defect. Eur. Food Res. Technol. 2001, 212, 648–657. 

173. Thomsen, M.; Martin, C.; Mercier, F.; Tournayre, P.; Berdagué, J.-L.; Thomas-Danguin, T.; 

Guichard, E. Investigating semi-hard cheese aroma: Relationship between sensory profiles and 

gas chromatography-olfactometry data. Int. Dairy J. 2012, 26, 41–49. 

174. Recherche et Sélection de Descripteurs Pour l’élaboration d’un Profil Sensoriel, Par Approche 

Multidimensionnelle (in French). In Analyse sensorielle; NF ISO 11035 Juillet 1995; AFNOR: 

Paris, France, 1995; p. 26. 

175. Méthodologie. Directives Générales pour l’établissement d’un Profil Sensoriel (in French).  

In Analyse Sensorielle; NF EN ISO 13299 Mai 2010; AFNOR: Paris, France, 2003; p. 24. 

176. AcquiSniff; a software for a complete analysis of GCO data; Institut National de la Recherche 

Agronomique (INRA) UR QuaPA T2A: Saint Genes Champanelle, France, 2007. 

177. Curtis, T.; Williams, D.G. Introduction to Perfumery; Micelle Press: New York, NY, USA, 2001. 

178. Costa, R.; d’Acampora Zellner, B.; Crupi, M.L.; de Fina, M.R.; Valentino, M.R.; Dugo, P.; 

Dugo, G.; Mondello, L. GC-MS, GC-O and enantio-GC investigation of the essential oil of 

Tarchonanthus camphoratus L. Flavour Fragr. J. 2008, 23, 40–48. 

179. Sell, C. Perfumery Materials of Natural Origin. In The Chemistry of Fragrances; Pybus, D.H., 

Sell, C.S., Eds.; Royal Society of Chemistry: Cambridge, UK, 1999; pp. 24–50. 

180. Ito, F.; Iwasaki, M.; Watanabe, T.; Ishikawa, T.; Higuchi, Y. The first total synthesis of 

kwakhurin, a characteristic component of a rejuvenating plant, ―kwao keur‖: Toward an efficient 

synthetic route to phytoestrogenic isoflavones. Org. Biomol. Chem. 2005, 3, 674–681. 

181. Sucontphunt, A.; de-Eknamkul, W.; Nimmannit, U.; Dimitrijevich, D.S.; Gracy, W.R. Protection 

of HT22 neuronal cells against glutamate toxicity mediated by the antioxidant activity of 

Pueraria candollei var. mirifica extracts. J. Natl. Med. 2011, 65, 1–8. 



Sensors 2013, 13 16799 

 

 

182. Ngassoum, M.B.; Ousmaila, H.; Ngamo, L.T.; Maponmetsem, P.M.; Jirovetz, L.; Buchbauer, G. 

Aroma compounds of essential oils of two varieties of the spice plant Ocimum canum Sims from 

northern Cameroon. J. Food Compos. Anal. 2004, 17, 197–204. 

183. Tu, N.T.M.; Onishi, Y.; Son, U.S.; Ogawa, E.; Ukeda, H.; Sawamura, M. Characteristic odor 

components of Citrus inflata Hort. ex Tanaka (Mochiyu) cold-pressed peel oil. Flavour Fragr. J. 

2003, 18, 454–459. 

184. Choi, H.S.; Kondo, Y.; Sawamura, M. Characterization of the odor-active volatiles in citrus 

hyuganatsu (Citrus tamurana Hort.ex Tanaka). J. Agric. Food Chem. 2001, 49, 2404–2408. 

185. Miyazawa, M.; Kawauchi, Y.; Utsumi, Y.; Takagashi, T. Character impact odorants of wild 

edible plant Cacalia hastate L. ver. orientalis-used in Japanese traditional food. J. Oleo Sci. 2010, 

59, 527–533.  

186. Odors in Wastewater Treatment: Measurement, Modelling and Control; Stuetz, R., Frechen, F.B., 

Eds.; IWA Publishing: London, UK, 2001. 

187. Nicell, J.A. Assessment and regulation of odor impacts. Atmos. Environ. 2009, 43, 196–206. 

188. Brennan, B. Odor nuisance. Water Waste Treat. 1993, 36, 30–33. 

189. Schiffman, S.S. Livestock odors: Implications for human health and well-being. J. Anim. Sci. 

1998, 76, 1343–1355. 

190. Air Quality—Determination of Odor Concentration by Dynamic Olfactometry; EN13725; 

Committee for European Normalization (CEN): Brussels, Belgium, 2003. 

191. Standard Practice for Determination of Odor and Taste Thresholds by a Forced-Choice 

Ascending Concentration Series Method of Limits; ASTM E679–04; American Society for 

Testing and Materials: Philadelphia, PA, USA, 2004. 

192. Brattoli, M.; de Gennaro, G.; de Pinto, V.; de Marinis Loiotile, A.; Lovascio, S.; Penza, M. 

Odour detection methods: Olfactometry and chemical sensors. Sensors 2011, 11, 5290–5322. 

193. Wright, D.W.; Eaton, D.K.; Nielsen, L.T.; Kuhrt, F.W.; Koziel, J.A.; Spinhirne, J.P.; Parker, D.B. 

Multidimensional gas chromatography-olfactometry for the identification and prioritization of 

malodors from confined animal feeding operations. J. Agric. Food Chem. 2005, 53, 8663–8672. 

194. Hammond, E.G.; Fedler, C.; Smith, R.J. Analysis of particle-borne swine house odors.  

Agric. Environ. 1981, 6, 395–401. 

195. Honey, L.F.; McQuitty, J.B. Some physical factors affecting dust concentrations in a pig facility. 

Can. J. Agric. Eng. 1979, 21, 9–14. 

196. Razote, E.B.; Maghirang, R.G.; Seitz, L.M.; Jeon, I.J. Characterization of volatile organic 

compounds on airborne dust in a swine finishing barn. Trans. ASAE 2004, 47, 1231–1238. 

197. Hammond, E.; Fedler, C.; Junk, G. Identification of dust-borne odors in swine confinement 

facilities. Trans. ASAE 1979, 22, 1186–1192. 

198. Hoff, S.J.; Bundy, D.S.; Li, X.W. Dust Effects on Odor and Odor Compounds. In Proceedings of 

the International Symposium Ammonia and Odor Control from Animal Production Facilities, 

Vinkeloord, The Netherlands, 6–10 October 1997; pp. 101–110. 

199. Cai, L.; Koziel, J.A.; Liang, Y.; Nguyen, A.; Xin, H. Evaluation of zeolite for control of odorants 

emissions from simulated poultry manure storage. J. Environ. Qual. 2007, 36, 184–193. 

200. Pillai, S.M.; Parcsi, G.; Wang, X.; Stuetz, R.M. Odor abatement of poultry litter using odor 

control products. Chem. Eng. Trans. 2012, 30, 247–252. 



Sensors 2013, 13 16800 

 

 

201. Agus, E.; Lim, M.H.; Zhang, L.; Sedlak, D. Odorous compounds in municipal wastewater 

effluent and potable water reuse systems. Environ. Sci. Technol. 2011, 45, 9347–9355. 

202. Sohn, J.H.; Parcsi, G.; Dunlop, M.W.; Gallagher, E.M.; Stuetz, R.M. Air quality monitoring and 

characterisation at two commercial broiler farms. Chem. Eng. Trans. 2010, 23, 141–146. 

203. Espert, A.; de las Heras, L.A.; Karlsson, S. Emission of possible odorous low molecular  

weight compounds in recycled biofiber/polypropylene composites monitored by head-space 

SPME-GC-MS. Polym. Degrad. Stab. 2005, 90, 555–562. 

204. Knudsen, H.N.; Clausen, P.A.; Wilkins, C.K.; Wolkoff, P. Sensory and chemical evaluation of 

odorous emissions from building products with and without linseed oil. Build. Environ. 2007, 42, 

4059–4067. 

205. Shirasu, M.; Nagai, S.; Hayashi, R.; Ochiai, A.; Touhara, K. Dimethyl trisulfide as a characteristic 

odor associated with fungating cancer wounds. Biosci. Biotechnol. Biochem. 2009, 73, 2117–2120.  

206. Mebazaa, R.; Rega, B.; Camel, V. Analysis of human male armpit sweat after fenugreek 

ingestion: Characterisation of odor active compounds by gas chromatography coupled to mass 

spectrometry and olfactometry. Food Chem. 2011, 128, 227–235. 

© 2013 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


