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ABSTRACT 

The relationship between in vivo captured data from an atmospheric pressure 

chemical ionisation mass spectrometer (APCI-MS) and sensory/psychophý, sical 

analyses was investigated. The stimuli used were mainly single volatiles under gas 

phase control or calibration by development of different olfactometry methods. 

Gas phase concentration retronasal (via the mouth to the nasal cavity) and orthonasal 

(via the nostrils) thresholds were determined for a trained panel of 13 individuals. 

Four volatiles were used with different sensory/physico-chemical properties and an 

adapted staircase method was employed to measure the individual thresholds. The 

data showed good repeatability over short durations of one week and also longer ones 

of eight months. It was used to test the hypothesis that thresholds varied between 

people due to differences in their in-nose concentration as measured or estimated by 

the APCI-MS. The analysis did not support this theory but relationships between 

orthonasal and retronasal thresholds were shown, in which the latter were -50 times 

lower than the former. Threshold determination of a larger group of 20 individuals 

revealed clusters of individuals. 

Methods of producing square edged pulses of aroma compound in the gas phase were 

developed using a modified chromatograph autosampler with a gas flow of 5 mL. min- 

1 
and pulse rate of 0.6 secs. A trained panel of 23 individuals performed two types of 

sensory test using pulsed and constant olfactometer outputs of isoamyl acetate. The 

original intention was to reveal whether pulsed odorants were perceived as the same 

as or different to constant concentration. Initial experiments yielded results that were 

difficult to interpret, althought the nature of the results was clarified when 

simultaneous breath by breath analysis techniques were employed. Here it was 

showii that each individual in different repetitions disrupted the olfactometer output 

pattern in unpredictable ways. This pattern disruption was measured in two 

instrumental configurations. as either volatiles in an exhalation or volatiles as they 

N\ ere inhaled tooether N\ ith two types of sensory test. In both sensory tests the pattern 
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of aromas in an inhalation revealed a relationship with perception. In particular, the 

sensory response in the time intensity study was related to differences ill the 

inhalation profiles between people, which in turn was related to an individual's 

breathing. This shows that physiological differences such as breathing and the 

structure of the nasal cavity have an impact on perception. 
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1 
INTRODUCTION 

The senses of smell and taste have often been considered relatively unimportant in 

comparison to the other modalities. If this were true, then it seems illogical that the 

production and market for flavours and fragrances is one of the fastest growing 

industries. For example, in the US this industry is forecasted to be worth $6 billion 

by 2007. The increase is mostly driven by the ongoing consumer preference for 

natural ingredients, and rising consumer interest in more authentic flavours and 

fragrances (Flavors & Fragrances, Global Information, 2004). This then drives 

technology and large investment into research and development in order to crack the 

secrets of receptor function, flavour release and sensory processing. Despite all the 

vast areas of research, a number of gaps in the knowledge remain. 

The main problem in understanding the mechanisms behind olfaction and gustation is 

the fact that they cannot be reduced to single dimensions. Chemoreception describes 

the process, where exposure to disconnected chemical stimuli is converted into a 

neural response. This is in contrast to sight, which can be reduced to physical 

measurements such as amplitude (level of grey) and wavelength, for light and colour 

perception respectively that in turn provide a continuum. The perception of sound 

can also be reduced to just two dimensions; vibrational frequency (pitch) and 

amplitude (strength). Olfaction, however, can only be reduced to a response 

dimension, where two million olfactory receptors are subjected to the vast range of 

chemical stimuli available (Jaubert, et al., 1995). 

After transport to the receptors, the psychological responses to these chemical stimuli 

can be recorded and interpreted by psychophysical and sensory techniques such as 

threshold determination and time intensity. However, correlation between these 

anak'ses and instrumental measurements is generally inconsistent and ambiguous in 

its interpretation. 
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Modelling chemoreception is problematic before it is possible to understand the 

relationships between the stimulus, the receptor and the response, because tile 

chemicals must be first released from their source and transported to the appropriate 

areas (Taylor, 2002). This means that the chemical stimuli in their original and 

generally stable form (distal stimulus) are subjected to a total disruption on their path 

to the receptors (proximal stimulus). This is in contrast to the stimuli pertaining to 

perception of vision and sound, where disruption along the path from source to sense 

is relatively minor. Furthermore, disruption of chemical stimuli is not just restricted 

to food matrices, as simple air borne odours will also be subject to state change as 

they are inhaled and differentially absorbed into the mucosal regions of the nose 

(Keyhani, et al., 1997). For this reason, instrumental techniques that monitor aroma 

compounds in the breath as a simulation of the proximal stimulus, have 

revolutionised our understanding of flavour perception (Taylor, et al., 2000). 

This thesis introduces new ideas about the relationship between proximal measured 

stimuli and the sensory response. It is therefore important to first describe how the 

various disciplines of flavour research can combine to try to explain the complex 

nature of this relationship. 
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1.1 FLAVOUR AND PERCEPTION 

1.1.1 Olfaction 

Physiology 

The organs associated with olfaction are depicted in Figure 1.1. 
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Figure 1.1 Cross section diagram of face showing organs associated with the 

oýfaclory syvem 

The cells responsible for olfaction are situated in three areas in the upper recesses of 

the nasal chamber: the cribiform plate, the superior/middle turbinates and the septum. 

These areas are covered with a mucosal epithelium, which contains six 

morphologically and biochemically distinct cells. The first and most important cell is 

the bipolar sensory receptor neuron, which transduces signals to cranial nerve I 

(CNI). The second cell type is known as the sustentacular or supporting cell. These 

cells have been shown to have a number of functions including the regulation of 

mucus production and they may be responsible for the deactivation of odorants by 

producing xenobiotic enzymes containing cytochrome enzymes P450. The function 

of the remaining cells; microvillar, Bowman's gland, globose and basal, is generally 

less understood and is thought to be mainly concerned with repairing damage to the 

nasal epithelium (Doty. 2001). The receptor cells have recently been shown by Nobel 

' Leffingwell & Associates: Olfaction -A Review - Ný, NN, ýNv. leffingwell, corn/olfaction. htm 
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prize winners Richard Axel and Linda Buck (1991) to be coded by a large familýý of 

I'll, aDOUtone thousand genes, from which each olfactorý' cell expresses only one odorant 

binding receptor each. 

The mucus itself has been shown to play an invaluable role in the first stages of 

olfactory processing including differential absorption between structurally dissimilar 

molecules (Laing, 1988; Hornung, et al., 1987). During a 'sniff, odorants become 

separated as they are absorbed in different regions according to their polarity and air- 

mucus partition coefficient. This means that polar and non-polar molecules would 

reach the appropriate receptors in very different regions of the nasal epithelium. 

However, the degree of proximity between two dissimilar volatile compounds was 

not shown to have an effect on the perception when presented in a mixture, and most 

subjects find identification of more than two odorants, in a mixture of three, difficult 

(Laing, et al., 2002; Laing, 1988; Laing, 1986). The mucus also contains proteins 

that enhance the process of odorant transport to the receptors. The majority of odour 

active molecules are hydrophobic and therefore only a small portion of the 

compounds passing through the nasal cavity would diffuse through the mucosa to the 

receptors. Odorant binding proteins (OBPs) are present in the mucosa that reversibly 

bind to volatile chemicals and transport them to the bipolar receptor cells (Tegoni, et 

al., 2000). These proteins of the lipocalin family have a low but wide range of ligand 

binding properties as shown in spectroscopic binding assays with compounds from 

heterogenous families (Lobel, et al., 2002). 

The bipolar receptor cells play the most important role in the onset of signal 

transdUCtion. These cells are lined with cilia,, which contain a seven domain 

transmembrane receptor. These proteins comprise the largest family of G-protein- 

coup I ed-receptors and function by initiating a biochemical cascade after interaction 

-v\ith an odorant, which leads to cell depolarisation and transduction to the olfactory 

bulb via olfactory fila (Dryer and Berghard, 1999). These fila are comprised of the 6 

million receptor cell axons as coalesced structures that traverse the cribiform plate 
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and subsequently make connections with the olfactory bulb, where the information 

processing begins. 

Anatomical computational fluid dynamics of the nasal cavity have been used to 

model the air flow in order to show the effects of the different structures such as the 

turbinates on odorant transport. Research has mainly used scanning techniques to 

produce three-dimensional models of the nasal cavity, which can then be re-created 

on a far larger scale. Some important aspects of olfaction have been discovered in 

this way such as the flow of air through the nasal cavity being laminar and not 

turbulent (Keyhani, et al., 1995; Keyhani, et al., 1997), that different areas will be 

subjected to very different flow rates and also the effect on different volatiles. One 

recent study showed that at different anatomical conditions, air flow rate through the 

olfactory region and odorant uptake rate in olfactory mucosa can possibly differ by up 

to two orders of magnitude even though the flow rates remained similar (Zhao, et al., 

2004). Other studies have investigated these structural differences with regards to the 

problem of pollutant control and damage to the nasal cavity, where it has been 

postulated that low flows were observed in higher olfactory regions in order to protect 

the olfactory bulb from particles (Kelly, et al., 2000; Martonen, et al., 2001; 

Martonen, et al., 2002). 
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1.1.1.2 Transduction 

Although genetic research has shown that only one type of receptor is deriý'ed from a 

single allele, each one is generally responsive to a wide range of chemicals. It is 

generally acknowledged that different receptors will have a range of binding 

coefficients to the same odorant, which in turn provides a neural code that is then 

processed by the higher brain cortices. Currently, there is extensive research into 

understanding this characteristic odour signature from the binding of odorant to 

receptor, and there are three main theories: vibrational, molecular shape and 

functional group theory. Vibrational theory assumes that odorants elicit an indiN, idual 

signature frequency that is decoded in the brain centres and corresponds to a certain 

sensation. An example of this has been demonstrated in an experiment where 

differently labelled analogues of benzaldehyde were perceived as significantly 

dissimilar in duo-trio tests (Haffenden, et al., 2001). Molecular shape-receptor 'lock 

and key' theories that mirror the known affinities between enzyme and substrate have 

been studied for many decades and have been limited in providing any substantial 

evidence (Turin, 2002). It is more acknowledged that a combination of molecular 

size, disposition of the functional groups and chirality are responsible for the 

interaction between stimulus and receptor to be deciphered (Laing, et al., 2003; 

Laska,, 2002). The transduction process is summarised in Figure 1.2. 
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Figure 1.2 Oýfactory receptor transduction Odorant binding protein (OBP) 

transports molecules to te receptor (R). G- protein (Q) activation then triggers 

adenyl cyclase (AQ to produce intracellular cyclic AMP. This elicits opening of the 

channel allowing Ca++ to flow in, which activates a chloride current that helps 

depolarise the cell. 

Odorant binding causes the G-protein subunit to induce cyclic AMP (adenosine 

mono phosphate) production, a molecule that is ubiquitous in cell signalling. This in 

turn creates a depolarised state in the cell and opens up ion channels (Firestein, 2002). 

The level of cAMP activity has been shown to be proportional to the degree of 

electrical activity in animal epithelium preparations (Dryer and Berghard, 1999), and 

also to the perceived intensity of the odorant in humans (Doty, 2001). The cascade 

process of cAMP is not the sole transduction mechanism, and it is generally 

acknowledged that a variety of cell signalling molecules regulate, inhibit or enhance 

the overall response in the olfactory bulb (Breer, 2003; Gold, 1999; Lowe and Gold, 

1995). 

After stimulation, signals from the receptor axons pass into the olfactory bulb, where 

second order neurons, known as mitral cells, modulate the signal using inhibitory 

processes. The signal is then transferred to a number brain centres in the 

corticornedial arnygdala via the olfactory nerve tract, and also to lower brain centres L- 
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associated with emotion and memory; the limbic system. These signals are then 

decoded and the appropriate response executed (Goldstein, 1999). 

1.1.1.3 Cognition 

Understanding the mechanisms in the brain for processing the complicated neural 

codes has been extensively researched over the decades and can be subdivided into 

many categories that overlap to different degrees. Areas specifically relating to 

psychophysics will be discussed in more detail in the Perceptual Measurement 

section. 

1.1.1.3.1 Physiological consequences 

Unlike vision and sound perception, odour perception is also governed by the 

mechanisms of other parts of the body involved with latent inhalation and active 

sniffing. In other words, the sense of smell also requires the use of lungs and 

diaphragm to function. Many researchers have shown that these physiological 

aspects have an influence on the optimisation of odour perception. One area is the 

role of active sniffing in two contexts; optimisation of odour intensity and activation 

of the brain in preparation for incoming odour. The former showed that a sniff 

between 0.39 and 0.64 seconds optimised the intensity of certain polar molecules 

(Laing, 1985b; Laing, 1985a), the latter of which indicated that the act of sniffing 

odourless air would sometimes activate the brain differently from respiratory 

inhalation of odour alone, indicating that the brain prepares to receive an aroma 

(Hamada and Yamaguch, 2001). Other research includes the study of reaction times 

to recognise an orthonasally delivered aroma. In two such studies it was shown that 

typical reaction times fall between 600 to 2000 ms (Laing and Macleod, 1992; Lorig, 

2000). 

1.1.1.3.2 Odour quality, context and labelling 

This incorporates cross modality studies such as the relationships between verbal 

descriptor, associated colour or previous exposure with quantitative/qualitative 

aspects of odour perception. 
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A famous example of the effect of colour context was shown in an experiment xý-here 

enology students were provided with white wine, to which red \N ine colouring ýý'as 

added. The students then proceeded to provide descriptors of the wine that ý\'ould 

normally have been associated with red wine, demonstrating the effect of visual 

contextual cue (Gottfried and Dolan, 2003). It was also shown that neural activity to 

an odour was higher when a congruent picture was provided than when all 

incongruent one was. 

There have also been studies of a philosophical nature regarding the sparse nature of 

odour descriptions compared to the 1,400 odorous chemicals that can be 

discriminated by a subject. One interesting theory suggests that olfaction relies more 

heavily on implicit memories that an odorant elicits, supported by the fact that many 

people report the ability to imagine complex sounds and images whereas the evidence 

for this in olfaction is weak (Stevenson and Boakes, 2003). In order to find a solution 

to this problem of insufficient language, researchers have attempted to analyse the 

proximity of odour labels and their sensations by creating mapping systems such as 

odour prisms (Lorig, 2000). One such study asked individuals to rate different 

odours as a function of their similarity, in which each subsequent odorant became the 

control. This created a map of commonality between the elicited sensations (Carrie, 

et al., 1999). Another system, which attempts to express odour description in 

universally understood terms, is the Field of Odours (Jaubert, et al., 1995). This 

system teaches people a series of very dissimilar odorants that in turn form reference 

points to which other odorants can be compared and located upon related scales. 

1.1.1.3.3 Simulation of neural response 

This area of research includes the highly complex artificial neural networks, which 

mirnic the brain's ability to store information as patterns rather than binary codes. 

They have been used to demonstrate the perceptual learning process and the 

transformations between the first and second olfactory processing stages, which are 

transduction to the olfactory bulb and then the cortical regions, respectively 

(Goldstone, 1998; Laurent, et al., 2001). This system has also been used to try to 
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understand the sensory responses to foods as well as odours with limited findings 

(Wilkinson and Yuksel, 1997; Boccorh and Paterson, 2002). 

1.1.1.3.4 Mixture perception 

The discrimination of odours in binary or multi-component mixtures has long since 

been known to be relatively basic in humans. It has been shown that the maximum 

number of odours in a mixture to be differentiated is only three to four (Laing and 

Francis, 1989). The reason for this limitation has been attributed to the slow 

processing of the short term olfactory working memory (Jinks, et al., 1998; Jinks and 

Laing, 1999b). Furthermore, it was shown that a person's ability and also the time 

required to discriminate two different odours is the inverse of the degree of similarity, 

i. e. two dissimilar odourants will be discriminated more quickly and with greater 

accuracy than those of closer perceptual proximity (Jinks and Laing, 200 1; Jinks and 

Laing, 1999a). However, there is no evidence to suggest the presence of transitivity 

in the order of which odourants are processed first, i. e. if odorant A is perceived 

before B and B is perceived before C, then A should be perceived before C (Jinks and 

Laing, 1999b). 

The problem with mixture component experiments concerns the process of perceptual 

learning. If odours are repeatedly administered to subjects in a mixture, they might 

acquire perceptual qualities of each other. In one experiment, when different aroma 

compounds were presented together with either cherry-like or smoky-like smells, the 

original odours alone became rated as significantly more similar to their partnered 

aromas after exposure than before (Stevenson, 2001). This highlights the dynamic 

nature of cognitive olfaction, where experiments can be easily biased and yield a false 

result. 

1.1.1.3.5 Monory 

As mentioned previously, humans can only discriminate a maximum of 3-4 odours in 

a mixture. This suggests that odour mixtures are processed as perceptual 'wholes', 

wliich are formed by comparisons to memory templates. A similar process is 

indicated in vision perception, wliere in a field of co-occurring stimuli, some features 
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must be grouped into perceptual objects that are distinct from the other stimuli 

(Wilson and Stevenson, 2003). However, olfactory perception differs from ", ision in 

that it lacks the ability to then be analytical of these perceptual 'wholes' and the entire 

system is heavily affected by perceptual learning. An example of this is that 

individuals can improve their discrimination abilities of unfamiliar odours on 

repeated exposure. Synthetic processing in the olfactory cortical regions of the brain, 

predominantly the piriform cortex, is said to be responsible for this type of memory 

template fluidity (Jehl, et al., 1995). 

The role of a specific gene in the human genome is often only exposed when there is 

a fault or expression error which results in a mutancy. This concept of abnormality 

being used to understand normality can be transferred to memory studies and 

olfaction, whereby a specific trauma, brain lesion or illness leads to decreased 

perceptual abilities. One recent study investigated the olfactory abilities of patients 

who had undergone resection from a temporal lobe (including primary olfactory 

regions) (Dade, et al., 2002). They showed that the olfactory memory requires input 

from left and right temporal lobe regions for optimal odour recognition, which 

compared to verbal and non-verbal visual material, is far less subject to functional 

lateralisation (tendancy of which side of the brain is performing the task). This was 

noted by the fact that although patients generally performed less well than normal 

subjects in odour recognition tests, their ability was not shown to be a function of the 

side of the resection. 

Memory has a far more important role in olfactory processing at a higher level in the 

hedonic response. Research has shown that odours trigger memories that are more 

emotional than memories emanating through the other modalities (Herz and Cupchik, 

1992; Herz and Zeitlin, 1995; Herz and Cupchik, 1995). The close proximity of 

primary olfactory neural regions with structures associated with emotional influenced 

memories is assumed to be the reason for this link, where the olfactory tract makes 

direct synapses \vith the amygdala-hippocampal complex (Herz, et al., 1999). There 

are further consequences of this close relationship between odour and emotion to the 

extent that the heart rate fluctuates in response to the perceived pleasantness of 
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certain aromas and the skin increases in conductance with perceived arousal to the 

stimulus (Bensafi, et al., 2002). 

Perhaps this close connection to a hedonic response partly explains the large variation 

between humans so often observed in the different research areas of olfactory 

perception. 

1.1.2 The trigeminal system 

Approximately 70% of all odourants are said to elicit a trigerninal response (Coren, et 

al., 1999). This somatosensory system transduces through cranial nerve V, and is 

highly important in its relationship to olfaction as it conveys information on texture, 

temperature, tingling and irritation. These sensations are frequently used in food and 

beverage products to enhance our enjoyment such as carbonation, addition of chillies, 

crunchiness of crisps and even the heat of coffee (Carstens, et al., 2002). 

Nevertheless, this sensation has had far less attention to its functions than olfaction. 

The system is innervated by the mandibular branches of the trigerninal nerve, which 

in turn are comprised of two major fibre systems situated in all areas of the oral and 

nasal cavities. The first type of 'receptor' are known as un-myelinated C-fibres and 

elicit types of burning painful sensations, the second are the myelinated Adeltafibres 

that mediate sharp and stinging sensations (Hummel, 2000a). The former are also 

responsible for nociception (mechanical touch and pressure), when they are situated 

inside the tongue tissue. Both types of fibre project first to the trigerninal complex 

known as the subnucleus caudalis, which is then followed by transduction to other 

areas of the brain such as the somatosensory thalamus and cortex (Carstens, et al., 

2002). 

The most interesting fact of the trigeminal system is the way in which the central and 

peripheral mechanisms are controlled. These have been studied mainly by 

electrophysiological measurement such as event related potentials (Kobal and 

Kettenmann, 2000). There are three main consequences of oral irritation; 

sensitisation, desensitisation and stimulus induced recovery. Sensitisation occurs 

after repeated application of capsaicin, citric acid or concentrated NaCl that causes an 

increase in intensity across trials, in terms of both e lectrophys 1o logical and 
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psychophysical measured activity (Stevens and Lawless, 1987). Desensitisation 

occurs after re-application of the irritant when a longer rest period is given between 

stimufi,, but repeated dosage further increases the level of irritation (stimulus induced 

recovery) (Carstens, et al., 2002). 

Research has shown that the trigeminal system may interact with olfactory 

perception, as it was shown in one experiment that the application of mustard oil 

component (allyl isothiocynate) could decrease the odour threshold of both phenyl 

ethyl alcohol and butanol (Jacquot, et al., 2004). This example introduces the idea of 

modality interactions that are frequently observed in flavour perception research, 

which is discussed in section 1.1.1.6. 

1.1.3 Gustation 
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A review on flavour and perception cannot be complete without mentioning the sense 

of gustation, which includes; sweet, sour, salty, bitter and umami. 

Figure 1.3 depicts a taste bud and an overview of the different, albeit related, 

mechanisms that result in the respective sensations (Goldstein, 1999). 
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The main difference between gustation and olfaction is the former detects soluble 

molecules and the latter detects air borne ones. Furthermore. the transmission of 

signals differs greatly between the two systems. Whereas vertebrate olfaction 

transmits information about chemicals from bipolar receptor cells to the central 

nervous system via cranial nerve 1, gustation uses specialised epithelial cells to 

transmit information via the cranial nerves: VII (facial), IX (glosopharyngel) or X 

(vagal) (Breslin, 2001). Other differences include the apparent innate nature of 

gustation, such as a baby's obvious expression of pleasure or displeasure when given 

something sweet or bitter, respectively. This is in contrast to olfaction, where it is 

thought that no hard wiring to hedonic, responses is present at birth (Stillman, 2002). 

Hard wiring theory of gustation is also supported by the fact that our terminology for 

the sensations is so easily transferable to different languages and cultures. 

The taste receptor cells contain a variety of proteins, including ion channels, ligand- 

gated channels, enzymes and G-protein coupled receptors, which all trigger 

transduction events. In recent years, there has been much research in order to identify 

these receptors and unscramble their genetic code. This may have potential benefits 

for consumer acceptability and health, whereby specific taste ligands could be 

constructed that either enhance or inhibit a taste quality, An example of this would 

be a molecule that enhanced the apparent saltiness in a'low-salt' product (Lindemann, 

2001). 

1.1.4 Taste-aroma interactions 

Gustation and olfaction are essentially two peripherally distinct modalities that 

combine to give a unified sensation in the mouth (Keast, et al., 2003). This is also a 

common feature of the other modalities, one famous example being the McGurk 

effect, which is obtained by dubbing an incongruent articulatory movement on an 

auditory phoneme (McGurk & MacDonald (1976), Colin, et al., 2002). The 

interaction is so strong that even after gaining knowledge of the phenomenon, most 

indi, ý! iduals still perceiN-e the effect in exactly the same way as before (Shimojo and 

Shams, 200 1). Studying these interactions in flavour perception is more complicated-, 

if you have trained a panel to separate taste and odour attributes, it might be more 
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difficult to measure their perception as a combination of the different modalities 

(Delwiche, 2004). 

Many researchers have investigated the taste-aroma interactions between sýN'eetness 

and fruity aromas in various forrns including; sucro se/aspartam e-o range aroma 

(Nahon, et al., 1998), sweetener- strawberry aroma (Nahon, et al., 1996). sub- 

threshold saccharin-benzaldehyde integration (Dalton, et al., 2000), sucrose chewing 

gum-menthone (Davidson, et al., 1999) and sucrose-banana aroma in continuous 

delivery (Hort and Hollowood, 2004). Other pertinent investigations include the 

relationships between sweetness and acidity on the perception of champagne aromas 

(Martin, 2002) and even an interaction between bitterness and cut grass aromas in 

olive oil (Caporale, et al., 2004). 

The theory of multi-modal interaction is therefore widely accepted, but the 

mechanisms behind the effect are poorly understood and hypotheses often contrast 

one another. Some of these theories relate back to section 1.1.1.3.5 on memory, such 

as the idea that the interaction is cognitively learnt and is subsequently a dynamic 

process where, for example, an associated sweetness perception with certain aromas 

can be learnt. Furthermore, if the effect can be created, it can also be removed 

(Stevenson, el al., 1999; Goldstone, 1998). Functional magnetic resonance imaging 

has been used to gain peripheral evidence for the convergence of taste and aroma 

stimuli and this type of research will undoubtedly become more popular once 

effective stimulus delivery strategies have been established. One recent study 

showed that certain areas in the human brain became activated in response to 

combined olfactory and taste stimuli that were significantly greater than the sum of 

activation produced by each alone. These activated areas, such as the caudal 

orbitofrontal cortex (OFC), are associated with higher processing centres of the brain. 

Other relevant regions included the nearby medial OFC, which was shown to 

correlate with the hedonic responses of the combined stimuli of sweet and fruity 

aromas (de Araujo, et al., 2003). This further supports the taste-aroma convergence 

theory to be under cognitive control and thus the sensory responses of tN\-o different 

individuals are LinlikelN- to be the same. This is highlighted by the use of Dynataste 
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experiments of solutions of sucrose and banana aroma, which demonstrated that the 

responses of assessors formed distinct perceptual clusters rather than a consensus 

effect (Hort and Hollowood, 2004). 
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1.2 MAKING PERCEPTUAL MEASURE1\4ENTS 

17 

The measurement of an individual's perception is not just dependent on the questions 

they are asked, but also on the nature of the stimulus and the way in which it xvas 

analysed. Figure 1.4 shows the flow of information from the original product to the 

perceptual outcomes. 
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Figure 1.4 Flow, ofiqformation on the overallflavour of a product and the stages 

(it which instrumental or perceptual measurements can be made. 
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This schematic was constructed in order to understand the relevancy and stimulus 

stage of the parameters measured and used in this thesis, which were mainly focussed 

on; (vi). Breath by breath data, (viii). Psychophysical measurement and (x). Sensory 

measurement. Other stages involved to a lesser extent were; stage (ii). Headspace 

concentration and (iv). Physiological measurement. 

This section describes aspects and techniques of the perceptual measurements used in 

this thesis and also how the stimulus can be controlled in the gas phase. Section 1.3 

describes the different techniques in measuring the distal and proximal stimuli and 

they can be correlated to the peripheral and central processes. The terms distal and 

proximal are frequently used in this thesis, it is therefore important to describe their 

meanings. The distal stimulus corresponds to what is generally considered the 

'actual' object in the environment. The proximal stimulus is generally defined as the 

pattern of energy impinging on the observer's sensory receptors. 

1.2.1 Psychophysics and threshold determination 

The principles of psychophysics described by Gustav Fechner (Elemente der 

Ps chophysik, 1860) have made such an impact on understanding perception that y 

Germany even celebrates a day dedicated to the author, Fechner Day (October 22 nd) 

(Doty, 2002). 

'it must be remembered that the stimulus does not cause sensation directly, but rather 

through the assistance of bodily processes with which it stands in more direct 

connection'. (Fechner, 1860). 

The science has made great advances since its introduction and is now frequently 

used to study the senses, the product or the distribution of individual differences 

(Moskowitz, 2003). In the case of flavour perception, psychophysics can be divided 

into two categories - threshold and suprathreshold procedures. The former can be 

further subdivided into tests of detection sensitivity, recognition sensitivity and 

differential sensitivity. Suprathreshold tests include measures of odour identification, 

disci-imination, inemory and perceived odour intensity (Doty, 2001). 
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Threshold procedures and theories are being constantly improved for the reason that 

they are now considered highly effective diagnostic tools and indicators of 

degenerative conditions. Examples of this include the effects of old age, smoking. 

Alzheimer's, depression, alcoholism, AIDS, head trauma, ADHD and noxious 

chemical exposure (Hirsch and Trannel, 1996; Lehmer, et al., 1997: Murphy, el al., 

1998; Bacon, et al., 1998; Elsner, 2001). Other practical uses for olfactory thresholds 

include the control of environmental taints, most notably the control of swine odours 

(Chen, et al., 1999) and drinking water contamination (Macrae and Falahee, 1995). 

However, the constantly changing opinion of threshold methods means that the 

practical uses can frequently become outdated. The driving force behind these 

changes can often be due to research on the variability of threshold determination, 

from which new methods are developed or improved. The majority of research on 

this threshold variability was conducted between the late 1980's and late 1990's, one 

important study being the test-retest reliability of ten commonly used olfactory tests 

(Doty, et al., 1995b; Doty, et al., 1995a). They showed that detection thresholds 

were significantly more reliable than recognition thresholds due to the contamination 

by response bias, which is based on conservatism or liberalism in reporting the 

presence of a weakly perceived odour. Other authors reported that the variability of 

thresholds was due to the fluctuations of any individual's threshold over time, which 

then subsequently obscured the mean values that would be recorded for a population 

(Stevens, et al., 1988). Additionally, this individual variation was tested as a function 

of time and showed that thresholds showed relatively good short term reliability but 

that this drifted over time (Lawless, et al., 1995). 

The most accepted reason for variability in threshold measurements is the person's 

ability in making a decision. In one study, which characterised the different styles of 

decision making, it was shown that people who procrastinate in making their decision 

not only take longer to complete a task, but also seek more information about the 

alternative choices and thus have generally a higher threshold for certainty (Ferrari 

and Dovidio, 2000). It is therefore of no surprise that the majority of psychophysical 

rnethod developments incorporate techniques that can measure the decision based 

criterion levels. 
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Signal detection theory accounts for the changes in decision criteria over time and 

represents them as a probability distribution based on proportions of hits, false 

alarms, misses and correct rejections (Coren, et al., 1999). Other methods that 

incorporate the treatment of decision use binomial distributions between the 

probability of a 'Yes' response by chance alone being treated as the inverse of the 

detectability (Walker, et al., 2003). There are also techniques that assume that the 

effect of decision can be totally omitted from the test such as unforced-choice tasks 

(Kaernbach, 2001) and maximum-1 ikel i hood adaptive staircase procedures 

(Linschoten, et al., 2001). The most frequently used technique remains the 

Thurstonian based R-index which has also been successfully transferred to sensory 

applications such as difference testing and ranking in both objective and subjective 

measurement (O'Mahony, 1986; O'Mahony, 1992; O'Mahony and Rousseau, 2003). 

With established psychophysical techniques, researchers have been able to form 

models between thresholds, aroma compounds and their physico-chernical 

parameters. One method has been to investigate molecules from the same structural 

families but with increasing chain lengths, and generally indicates an inverse 

relationship between the two, i. e. as chain length increases, the threshold decreases 

(Takeoka, etal., 1996). 

Other examples of this type of study include differences between branched and 

unbranched esters and the effect of double bond (Takeoka, et al., 1998). The 

conclusions are generally limited and the models are not easily applied to different 

structural families of molecules. Modelling of thresholds has also been attempted by 

assessing all aroma compounds and their partitioning behaviour in various situations. 

One such study formed relationships between the aroma compound and regions of 

partition during olfaction such as the air, the mucus membrane and the receptor 

(Abraham, ct al., 2002). Even though their proposed model could account for a high 

degree of variation between aroma compounds, it could not be transferred to all 

structural families, most notably aldehydes and carboxylic acids. 
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1.2.2 Olfactometry 

?I 

It has been mentioned that threshold determination is prone to a high degree of 

variation, and results may vary depending on the test used. The method of presenting 

the aroma stimuli is also a common source of variation and researchers still use a 

variety of designs ranging from the simplistic to the elaborate and expensive, 

Table 1.1 describes the ranges of olfactometer available and also the methods 

frequently used in research. 

Table 1.1 Commonly used methods of producing gas phase concentrations of 

aroma compounds 

Method Of Gas phase 
odorant production 

Examples 

presentation 
Glass and Teflon Squeeze using mineral oil solvent (Doty, 

Glass/Teflon et al., 1995b) 
Headspace 

Generation 
Teflon squeeze bottles (Takeoka, et al., 1996) 

bottles Glass bottle with mineral oil solvent + Butan-l-ol intensity 

matching (Sulmont, et al., 2002) 

Static 'Sniffin Sticks': felt tip pens-Propylene glycol as solvent for 

techniques Static 
112 odours (Wolfensberger, et al., 2000; Tateyama, et al., 

vaporisation 
1998) 

Perfume strips: serial dilution + GC calibration (Tsukatani, 

et al., 2003) 

Active 
UPSIT. Matching of verbal labels to a 'scratch & sniff 

vaporisation 
encapsulated odour. (Doty, et al., 1995b) 

Bubbling for 
Bubbling air through dissolved odorant, into Teflon gas 

volatile capture 
sample bags. Assessor actively inhales contents of bag 

(Owen and Patterson, 2002) 

Rotometer based flow dilutions: volatile saturated air 
becomes diluted to form different conc. 

Bubbling+Mass Flow ranges: 140 mUs - 43 L. min 
flow control for 

direct Calibration usually based on vapour pressures. Mostly used 
Dynamic presentation to in neuro imaging studies. 
Techniques assessor (Walker, et al., 1990; Evans, et al., 1995; Murphy, et al., 

2000) 

(Murphy, et al., 2000; Castle, et al., 2000; Pause and 
Krauel, 2000; Lorig, 2000) 

Odour pulse duration as indication of concentration (Wang, 

Bubbling + et al., 2002) 

Mass flow Olfactometer output calibrated by infra red spectroscopy 
control + online (Walker, et al., 2003) 

calibration Pure volatilisation and air dilution olfactometer 
(Vuilleumier, et al., 2000) 
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The odorant presentation methods listed in Table I-I range from distal stimulus 

measurement (solvent phase measurements, sniffin sticks and perfume strips), to 

proximal stimulus estimation or measurement (GC 
, 

infra-red spectroscopy and direct 

volatilisation). It is therefore probable that each method will generate a sli0htly 

different psychophysical result. Furthermore, the choice of method appears to be 

slightly dependent on the academic institute attended and consensual opinion on 

olfactometry has still not been fully established. Commercially available 

olfactometers are generally quite standard in their design and mostly incorporate air 

dilution control of saturated vapour. However, they can be quite expensive (up to 

$15,000), cumbersome and can be difficult to accurately calibrate. For example, 

olfactometers that use sniffing masks may be inaccurate due to the difficulties in 

confirming the dilution ratios at the time when the assessor is sniffing (Jiang 2004, 

www. environodour. com. au). 

The gas phase concentration accuracy of the olfactometer is not the only difference 

between the various methods. Researchers frequently use air dilution olfactometers 

at different gas -flow rates, temperatures and humidities. Laing suggested that the 

optimal flow rate for an olfactometer should be 10 L. min-1 (Laing, 1985b), however, 

it is also believed that gas flows of this rate may cause trigeminal stimulation and 

should be avoided (Owen, et al., 2002; Lorig, 2000). 

Variation in olfactometer design would be less of a problem if the concentration of 

aroma delivered to an assessor was always instrumentally confirmed. 
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LZ3 Time Intensity (TI) 

Psychophysical measurements are recorded as relatively static functions. w-hereas 

time intensity methods can capture perception with respect to the true dynamic 

properties of sensory events. This means that perceptual conversions to a ratio scale 

are recorded by an assessor for the entire duration of an eating/sniffing event rather 

than just an average based on the sensory experience as a whole, i. e. magnitude 

estimation. It was originally developed in order to study the persistence of tastes 

such as sweetness, bitterness and astringency (Cliff and Heymann, 1993). However, 

in recent years it has become more popular for the sensory analysis of other attributes, 

mostly retronasal aroma, and has become invaluable in instrumental correlation 

studies, such as those involving the online monitoring of volatiles in the breath 

(Taylor, et al., 2000). 

The analysis of time intensity curves can be problematic because simple averaging 

can obscure the true response signatures of each assessor, although in most cases TI 

curves follow an inverted U shape. For this reason, many researchers have developed 

different statistical tools in order to extract summary measures from sets of TI curves. 

One of the first techniques extracted the means of normalised parameters from the 

ascending and descending portions of the curves such as time to reach maximum 

.) 
and maximum intensity (Imax) (Overbosch, et al., 1986). Other intensity (T,, 

a,, 

extractable measures such as plateau time depend on being able to identify the 

appropriate landmarks on each individual curve (Piggott, 2000). 

Figure 1.5 shows the extractable parameters from a typical shaped TI curve 

(DiJksterhuis and Piggott, 2000). 
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Figure 1.5 Typical time-intensity curve showing the common parameters taken 

firom the curve (Dijksterhuis and Piggott, 2000). 

The method of extracting curve parameters is perhaps the most commonly used 

technique, and is employed as standard in sensory analysis software packages such as 

FIZZ (Biosystemes, Paris, France). There are also methods that enable multivariate 

analysis of these parameters when two or more product attributes are monitored, such 

as the STATIS method (Chaya, et al., 2004). 

However, it is becoming more popular to fit models to these curves as a simulation of 

the actual physiological/neurological processes as a person eats. Most of these 

models stem from ideology from Overbosch and co-workers, which is discussed in 

section 1.3. One recent model splits a typical TI curve into two parts, and then fits a 

sigi-noidal curve onto the first half and a decay curve on the other. In both cases, the 

response is assurned to be logarithmic (Garrido, et al., 2001). 

Principal component analysis can also be used to analyse TI curves, which yields 

information on assessor agreement and deviations from the principal curve (Piggott, 

2000). 
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1.2.4 Electroencephalograph ic techniques (EEG) 

Odours have been shown to have effects on brain activity and behaviour even though 

the person may not be consciously aware of them. For this reason, 

el ectroencephal o graphic techniques play an invaluable role in understand ill 

olfactory perception processes (Lorig, 2000). 

The event related potential (ERP) is a neural signal that reflects network activity in 

response to the presentation of a single stimulus, in this case an olfactory stimulus. 

They occur as fluctuations in the EEG recordings that are difficult to detect against 

the unrelated background noise unless repeated stimulus presentations are given in 

order to yield an average recording. They have been used in a variety of methods in 

order to understand the peripheral responses to odorants and how this can change 

over time. They are known as event 'related' potentials since the finding that even the 

simple expectation of a sensory event can trigger a typical voltage distribution within 

the EEG (Pause and Krauel, 2000). 

The work has shown a variety of interesting findings, which can be related to a better 

understanding of the higher processes as well. Examples include the confirmation 

that brain activity changed in relation to increasing stimulus concentration, in 

particular the ERP latency was indicated (Tateyama, et al., 1998). 

The processes of adaptation and habituation of hedonically different odorants have 

also been described by using olfactometer pulsing technology. It was shown that the 

olfactory system adapts/habituates more rapidly to malodours than to pleasant odours 

and that the degree of adaptation is inversely proportional to the stimulus strength 

(Jacob, et al., 2003). Other related findings include a theoretical prediction for the 

time constant of adaptation where there is no perceived gap between the pulses, 

although not calculated. Additionally, after repeated odorant presentation it was 

shown that cognitive perception may cease entirely yet the receptors may still relay 

the information to the brain. This suggested that habituation is a far more rapid 

process than neural adaptation (Wang, et al., 2002). 

Other neuroimaging techniques of relevance include functional magnetic resonance 

imaging (fMRI). These have confirmed theories of the location of olfactory higher 
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processing areas of the brain that ERPs alone cannot provide, such as the lack of 

lateralisation of orbitofrontal cortex, (Kobal and Kettenmann, 2000). 

1.3 INSTRUMENTAL ANALYSIS OF FLAVOUR 

As depicted in Figure 1.4 food and beverages can be analysed as a function of their 

distal stimuli or their proximal stimuli components. For relationships to be formed 

between the aroma compounds and the sensory responses, it is more relevant to be 

able to analyse the relevant volatiles in the gas phase. This can be either headspace 

studies or in vivo, and this can be conducted using gas chromatography or direct mass 

spectrometry. 

1.3.1 Gas chromatography 

Two different methods can be used to sample the volatiles; static or dynamic 

headspace. They both measure and identify aroma compounds as a consequence of 

their partitioning from the solvent phase into the gas phase: static as a closed system, 

dynamic as more of an indication of mass transfer. Static headspace simply involves 

removal of a small gas aliquot from the air above the sample, and dynamic headspace 

actual forces inert gas through the sample and thus is capable of trapping a higher 

concentration onto adsorbant materials such as diphenyl phenylene oxide (or Tenax) 

(Snow and Slack, 2002). Molecules can then be separated by gas chromatography 

and their identities deduced by electron impact mass spectrometry (GC-EIMS) 

(Taylor, et al., 2000). Additionally, gas chromatographs can be configured as to 

partially elute the fractions into an odour port (GC-olfactometry), where an assessor 

can simultaneously describe the quality of the aroma components (Schieberle, 1991). 

TI-iis can give an indication of the identity of the odour active compounds in an 

unknown mixture, however, there can be problems in the assessor missing important 

ClUtions (Hanaoka, et al., 2001). Moreover, GC-olfactometry can give a false 

impression of the importance of some of the eluted aroma compounds in regards to 

the entire spectrum. This can be partially compensated for by using odour activity 

values in terms of ratio of the concentration of the odorant in the material to the odour 
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threshold. Nevertheless it is suggested that only 5% of the volatiles identif in ied * 

foods contribute to the overall aroma (Grosch, 2001). Other drawbacks of GC-. %IS 

include the convoluted nature of the chromatograms, where low volatile peaks may 

be obscured by high and abundant species. Additionally, the fragmentation of ions 

can increase the overall complexity and requires an extensive library database (Snow 

and Slack, 2002). 

As a tool to understand the process of flavour release in the breath, it is hi(Thly 

impractical, as its lengthy sampling runs would not be efficient in capturing data from 

the fast and dynamic events observed in in vivo studies (Taylor, et al., 2000). 

Regardless of the incurred problems in GC-MS analysis, it still retains much of its 

popularity especially in volatile loss and shelf life trials, and is generally more 

affordable than the direct mass spectrometry techniques such as atmospheric pressure 

chemical ionisation (APCI-MS) and proton transfer reaction (PTR-MS). 
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1.3.2 Direct gas phase analysis 

1.3.2.1 Atmospheric pressure chemical ionisation - mass spectrometry APCI- 
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Figure 1.6 Schematic diagram of the APCI-MS source and type of 

chromatograms obtained. 

Direct rnass spectrometry such as APCI-MS were designed to overcome some of the 

problems associated with GC-MS techniques such as spectra complexity, time 

limitations and the presence of water. A schematic of the APCI-MS source and the 

corresponding types of breath by breath and headspace chromatograms are shown in 

Fiaure 1.6. 
t: ) 

The APCI-MS functions by first forming an initial reactant ion from water and the 

discharge frorn the corona pin. Using water means that its inevitable presence in food 

matrices, headspace and naturally in the breath are not a hurdle, as would be in GC- 

MS analysis, but is in fact a requirement of the process. This ion can then transfer its 

charge to any, as in the following equation: 

H30 +R --> RH+ + H-, O 
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This type of ionisation is known as 'soft', in that there is very little or no 

fragmentation of the molecules. This means that upon mass analysis., aroma 

compounds mixtures will appear as single ions where the mass to charge ratios (177/Z) 

for each are either one mass unit above or below the actual molecular weight of the 

compound. 

Once the ions have been formed they travel into the region of a mass analyser, in this 

case a quadropole, which consists of four parallel stainless steel rods. An 

electrostatic field then causes the ions to oscillate with an amplitude that is unique for 

each fragment according to their mass to charge ratio (m1z). The mass spectrometer 

can be programmed beforehand in order to scan through all the possible electrostatic 

fields, i. e. in mixture analysis. Alternatively, just one ion mass can be selected in 

advance to be monitored by the mass analyser. 

The 'soft' ionisation can also be a disadvantage in the analysis of volatile mixtures of 

identical masses, as they cannot be discriminated. However, the cone voltage can be 

increased to subsequently enhance the degree of fragmentation of molecules of 

similar mass, thus aiding their identification. 

Breath by breath (in vivo) measurement functions well with APCI-MS as ions can be 

scanned at sufficiently high speeds for real time events to be captured in the 

chromatograms, even the effects of chewing. Furthermore, a simplistic method can 

be used to follow the patterns of an individual's breathing by selecting the volatile 

acetone (58 + H) to be monitored. Acetone is naturally present in the breath as a 

fatty acid metabolite that is expired in the lungs and appears as peaks coinciding with 

exhalations. Many food and beverage products have been analysed for their 

behaviour during consumption including strawberries, thickened solutions, gelatine, 

che\ý,, ing gum and boiled sweets (Taylor, et al., 2000; Linforth, et al., 1999; Harvey 

and Barra, 2003). 

Direct mass spectrometry of the gas phase can also be achieved by proton transfer 

reaction (PTR) and ion trap (IT). Both of these methods are variations of a similar 
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principle to APCI-MS. PTR has similar sensitivity to APCI-MS and also incurs the 

problems of poor differentiation between aroma compounds of the same nominal 

mass but different composition. Further selectivity between compounds can be 

achieved using time of flight (TOF) analysis instead of a quadropole (Linforth, 2000). 

1.3.2.2 Electronic noses 

The term 'electronic nose' is used to describe devices consisting of various odour 

sensors, which are becoming popular in quality control in the food industry. The 

chemical sensors react to particular agents by means of a reversible interaction, from 

which a signal can be then be transduced and reflect either quantitative or qualitative 

analysis. There are a number of different sensor types such as catalytic or tin oxide, 

conducting polymer and acoustic wave and they will generally have different 

specificities for odorants in simulation of the natural receptor-ligand interactions in 

the nasal epithelium. The conducting polymer sensors are the most popular as they 

can function at room temperature, the odorant specificity is easily altered and they are 

not easily inactivated by contaminants (Deisingh, et al., 2004). 

Data processing is more complex as it requires a form of pattern recognition, which 

basically means categorisation of different species upon a variety of vectors that can 

be measured within the capabilities of the sensors employed. The recognition 

programmes form multivariate data plots from principal component analysis or 

artificial neural networks, upon which new product information can be fitted. This 

normally means that electronic noses are essentially 'naYve' when they are first 

constructed and are then 'trained' to discriminate libraries of different odorant 

molecules. They generally lack sensitivity, and their slow response rate makes them 

unsuitable for following rapid changes in breath volatile concentration (Gopel, 2000; 

Linforth, 2000). 

1.3.3 Correlating instrumental and sensory analyses offlavour 

A researcher's success in determining psychophysical values is partially governed bý' 

the degree to wbich they can control the aroma stimuli (see section 1.2.2). In 

contrast, the beha\'lour of stimuli in sensory experiments is more difficult to control 
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because the food/beverage matrices are far more complicated. Therefore. 

understanding, monitoring or modelling the aroma behaviour in a product may be far 

more conducive to sensory analysis than knowing the chemical composition alone. A 

stage further is to understand how the behaviours and consequences of these aroma 

release patterns differ from person to person and how this impacts on perception. 

This section reviews the types of research into correlating instrumental measurements 

to the sensory responses. 

1.3.3.1 Compositional versus sensory analysis 

This popular type of correlation study characterises a product by certain 

compositional measurements and then matches them to the sensory attributes. An 

example of this is where an agricultural product has different cultivars and varieties 

according to the way in which it is farmed or where it is grown, and these lead to 

different sensory attributes. The most common approach is to analyse the 

composition by gas chromatography techniques, either by direct extraction or 

headspace analysis. 

In one study on the attributes of cooked oats, more than fifty volatiles compounds 

were detected by GC-MS from purged headspaces, yet just six of the total peak areas 

could account for 43-94% of the variation between products according to the sensory 

attributes measured (Zhou, et al., 2000). This type of analysis has also been applied 

to the classification of coffees, where GC-MS peaks and attribute scores were 

subjected to principal component analysis. Results showed that the main source of 

variation between the coffees according to both sensory and instrumental analyses 

was due to the botanical variety and the minor source was due to the type of roast 

method (Maeztu, et al., 2001). 

There are many food products characterised in this manner and often include 

simultaneous textural analysis such as sensory measurements of hardness or grittiness 

in the case of apples (Karlsen, et al., 1999). 

Establishing the source and formation of common product taints has also been 

investigated, one good example being of 'warmed-over' flavour in cooked meats. 

This undesirable taint occurs when lipid oxidation occurs in cooked meats kept in 
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refrigerators forming volatiles such as hexanal. This has been characterised for a 

number of meat types by a combination of GC-MS, electronic nose measurement and 

sensory description. Results showed that an additional number of oxidation products 

were responsible including; pentanal, octanal, nonanal and I-octen-3-ol. and the 

electronic nose measurements could discriminate samples even on the basis of muscle 

types (O'Sullivan, et al., 2003). 

1.3.3.2 The effect of matrix 

The food matrix is known to effect the delivery profile and the overall perception of 

the retronasal aroma (Taylor and Linforth, 2001). This physical and often multi 

modal interaction has been frequently investigated using emulsion, hydrocolloid or 

gelatine systems. 

The release of aroma from emulsions has been extensively studied and modelled from 

a purely theoretical angle and from sensory perspectives in real products. Harrison 

and co-workers postulated the theories behind the mass transfer of aroma compounds 

from emulsion into the nosespace by predicting the various phase partition 

coefficients based the molecular hydrophobicity and the lipid fraction. This was then 

used to calculate the rates of release of aroma compound from the matrix and 

suggested that release of hydrophobic (lipophilic) molecules decreased with 

increasing lipid fraction due to a limit in the rate of mass transfer at the emulsion-gas 

interface (Harrison, et al., 1997). However, these formulas were not directly applied 

to in vivo studies and were inappropriate for correlation with sensory studies. A 

better way of understanding the release mechanisms compared differences between 

headspace and breath by breath measurements, which demonstrated that salivary 

dilution in the mouth resulted in a change in the partition coefficient (Doyen, et al., 

200 1; Linforth, et al., 2002). In terms of sensory perception, this reduction in aroma 

release caused by the increasing lipid fraction results in a decrease in sensory 

intensity. The effect is less than that observed in headspace studies (Roberts, et al., 

2003). Flavour release studies from yoghurts and sensory TI revealed that 

liydrophobic compounds were more affected by lipid fraction for the maximum 

intensity, but not tirne-to-maximum intensity or persistence (Brauss, et al., 1999). 
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Sensory analysis of flavoured hydrocolloid thickeners showed that perception is not 

always related to the aroma release but can be more indicative of certain rheological 

measurements. Both taste and aroma perception can be suppressed by increasing 

concentrations of hydrocolloid, which was originally assumed to be determined by 

the thickener concentration relative to its coil-overlap concentration (c*). However, 

Cook and colleagues showed that a different rheological parameter known as the 

Kokini oral shear stress (-r) was far more indicative of the sensory response (Cook, et 

al.,, 2003). The oral shear stress is a theoretical calculation based on fluid dynamics 

in the mouth when a sample is forced between the tip of the tongue and the roof of 

the mouth and demonstrates a multi modal interaction between somatosensory stimuli 

and aroma signals (Cook, et al., 2002; Hollowood, et al., 2002). 

Flavoured gelatine samples were also used to model the sensory response from the 

release of aroma compounds in real time. It was demonstrated that, despite 

consuming identical samples, assessors obtained very different volatile concentrations 

in the nose. However, this was not shown to be related to the perceived maximum 

intensity (Hollowood, et al., 2000). The different volatile release profiles were 

considered to be a consequence of the rate of breakdown of the gelatine, which was to 

some degree reflected in the TI sensory response (Baek, et al., 1999). However, only 

a minimum of arbituary parameters were extracted from the time intensity and 

instrumental curves, namely the maximum intensity (1, 
ý, ax), time to reachimaxand rate 

of volatile release (gradient on the up-slope). 
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1.3.3.3 Modelling the sensory response as a function of time 

The original Stevens law (I=k(S-So)n) described the relationship between the stimulus 

concentration and the sensory response in reflection of entire integrated events. I =- 

the perceived intensity, S= stimulus concentration, So = stimulus threshold 

concentration, k= scaling constant. 

However, over the course of an eating event these stimuli-response relationships are 

highly subject to change due to the phenomena of adaptation and habituation. For 

this reason, in the mid 1980s Overbosch and colleagues began to construct modified 

version of Stevens law in order to incorporate a time dependent adaptation term, 

which would compensate for its two main effects: 

- The shift in the sensitivity range of a system 

- The increase in the threshold value. 

The new equation calculated that at any point in time there would be a different 

relationship between the actual stimulus value and the threshold value. These studies 

have influenced the methods of correlating sensory and breath by breath data over 

time, because whereas the sensory response is constantly readjusting itself to the 

stimulus, the mass spectrometer cannot (Overbosch, et al., 1991; Overbosch, et al., 

1986). See equation 1.1 for the revised Overbosch equation. 

Equation 1.1. S= e-f 
A/ Sdi 

*A 
fef 

A/ Sdt 

dt 
. 

This integral equation postulates that at any point in time, the adaptation to the 

stimulus will have a different relationship to the threshold. Therefore, time (dt) and 

an adaptation (A) constant are applied to the original equation. 

Applying the modified equation to real studies is an arduous task and requires many 

repetitions and highly complicated mathematical analysis. Therefore, attempts to do 

this have focussed on model foods that have previously been intensively studied, such 

as flavoured gelatine (Hollowood, et al., 2004). In this study, trained assessors made 

time intensity measurements of four different volatiles (carvone, anethole, isoamyl 

acetate and limonene) in gel samples and their individual retronasal and orthonasal 

measurements were also determined. The Overbosch equation was then applied to 

the data sets but was only relatively significant for carvone and anethole. However, 

an alternative function was de\, eloped, which included a time-weighted average of the 
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stimulus. This refinement stemmed from knowledge gained about vision perception 

and persistence, yet was also applicable to flavour perception. This approacii 

improved the model and yielded significantly higher correlations between the sensory 

and the instrumental data. 

1.4 AIMS 

Recent studies have improved our understanding of the capabilities of the APCI-MS. 

Nevertheless, the true relationships between the breath by breath instrumental data 

and the sensory responses remains ambiguous. The aim of this thesis was to use 

simple aroma delivery systems in order to assess relationships between the 

instrumental measurements and the sensory responses using a combination of 

psychophysical and sensory techniques. 

Initially, methods were developed in order to control and measure aroma delivery in 

the gas phase for determination of both retronasal and orthonasal thresholds. 

Thresholds were chosen as the starting point of this work for two reasons firstly, the 

large variation between people has been described in many previous psychophysical 

research studies. Secondly, threshold tests are far less prone to assessor 

psychological errors associated with sensory analysis. Therefore, the variation in the 

results would be assumed to be real differences in human sensitivities rather than 

cognitive issues, which could be then compared to the APCI-MS in vivo data. 

Further studies were designed to gain a better understanding of the true relationship 

between breath by breath data obtained from the APCI-MS and the sensory response. 

The initial intention was to investigate the perception of pulsed odorants, which has 

been described in Gestalt theory for the other modalities, such as flicker fusion 

. 
frequency in vision perception of moving pictures. This was conducted orthonasall), 

using two olfactometer configurations with an APCI-MS as a measurement of 

volatile compounds in the exhaled breath or as a novel measurement of their 

disruption as a subject inhaled. This provided further evidence of physiological 

differences between people and how this impacted on perception. 
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2 OLFACTOMETRY 
- METHOD 

DEVELOPMENT 

The aim of these studies was to develop a method to generate repeatable 

concentrations of volatile compound in the gas phase, in order that orthonasal 

thresholds could be determined. The other part of this study was to develop a method 

of pulsing aroma compounds in the gas phase. The specification was that any design 

should incorporate best practice from standard and commercial olfactometers and be 

simple to validate using the Atmospheric Pressure Chemical lonisation Mass 

Spectrometer (APCI-MS). An introducing section (1.2.2) gives an overview of the 

types of olfactometer, which are currently available on the market or have been 

independently constructed for use in olfaction research. 

The use of APCI-MS in olfactometer validation in this study meant that the designs 

could be proven for their efficacy by real measurement rather than purely on 

mathematical prediction, which can be based on vapour pressure, density or 

equilibrium coefficients. The main problem in threshold research has often been the 

degree of assumption on stimuli concentration in the gas phase, such as basing 

orthonasal threshold values on volatile concentrations in the aqueous phase alone 

assuming equilibrium exists between the liquid and the gas phases. Different aroma 

compounds at identical concentrations may differ greatly in the headspace as the 

mass transfer depends both on the partition coefficient of the compound and the 

interaction between the solute and solvent (Brockerhoff and Grant, 1999). Thus, the 

measurement of thresholds based on aqueous concentration can give a false 

representation simply due to vaporisation differences alone. This study shows that 

even simplistic olfactometry designs can be effective when the actual gas phase of a 

volatile can be instrumentally confirmed. 

When breath by breath data of food consumption is recorded on the APCI-MS, the 

ion traces are seen as tidal peaks and troughs as the person exhales and inhales the 
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volatiles down the MS-interface. Nevertheless, time intensity curves of perception of 

the same food stuffs will generally be smoothed and independent of the subjects 

respiration. This can be assumed to be comparable to the aspects of depth perception 

in vision, whereby if one object is partially occluded by another, our perception 

completes the missing object rapidly and automatically. With flavour perception, the 

entire signal between aroma laden exhalations becomes integrated and the gaps are 

'filled in' in a similar way (Coren, et al., 1999). However, the responsible 

mechanisms for this integration are not fully understood and may be more linked to 

adaptation, habituation, or even signal response time to the stimulus, rather than a 

cognitive effect alone. 

Various authors have begun to utilise aroma pulsing techniques in order to investigate 

some of these perceptual areas and related aspects. Producing artificial pulsing of 

aroma would naturally be difficult and somewhat dangerous retronasally, thus the 

research is generally conducted orthonasally. The main area that requires the use of 

aroma pulsing is in brain imaging studies such as chemosensory event related 

potentials (Pause, et al., 1999; Pause and Krauel, 2000; Tateyama, et al., 1998), and 

investigations into reaction times (Laing and Macleod, 1992). Regardless of 

technique, a common feature in these studies is the absence of absolute instrumental 

confirmation of the aroma stimulus concentration and time to reach the nasal cavity. 

In this study a pulsing offactometer was constructed and validated using on line 

techniques that outline the potential uses and limitations. 
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2.1 OLFACTOMETRY 
- THRESHOLD DETERMINATION 

2. LI Volatile vaporisation o1factometer 

2.1.1.1 Design 

Syringe pump + Nitrogen 

carrier gas 

200mL. min-I 

Element 2700C 

Compressed air 
10L. min-I 

Copper coil 

Oven 40"C 

Figure 2.1. Volatile vaporisation oýfactometer 

Figure 2.1 shows a diagram of the design. Preparations of volatiles dissolved in 

ethanol were loaded into a 100 ýtl, syringe (SGE, Melbourne, Australia). Injection of 

the syringe was controlled by a pump (Harvard Apparatus, Edenbridge, UK), which 

ran at rates between 2-40 ýtLmin-'. The solution was vaporised by a copper element 

(gas chromatography injection port at 270'C) and then carried into the oven by a 

stream of nitrogen gas (200 mL. min-1). The concentrated vapour was then diluted by 

a stream of compressed air. The gas flow rate (5-10 L. min-1) was controlled by a 

needle valve (Swagelock, Nottingham, UK) and measured by a GFM air flowmeter 

(Aalborg, New York, USA). 

2.1.1.2 Olfactometer output prediction and validation 

A formula was used to predict the output volatile concentration in terms of solution 

concentration, syringe injection rate and air flow. 
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output 

Fp x C., x 23.9 

lý x5xm 

Where: C,,,,, 
p,,, 

is the concentration in the olfactometer emission, 

Fp is the flow rate in ýtLmin-' of the syringe pump 

Fa is the total sum of air dilution in olfactometer in L. min-1 

23.9 dm 3 is the occupancy of I mole at 40'C Standard Pressure. 

8 is the density of the compound 

M is the weight (g) of I mole of the compound. 

Formula was derived by assuming that in I minute the syringe pump would inject a 

known number of moles into the olfactometer. Inside the oven at 40'C, the vapour 

concentration was the molar occupancy at 40'C divided by the density and the 

molecular mass. This was then diluted by the overall gas flow. Therefore, when a 

setting was changed (either flow of syringe pump, or gas flow), a predicted 

concentration emission could be compared to an actual measurement from the APCI- 

Ms. 

2.1.1.3 Instrumental analysis 

Olfactometer emission was sampled in real time at a rate of 10 L. min-I using the 

APCI-MS (Micromass, Manchester, UK). The volatile molecules were ionised (4 

kV-corona discharge) and the profile followed by monitoring the appropriate 

molecular ion (MH+) (see Table 2.1). The dwell time was 0.2 s. The APCI-MS was 

calibrated by introducing known concentrations of each volatile (100 ppb) in 

solutions of hexane by using the syringe pump (Taylor, et al., 2000) 
. 

Table 2.1: Molecular masses monitored by the APCI-MS from olfactometer 

emission 

Volatile compound Ion (MTJ+)Mass 

Ethyl butyrate 116.7 

Benzaldehyde 1,06.8 

Isoarnyl acetate 130.2 

Linalool 136.9 
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2.1.1.4 Results 

An example of a trace from the APCI-MS is given in Figure 2.2. This shows the 

stability of the volatile signal. Graphs were plotted of predicted versus actual 

concentration emissions from the olfactometer in Figure 2.3. The R2 values of each 

line were above 0.95, and the gradient relatively close to I (see summary Table 2.2). 

Deviations from the predicted 'Y=X' line equation could be attributed to two potential 

sources of experimental error: the preparation of the calibrant and also that of the 

volatile in ethanol solution. This was most prevalent with ethyl butyrate and isoamyl 

acetate because they have higher boiling points, which can cause inaccuracies when 

rapid vaporisation occurs inside Gilson pipettes. 

MS) trace of ethyl butyrate emissionftom oýfactometer. Concentration in the syringe 

loooppm. 

Figure 2.2. Atmospheric pressure chemical ionisation - mass spectrometer (APCI- 
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Figure 2.3. Predicted o1factometry gas phase concentration versus actual APCJ-MS 

measured 

Table 2.2. Summary of R2 values and equations of the line: predicted concentration 

versus actual concentration. 

Volatile compound R2 value Gradient 

Ethyl butyrate 0.95 1.5x 

Benzaldehyde 0.97 LIX 

Isoamyl acetate 0.98 2.3x 

Linalool 0.95 1.3x 

The results of this design validation showed two main points: the first being the 

accuracy of the predicted olfactometer output, and secondly that the APCI-MS 

demonstrated linearity in measuring volatile compounds within the volatile 

concentration range used in this study. There have been recent claims that absolute 2=ý 

measurement of flavour intensity using mass spectrometry techniques is unreliable 

due to problems with the chemical ionisation process and the transfer of ions to the 

source (Normand, et al., 2004). The results from this study would not support this 
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claim, and suggests that even at volatile concentrations above the level normally 

released from food stuffs in breath by breath studies, the instrument retained linearity 

to the stimulus. 

The use of ethanol as the solvent for the volatiles was acceptable for the validation of 

the olfactometer against the APCI-MS. However, conducting any psychophysical 

testing with ethanol as a solvent would have been ill advised due to its cognitive and 

physical interactions. Theoretically, the olfactometer parameters could have been 

altered in order that the ethanol vapour reached only levels that were less than the 

mean orthonasal threshold of ethanol. This would have been highly problematic for 

two reasons, firstly because for each panellist, their ethanol threshold would have 

required determination, then subsequent tailoring to olfactometer settings in order to 

conduct further threshold tests. Secondly, it has been clearly shown that subthreshold 

levels of volatiles can have an additive effect to the overall threshold, thus biasing 

results (Keast, et al., 2003; Dalton, et al., 2000). The only suitable solvent would be 

water, yet even this would have been a compromise as the humidity would have 

changed with changing volatile concentration. Humidity has been previously 

assumed, but not proven to affect sensory threshold (Philpott, et al., 2004). 

Furthermore, most volatile compounds are hydrophobic and therefore solubility is 

limited at the solute concentrations required in the syringe. Figure 2.4 shows the 

APCI-MS-olfactometer trace of ethyl butyrate in water (1000 ppm). 
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Figure 2.4. APCI-MS trace of ethyl butyrate gas phase concentration ftom 

o4factometer. Aqueous concentration in syringe was 1000 ppm. 

The trace showed that the normally smooth signal became very spiked and unstable. 

This was probably due to the injection of random coalesced volatile droplets rather 

than a homogeneous solution. Introduction of neat volatile to the syringe would not 

have been a viable option, because even at minimal syringe pump flow rates and 

maximum gas flow, the concentration emission would have been many magnitudes 

stronger than the required threshold level. 

To conclude, this design was simple and fast to control and produced highly reliable 

. 
ýriate for use in sensory testing due to the requirement outputs but was totally inappro 

of a solvent. It was however useful in demonstrating the linearity of olfactometer 

volatile concentration in the gas phase. 

2.1.2 Sniff bottles: static and dynamic. 

An alternative delivery system was required, which would not have issues with the 

volatile solvent. One option was the use of sniff bottles. Scientific opinion on the 

use of such techniques in olfactometry research varies greatly, and beliefs appear to 

be discipline dependent. In medical areas focussed on olfaction, as an indication of a 

physiological. neurological or even pathological problem, simplistic sniff bottles are 

in favour (Lucchini, el al., 1997; de Kruijký et al., 2003- Hornung, et al., 1998; 

Lehrner, et al.. 1997). Although in recent years this is beginning to lean towards the 
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use of controlled flow olfactometry (Welge-Lussen, et al., 2002) (see section 1.2.2 on 

olfactometry). Conversely, fundamental disciplines that focus mainly on the 

perceptual aspects or the mechanism of olfaction often regard sniff bottles as 

unreliable (Vuilleumier, et al., 2000). However, corroborations of the claims are 

usually based on conjecture rather than experimental data. 

In this study, two types of sniff bottle (static and dynamic) were compared for their 

ability to produce stable and reliable concentrations of aroma compounds using 

APCI-MS validation. 

2.1.2.1 Change in headspace concentration over time 

The static sniff bottles were simply glass bottles (123 mL, Fischer scientific, 

Loughborough, UK) containing 50 mL of either limonene, anethole, carvone or 

isoamyl acetate in water (1000 ppm). The dynamic sniff bottles were modified 500 

mL solvent wash bottles (Nalgene, Hereford, UK) containing each of the same four 

volatiles at 250 ppm (Figure 2.5). Concentrations were chosen according to detection 

capabilities of the mass spectrometer: both types of bottle produced gaseous aroma 

concentrations that were detected mid range. 

Figure 2.5. Dynamic headspace sniff bottle. As subject inhales through nose piece, 

laboratory air isforced through the solution producing constant output. 

The headspace concentrations of the two types of bottles were recorded using APCI- 

MS over a period of -80 minutes. Measurements were taken every 10 minutes 

(laboratory temperature 20'C). The measurement of the static sniff bottles involved 

vigorously shaking the solution, removing the lid and holding the bottle under the 

APCI-MS probe until a steady signal was recorded on the trace. For the dynamic 

sniff bottles. nitrogen gas was blown through the inlet tube (I L. min-1), which 
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bubbled through the solution. This simulated a controlled version of volatile release 

when an individual inhales the air through the bottle, where air would also be sucked 

through the liquid in the same direction and pass into the nosepiece. The nosepiece 

was then held under the APCI-MS probe until a steady signal was recorded. 

The APCI-MS operating conditions were as follows: cone voltages; carvone 15, 

anethole 23, isoamyl acetate 18 and limonene 20; corona pin voltage at 4 kV; ion 

dwell time = 0.25 s; flow 20 mL min-. The mass spectrometer was calibrated as in 

section 2.1.1.3. 

Results 

Figure 2.6 shows the ouputs of four volatiles from the static and dynamic sniff bottles 

normalised relative to the concentration at 2 min. 
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Figure 2.6 Volatile concentration deviation over time of dynamic and static snifi 

bottles as normalised. 

Tile graph shows that although both bottles showed deviations in the headspace 

concentration over time, the static headspace bottles were shown to be more stable 

over time. Unlike the other volatiles limonene showed a decay in headspace 

concentration over time. This was likely to be due to its higher hydrophobicity and 

140 - 

Anethole 
120- 

100 - 

80 - 

60 

40- 

20- 

0 

0 10 20 30 40 50 60 70 20 40 60 80 100 

0iI 
0 10 20 30 40 50 60 

Limonene 



CHAPTER 2- OLFACTOMETRY - METHOD DEVELOPMENT 46 

volatility in comparison to the other volatiles. The aqueous reservoir of limonene 

was depleted at a faster rate due to equilibrium driving molecules from the solution 

into the gas phase to maintain the higher air-water partition coefficient. 

2.1.2.2 Static headspace bottle calibration 

Using the same protocol as in section 2.1.2.1, the headspace of 4 replicates of each of 

the 4 volatiles at increasing aqueous concentrations (100-1000 ppb) were measured in 

order to calculate the air-water partition coefficients. These coefficients were 

effectively a measure of equilibrium between the concentration of aroma compound 

in the gaseous phase and that in the aqueous phase. 

Results 

Figure 2.7 shows the typical trace observed from the APCI-MS measurement of static 

headspace showing that the stability was sufficient enough in order to extract the 

mean peak heights for calibration curves. 

Concentration 

in aqueous 

phase ppb 1000 500 400 250 100 

100- 

P4 

10.00 10.50 11.00 11.50 12.00 

Time m minutes 

Fýgure 2.7 APCI-HS trace qf open static headspace of carvone at different aqueous 

concentrations. 
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Isoamyl acetate, anethole and limonene all showed similar traces, although limonene 

had the least stable signal. Figure 2.8 shows the four calibration curves and Table 2.3 

summarises the R2 values and equations of the lines. 
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Figure 2.8 Static sniff bottle calibration curves of 4 volatiles with 4 replicates. 

Gradient is an indication of the air-water partition coefficient of each volatile.. 

Table 2.3. Summary of R2 values and equations of the curves of static sniff 

bottle calibration with APCI-MS. 

Equation of the 
2 

R values line (air-water 
Volatile 

of curve partition 

coefficient) Y= 

Limonene 0.99 8.38x 

Anethole 0.99 0.94x 

Isoamyl 
0.99 2.4x 

acetate 
Carvone 0. ", 0.07x 

These results show that the headspace concentrations of these volatiles remained 

suitably linear and stable even though the entire cap had been removed from the glass 

bottle. Standard headspace measurement would normally introduce the APCI-MS 

probe via a small aperture in the cap to minimise headspace disruption. 
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Sensory thresholds exist at concentrations much lower than those measured. 

Instrumental limitations make it difficult to measure low concentrations but it ývas 

assumed that interpolation of the calibration curves would have remained linear. As 

mentioned in 2.1.1.4. results showed the mass spectrometer response was linear to the 

stimulus. 

In summary, static headspace sniff bottles demonstrated a very simplistic yet stable 

method of producing reliable concentrations of volatile in the gas phase. The bottles 

were also considered suitable for future psychophysical testing. It must be mentioned 

that the calibration method did not take into account any assumptions on disruption of 

the headspace when a panellist sniffs. Whereas, the APCI-MS probe removed a small 

quantity of the headspace (20 mL. min-1) with little or no effect, a person inhaling the 

headspace would naturally have a far greater impact on the equilibrium. The average 

monorhinal inhalation rate for humans during a normal sniff is 16.2 L min-' (Laing, 

1985b), which is -800 times higher than the APCI-MS flow. This effect on the 

headspace would be difficult to test and far more difficult to model due to the extent 

of variation in sniffing behaviour between subjects and replicates. Therefore, any 

psychophysical testing made the single assumption that each panellist would receive 

an identical quantity of volatile laden air, which they would subsequently inhale at 

different rates and velocities. 

In conclusion, three methods of controlling or predicting volatile concentrations in 

the gas phase were designed and tested for their efficacies. Each method has its own 

distinct advantages and disadvantages, which appears to be a common feature of 

olfaction research: compromise. If accuracy is improved instrumentally, then 

psychophysically the method may become impractical, and vice versa. 
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2.2 OLFACTOMETRY 
- METHOD OF PRODUCING VOLATILE 

PULSES 

2.2.1 Design 

The main constraint in designing a pulsing olfactometer was the mechanism of the 

valves. If a system is used with high air flow such 10 L min-1 (recommended 

olfactometer output flow rate (Laing, 1985b)), dilution between the pulses may 

prevent the emission of "square" peaks. Furthermore, at higher flows the valves can 

be cumbersome and require extensive plumbing as they are generally powered 

pneumatically. Another design constraint was the method of obtaining stable volatile 

concentrations in the gas output for long periods without needing to replenish the 

reservoir. 

The design in this study made compromises due to limitations on the equipment 

available and utilised low gas flow rates through low diameter tubing to minimise 

pulse diffusion problems. The low gas flows meant that switching valves could be 

used under electronic control rather than being governed by pneumatics. Figure 2.9 

shows this design. 
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pieces 

PC controlled - 
ueactivateci tuseci silica 

electronic 2 way 
transfer line 50cm, 

switching valve 
0.53mm I. D. ) 
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....... 
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Control of back 

pressure 

Droplets of aroma 

compound on 
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30'C 

Activated carbon 
for volatile dump 

Figure 2.9. Pulsing oýlactometer design using modýfied Liquid Chromatograph 

(Shimadzu, Tokyo, Japan). 
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The volatile reservoir consisted of filter paper soaked in aroma compound inside a5 

mL glass bottle with a cap containing 5x 2 mm apertures for diffusion. This was 

located inside a 100 mL Schott bottle, through which nitrogen gas was constantly 

blown. The volatile saturated gas was then either switched through deactivated fused 

silica and to the emission tube or to an activated carbon dump. In turn, the emission 

tube either produced volatile laden gas or just pure nitrogen, both at 5 mL min-'. A 

back pressure regulator controlled changes in flow that occurred with each valve 

position. Due to this problem of back pressure, the olfactometer flow was restricted 

to 5 mL min-1, which meant that the emission concentration could not be altered. The 

fastest rate at which the valves could be programmed to switch was 0.6 seconds. 

222 Validation method - Ion Trap Mass Spectrometry (ITMS) 

Unless indicated, each of the following pulsing validation experiments were 

monitored under identical conditions using a Thermo Finnigan LCQ Deca Xp Ion 

Trap Mass Spectrometer (ITMS) in conjunction with an APCI gas phase interface. 

The working principle of this source are similar to the APCI source developed by 

Linforth and Taylor (Taylor, et al., 2000). The fused silica (0.53 mm ID) from the 

olfactometer was directly connected to the interface to simulate real time pulsing 

(flow =5 mL min-'). A full scan was set to monitor the relevant ions, in these studies 

isoamyl acetate (m/z = 130.19) was the ion of interest. The scan time was 0.02 

seconds. 

223 Results 

2.2.3.1 Square edged pulse testing 

The ion trace profile of isoamyl acetate being pulsed at different rates was assessed. 

Figure 2.10 shows ion traces from pulse durations of: 7.5,6,1.2 and 0.6 seconds, 

respectively. 
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Figure 2.10 ITMS ion traces of pulsed isoamyl acetate at different pulse durations 

andftequencies. 

It can be seen that at the lower frequencies (6 s and 7.5 s), the pulses produced were 

square edged, however, as the frequency increased there was less peak and trough 

resolution. It was unclear at this stage whether this was due to pulse diffusion issues 

in the fused silica or simply limitations on the speed of ionisation in the IT-mass 

spectrometer. 

2.2.3.2 Pulse time accuracy 

It was then necessary to assess the accuracy of the valve switching times in case 

communication between the PC and the switching valves incurred delays. This was 

achieved by extracting the ion trap times at which either a trough or peak occurred. 

These points were extracted from the 0.6 s pulse duration graph (pulse duration 0.01 

min) in Figure 2.10. Figure 2.11 shows this graph, where the gradient of both peaks 

and troughs is 0.02x, thereby demonstrating the timing accuracy of the o1factometer 

pulses. The gradient of 0.02x indicates that in each line, either a peak or a trough 

occurred every 0.02 minutes (1.2 seconds) because the olfactometer switched e,, wy 

0.0 1 minutes (0.06 secs). 

Pulse duration 7.5 seconds 
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Figure 2.11 Peak and trough events versus time of occurrence on ion trap trace, 

gradient means that either a peak or trough occurred every 0.02 mins (1.2 seconds). 

2.2.3.3 The effect of olfactometer oven temperature on pulse shape and height 

A programme of pulses every 12 seconds was measured at 30'C, 40'C and 50'C to 

assess whether there was an optimum temperature for peak resolution or whether it 

changed the emission concentration. The three ion traces are shown in Figure 2.12 

and demonstrate that changing the oven temperature had little or no effect on either 

pulse shape or emission concentration. 

01234567 
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Figure 2.12 JTMS traces of 12 second pulse ftequency at 3 dijprent oven 

temperatures. 

2.2.3.4 Repeatability of pulse programmes 

The repeatability of the pulse programmes was a highly important aspect to assess in 

order that it could be completely omitted from the potential sources of variation in 

future sensory testing. Three repetitions of a pulse programme with increasing trough 

durations were run once again using the ion trap mass spectrometer to monitor the 

real time olfactometer output of isoamyl acetate. Figure 2.13 shows the three ion 

traces superimposed on the same time axis, and Figure 2.14 shows a plot of rep I 

versus rep 2 with aR2 value of 0.92 and a gradient of 1. 
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Figure 2.13 Consistency of isoamyl acetate emission ITMS trace ftom oýfactomeler 

with increasing trough time programme. 
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These results show that the repeatability of the olfactometer pulsing was sufficiently 

high to use in sensory testing. However, it can still be noted that the base line 
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increased with decreasing trough time. This was further investigated in section 

2.2.3.5. 

2.2.3.5 Peak and trough resolution 

The mass spectrometer traces indicated a problem with the signal not returning to 

base line between pulses with shorter trough durations. The first possible explanation 

for this was that a square edged pulse was initially produced inside the silica, but as it 

traversed the length of the silica a certain amount of volatile diffusion occurred. At 

the end of the silica, the molecules would have diffused so far as to be mixing at the 

midpoint between pulses, thus preventing a return to base line. If this were the case, 

the hypothesis would be that on any peak, the time to reach maximum height would 

be equivalent to the time for peak decay. An alternative theory was that due to the 

relatively high concentration of volatiles entering the mass spectrometer, their 

removal from the source and thus the available voltage was the limiting factor in 

returning to base line. If this was the case, then time for peak onset and time for peak 

decay would be significantly different. 

For this experiment the olfactometer was relocated to and connected to an APCI-MS 

thus enabling the silica to be cut in length from the original 3 metres down to I metre. 

The olfactometer silica was again configured in order to reach the APCI-MS interface 

directly, and the monitored ion was 131 (isoamyl acetate) with an interface flow of 20 

mL min-'. A single pulse 10.5 s long was emitted from the olfactometer and the trace 

recorded as in Figure 2.15. In order to compare the peak onset and decay, the pulse 

maximum height at plateau was taken as 100%, then the instrumental measurements 

during signal onset and signal decay were normalised relative to the maximum. These 

areas of the curve are marked in Figure 2.15. Figure 2.16 shows the plot of peak 

onset and decay in respect to the same time scales. 
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The lag time from signal to onset was caused by the volatile traversing the I metre 

length of the silica at only 5 mL/min, which took -4 seconds. 
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If symmetrical volatile diffusion between the pulses was the direct cause of poor 

trough resolution then the time to reach 50% of maximum height for onset and decay 

would be the same. This graph clearly shows that whilst the time to reach 50% of 

maximum height was -0.005 minutes (0.3 seconds) for peak onset, for peak decay 

time to reach 50% was -0.015 minutes (0.9 seconds). It can be concluded that 

volatile mixing in the silica was not the reason for the asymmetrical trough shape but 

was more likely to related to instrumental limitations. Figure 2.17 surnmarises the 

mixing concept in a diagram. 

Symmetrical gaseous diffusion 
between pulses ...... 

Would produce symmetrical 
mass spectrometer peaks.... 

Figure 2.17 Diagram to show why the peak shape was unlikely to be caused by 

, 
fusion. molecular dýf 

2.2.4 A note on olfactometer output concentration 

As mentioned previously, back pressure problems inside the pneumatic system of the 

olfactorneter rneant that the volatile emission concentration was static throughout 

validation and subsequent experiments. Therefore it was not necessary to calibrate 

the offactorneter for every experiment, as the arbitrary values (relative intensity) 

recorded by the APCI-MS (and ITMS) were proportional to the actual concentration 

(see section 2.1.1.4). Nevertheless, before any sensory testing was conducted it was 

appropriate to measure the actual concentration of isoamyl acetate in the raw 

But the peaks were asymmetrical 
thus gaseous diffusion was not 
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emission from the olfactometer. This concentration was assumed to be constant 

throughout the remainder of the testing and was based on the neat volatile reservOir 

being refreshed every 7 days of testing. 

The calibration procedure involved calculation of the mean height of an olfactometer 

output for I minute, which was then compared to the mean height obtained from an 

injection of a known concentration of isoamyl acetate in hexane solution. The output 

-3 concentration was found to be 270 Mg M (-50 ppmv). 

2.3 CONCLUSION 

Online methods have been used to assess the efficacies of four techniques for 

controlling volatile concentrations in the gas phase. The major advantage in this 

study was that designs ranging from the more complex, to the relatively simple could 

be validated and compared under the same conditions. This is in contrast to 

conventional olfactometer design, which would be more concerned with engineered 

prediction rather than actual measurement of the volatile emission. 

Static headspace sniff bottles superseded the controlled volatilisation techniques in 

the compromise between concentration accuracy and psychophysical appropriateness. 

Although the sniff bottles may be prone to concentration disruption due to a subject's 

inhalation of the headspace during sensory testing, the method requires no organic 

solvent to disperse the volatiles. Whereas, the olfactometer would be less prone to 

subject disruption, yet requires a solvent that has a potentially odour/trigeminal 

activity. 

An instrumental method has been successfully designed and tested in producing 

square edged aroma pulses, and has been shown to be most effective with low gas 

flow and plumbing with small internal diameter to minimise mixing. 
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3 RETRONASAL AND ORTHONASAL 

THRESHOLDS: CORRELATING PANEL 

VARIATION WITH IN VIVO ANALYSIS 

The psychophysical study of olfactory thresholds is continuously evolving in order to 

increase the accuracy of the test and subsequently lessen the associated variance in 

group and individual measurement. Researchers have shown distinct correlations 

between olfactory sensitivity, olfactory processing and degenerative disorders such as 

Alzheimer's, HIV, Schizophrenia and Parkinson's. Consequently, threshold 

determination and odour recognition methods may be used to monitor such illnesses 

non-invasively (Bacon, et al., 1998; Murphy, et al., 1998; Lehrner, et al., 1997, 

Hirsch and Trannel, 1996; Stevens and Cruz, 1995; Stevens and Dadarwala, 1993; 

Stevens, et al., 1998; Elsner, 2001; Hornung, et al., 1998; Griep, et al., 1995). Many 

researchers have exposed the limitations and sources of variation between different 

existing test methods and why results can differ over time for the same method (Doty, 

et al., 1995b). One source of variation is considered to be the method of sample 

presentation - as often the concentration of an odorant being presented to the assessor 

cannot be instrumentally confirmed, and thus is usually estimated (Vuilleumier, et al., 

2000). In particular, methods such as Teflon squeeze bottles produce highly variable 

odorant concentrations due to the inability of many volatiles to reach headspace 

equilibrium after each squeeze. 

Psychophysical methods also vary from the most simplistic methods of constant 

stimuli, to the more complex methods that attempt to eliminate a subject's decision 

based criteria error e. g. R-index (Cliff, et al., 2000). The threshold results obtained 

are often a function of the test used (Doty, et al., 1995b; Doty, et al., 1995a; Fortier, 

et al., 199 1; Kaernbach, 200 1; Lawless, et al., 1995; Stevens, et al., 1988). This test 

specific variation increases the necessity to eliminate other potential sources of 

psycliophysical variation. such as the physiological differences, in order to assess the 

methods more conclusively. 
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In vivo measurement of flavour release has been made possible through the use of 

venturi interfaced mass spectrometry, where volatiles in expired breath from the nose 

are monitored in real time (Taylor, et al., 2000). However, large variations between 

individuals are often observed in this type of breath by breath analysis, whereby 

certain individuals consistently release more volatile into the nosespace than others 

despite consuming identical food samples (Baek, et al., 1999; Brauss, et al., 1999, 

Linforth, et al., 1999; Linforth, et al., 2002). Regardless of the large differences, it is 

often assumed that the height of the first exhalation breath peak on the APCI-MS 

trace is the most sensorially significant because it is consistently the highest 

concentration entering the nosespace when a foodstuff is consumed (Brauss, et al., 

1999). This may have implications in the differences observed in retronasal 

thresholds, in that the sensitivities of two individuals may differ greatly simply due to 

the differences in their in-nose concentration when they consume the same sample. 

Figure 3.1 depicts this theory as a schematic. 
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It is generally assumed, and in some cases proven, that retronasal and orthonasal 

thresholds are related to one another as a function of the volatile concentration in the 

nose space (Pierce and Halpern, 1996; Aubry, et al., 1999; Sakai, et al., 2001; 

Heilmann, et al., 22002; 
Voirol and Daget, 1986). However the transport of these 

molecules to their associated sites differs greatly between the two processes. 
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Orthonasal is the transport of molecules through the anterior nasal phares (nostrils) up 

into the nasal cavity. Retronasal is the transport of molecules from the mouth 

through the posterior nasal phares in the upper palate. 

This study relates retronasal and orthonasal thresholds by eliminating the error 

associated with odorant presentation using on line monitoring of volatiles, it also 

assesses whether the variations in psychophysical determination are associated with 

the breath by breath variation. 

3.1 MATERIALS AND METHODS 

3. LI Subjects 

Thirteen adult subjects participated in the study (10 female, 3 male; Age range = 37 - 

64 years). Panellists had been trained in objective sensory assessment for four years 

prior to this study using mainly model foods. 

3.1.2 Selection of compounds 

Volatile organic compounds were chosen on the basis of criteria such as impact of 

flavour, previous exposure in sensory assessment and range of physico-chemical 

parameters such as log P (water-octanol partition coefficient) values ranging from I 

(carvone) to 3.6 (limonene)2 
. 

The volatiles chosen: carvone, anethole, isoamyl 

acetate and limonene (Fisher Scientific, Loughborough, UK) have the flavours of 

spearmint, anis, banana/pear drop and lime, respectively, and had been regularly used 

in studies of time intensity and magnitude estimation over a period of four years prior 

to this study. 

3.1.3 Sample preparation 

One litre of 10 ppm (mg/kg) stock solution was prepared with mineral water 

purchased from a local supermarket, and was shaken for one hour. This was used to 

MOE chemical imaging database 
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make two concentration ranges of solutions which spanned the proposed threshold aq 

of the volatile in water (Devos, et al., 1990). Range I consisted of an increasing 

interval dilution with the estimated threshold aq as the mid range, and the second range 

was more specific to the individual and was thus dependent on their threshold'q 

calculated from Range 1. Table I shows the typical concentrations that were 

presented to the panellists, and thereafter the concentrations that were presented 

depending on the result of the first test range result. These ranges were suitable for 

all 4 volatiles. Superscripts: aq = aqueous phase; gas = gas phase. 

Table 3.1 Volatile concentration ranges presented to assessors. 

Aqueous 
Threshold 

First 

Range 
1-5 

5- 10- 20- 40- 60- 100- 150- 200- 300- 400- 

Limits 10 20 40 60 100 150 200 300 400 500 

Vtg/kg 

RANGE I 

Individual 155 50, 
Solutions 0.55 3, 7.59 20) 30, 60, 80, 125, 1509 2505 350, 
within 15 25 55 101 25, 40, 70, 100, 150, 200, 300, 400, 
first 3,4, 7.5, 15, 30, 505 80, 125, 175, 2505 350, 450, 
range 5, 10, 20, 35, 60, 90, 1505 200, 300, 400, 500, 
ýtg/kg 7.5 12 25 40, 70 100, 175 225 350 450 550 

RANGE2 
50 125 

1 1 1 

All the solutions of Range I were given to all assessors. Once the approximate 

threshold had been found by Range 1, Range 2 solutions were given to each assessor 

that fell within the concentration ranges diagnosed in Range 1. Therefore, the 

assessor with the approximate Range I threshold of 60-100, would not receive Range 

2 solutions from e. g. 1-5, or 400-500. 

3.1.4 Calibration of the sniff bottles 

The procedure and the subsequent results for this are described in section 2.1.2. 
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3.1.5 Nosespace concentration 

The subjects were instructed to inhale, place 5 mL of the test solution in their mouths, 

swallow, and then exhale and inhale normally while their breath was sampled into the 

APCI-MS. Breath was sampled at a flow rate of 35 ±5 mUmin under the same 

conditions as the headspace calibration, but the dwell time decreased to 0.01 s. 

Breath peaks were converted to concentration in the nosespace by the calibration 

curve. The maximum concentration of the first breath peak was considered the most 

sensorially significant, and was used in all instrumental measurements. Figures 3.2 

and 3.3 show examples of typical breath by breath data for anethole and limonene, 

respectively. On both plots, YI is indicated to be the height of the first breath peak. 
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Figure 3.2 Breath by breath peakparameter extractions. Anethole 10 ppm. 
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Figure 3.3 Breath by breath peak parameter extractions. Limonene2P500ppb. 

3.1.6 Mouth-Nose Partition Coefficient (MNPC) 

This measurement gave an indication of the level of transfer of aroma molecules from 

the aqueous phase in the mouth to the gaseous phase in the nose. The assumption 

behind this theory was that as the aqueous concentration increased, the gaseous conc. 

in the nose would increase proportionally to it. Figure 3.4 shows the preliminary 

studies to confirm this linearity (plots i and ii), and repeatability (plots iii and iv). 

The linearity plots show that the R2 - values were sufficiently high to allow 

extrapolation in order to estimate the in nose concentrations of aroma compound 

below the analytical capabilities of the APCI-MS. The graphs i. and ii. can also 
aq gas 

demonstrate how the MNPC was used to calculate a threshold from a threshold 

An aqueous threshold concentration can be read along the X axis, which will then 

correspond to a gas phase concentration in the nose according to the gradient of the 

line (i. e. MNPC). Therefore in the case of graph i, if the individual's threshold q was 

1000 ppb, then their threshold gas would be circa 20 ppbv. 

05 10 15 20 25 30 
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Figure 3.4 In-nose volatile concentration calibration curves. - i. carvone ii. 

isoamyl acetate. Bar charts to show repeatability. - iii. limonene 2500 ppb. iv. 

anethole lOppm. 

Panellists (13) consumed aliquots (6 replicates) of solution as described above. The 

mean peak height of the first breath was converted into a concentration (nL of volatile 

per L of air; ppbv) as in the headspace procedure. The MNPC (ppbv/ppb) was then 

calculated using this formula: 

AMPC = 
xconc-"" 

conc 
aq 

where; yconc gas = mean volatile conc. of the Yl first breath peak (ppbv), and, conc" 

= volatile conc. in the aqueous phase (ppb). This MNPC value was then multiplied 

by the individual threshold aq to give the retronasal threshold gas. 

3.1.7 Volatile persistence in the breath 

This was calculated by expressing the second breath peak height as a percentage of 

the height of the first breath peak (Linforth and Taylor, 2000). In regards to Figure 

3.2, this would be the value of Y2 as a percentage of Yl. This shows a relatively 

high persistence value (--')'0%) for anethole in contrast to the small level of 
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persistence that would be calculated in Figure 3.3 for limonene (<5%). Figure 3.5 

shows repetitions of the breath by breath measurement of anethole, which 

demonstrates the decay of volatile with each exhalation. This supports the argument 

for using just the first and second breaths as indications of persistence as the largest 

drop in volatile concentration occurred between these two exhalations. 
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Figure 3.5 
CI 

Volatile persistence in the breath. Anethole (aq) 10 ppm. 

10 

3.1.8 Peak height: area ratio 

This was calculated by dividing the first breath peak height by the peak area or 

Yl/XI in Figure 3.2. This measurement was used as an indication of the mass 

transfer of volatile from the mouth to the nasal cavity. For example, a large peak 

height: area ratio would indicate that in the first breath after swallowing, the time for 

complete release of volatile to the nosespace was a faster event than the overall 

exhalation time. This would be in contrast to a low peak height: area ratio, where the 

mass transfer of molecules to the nosespace continues for the entire duration of the 

exhalation. 
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3.1.9 Threshold determination methods 

A descending staircase method was used (Cornsweet, 1965). This is in contrast to 

the more commonly used ascending method to compensate for the effects of 

adaptation. However, in preliminary tests the assessors showed a tendancy to 

increase the number of false hits due to panic guessing when they assumed theý' 

would perceive the odour straight away. Prior to testing, assessors were given a 

reference sample of the volatile being tested. Assessors were given two ranges of 

solutions, each sample separately (Table 3.1), which they must either taste 

(retronasal) or sniff (orthonasal), and decide when the stimulus was present or absent. 

They were informed that blank samples would be randomly present within the series. 

The tests were performed in standard sensory booths in Northern hemisphere lighting 

and all communication was non-verbal using 3 cards stating either: i. The descriptor 

of the volatile (e. g. MINT), ii. The negative statement (e. g. NO MINT) or iii. NOT 

SURE. The assessors were told that they may only use the NOT SURE card when 

any other answer would be a guess. Each assessor was individually tested, beginning 

with the first range of dilutions (Table 3.1, RANGE 1), whereby they were given 

either a single sniff bottle containing 50 mL of odorant or a5 mL aliquot for 

retronasal testing. Having communicated their answer, they had a one minute pause 

before the next solution to lessen adaptation effects. The estimated first range 

spanning their threshold was determined as the highest concentration where 3 or more 

negative answers were given to a stimulus, up to the lowest concentration where 3 or 

more positive answers were given. On average, assessors were given 7-10 blank 

samples per test set, and it was expected that 80% negative answers to these blank 

samples would be provided in one test set. After a 30 minute break, subjects repeated 

the test with the second range of solutions that were specifically designed, dependent 

on their predicted threshold from range I (Table 3.1, RANGE 2). The individual 

threshold gas was finally calculated as per the geometric mean formula: 

OdourThreshold = 
V[Y shmabsent X yslimpresej 

Where; ystimabsent = highest presented volatile concentration gas to which three or more 

nepative answers were given, and; 
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ystimpresent . lowest presented volatile concentrationg' to which three or more positive 

answers were given. The method was assessed for repeatability of isoamyl acetate 8 

months post testing. 

3. LI 0 Data analysis 

Orthonasal and retronasal thresholds were subjected to regression analysis. All 

instrumental variables were assessed for correlations versus the psychophysical data 

points also using regression analysis. The software used was Design Expert @ 2002. 

3.2 RESULTS 

3.2.1 Repeatability of th e psychophysical and instrumental meth od 

Figure 3.6 shows the repeatability of the psychophysical method 8 months post 

testing of isoamyl acetate, achieving R-squared values of 0.91 and 0.74, for 

orthonasal and retronasal thresholds, respectively. It is important to mention this first 

to show that the threshold determination procedure could provide repeatable results 

and thus variation between panellists was not a function of the test used. 
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3.2.2 Psychophysical results analysis 

Table 2 shows a summary of the individual orthonasal and retronasal thresholds for 

each of the volatiles. As a comparison, orthonasal odour thresholdg' values are given 

as reported by Devos et al (1990). The group thresholds were calculated as a 

geometric mean under the assumption that the data set would follow a normal 

sigmoidal distribution as seen in typical data from normal group detection of constant 

stimuli (Coren, et al., 1999). However, due to the individuality of the test used in this 

study, it was not appropriate to calculate the group threshold as the value yielding the 

50'h percentile. 
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Table 3.2 Orthonasal and Retronasal Thresholds in mL of volatile per L of 

air (ppbv). 

Assessor 

Anethole 

Orthonasal 

Threshold 

Anethole 

Retronasal 

Threshold 

Carvone 

Orthonasal 

Threshold 

Carvone 

Retronasal 

threshold 

Carole 3 0.61 1.98 0.273 

Clare 1.5 0.21 0.49 0.013 

Diane 0.48 0.07 0.16 0.021 

Gill 6.72 0.17 1.98 0.033 

John 3 0.19 1.92 0.027 

Joyce 1.5 0.06 0.86 0.071 

Kay 21.2 1.73 3.13 0.122 

Maureen 3 0.66 1.21 0.108 

Mike 3 1.85 5.86 0.019 

Nina 11.6 0.49 2.42 0.154 

Sally 1.34 0.16 1.98 0.008 

Stuart 11.6 0.95 4.14 0.048 

Sue 6.72 0.05 0.1 0.005 

GEO MEAN 3.57 0.3 1.27 0.038 

Minimum 0.48 0.05 0.1 0.005 

Maximum 21.2 1.85 5.86 0.273 

Reported 

Orthonasala 22.39 7 

Assessor 

Isoamyl 

acetate 
Orthonasal 

Threshold 

Isoamyl 

acetate 
Retronasal 

Threshold 

Limonene 
Orthonasal 

Threshold 

Limonene 

Retronasal 

threshold 

Carole 62.9* 20.93* 727.46 20.42 

Clare 7.27 0.7 93.91 35.13* 

Diane 10.29 0.25 93.91 9.31 

Gill 5.14 0.31 42 0.41 

John 140.8 1.84 1188 20.39 

Joyce 7.27 0.32 514 9.07 

Kay 51.4 1.88 297 3.53 

Maureen 36.3* 2 1.00* 594* 65.76* 

Mike 398.3 11.37 594 13 

Nina 545.4 3.19 297 11.56 

Sally 2-5.71 1.6 93.91 14.25 

Stuart 363.6 15.09 1188 15.49 

Sue 16.26 0.37 297 1.56 

GEO MEAN 4-1.63 2.01 301.4 9.63 

Minimum 5.14 0.25 42 0.41 

Maximum 545.5 21 1188 65.76 

Reported 

Orthonasal' 1 
22.39 436 
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Orthonasal thresholds calculated by converting the threshold concentration in the 

aqueous phase to the concentration in the gas phase using the air-water partition 

coefficients. Retronasal thresholds calculated by converting the aqueous phase 

concentrations of each threshold to the estimated concentration in the nasal phase 

concentrations using each assessors individual NINPC. Reported orthonasal values 

from Devos et al. (I 990). Data points indicated as outliers (as per regression analysis) 

are marked with *. 

3.2.3 Relationship between orthonasal and retronasal thresholds 

Figures 3.7 and 3.8 indicate the expected positive linear relationship between 

orthonasal and retronasal thresholds. Figure 3.8 shows the mean threshold over the 

four volatiles for each assessor, and demonstrates that the linearity is not simply a 

function of the large differences in overall threshold between the different volatiles. 

When these data sets were subjected to regression analysis, the model suggested the 

presence of eight data points that did not support the linearity of the data set (data not 

shown). These points were removed from all subsequent calculations, and originated 

from three assessors, who suffered intermittently from minor ailments. 
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Figure 3.7 Orthonasal versus retronasal thresholds in the gas phase (ppbv). 

Data points takenfi-oin all 4 aroina compounds. 
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Figure 3.8 Mean orthonasal versus retronasal thresholds (ppbv). Significant at 

95% cot? fidence. 

These graphs indicate that although the two types of threshold in this study were 

related, the retronasal thresholds were on average 50 times lower than their orthonasal 

equivalents. This is explained further in section 3.3. It was also observed that when 

the single volatiles were used to plot orthonasal versus retronasal thresholds, there 

was generally a low degree of correlation (<0.6 R2 value) apart from anethole 

(>0.65). This was potentially related to there simply not being enough data points, 

and also the possibility that not all assessors obeyed the same linear law but were 

instead part of different clusters. Therefore, the isoamyl acetate threshold 

determinations were repeated with a trained panel of 20 individuals. 

Figure 3.9 shows this plot of orthonasal versus retronasal IAA thresholds, where even 

with the addition of just 7 more individuals in the experiment, there appears to be a 

degree of clustering, albeit not statistically tested. It is also important to mention that 

there was no evidence to suggest that the presence of new and less experienced 

assessors was the cause of the clustering as they were spread into both groups. The 

smaller group indicated a relationship whereby their retronasal thresholds were 

relatively low compared to the average, whereas their orthonasal thresholds were 

0 50 100 150 200 250 300 350 400 450 
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generally higher than the mean. This demonstrates the point that people do not 

always fall into continuous trend lines, but rather form behavioural clusters. This 

grouping of individuals is also described in results of chapters 4,5 and 6. 
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Figure 3.9 IAA retronasal versus orthonasal thresholds with 20 assessors. The 

dotted lines suggest the datafalls into clusters of behaviour rather than a continuous 

single trend line. 

3.24 Regression analysis of instrumental measurements versus 

psychophysical 

Regression analysis was used to model relationships between the individual 

thresholds and the instrumental values. It is important to note that for these analyses, 

the aforementioned outlying data points were also excluded. Due to the fact that the 

retronasal thresholds were calculated upon calibration curves, whose gradients then 

formed the MNPCs. it was therefore illogical to subsequently regress these t%\o 

variables. In order to assess whether the in-nose concentration of a volatile \\us 

related to threshold, aiiy si(mificant correlations between the different volatile 

0 50 100 150 200 250 300 350 
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MNPCs were compared to any significant correlations between the volatile 

retronasaig" thresholds. Table 3.3 shows that there was a significant relationship 

between the MNPC value of anethole and that of carvone (R 2 =0.76), however, there 

is no correlation between the respective retronasalg" thresholds (R 2= <0.05). This 

indicates that in this data set, there was no relationship between retronasall" threshold 

and the individual in-nose concentration. Furthermore, volatile persistence and peak 

height: area ratio were not shown to have a significant effect on the psychophysical 

data. In other words, the variation in thresholds between these individuals could not 

be explained by the differences in measured parameters in this study. 

Table 3.3 Correlation matrix (R 2 
values) of volatile mouth-nose partition 

coefficients (MNPC) and retronasalg's thresholds. R2 values of high significance 

are in bold. 

MNPC R2 Anethole Carvone 

Isoamyl 

acetate Limonene 

Anethole 

Carvone 0.76 

Isoamyl acetate 0.06 0.09 

Limonene 0.2 0.2 0.06 

Retronasall" R2 Anethole Carvone 

Isoamyl 

acetate Limonene 

Anethole 

Carvone 0.05 

Isoamyl acetate 0.4 0 

Limonene 0.002 0.1 0.2 

3.2.5 Relationships between instrumental and psychophysical 

measurements: variation hetween the volatiles. 

The means of the different measurements were calculated (geometric mean for the 

thresholds) for each of the four volatiles. This analysis investigated the differences 

between the volatiles in terms of their psychophysical measurements, physico- 
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chemical properties and their APCI-MS results. Figure 3.10 shows all these 

measurements on one plot. 
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Figure 3.10 Physico-chemical and psychophysical differences between the four 

volatiles. Orthonasal thresholds, retronasal thresholds, Log P and the air-water 

partition coqfficient all correlate above an R2 of 0.9, with a significance of 5%. 

Regression analysis not shown. AINPC, Peak height. -area ratio andpersistence do 

not signýficantly regress to any other variables. 

Based on differences between just four volatiles, the relationships between the 

different measurements might appear more favourable than if more volatiles had been 

investigated rather than this small sample. Nevertheless, the Figure 3.10 does 

indicate trends between the thresholds, hydrophobicity (Log P) and the air-water 

partition coefficient. This would indicate that as the rate of evaporation of a given 

volatile from an aqueous solution increases with hydrophobicity, the corresponding 

threshold aq increases proportionally. However, this does not take into account the 

sorption into the mucosal layer because this would be too difficult to measure, and is 

therefore not strictly an indication of the concentration at the receptor site. 

Furthermore, olfaction is not greatly influenced by volatility, as the evaporation 

process is the inverse of the solubility if the activity coefficients of the odorants are 

similar for the aqueous phase and the mucosal phase (Doleman, et al., 1998; Gopel, 

2000). This would indicate that for the different volatiles, the actual number of 
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molecules reaching the receptors would be closer to one another than is observed in 

the air of the nosespace alone, due to their differential partitioning through the 

mucosal layer (Doleman, et al., 1998). This theory would potentially show that using 

a gas phase analyser for measuring thresholds is theoretically of no advantage, as the 

solubility of a volatile is more important in predicting the thresholds than the actual 

gas phase concentration. However, as highlighted in chapter 2, certain compromises 

needed to be made with this study. There was no observed trend between the breath 

by breath parameters and the psychophysical data in this study. 

3.3 DISCUSSION 

3.3.1 Relationships between the orthonasal and retronasal thresholds 

It has been previously stated that retronasal and orthonasal thresholds are probably 

determined via the same mechanism but differ by the route of odorant transport. 

However, this has been a conclusion that has frequently been based on assumptions 

rather than actual measurements of the real volatile concentration in the nasal cavity 

(Heilmann, et al., 2002; Aubry, et al., 1999; Voirol and Daget, 1986). The 

advantage of this study was that the measurements were based on real volatile 

concentration estimations; in situ (orthonasal) and in vivo (retronasal). The results 

showed and confirmed the findings of other authors (Vuilleumier, et al., 2000), that 

the two different routes of odour perception are related, although other research has 

indicated differential processing of olfactory stimuli when retronasally presented. 

This has been shown by assessing differences in the olfactory event related potentials 

between the two types of olfaction, where retronasal stimulation resulted in smaller 

amplitudes than orthonasal perception (Heilmann and Hummel, 2004). Differences 

in central processing between the two mechanisms were also observed using 

functional magnetic resonance imaging, whereby activation of some brain parts 

appeared to be specific to the presentation of aroma compounds in aqueous solution 

on the tongue (Cerf-Ducastel and Murphy, 2001). These brain areas (dorsal insula) 

would normally have been associated with tastant perception and lingual somatic 

stimulation rather than olfactory stimulation. 
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In this study, retronasal thresholds were -50 times lower than their orthonasal 

counterparts, and this finding was likely to be related to the slight differences in the 

time points at which the volatile concentrations were estimated. The orthonasal 

thresholdSgas were calculated using the air-water partition coefficients, and thus were 

the concentration of volatile in the gas phase before the event of olfactory perception. 

The retronasal thresho]dSgas were calculated using the average concentration of a 

volatile in the first exhalation, and were therefore the concentration after the event of 

olfactory perception. Thus, any absorptive effects of the volatiles in the mucosal 

layer are not included in the nosespace concentration estimations, which may be the 

reason why the retronasal thresholdSgas are a factor lower than their orthonasalgas 

counterparts. The mucosa has been shown to be almost 'chromatographic-like' in its 

differential absorption of odourants, and is therefore a factor that cannot be ignored in 

this study (Hornung and Mozell, 1977; Hornung et al., 1984; Hornung, et al., 1987). 

Additionally, the difference could simply be related to differences in the level of 

trigeminal stimulation between the two types of odorant transport (Voirol and Daget, 

1986). Other researchers have studied the phenomenon of sub-threshold additivity of 

different modes. In one example, orthonasal sub-threshold concentrations of 

benzaldehyde could be detected in the presence of sub threshold levels of sucrose 

(Dalton, et al., 2000). 

3.3.2 Regression ofpsychophysical and instrwnental data 

The original hypothesis behind this experiment was to assess whether a measurement 

of the first exhalation breath peak after consumption of a volatile in water from the 

APCI-MS was an adequate predictor of the individual's threshold. This in turn would 

provide an indication of whether the variations in instrumental and psychophysical 

data were in some way related. In this data set, the only significant relationship 

existed between the mouth-nose partition coefficients (MNPC) of carvone and 

anethole, whereby, if one increases then the other NNill also linearlý, increase. If 

retronasal sensittvitý, to a given odorant was similar for the individuals in this study, 

and the actual variation was due to differences in individual MNPC alone, then a 
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significant correlation would have also been expected bet-ýý, een the retronasalýa' 

thresholds of carvone and anethole. This was not the case and suggests that in this 

group of individuals, other factors account for the differences in their retronasal 

thresholds. 

Volatile persistence and peak height: area ratio were also shown to be unrelated to the 

individual psychophysical data. However, it is important to mention that these 

instrumental parameters may also be related to the individual breathing rates and 

volumes as well as the volatile release kinetics and volatile/mucosa interactions 

(Hodgson, et al., 2003; Linforth and Taylor, 2000). Breathing measurements were 

not taken in this study but should be included in further experiments of this kind. 

In conclusion, this study has shown that a method has been reliably employed in the 

assessment of individual odour thresholds. Furthermore, it has shown that thresholds 

can be measured as a function of the volatiles in the gas phase rather than an 

estimation based on the aqueous concentration alone. This may be useful in panel 

monitoring, particularly panels that are involved with quality control of product 

taints, where the gas phase threshold may be more relevant than the aqueous. It has 

also supported the hypothesis and previous research, that orthonasal and retronasal 

thresholds are related to one another, but with retronasal thresholds being a factor 

lower than other. Whether this a true difference, or purely a difference associated 

with the methods of measuring aroma molecules in the gas phase remains to be seen. 

The study shows that person to person variation in odour threshold is unlikely to be 

solely accounted for by the variation in APCI-MS breath by breath data. 
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TESTING 

4 PERCEPTION OF PULSED AROMA: 

DISCRIMINATION TESTING 

This set of experiments utilised aroma pulsing techniques to answer a wide range of 

questions pertaining to the relationships between breath by breath measurements and 

the corresponding percepts. The first and original question was concerned with the 

famous phenomenon of flicker fusion from Gestalt psychology. Primarily 

acknowledged in vision studies, flicker fusion frequency - the rate at which two 

separate flashes of light are perceived as a single flash, is the theory behind the 

enjoyment of cinema. Static pictures in quick succession become motion in the brain 

(Gomez, et al., 1999; Davy, 1952; Coile, et al., 1989). As mentioned in Section 2.2, 

this theory may transfer to flavour perception, whereby the oscillatory movement of 

volatiles into the nose with tidal breathing becomes perceptually smoothed. This 

process may be the product of a fusion threshold between temporal stimuli, below 

which they become one stimulus, and above which they are perceived as separate 

pulses. A measure of this threshold has been successful in aquatic animals, where 

odour plumes can be easily controlled (Gomez, et al., 1999). This is however far 

more complicated to simulate in the gas phase. If a subject perceives this effect of 

retronasal pulsing as a continuum, does the same effect occur orthonasally? This 

conclusion would potentially separate aroma concentration as a time dependent 

stimulus (APCI-MS height) from total aroma delivery (area under the curve). In 

other words, if an aroma stream with frequent aroma pulses is sensed as being 

constant, is it then perceived as being the same as an aroma stream that is not pulsed? 

If yes, then the height is more important that the integrated total aroma delivery. 

This chapter highlights the problems encountered in answering this complex problem. 

such as the unpredictable disruption of aroma stimulus presented to a assessor. 

However, the use of simultaneous breath by breath techniques was serendipitous in 

answering a set of questions related to the original hypothesis. 
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------------------------------------------------------------------------------------------------------- 

4.1 PRELIMINARY STUDIES 

4.1.1 Discrimination testing 

In this preliminary study, the aim was to investigate the most effective sensorý' 

procedure to use in further experiments by comparing type of test, breathing 

technique and data interpretation methods. 

4.1.1.1 Method 

4.1.1.1.1 04factometer programme 

Olfactometer programmes were designed to compare constant concentration aroma 

streams (stream A) versus pulsed (stream Q. The frequency in stream C was 

chosen on the basis that it was higher than the mean breathing rate of a person (4 secs 

for I breath cycle) but was slow enough to provide square edged pulses. At this stage 

the silica was 3 metres long due to configuration issues and thus the pulse rate was 

limited, but was later cut to I metre and the pulse frequency was then increased to 0.6 

seconds (refer to 2.2.3.5 for more detail). The olfactometer described in section 2.2 

was used for this experiment with the volatile isoamyl acetate (Fischer scientific, 

Loughborough, UK), output flow 5 mL min-'. Figure 4.1 shows the APCI-MS 

measured olfactometer output of A versus C. There were also three other 

programmes: A versus A, C versus A and C versus C. 
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Figure 4.1 A PCI-MS ion trace ofpulse programme A versus C. A= 10.2 seconds 

of'constant concentration of isoamyl acetate. C= 10.2 seconds of 4 pulses of isoamyl 

acetate. 

4.1.1.1.2 Sensory procedure 

Sixteen to twenty untrained assessors, frequently used for internal sensory testing, 

were asked to complete a series of paired comparison and A not A tests (6 per person) 

in two different sessions. Each time they were each given a5 second example of the 

arorna as a reference at the start. Soundproofing headphones were worn throughout 

the test. White noise was played in the headphones in synchrony with each aroma 

stream onset and ceased as the stream ended. This served two purposes: to block the 

olfactometer switching sounds, and to communicate to the assessor that an otherwise 

invisible stimulus was being presented to them to aid their attention. Assessors were 

also asked to inhale the stimulus using two different methods. The first was to 

breathe at a slow and constant rate through the nose with the mouth shut and the 

olfactorneter emission tube held just inside a nostril entrance. This method 

represented how potential in i4vo studies would be conducted, where the exhalations 

of volatiles would be monitored from the other nostril. The second was to hold a 

0 10 20 30 40 50 60 70 
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more tighter fitting olfactometer tube in the nostril and then to breathe out the mouth. 

In this way, they would be assumed to receive a near constant aroma stimulus that 

was independent of their breathing. This can be compared to the velopharyngeal 

closure method employed by previous researchers (Thesen and Murphy, 200 1), but 

intense training was not given in this study. It was necessary to compare these two 

breathing techniques to assess whether they resulted in different sensory responses, 

and if so which method should be used for future experiments? If the methods xýý, ere 

shown to produce similar sensory results, then the mouth breathing method would be 

abandoned in favour of the nasal method that could also incorporate the APCI-MS. 

For the paired comparison, assessors were asked to compare each pair of aroma 

streams and to record which one was overall the strongest in intensity. For the A not 

A, only two of the olfactometer programmes were used (A versus A, and A versus Q, 

where assessors were told that the first stream of each pair was always called A, and 

they were asked to decide whether the second stream was the same as A or different 

from A. If perceived as different, they were asked whether it appeared stronger or 

weaker than A. 

4.1.1.1.3 Choice of aroma 

Isoamyl acetate was used in all experiments of this type. The main reason for its 

choice was that it had been previously used in many studies with both the external 

and internal panel. In particular, the trained panel had previously worked with the 

aroma in a variety of food matrices. The disadvantage was that this compound has 

been shown to have a trigerninal effect, which must be acknowledged in any 

experimentation (Wang, et al., 2002). 
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4.1-1.2 Results 

Table 4.1 Paired comparison results: constant IAA stimulus (A) versus slow 

frequency pulsed IAA (C). Binomial probability distribution. 

No. of assessors perceiving the 

stream as the stronger 

A versus A First A Second A 

Mouth ýýS 

breathing 11 5 >0.0)15 

Nose breathina 97 

A versus C A stream C stream 
Mouth 

breathing 10 6 

NS 

>0.05 

Nose breathing 10 6 

C versus A C stream A stream 
Mouth 

breathing 9 7 

NS 

>0.05 

Nose breathing 16 10 

C versus C First C Second C 

Mouth 

breathing 9 7 

NS 

>0.05 

Nose breathing 
.9 

7 

The results in Table 4.1 show that there were no perceived significant differences 

between constant (A) and pulsed (C) stimuli and no differences between identical 

stimuli irrespective of presentation order. Furthermore, there was no significant 

difference between the results of the mouth breathing and the nose breathing. This 

result showed that different breathing methods were unlikely to affect the choice of 

the more intense aroma stream. Therefore, the mouth breathing method was 

discontinued in favour of the nasal breathing, which was more conducive to future 

simultaneous instrumental analysis. The results of the same stream discrimination 

tests meant that a response bias towards a stream due to its order in the test was not 

significant. In other words, any effect of adaptation was unlikely to influence an 

assessors decision in selecting the stronger stream. 
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Table 4.2 shows the results from the A not A test of the same stimuli. This also 

showed that assessors were unable to distinguish stream A from C. 

Table 4.2 Results of A not A test including direction of stream (mouth or 

nose) Chi squared distribution of observed versus expected results showed no 

significant differences. See explanation of table below. 

A versus A rep I mouth breathing A versus A rep I nose breathing 

Sensory No. of 
decision assessors % 

Sensory No. of 
decision assessors % 

No 

difference 8 (A) 40% 

No 

difference 9 45% 

2 nd 
stronger 5+ 25% 2nd stronger 3 15% 

2nd weaker 

7 12 

(B) 35% 2nd weaker 8 40% 

Total 20 (G) total 20 

A versus A rep 2 mouth breathing A versus A rep 2 nose breathing 

No 

difference 8 40% 

No 

difference 5 25% 

2 nd 
stronger 3 15% 2nd stronger 9 45% 

2nd weaker 9 45% 2nd weaker 6 30% 

Total 20 total 20 

A versus C rep I mouth breathing A versus C rep I nose breathing 

No 

difference 3 (C) 15% 

No 
difference 5 25% 

2 nd 
stronger 5+ 25% 2nd stronger 1 5% 

2nd weaker 

12 17 

(D) 60% 2nd weaker 14 70% 

Total 20 (H) total 20 

A versus C rep 2 mouth breathing A versus C rep 2 nose breathing 

No 

difference 9 45% 

No 

difference 8 40% 

2 "d 
stronger 3 15% 2nd stronger 3 15% 

2nd weaker 8 40% 2nd weaker 9 45% 

Total 20 total 20 

This table was not configured to a conventional A not A table with observed and 

expected results, in order to show the direction when a difference was perceived. 

Nevertheless, the Chi squared calculations were performed using the standard 
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method. This was calculated by the hypothesis; the expected results ývould be that all 

assessors should perceive A=A, and C :ýA. In my results, each statistic was 

rendered non-significant due to many assessors not recognising A=A. An example 

of this calculation comes from the table results that are indicated with a letter. See 

table 4.3 for an example of expected versus observed results. 

Table 4.3 Example of Chi square results for A not A test-mouth breathing rep 1. 

Letters as indicated in No. of assessors No. of assessors Total 
Table 4.2 perceiving it to be A perceiving it NOT to be 

A 

Stream A A8 B 12 G 20 

Stream C C3 D 17 H 20 

Total E 11 F 29 N 40 

Calculation Chi= N(AD-BC)- / ExFxGxN 
Chi= 400ý000 / 127,6 00 
Chi= 3.13 (>Crit. Value P= 0.05; 9.34), therefore not 
significant) 
This calculation was applied to the other repetitions and the 

nose breathing tests. All were >0.05. Calculations not shown. 
_ 

Although no significant differences were observed, most panellists were very certain 

about each of their decisions of which stream appeared the most intense. This 

suggested that each of the sensory tests were potentially being experienced in very 

different ways between panellists and repetitions. It was therefore necessary to use 

simultaneous breath by breath techniques to observe these differences. 

4.1.2 Simultaneous breath measurement and discrimination test 

4.1.2.1 Method 

4.1.2. LI Procedure 

The A versus C olfactometer output programme and the paired comparison procedure 

was used with a trained panel of 22 individuals. The stream order was the same for 

all assessors under the assumption that, although the olfactometer output was 

identical before entering a subject's nose, each assessor would then disrupt the stimuli 

in a different way. As before, headphones were worn and the white noise onset 
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indicated to the assessors that an odour stream was being presented. They were also 

asked to breathe at a slow and steady rate, and not be tempted to actively sniff. The 

experiment took place in standard booths using FIZZ software to record their choice 

of stronger stimulus. Only the nose breathing method was used. 

4.1.2.1.2 Simultaneous instrumental measurement 

Figure 4.2 shows how the APCI-MS interface was configured to the assessors' 

breathing. 

Exhalation 
NOSE' 

Breathing 

APCI-MS 

111-j 

Olfactometer emission tube 

Figure 4.2 Exhalation breath by breath APCI-MS configuration. 04factometer 

emission tube was placed in one nostril, whilst other nostril was placed over the tube 

directed to the mass spectrometer. 

The APCI-MS was operated under the same conditions described in Chapters 2 and 3. 

4.1.2.1.3 Instrumental data extraction method 

As mentioned in the introduction of this chapter, APCI-MS breath by breath data is 

tidal as it is driven by respiration, which means that raw instrumental data is 

impossible to interpret unless specifically processed into certain parameters in order 

to make comparisons under the same treatment. Recently however, there has been 

some debate about how data points should be extracted from breath by breath data. 

One author reports using a normalisation technique, whereby ratios between areas of 
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the flavour and the acetone peaks are calculated (Normand, et al.. 2004). This 

method is mainly designed for retronasal breath by breath studies of flavour release 

from a beverage, and would not have been appropriate in this study. 

Figure 4.3 shows how the raw olfactometer emission in Figure 4.1 became typically 

disrupted by an individual's breathing. The individual's breathing was clearly seen 

by monitoring acetone, which is expired in the breath, thus an exhalation is seen as 

the peak onset. Figures 4.4a-d show how certain instrumental parameters were 

interpreted from this disruption. This processed data was used to calculate parameter 

ratios between the C stream data as a percentage of the A stream data. It is stressed 

that these plots were obtained from APCl-MS data where it was the exhalation 

patterns that were being monitored and not the inhalation patterns. 
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Figure 4.3 APCI-MS traces to show subject dependent disruption of the (i) 

original oýfactometer output by two different assessors. ii. plots show breathing as 

shown by monitoring acetone peaks that coincide with the aroma peaks. Isoamyl 

acetate peaks are disrupted to the extent that peaks associated with C become much 

smaller than . 
4. ii. Contrastingýv this assessor breathes slower and thus produces 

20 40 60 

1 
4. E+06 

less IAA peaks, and bothA and C reach similar intensities. 

20 40 60 80 
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Figure 4.4a Instrumental parameters ftom breath by breath exhalation data. Mean 

heights. 
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Figure 4.4b Instrumental parameters from breath by breath exhalation. Maximum 

height. 

10 20 30 40 50 60 70 

Time (seconds) 



CHAPTER 4 -PERCEPTION OF PULSED AROMA: DISCRI. %IIN, ATION 89 

TESTING 

------------------------------------------------------------------------------------------------------- 

c 
5, E+06 

0 

4. E+06 

3. E+06 

0 
21% 
U; 2. E+06 

In, 1. E+06 

0. E+OO 

0 

Figure 4.4c Instrumental parameters ftom breath by breath exhalation. First lzý 

breath peak. 

5. E+06 - A 
0 

x 
4. E+06 - A Z 

0 area 
r_ .0 00m0m0mm0m001 

3. E+06 

0 

2. E+06 - 
C 

C 
ID l. E+06 - 

73 

0. E+00 

0 10 20 

EareaC 

30 40 50 

Time (seconds) 

60 70 

Figure 4.4d Instrumetnal parameters from breath by breath exhalation data. Total 

sum qf breath peak areas. 

ZareaC 

Y-areaA 

10 20 30 40 50 60 70 

Time (seconds) 



CHAPTER 4- PERCEPTION OF PULSED AROMA: DISCRIMINATION 90 

TESTING 
------------------------------------------------------------------------------------------------------- 

4.1.2.2 Results 

In this experiment, assessors received either stream A or C and were asked to 

compare them while the in-nose IAA concentration was monitored simultaneously. 

4.1.2.2.1 Sensory result 

Table 4.4 shows the sensory result of the paired comparison, where there was no 

significant difference perceived between stream A and stream C. This supported the 

result of the same test performed by the untrained panel in section 4.1.1-2. 

Table 4.4 Sensory result of A versus C paired comparison test. 

No. of Assessors perceiving 
No. of Assessors 

A as the stronger aroma 
perceiving C as the 

stronger aroma 

0.2 Not significant 
(binomial probability). 

15 7 >0.05 

4.1.2.2.2 Relationship between sensory choice and instrumental parameters 

As depicted in Figures 4.4a-d, percentages of C parameters over A were calculated 

for each individual test. Therefore, if the ratio was <100%. it meant that the 

associated measured A parameter was greater than that of C. If >100%, then the 

opposite was true. This led to the hypothesis where, the number of observed A>C 

sensory results could be significantly tested against those observed instrumentally. 

This would follow a Chi-squared distribution as depicted in Figure 4.5. 

SENSORY A>C C>A Total 

INSTRUMENTAL 

A>C A B G 

C>A c D H 

Total E IF N 

N(AD - BC)' 

ExFxGxH 

3 degrees of 
freedom 

2 tailed test 

Figure 4.5 Chi-squaredformula of expected versus observed results. The test has 

3 degrees offi-eedom and is two tailed because there are 4 independent outcomes 

where the direction is not presumed. Critical Chi value is 9.35, P=O. 05. 
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This formula was then applied to the results in Table 4.5 and the calculations shoNýed 

that none of the instrumental parameters were likely to support the direction of the 

sensory choices. 

Table 4.5 Observed and expected sensory and instrumental results. 

Sensory Assessors perceiving A>C Assessors perceiving C>A 
Chi Square 

calculation from 
From formula in Figure 
formula in A B G C D H 4.5. Probability: 
Figure 4.5 Instrumental A>C, 

therefore assessor 

Instrumental A>C C>A TOTAL A>C C>A TOTAL perceives A>C. 

parameters 
Crit val. 9.35 (0.05) 

Average Chi= 19,800/4,200 

Breath Peak = 4.71 (NS) 

Heights 15 0 15 5 2 7 

Maximum Chi= 19,800/2,310 

breath peak = 8.6 (NS) 

Height 15 0 15 7 0 7 

First breath 
Chi= 33,462/8,925 

peak Height 14 1 15 3 4 7 = 3.75 (NS) 

Total sum Chi= 19,800/2,310 

of breath = 8.6 (NS) 

peak areas 1 
15 0 15 7 0 7 

These results could also be plotted as the actual values of the instrumental ratios in 

respect to sensory choice. Figure 4.6 shows this bar chart where, although not 

significant, those assessors who chose C as the stronger aroma produced breath by 

breath data that was closer to 100% than those assessors who chose A. This does not 

reflect the assumed outcome that if C were chosen, then the ratios would be greater 

than 100%. 
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- Breath by breath data from assessors perceiving aroma A as the stronger aroma 
0 Breath by breath data from assessors perceiving aroma C as the stronger aroma 

Expected outcomes: 

A perceived to be stronger than C. Instrumental ratio (000%) 

C perceived to be stronger than A. Instrumental ratio (>100%) 

Figure 4.6 Chart of instrumental parameters as CIA % ratios plotted against the 

sensory choice of'stronger perceived aroma stream. 

The test used to calculate significant differences between ratio populations of 

different sensory choice was Mann-Whitney, which is a non-parametric equivalent T- 

test for two populations. A non-parametric test was used as APCI-MS breath by 

breath data can often be prone to a large number of points that would not generally 

produce a normal distribution. 

4.1.2.3 Discussion 

The results in these preliminary experiments have shown that comparing constant 

concentration and pulsed aroma becomes irrelevant once the stimuli are exposed to 

the panellist, who then disrupted the stimuli in their own way. Due to this fact, each 

pariellist received a different test and their experience was sensorially quite different 

to one another. In this way, some panellists inhaled an aroma stream at a point where 

the concentration had dropped, and others experienced it at its maximum. The 

dramatic effect of this disruption could have been potentially minimised by high flow 

rates (>10 L/min) or synchronising a pulse with an inspiration. Both of these 

XheightC / MAXheightC /p1 
heightC 
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methods have been used by other authors, although high flow rates have become 

dissuaded due to the tactile effects. Therefore, many researchers use the synchronous 

breathing approach to olfactometry, or an asynchronous method but with the 

velopharyngeal closure technique (Lorig, 2000; Wang, et al., 2002; Jacob, et al., 

2003; Hummel, 2000b). This method teaches assessors to close the posterior nasal 

phares to the mouth. This is clearly necessary when the disruption of the stimulus 

cannot be controlled or measured, and is a potential source of unwanted variation. 

However, in this study, the disruption could be measured, and could be used as a tool 

to compare the perceptions of different people. Nevertheless, it was possible that the 

exhalation configuration created mass spectrometry measurements that occurred after 

the point of perception (i. e. post sniff), and also after any actual aroma pulses had 

been mixed into one breath. This was perhaps not the best representation of the 

disruption. It was therefore necessary to construct a method to monitor the aroma 

compounds on their journey into the nose rather than on their exit (i. e. inhalation 

configuration). 

4.2 SIMULTANEOUS DISCRIMINATION TEST AND INHALATION 

BREATH BY BREATH STUDIES 

It was necessary to use an instrumental configuration that monitored the aroma 

compounds as they were inhaled by a subject. This would provide data on how 

subjects disrupted the profile of the pulses and whether this influenced their sensory 

decision. 

This section of results tests two main hypotheses: 

-There are significant differences between the instrumental parameters of groups of 

assessors who differ by their choice of certainty in selecting the same sample. 

-There are significant differences between the instrumental parameters of groups of 

assessors who differ by their choice of overall stronger aroma stream. 
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4.2.1 Method 

4.2.1.1 01factometer programme 

The original C stream was not pulsing at a fast enough frequency for individual 

pulses to be captured within I inhalation. Furthermore, on average assessors only 

exhaled 4-5 times during either stream, which captured insufficient instrumental data 

from the original A and C streams. Therefore, a new programme was constructed 

where both aroma streams were increased in duration to 20 seconds, and the pulse 

frequency of C increased to every 0.6 seconds. A raw olfactometer output trace of 

the altered programme (A2 versus CO. 6) as measured by the APCI-MS is shown in 

Figure 4.7. 

1. E+08 

2: % 
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C, 
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O. E+00 
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Figure 4.7 APCI-MS trace of o1factometer emission with an altered paired 

comparison programme. Both aroma streams have been increased in duration to 20 

seconds, i t4lh a 15 second gap between them. Stream C pulse frequency increased to 

0.6 seconds (0.01 minutes), now called Co. 6- 

Other programmes used were A2 versus A2, CO. 6 versus A2, andCO. 6 versus C0.6- 

Each assessor received all of the four tests with three replicates. However, under the 

assumption that no two tests produce the same instrumental profile, the replicates 

were not considered as true replicates. This also meant that test and sample order 

0 10 20 30 40 50 60 70 



CHAPTER 4- PERCEPTION OF PULSED AROMA: DISCRIMINATION 95 

TESTING 

------------------------------------------------------------------------------------------------------- 

became irrelevant, and therefore it was decided that each assessor would receive an 

identical presentation order. 

4.2.1.2 Sensory procedure 

The same method was used as described in 4.1.2.1. with 23 trained assessors. One 

difference was that assessors were asked to assign a certainty rating to their sensory 

choice. The certainty labels provided were; POSITIVE, QUITE SURE, NOT SURE 

and GUESSED. For analysis, these certainty ratings were categorized on the basis of 

their being either a positive decision (i. e. POSITIVE and QUITE SURE) or a 

negative one (i. e. NOT SURE and GUESSED). Only 14 assessors were asked to do 

theCO. 6 versusCO. 6 test due to time constraints. If an assessor produced breath by 

breath data that was difficult to integrate, their result was omitted from analysis. 

4.2.1.3 Instrumental measurement 

Figure 4.8 shows a diagram of how the interface was configured to monitor volatiles 

as they were inhaled by an assessor. 

Olfactometer emission t 

Figure 4.8 Inhalation breath by breath APCI-MS configuration. Oýfactometer 

e/n/ . ss/ . on tube ivas placed in line with silica leading to APCI-MS, thus an inhalation 

tranq)orted volatiles past the probe, of which a proportion was sampled. 

Inhalation 
NOSE 

Breathing ow 
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The APCI-MS was operated under the same conditions as described in section 

4.1.2.1, but the signal strength was higher and therefore the sample floýv Nvas 

decreased to 15 mL min-' to compensate for this. 

4.2.1.4 Instrumental data interpretation method 

The ion profiles produced by the inhalation configuration were far more complicated 

and noisy than the exhalation method. For most panellists each inhalation yielded 

more than one peak per 'sniff, which was made more intricate by the presence of 

isoamyl acetate peaks that were unlikely to have been inhaled by a panellist (i. e. 

peaks at the onset of exhalation). These peaks were assumed to be an amount of 

'deadspace' volatile in the sample tubes being forced back past the silica as the 

assessor began to breathe out. It could not be confirmed whether they were volatiles 

present in the breath (i. e. as in the exhalation configuration) or simply residual 

compounds. Therefore, any peaks associated with an exhalation were ignored. 

Figure 4.9 shows a typical ion trace of an inhalation profile of A2 versusCO. 6, and 

shows an example of how parameters were interpreted from the data. 
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Figure 4.9 Example of how raw output signal of A2 versus CO. 6ftom Figure 4.7 

was typically disrupted by a panellist breathing in the inhalation configuration, and 

how the subsequent breath peaks were interpreted. Only volatile peaks 

corresponding to an inhalation were used, and these were confirmed by observing the 

acetone peaks. Acetone peaks indicate an exhalation on the onset, and an inhalation 

on the decay. 

In the example given, one inhalation has been magnified and three separate isoamyl 

acetate peaks can be seen. For any measurement involving peak heights, the tallest 

peak was taken, but for any area measurement, the sum of all three was used. Once 

again, ratios were calculated between instrumental parameters of one stream versus 

another (as in Figure 4.4a-d). An additional instrumental parameter was used that 

was described as the last breath peak height of an aroma stream (i. e. 
I-Pheight). Its 

exact position on the APCI-MS trace per aroma stream was calculated by manually 

recording the tirne of first olfactometer valve switch. Twenty seconds of stream 

duration (pre-set olfactometer duration) plus a further 4.2 s to allow for the signal 

delay tirne, was added to the initial time (see section 2.2.3.5). The final peak within 

10 20 30 40 so 60 
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this time frame was considered as the last breath peak. Figure 4.10 shows an example 

of a trace where the LPheigh, ratio between A2 andC06has been calculated. 
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Figure 4.10 Example of a last peak height extraction (LPheighd. I peaks are 
CI 

inhalation associated peaks, Epeaks are the exhalation associated peaks, which were 

"ot used. 
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4.2.2 Results 

4.2.2.1 Sensory results 

A summary of the sensory results is presented in Table 4.6 showing that there was 

clearly a perceivable difference between A2 and CO. 6. There were no significant 

differences in the tests where the same stream was presented against itself This 

shows that the effect of sensory adaptation did not have a significant influence on 

perceived aroma stream intensity. 

Table 4.6 Results of sensory paired comparisons. NS=not significant, 

significance at 5%, ** = sig. at 1%, *** = sig. at 0.1%. 

A2 versus A2 

Rep 

No. of assessors 

perceiving A2 in the 
first position as the 

I stronger stream 

No. of assessors 

perceiving A2 in the 

second position as the 

stronger stream Significance 

1 14 9 0.4 NS 

2 13 10 0.7 NS 

3 13 10 0.7 NS 

A2 versusCO. 6 

Rep 

No. of assessors 

perceiving A2 as the 

stronger stream 

No. of assessors 

perceiving C06 as the 

stronger stream Signficance 

1 20 3 0.0005*** 

2 19 4 0.0026** 

3 19 4 0.0026** 

CO. 
6 versus A2 

Rep 

No. of assessors 

perceiving C06 as the 

stronger stream 

No. of assessors 

perceiving A2 as the 

stronger stream 

1 6 17 0.0347* 

2 6 17 0.0347* 

3 81 15 0.21 NS 

Co , versusC06 

Rep 
, 

No. of assessors 

perceiving Co6 in the 

first position as the 

strongerstrearn 

No. of assessors 

perceiving C06 in the 

second position as the 

stronger stream 

1 8 6 0.79 NS 

2 9 5 0.42 NS 

3 7 7 0.99 NS 
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4.2.2.2 Instrumental results - experimental control 

It was necessary to first compare the instrumental parameters independently from the 

sensory choice for each test. This determined whether there were in fact any 

significant differences between A2 and CO. 6, and also between the same streams in 

different positions. Figure 4.11 shows a bar chart summarising this data. Significant 

differences were calculated between each population in each separate test using 

Mann-Whitney, assuming that all tests were independent of one another. 
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Figure 4.11 APCI-MS parameters ftom 4 programmes: i. A2 versus A2, ii. A2 

versus 
CO. 

6, 
CO. 

6 versus A2 and 
CO. 

6 versus 
CO. 

6. * Represents stream with 

fignýficantly lower parameter (at 5% level). 

It is interesting to note that although there were no significant differences in 

instrumental parameters between streams in the A2 versus A2 test, the second stream 

produced slightly lower measurements. This effect was also observed to a lesser 

extent in the CO. 6 versus CO. 6 tests. The reason for this may have been that although 

assessors were asked to breathe slowly and steadily in their instructions, they may 

have sliohtly increased their breathing frequency as the test proceeded and as their 

attention focussed onto the aroma streams. Approximately 50% of the assessors 
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showed this effect (results not shown). A metronome to regulate breathing might 

have been a potential solution, however, it would have meant removal of the 

headphones, tailoring the frequency to each individual, and would probably have 

interfered with their attention. 

It was necessary to assess the level of background noise between the different 

instrumental parameters, although there were obvious connections between 

instrumental heights and areas. High correlations between measurements would 

indicate that they would be more likely to account for the same variation when 

plotted in respect to the sensory choice. Data points for this were taken from the first 

stream of A2 versus A2 only, and the mean peak height was plotted against the four 

other instrumental parameters. This is shown in Figure 4.12. 
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Xheight. Y 
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The graphs show that there were significant relationships between the mean peak 

heights and the other parameters, including the total sum of stream area. However, 

the correlations were relatively low with PI height and LPheight, (R squared values of 0.7 

and 0.57 respectively). This demonstrates the inherent variability in assessors despite 

the controlled nature of the experiment. 
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4.2.2.3 Instrumental parameter ratios and their effect on certaintý' rating 

The hypothesis that the certainty of a sensory decision could be attributed to 

differences in the corresponding in nose aroma behaviour was tested. This was 

analysed by studying each of the four paired comparisons individually. Assessors 

were divided into groups depending on whether they differed in their choice of 

certainty score (i. e. two assessors complete the same test and choose the same stream 

to be the strongest, yet one chooses a negative rating, the other positive). The in-nose 

ratios for these groups were then compared in all four tests, the ratios were calculated 

as the second stream parameters being a percentage of the first stream, regardless of 

whether the second stream was A2 orCO. 6. This ratio was based on positions rather 

than streams in order to also include the discrimination tests in which two identical 

streams were compared, and thus the only real difference was the position. The data 

analysis compared the means of all these ratios between 'certain, and 'uncertain' 

assessors. The hypothetical result of this was that uncertain assessors would have 

breath by breath ratios significantly closer to 100% than certain assessors, i. e. the 

same height etc. However, no significant differences were observed, which meant 

that if two assessors differed in their certainty, it should not be attributed to 

differences in the breath by breath patterns of aroma inhalation. Thus was more 

likely to be a cognitive factor. 

4.2.2.4 Ratios of instrumental parameters with respect to sensory choice when 

the same stream was presented twice 

This section of results was concerned with the paired comparisons: A2 versus A2, 

andCO. 6versusCO. 6. As expected, the sensory results in section 4.2.2.1 showed that 

there were no significant differences between aroma streams of identical nature. 

Consequently, this showed that the effect of adaptation within a sensory test was not 

biasing the sensory decision. Nevertheless, only 17 out of 64 tests (26%) were 

assigned a negative certainty by assessors and thus 74% were certain in their choice. 

It was therefore postulated that where the sensory choice was assigned a positive 

rating, the assessor must have disrupted the original identical aroma streams in a pair 

to such an extent that an instrumental difference influenced their decision. 
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The hypothesis was tested by first taking all of the instrumental parameters from the 

second stream of each identical pair and calculating it as a percentage of those 

parameters from the first stream. The values above 100% were counted as bein-C, the 

instrumental values where the second stream instrumental parameter was greater than 

the first, and vice versa. These numbers were then used in an observed and expected 

frequency table shown in Tables 4.7 and 4.8, which both used the function in Figure 

4.5. It is important to note that all answers regardless of certainty were included in 

this analysis. This was because in section 4.2.2.3, the certainty score was not shown 

to be significantly linked with the instrumental parameters. The tables show that the 

weighting of the instrumental parameters could not predict the sensory choice when 

the test presented was the same sample twice. 

Table 4.7 Observed and expected frequency table for A2 versus A2 tests. 

The values were also calculated using the function in Figure 4.5. 

No. perceiving First A2 > No. perceiving Second A2 > 
Sensory Second A2 First A2 

A B G C D H 

Instrumenta I't A2> nd 2 A2 > 
TOTA 

I st A2> nd 2 A2 > 
TOTA 

Signific 

ance. 
1 2 nd A2 I't A 2 

L no., 2 nd A2 I" A 2 
L no. 0 05 

- of tests - of tests . 
parameters (X> 9.3 5) 

Average 0.01 

Breath NS 

Peak 

Heights 22 14 36 15 9 24 

Maximum 0.6 

breath peak NS 

Height 26 10 36 15 9 24 

First breath 0.72 

peak NS 

Height 22 14 36 12 12 24 

Last breath 0.2 

peak NS 

Height 23 13 36 14 10 24 

Total sum 0.2 

of breath NS 

peak areas 23 13 36 14 10 24 
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Table 4.8 Observed and expected frequencies table forCO. 6versusCO. 6 tests. 

No. perceiving First C06 > No. perceiving Second C06 > 

I 

Sensory Second CO. 
6 First CO. 

6 

A B G C D H 

I 
St 

CO. 
6 2 nd CO. 

6 TOTAL I st CO. 
6 2 nd C06 TOTAL Significance 

Instrumental >2 
nd > ist 

no. of >2 
nd >I St 

no. of . 
0.05 

parameters 
CO. 

6 
CO, 

6 tests CO, 
6 

CO, 
6 tests (X>9.3 5) 

Average 4.4 
Breath Peak NS 
Heights 11 13 24 14 4 18 

Maximum 4.6 

breath peak NS 

Height 8 16 24 12 6 18 

First breath 
0.03 

peak Height 10 14 24 8 10 18 
NS 

Last breath 2.3 

peak Height 10 14 24 12 6 18 NS 

Total sum of 1.2 

breath peak NS 

areas 12 12 24 12 6 18 

4.2.2.5 Ratios of instrumental parameters with respect to sensory choice in tests 

where A2 was paired againstC-0.6 in either direction 

It was observed in section 4.2.2.1 
, 

that there was in fact a significant sensory 

difference between aroma stream A2 and CO. 6- Instrumentally, there were also 

significant differences in the peak parameters (see section 4.2.2.2). The final 

question remains; are the instrumental results were weighted in the same direction as 

the sensory? 

This was tested using two statistical procedures, both of which used percentages of C 

parameters over A parameters. This was in contrast to the previous section that 

calculated these percentages according to the position of the aroma stream in the test. 

Table 4.9 shows the results as frequencies of values where A2 was greater thanCO. 6, 

and vice versa (Chi squared formula in Figure 4.5). Figure 4.13 depicts this table as a 

bar chart based on the percentages with respect to the sensory choice. It is important 

to note that the total value of observations was higher as it included all tests from A2 

versusCO. 6 andCO. 6 versus A2. Significant differences between populations Of CO, 
6 

over A2 ratios were calculated using Mann-Whitney test for two populations. Both 
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statistical tests suggested that there was a relationship between the weighting of the 

sensory decision and the difference in last peak height of A2 andCO. 6. 

120% 

100% 

80% 

60% 

40% 

20% 

0% 

Figure 4.13 Stream A versus stream CO. 6. Instrumental parameter ratios in respect 

to sensor choice of stronger perceived aroma stream. y 

Table 4.9 Observed and expected frequency table of A2 versusCO. 6- 

No. perceiving A2 >C06 No. perceivingCO6> A2 

Sensory 

A B G C D H 

TOTAL TOTAL Significan 

Instrumental 
A2 > CO, 

6 > 

no. of 
A2 > 

6> A2 CO 
no. of ce. 0.05 

parameters 

C06 A2 
tests 

C06 . 

tests (y, >9.35) 

Average 0.009 

Breath Peak NS 

Heights 96 11 107 28 3 31 

Maximum 0.16 

breath peak NS 

Height 84 23 107 21 10 31 

0.08 
First breath 

NS 
peak Height 82 25 107 23 8 31 

Significan 

Last breath ce X, =] I 

peak Height 79 28 107 13 18 31 (P=0.05) 

Total sum of 1.57 

breath peak NS 

areas 98 9 107 26 5 31 

Xheight CO. 
6 

/ MAXheightCO. 
6 

/p1 
heightCO. 6 

LpheightCO. 
6 

ZareaCO. 
6 

XheightA2 MAXheightA2 P1 
heightA2 

LpheightA2 ZareaA2 
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However,, when comparing the ratios of the two populations in Figure 4.13, the 

magnitude of difference is perhaps not as large as would be expected. Assessors 

choosing A2 to be stronger had on averageCO. 6 last peak heights, which were -40% 

smaller than those from A2 (i. e. 60CO. 6/10OA2 x 100%), whereas assessors choosing 

CO. 6had last peak heights from both streams that were very similar (i. e. near 100%). 

The expected percentage for theCO. 6 assessors might have been around 166% (i. e. 

I OOCO. 6/6OA2 x 100%). This might have been due to the fact that stream CO. 6was 

perceived in a different way to stream A2, or could be simply due to the differing 

numbers of data points in each population. Naturally, there were significantly more 

assessors who chose A2 as the stronger stream, and thus a larger population of 

instrumental results. This problem highlights one of many of the limitations in the 

data set that must be acknowledged before accepting any conclusions based on the 

tested hypotheses. 

4.3 DISCUSSION 

Discrimination testing has been used to test a relatively complicated hypothesis, 

where it was not the samples being tested, but the assessors themselves. This is in 

contrast to the original idea of this experiment, where it was assumed that a pulsed 

and constant stream of aroma could be tested as a simulation of retronasal pulsing. 

The change in test direction highlights problems that other researchers may have 

unknowingly experienced, where the stimulus tested becomes easily disrupted and in 

turn becomes the main source pf variation. A solution to the problem was found to 

be the use of simultaneous instrumental analysis, however the difficulties in the data 

treatment meant that conclusions were far from unequivocal. An example of this 

difficulty was the method of data extraction, where only certain instrumental 

parameters were used. A sensory difference between two aroma streams may be 

decided by a number of comparisons between many parameters, and not necessarily 

just the five measurements used in this experiment alone. 

This experiment has shown that breath by breath measurement of orthonasal delivery 

can be monitored in two ways, one that uses exhalation after the supposed point of 
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perception and one that uses inhalation before the perception. In particular. 

inhalation measurement highlighted the effect of assessor disruption of the stimulus. 

where the pulsed aroma stream in Figure 4.7 sometimes became a series of small 

peaks per sniff, as in Figure 4.9, or sometimes became tall single peaks where the 

pulsing was no longer apparent, as in Figure 4.10. Other differences exist bet"'veen 

exhalation and inhalation measurements in the type of flow they simulate. Retronasal 

air flow has previously been shown to be laminar, i. e. odorants are released into air 

streams as plugs within the flow. This is in contrast to turbulent flow, in which 

odorant molecules would mix evenly into the stream (Keyhani, et al., 1995; Keyhani, 

et al., 1997). This is clearly shown in breath by breath exhalations, where the plug is 

monitored as a single peak within a breath on an APCI-MS trace. Orthonasal flow is 

also laminar, although in the inhalation breath by breath configuration it gave the 

impression of being more turbulent in the chromatograms because the molecules 

become more dispersed on their passage past the MS-interface. Nevertheless, the 

inhalation configuration is a more effective indication of pattern disruption by an 

individual than the exhalation configuration. 

The simultaneous breath by breath paired comparisons showed that two people may 

differ in their sensory choice due to a difference in the last breath peak of each 

stream. This may be linked to aspects concerned with the method a person uses in 

making a comparison. They would store the impression of the first stream in the 

short term memory, and then the second stream impressions are compared against the 

first. Considering only 7 chunks of information can be stored in the short term 

memory, perhaps the brain limits the most important impressions of a perception to 

the final exposures i. e. the last breath peaks. (Higbee, 2002). 

The findings in this study are related to other fields of sensory and psychophysical 

research. One related area is from a purely sensory perspective: the science behind 

the discrimination test. O'Mahony and colleagues have pioneered Thurstonian 

methods in modelling and understanding the mechanism and the power behind tests 

such as i-riultiple paired comparisons (Cliff, et al., 2000, O'Mahony, 1986; O'Mahony 
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and Rousseau, 2003; O'Mahony, 1992). These methods account for the factors that 

cause the effect of perceptual variance and response bias such as sequence 

presentation, adaptation and memory. Overall it calculates a normal distribution of 

responses in the context of a subject's criterion shift when discrimination tests are 

repeated. In this study, if the Thurstonian approach had been used on the sensorý' 

data only, it might have given a misleading picture of the degree of difference 

between a pulsed and constant aroma stream. It would have probably shown that the 

perceptual variation was quite large, thus yielding a lower d' value. A d' value is 

measured in terms of the standard deviations of the two distributions. However, this 

would not account for the drift in stimulus over repetitions observed in the results. 

As an extreme view, could it be possible that the person's criterion changed only 

slightly, whilst the stimuli were instead the main source of variation? There are other 

methods that account for variation in discrimination test data such as maximum 

likelihood estimation (Tsai and Bockenholt, 2001) and repetition dependency 

modelling (Dittrich, et al., 2002). These two methods would also be misleading if it 

were the stimuli that differed between people and not the sensory response. This 

theory could also be applied to a retronasal discrimination test, as it is frequently 

observed that individuals produce significantly different in-nose profiles on the 

APCI-MS despite consuming the same samples (Hollowood, et al., 2004). In this 

data set there was a link between stronger sample and an APCI-MS parameter. This 

meant that even though there was a significant sensory difference between constant 

and pulsed aroma streams, the assessors who chose the opposite to the ma ority, did 

in fact have a stimuli difference that supported their decision. 

A limitation in the overall data set was that each instrumental parameter was treated 

as being independent of other measurements and also of previous events. Therefore, 

an experiment was set up to compare variation between people using time intensity 

experiments of constant versus pulsed aroma stimuli, which account for the changes 

over time (see chapter 5). 
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5 PERCEPTION OF PULSED AROMA - TIME 

INTENSITY 

In chapter 4 it was observed that a repeatable aroma stimulus was unpredictably 

disrupted in many ways by different assessors and repetitions. One suggested 

explanation is that the differences may be one of the factors involved \vith the 

formation of background sensory noise. In other words, the assessors xvho 

contributed to the background noise of the discrimination tests, experienced aroma 

stimuli that were significantly different in the relative proportions of the two stimuli, 

that they responded in the opposite manner to the overall majority. This chapter takes 

this idea further, by using similar pulsing programmes to analyse sensory and 

instrumental differences between assessors and their corresponding repetitions. 

Whereas chapter 4 focussed on static judgements based on comparisons, this chapter 

focuses on the dynamic changes in perception over time and how these are related to 

the instrumental profiles. 

In recent years, time intensity (TI) methods have become regarded as a powerful 

sensory tool, especially in conjunction with in vivo analysis. The difficulties begin 

with the analysis of the results, where the method can be quite different depending on 

whether products are being tested, whether the assessors are being tested or simply a 

correlation between the two (Piggott, 2000). For product testing, such as boiled 

sweets or flavoured gelatine, the result analysis is generally a TI curve parameter 

extraction method. Typical parameters include; time to reach maximum intensity, the 

maximum intensity, plateau measurements, decay constants and curve areas. These 

can be correlated to simultaneous instrumental measurements to varying degrees of 

success (Baek, et al., 1999; Linforth, et al., 1999). For a review on TI methods see 

section 1.2.3. 

The aim of this experiment was to test the differences between individuals and not 

between products, therefore principal component analysis was used to assess the 

variation in the data in respect to time. Grouping of individuals and their repetitions 

was compared to the corresponding PCAs of the instrumental data to test \vhether the 
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variation in breath by breath could explain the sensory response. T"Vo t"'pes of breath 

by breath measurements were used and compared; exhalation and inhalation 

configuration, as developed in chapter 4. Results have shown that the main source of 

variation in the data could not relate the sensory to the instrumental measurements. 

However, a minor component of variation could relate certain instrumental 

parameters to the differences between two groups of individuals. 
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5.1 METHOD 

5.1.1 01factometer outputprogramme 

The olfactometer output programme used in every test was the same and produced a 

30 second period of constant concentration of isoamyl acetate and then a pulsed 

presentation with a frequency of 0.6 seconds for 30 seconds and finally 30 seconds of 

further constant concentration. Figure 5.1 shows this raw output as measured by the 

APCI-MS. The repeatability of the olfactometer was tested in chapter 2. 

3. OOE+07 

2. OOE+07 

1. OOE+07 

O. OOE+00 

Time (seconds) 

Figure 5.1 APCI-MS trace of raw o4factometer output programme for time 

d-V 0 intensity. 30 secon ýf A2 (constant concentration), 30 secondsOf CO. 6 (pulsed very 

0.6 seconds), 30 seconds A2 (constant concentration). 

Only one olfactometer output programme was used in this experiment because no two 

assessors or repetitions were assumed to be the same in their disruption of the 

stimulus. Therefore, the number of theoretical variations from one olfactometer 

programme alone was considered infinite. 

20 40 60 80 100 120 
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5.1.2 Sensory procedure 

A trained panel of 23 assessors was used for this experiment. This panel had been 

previously trained and used in many different time intensity experiments including: 

dynamic flavour-tastant interactions, flavoured gelatine, chewing gum and boiled 

sweets. Therefore, intensive training was not required for the experiment. Assessors 

were asked to monitor the intensity of banana/pear drop aroma using the mouse on a 

vertical line scale (FIZZ for Windows, Biosystemes, France). The scale began at zero 

and ended at 300, data points were taken every 0.12 seconds. A5 second pulse of the 

isoarnyl acetate aroma was given as a reference once to each assessor. They were 

told that this intensity corresponded to a value of 100 on the scale. The TI data was 

captured for a total duration of 120 seconds in order to cover the olfactometer lag 

times described in chapter 2 (2.2.3.5). It was essential for the assessors to click on 

the scale exactly when indicated in order for the correlation between the instrumental 

and sensory measurement to be accurate. This was achieved by careful timing and 

communication with each assessor using white noise through their soundproofing 

headphones to inform assessors to click on scale. They were then asked to remain on 

zero until they perceived the aroma. Delays in clicking on the scale were also timed 

and used to correct the points of the time intensity for analysis, but was generally not 

a problem. There were in total 6 tests: 3 using the exhalation breath by breath 

measurement and 3 using the inhalation method (refer to chapter 4, figures 4.2 and 

4.8). 

5.1.3 Instrwnental analysis and data extraction 

5.1.3.1 APCI-MS settings 

The two methods of breath by breath measurement were the same as in chapter 4 

(Figures 4.2 and 4.8). The APCI-MS settings in both configurations were as follows: 

source temperature, 75'C, corona pin voltage, 4 kV; sampling line flow, 15 mL min-; 

dwell time, 0.01 seconds. Monitored ions were isoamyl acetate, 131 [M+H]+, and 

acetone, 59. 
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5.1.3.2 APCI-MS trace interpretation 

Data points were used to form smooth curves from the APCI-MS traces as peak- 

heights and areas for the exhalation measurement (one peak per acetone peak). For 

the inhalation measurement there was often more than one isoamyl acetate peak per 

inhalation (refer to Figure 4.9). Therefore, average height was also calculated in 

addition to the maximum height per inhalation. Furthen-nore, the area per inhalation 

was calculated as the corresponding sum. The sensory data points occurred every 

0.12 seconds, whereas instrumental data extractions occurred on average every 4 

seconds and thus were far fewer. Therefore, the other time intensity data points that 

did not occur with an exhalation/inhalation event were not used in the analysis. If a 

trace was deemed problematic (unstable signal, coughing or overtly changeable 

breathing rates), it was neither repeated nor included in the analysis. 

5.1.3.3 Datapoint time standardisation 

Naturally no two assessors produced breath peaks at the same times or frequencies. 

Therefore,, a method was used to standardise the data sets, in order that events all 

occurred on a comparable time scale using the following procedure. The average 

time for one breath cycle (exhalation + inhalation) was -4 seconds (range = 2.35 to 

7.26 s). Five second time brackets were used as a compromise because even the 

slowest breathers produced peaks that would fall into the majority of the brackets, i. e. 

0-5 seconds, 5-10 seconds, 15-20 seconds etc. If four second brackets had been used, 

there would have been far more missing values from the slower breathers. The mid- 

value of these brackets was used as the X time point, i. e. 2.5,7.5,12.5 up to 117.5. 

Fast rate breathers produced more instrumental data points per 5 second bracket, 

which meant that the mean of the instrumental and the sensory results were taken to 

gain single Y points per time point. Slower breathers sometimes had peaks absent 

from some of the 5 second time brackets. These were not estimated and remained as 

missing data points. 
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5.1.4 Statistical analysis 

The matrix contained the standardised time points (24 in total) as the variables and 

the assessors and repetitions as the samples. Principal component analysis was used 

to assess the sources of variation at each time point by correlation and was centred 

(The Unscrambler 0 v8.0, CAMO Process AS, Oslo, Norway). 

5.2 RESULTS 

5.2.1 Raw results 

5.2.1.1 Instrumental 

Figures 5.2 demonstrates the types of stimulus disruption of the raw olfactometer 

output (from Figure 5.1) from the inhalation measurement. Four extreme examples 

of breath by breath APCI-MS traces are shown, where different assessors produced 

isoamyl acetate peaks that were not only very different in height, but also in general 

shape and profile. Plots (i) and (ii) contain inhalation peaks where the raw 0.6 second 

pulses could be observed during individual inhalations, whereas in (iii) and (iv) these 

raw output pulses are no longer visible, but have become single peaks during a single 

sniff. 
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Figure 5.2 Raw breath by breath APCI-MS traces from inhalation measurement 

of A2-CO. 6-A2, - i. peaks remain at constant height throughout constant and pulsed 

sections. ii. peak heights are relatively similar in height but change in area, iii. sharp 

narrow peaks and slow breathing, iv. Sharp narrow peaks andfast breathing. 

Figure 5.3 shows a typical breath by breath trace of the olfactometer programme with 

APCI-MS in the exhalation configuration. With only a few exceptions, most 

assessors produced an exhalation profile that followed an m-shape where a volatile 

decrease occurred at times of pulsing. 
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Figure 5.3 Raw breath by breath APCI-MS traces from tjpIcal exhalation 

measurement ofA2-CO. 6-A2. 

5.2.1.2 Sensory analysis 

The typical time intensity curves observed in this experiment followed two patterns: 

curves where the assessors perceived the pulsed section to be weaker than the 

constant (m-shaped), and curves where the pulsed section was not perceived as 

different from the constant (n-shaped). Both curve shapes were then further 

categorised depending on whether the assessor produced a symmetrical curve or not. 

Figure 5.4 shows the 6 hypothetical categories of TI curves observed in this 

experiment. 

0 20 40 60 80 100 120 
Time (seconds) 



CHAPTER 5- PERCEPTION OF PULSED AROMA: TIME INTENSITY 117 

------------------------------------------------------------------------------------------------------- 

Figure 5.4 Categories of sensory time intensity curves. n shaped curves occurred 

when CO. 6 was not Perceived as being differentftom A2. m shaped curves occur when 

CO. 6 perceived as being lower in intensity than A 2. 

Figure 5.5 shows 4 real examples of the TI together with the corresponding 

instrumental curves. In particular, in plot (i). an 'n' shaped TI curve has been 

produced, but the instrumental height curve is 'm' shaped. In contrast, plot (iv) shows 

that both sensory and TI curves were 'm' shaped. 
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5.2.2 Exhalation measurement: principal component analysis and 

assessor grouping. 

5.2.2.1 Sensory TI 

All data points from each type of measurement were subjected to Principal 

Component Analysis (PCA), yielding scatter plots of loadings, which indicated the 

time points when variation between assessors was best explained. Figures 5.6a and b 

show the plot of loadings and the corresponding plot of scores, respectively. Two 

main components were extracted (PC 1 46% and PC2 16%). There was also a third 

component (6%), but it yielded no further useful information. The time points where 

the results from assessors differed the most in respect to PCI was during the A2 

plateau sections, around 37.5 and 97.5 seconds respectively. Time points where the 

pulsed section or trough occurred (around 62.5 seconds) explained less of the 

variation between people than the A2 peaks. PC2 was best explained by variation 

between assessors at time points where the first A2 section was at it's decay (27.5- 

32.5), and also the onset of the second A2 section (72.5-77.5). Figure 5.6b shows 

that the assessors were well distributed along these two components and could be 

arbitrarily divided into groups. Groups differing along PCI were assigned a number 

1-5 according to the arbituary grid lines in the plot, then subdivided into either A or B 

according to the PC2 negative and positive sections as indicated in Figure 5.6b. The 

two data points marked with a circle in Figure 5.6b were removed from this analysis 

because the corresponding breath by breath data was difficult to interpret for further 

analysis. 
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A note on interpreting the scatter plots in this chapter. 

The main rule with these plots is that as data moves further away from the origin 

(0,0) more variation between assessors is explained at those time points. Begin bý- 

reading along the X-axis. In the loadings plots, only positive PC I values \\, ere 

obtained, thus only half the full plot is given to show more detail. At the time points 

to the far right, there is a lot of variation between the assessors in the perceived 

intensity of the signal or the instrumental measurements. Points on the left explain 

very little variation between individuals, i. e. assessors were using the scale in similar 

ways at these time points. When looking at the Y axis, the same rules apply, except 

that in all of the plots both negative and positive values are observed. Therefore, time 

points that explain maximum variation are at the positive and negative extremes. The 

time points at the extremes are then matched to their corresponding event, i. e. peak 

onset, second peak decay etc. 

With regards to the plots of scores, both negative and positive X and Y values were 

obtained. Once again, where the assessors and their repetitions resolve in close 

proximity, it indicates that they produced similar results. Contrastingly, along PC 1, if 

two assessors are at polar ends it would indicate that during the time points that 

explain the variation of PC 1, they behaved very differently. 
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In order to understand exactly how the divided groups differed from one another in 

their curve shape, the TI curves were plotted together in their subdivisions. Figure 

5.7 shows the different groups and Figure 5.8 shows the mean of the curves. 
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Figure 5.8 Exhalation sensory group means asformedftom PCA scatter plot. 

The graphs show that PCI (numbered groups) mostly accounted for differences in 

overall perceived intensity, whereby group I perceived the aroma to be the strongest 

and group 5 the lowest. Where groups have been separated according to PC2, the 

differences in the curve shapes appear to be related to the degree of perceived trough 

during periods of pulsed aroma. The prime example being between group 3a and 3b, 

where in 3a the curve is a skewed left V shaped curve, where 3b was a right skewed 

'n' shaped curve. Analysis of variance (ANOVA, FIZZ software, Biosystemes, 

France) determined a significant difference between the principal curves (p=<0.05) 

and a post hoc Fishers least significant difference test was used to assess where the 

differences lie. Table 5.1 shows where significant differences existed. 
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Table 5.1 Exhalation sensory mean principal curves. Fischers L. S. D. groups 

with the same letter are not significantly different. ANOVA significance 0.1%. 

Tested at 5%. 

Group Ia A 

Group 2a A 

Group 2b A 

Group 3b B 

Group 3a B 

Group 4a c 

Group 4b C D 

Group 5b D 

This table supports the groups from the PCA; groups along PC I (numbers) were 

significantly different, but groups along PC2 (letters) were not. 

5.2.2.2 Comparing sensory principal curves to instrumental data 

Using the same groups formed from the sensory principal component analysis, the 

mean instrumental (APCI-MS data) values for each group were calculated and then 

tested for significant differences. The mean curves were treated in the same way as 

the sensory and were subjected to ANOVA. Table 5.2 shows the result of this and 

where significant differences lay. 

Table 5.2 Exbalation sensory groups as mean of instrumental beigbts. 

L. S. D. groups with the same letter are not significantly different. ANOVA 

significance 0.1%. Tested at 5%. 

Group 5b A 
_ 

Group 2a B 

Group 3a c 

Group Ia D 

Group 4a D E 

Group 2b E 

Group 3b E F 
_ 

Group 4b_ F 

This result shows that even though the ANOVA model was highly significant, the 

actual differences between the group curves under their instrumental means were 

clearly different to the sensory. The model was significant because of differences in 
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the instrumental maximum levels as clearly seen in Figure 5.9, but the shapes were 

not obviously different. Figure 5.9 shows the sensory group curves according to the 

means of instrumental heights, and shows that in contrast to the sensory, the curves 

all had very similar shapes but differed mainly in overall magnitude. 
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Figure 5.9 All exhalation sensory group mean instrumental height data. 

The most striking difference between the sensory and the instrumental was that each 

pair of groups that differed by PC2 (Groups A and B) were shown to be significantly 

different, which is in contrast to Table 5.1. It is important to note that the same 

differences were found to exist when tested between groups using the instrumental 

areas instead of the heights. This is because the heights and the areas in exhalation 

measurement were highly correlated. 

Figures 5.1 Oa and b show the PCA of the instrumental heights and demonstrates time 

regions where the variation between assessors was differently explained to that in the 

TI. For example, instrumental PC 1 (66%) and PC2 (10%) show more clustering of 

time points, although it is difficult to visually assess which curve events accounted 

for the majority of the variation between assessors. This is further shown in the plot 

of scores, where assessors are not evenly distributed, but clustered around the origin 
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with exception of a minority of assessors, who produced breath by breath data which 

explained most of the variation in the results. 
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height data. 

0.3E+07 

Judith 2 

0.2E+07 Ju. ne2 . ..... .............. 

Barb 1, Keyl* Sarah3 
Pj'wl 

3 : ...... ........... ...... ........... 0.1 E+07 Carole I 

0 Sarah 1q jo 3 Jol 1-0 
61 C) 

0 Val 2 J8" bawn 
2 

C\i LVnn 'Gr 
GIe 

Judith 3. -W Helen 1 

CL 
-0.1 

E+07 ............ i Dami 14 

Suo! ýýWaM 2 

Stuart I .......... -0.2E+07 ........... 

Joyce 1 

-0.3E+07 MaUreen2 

-0.4E+07 

Nligureen 1 

-0.5E+07 

-1. OE+08 -O, 5E+07 0 0.5E+07 0,1 E+08 0.1 5E+08 

PC1.66% 

Figure 5.1 Ob 2D scatter plot of scores. Assessors and reps. Exhalation instrumental 

height data. 

0 0.05 0.10 0.15 0.20 0.25 0.30 

0.35 
PC1.66% 



CHAPTER 5- PERCEPTION OF PULSED AROMA: TIME INTENSITY 126 

In conclusion of the exhalation breath by breath analysis, the variation between 

assessors in their sensory perception was best explained by the maximum intensity 

during the two A2 curve events. A minor component was further explained by 

variation in the decrease in perception during the pulsing sections CO. 6. The same 

groups as a function of instrumental heights showed that significant differences were 

also present, but dissimilar to the sensory and difficult to interpret. 

5.2.3 Inhalation measurement: principal component analysis and 

grouping. 

5.2.3.1 Sensory TI 

Data from the inhalation breath by breath measurement were treated in an identical 

way to the exhalation and was subjected to principal component analysis of the 

sensory time intensity curves. Figures 5.11 a and b show the 2D scatter plots of PC 1 

(63%) versus PC2 (I I%) of loadings and scores, respectively. Once again, PC3 (6%) 

yielded no further information about the data. 
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Inhalation. 

It is interesting to note the differences between the plot in Figure 5.1 la and that in 

5.6a. The analysis of the inhalation data showed that the TI varied between 

individuals on PCI predominantly at time points from 22.5 to 97.5, which also 

explained a higher percentage of the overall variation than PCI of the exhalation 

breath by breath data. This meant that the maximum intensity during the first A2 

section, through to the pulsing section Of CO. 6 and up to the maximum intensity of the 

second A2, all contributed to PCI. The variation in PC2 was mainly comprised of 

time points during the onset of the first A2 section and also when the second section 

of A2 was decreasing. This is in contrast to the exhalation data, which was best 

explained by the end of AI and the start of A2. The plot of the scores shows that the 

assessors resolved well along these two components enabling a similar grouping to be 

conducted, which also formed 5 groups along PCI, and 2 (a and b) along PC2. 

Figure 5.12 shows these groups and their curve shapes, and Figure 5.13 shows group 

means plotted together. 
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In a similar way to the exhalation TI group curves, the inhalation TI groups showed a 

decrease in the maximum intensities, where group I perceived the strongest 

intensities and group 5 the lowest. However, the main difference between the 'a' 

groups and V groups appeared to be related to the direction of skeýv in the principal 
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curve. The general trend was that the 'a' groups had left skewed time intensity curves, 

and the V groups had right skewed curves. The effect becomes more pronounced as 

the groups proceed from I to 5. ANOVA was used to test whether significant 

differences existed between the principal curve means. Table 5.3 shows where these 

differences arose as calculated using a post hoc least significant difference test at 5%. 

Table 5.3 Inhalation sensory mean principal curves. L. S. D. groups with the 

same letter are not significantly different. ANOVA significance 0.1%. Tested at 

.3 /0. 

Group Ia A 

Group 2b B 

Group 2a B 

Group 3a c 

Group 3b c 

Group 4b D 

Group 4a D 

Group 5b E 

Group 5a 

J ± 

.E 

This table shows that the grouping of the assessors could explain the differences 

between the principal curves. As with the exhalation breath by breath data, no 

significant differences were apparent between groups differing across PC2. 

5.2.3.2 Comparing sensory principal curves to instrumental data 

The means from the same sensory groups were then calculated for the instrumental 

maximum and average heights (per inhalation) and the areas. These were also 

subjected to ANOVA to analyse significant differences between the groups as a 

comparison against the sensory data. Tables 5.4 to 5.6 show these analyses. 
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Table 5.4 Inhalation sensory groups as mean of instrumental mam. mum 

heights. L. S. D. groups with the same letter are not significantly different. 

ANOVA significance 0.1%. Tested at 5%. 

Group Ia 

Group 4a B 

Group 2b B C 

Group 5b B C 

Group 4b B C 

Group 2a C D 

Group 5a D E 

Group 3b E 

Group 3a E 

Table 5.5 Inhalation sensory groups as mean of instrumental heights per 

inhale. L. S. D. groups with the same letter are not significantly different. 

ANOVA significance 0.1%. Tested at 5%. 

Group IaA 

Group 2b B 

Group 4b BC 

Group 5b BC 

Group 4a c 

Group 2a D 

Group 3a D 

Group 5a D 

Group 3b D 

Table 5.6 Inhalation sensory groups as mean of instrumental areas. L. S. D. 

groups with the same letter are not significantly different. ANOVA significance 

0.1%. Tested at 5%. 

Group Ia A 

Group 2b A 

Group 4b B 

Group 5b B 

Group 4a B C 

Group 3b c 

Group 5a c 

Group 3a c 

Group 2a c 
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All three models were significant at the 0.1% level, but the actual differences between 

the groups according to the different instrumental parameters were again dissimilar to 

those between the sensory principal curves. Therefore, the PCA of the instrumental 

areas was calculated to observe how the data points were categorised, and whether 

any patterns could be seen. Figures 5-14a and b show the respective loadings and 

scores plots. 
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Figure 5.14b 2D scatter plot of scores. Assessors and reps. Inhalation instrumental 

area data. 

The first aspect to notice on the plot of loadings is its similarity to the plot in Figure 

5.11 a of the sensory data. PC 1 (62%) is mainly comprised of data points occurring at 

times starting from the maximum of the first A2 to the maximum of the second. 

Whereas, PC2 (6%) has two main contributions from points arising from first A2 

onset and second A2 decay. The plot of scores is more difficult to visually assess as 

it does not discriminate between the assessors and their repetitions sufficiently, but 

there is a central cluster of individuals who do not significantly differ from one 

another. The remaining points show that the majority of the variation explained by 

the components was mainly attributed to a minority of assessors/reps. Assessors 

were grouped in a similar way to the exhalation data by setting arbitrary boundaries 

from the grid values as indicated on 5.11 b. Figure 5.15 shows the means of the 

categorised groups in respect to the instrumental areas, and demonstrates further the 

poor resolution of the assessors along this measurement. 
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Figure 5.15 All inhalation sensory group mean instrumental area data. 

This result showed that there was no apparent relationship between the sensory and 

instrumental variation in respect to the first principal component. However, across 

PC2 (minor source of variation) the assessors were well distributed and thus it was 

appropriate to sub ect the groups from this component in the same way as PC 1. This 

would indicate whether the sensory and instrumental were related by a smaller source 

of variation. 

5.24 Analysis of data sets according to the minor component (PC2) 

In this analysis, both the exhalation and inhalation breath by breath data sets were 

once again categorised into groups using artificial boundaries (value zero of PC2 or 

X-axis) on the original scatter plots. However, this time the divide across PC2 was 

used to create just two sensory groupings: either A or B. It is first important to note 

that in both inhalation and exhalation sensory data sets, there were no significant 

differences between A and B groups. Nevertheless, the plots in Figures 5.16 and 5.17 

show that in fact, two distinctly different curves were produced by groups A and B 

determined from each breath by breath measurement. 
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Figure 5.16 Sensory exhalation data. PC2 group curves of time intensity. 
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In both plots, the two group curves appear as near mirror images of each other to 

different degrees, where one curve is a left skewed V curve, and the other a right t-- 

skewed'm'curve. This would explain the lack of a significant difference between the 

two principal groups, as each skewed side would essentially cancel out its 

counterpart. The main differences to be observed between the two types of 

measurement are the fact that groups with the same letter are skewed in a different 

direction, and also that the inhalation groups curves are both almost totally lacking in 

a perceptual decrease during the pulsing sections, 

The instrumental means corresponding to these minor components were then 

calculated and tested for significant differences. In this instance, inhalation areas and 

exhalation heights were used because they both explained the highest variation in the 

data according to PC2 (other instrumental parameters plots not shown). Figure 5.18 

and 5.19 show these instrumental parameters as mean curves according to the PC2 

sensory grouping. 
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Figure 5.18 Exhalation data. PC2 principal curves of instrumental heights. 

0 20 40 60 80 100 120 



CHAPTER 5- PERCEPTION OF PULSED AROMA: TIME INTENSITY 137 

500000 

400000 

(D 

300000 

E 
200000 

(n 
c 

100000 

0 

Time (seconds) 

Figure 5.19 Inhalation data. PC2 principal curves of instrumental areas. 

In both cases, a significant difference (5%, single factor ANOVA) was calculated 

between the two means of the PC2 groups. There were also similarities between the 

shape of the sensory and instrumental curves. With the exhalation data plots in 

Figures 5.16 and 5.18, group A perceived the first A2 section to be stronger than the 

second section, and this was reflected, to different degrees, by the corresponding 

instrumental heights. Group B perceived the opposite, and their instrumental data 

showed a similar trend. The inhalation breath by breath instrumental data was 

generally more noisy, but it can also be observed that group A perceived the second 

A2 to be the stronger section and their corresponding instrumental areas also showed 

an overall increase with time between the A2 sections. Whereas, group B perceived 

the second A2 section to be significantly lower than the first, and their areas showed a 

decrease over time. In both of the inhalation principal curves, sections pertaining to 

pulsed sections showed indistinct decreases in perception, showing that CO. 6 was an 

insignificant factor in determining differences between the groups of PC2. 

This result showed that PC2 was accountable for the variation between assessors in 

their sensory response and the corresponding instrumental data. It could therefore be 

hypothesised that between these groups of individuals a physiological difference 
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existed. However, many individuals produced repetitions, which did not akvays 

reside in the same group. The factor that discriminates the assessors must have 

therefore been something that changed over time, rather than a constant, otherNN,, ise 

repetitions would have been expected to group together. One measurable factor that 

would explain this theory was the rate at which an assessor breathed during the 

sensory experiments. This was calculated as mean time for I breath cycle (exhalation 

+ inhalation) by the following formula: 

xTh = 
tL - tl 

N-I 

Where; y, Tb : --Mean time (s) for I breath cycle (exhalation plus inhalation) 

tL = Time when last acetone peak was recorded 

t, = Time when first acetone peak was recorded 

N= Number of acetone peaks 

The mean breath cycle time was then calculated for each PC2 sensory group and then 

tested for significant differences. The bar chart in Figure 5.20 shows these means for 

the two types of breath by breath measurement. 
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Figure 5.20 Mean breath cycle times for PC2 sensory groups. i. Exhalation data- 

. 
ferent. ii. Inhalation data 

- significantly different (ANOVA 5yo). not signýficantly df 

There was no significant difference in the breath cycle time between the groups in the 

exhalation data, but in the inhalation data it was shown that the assessors in group A 

breathed significantly faster than those in group B. The logical explanation for this 

connection between breathing, rate, inhalation instrumental area and sensory response 

may be related to a persons subconscious behaviour when breathing on the APCl- 
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MS. When a person is asked to breathe on the APCI-MS, they have a tube inside 

their nostril, which might lead them to become more aware of their breathing than 

normal and consequently change their resting rate. However, over the course of a 

time intensity test, their breathing might drift back to the normal tidal resting rate as 

they become used to breathing on the instrument. As a hypothetical scenario the 

assessors in group A breathed significantly faster than those in group B. However, 

the values were based on the mean rates and gave no regards to changes in frequency 

over time. Therefore, they may have begun to breathe quickly at first and then 

slowed down to their respective tidal rates. Inhalation measurement has been shown 

to be affected by breathing rates and velocities (see chapter 6), where the height and 

area decrease with increasing breath rate and velocity. This theory would mean that 

over time the instrumental measurements from group A would show an increase in 

response to this respiration decrease. 

5.3 DISCUSSION 

5.3.1 Summary 

The results from this experiment have shown that the majority of the variation that 

existed between assessors was explained by the differences in the way they used the 

scale (PC I). The instrumental data also showed large variation in the overall relative 

intensity, however this was not shown to be related to the sensory data. The minor 

source of variation in principal component 2 divided assessors and their repetitions 

into two groups. The groups in both exhalation and inhalation measurement mainly 

differed in the direction of the skew on their time intensity curves. Where one group 

had perceived the first A2 maximum to be stronger than the second, the other group 

had perceived the opposite. The instrumental data supported these TI curve 

differences, but due to the low amount of explained variation, the result cannot be 

considered conclusive. 

In comparison of the two different breath by breath methods, exhalation measurement 

\\, 7as more stable than the inhalation and far easier to extract the appropriate 
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parameters. However, the exhalation method produced very similar shaped 

instrumental curves between people, whereas the inhalation results were much more 

varied. In particular, inhalation was more affected by the rate at which an assessor 

breathed during an experiment. To the extent, that a minor link was shown between 

breathing rate, instrumental area and sensory response. Inhalation measurement ), ý, as 

perhaps more suitable than exhalation measurement when attempting to simulate the 

process of retronasal olfaction because it captured the dynamic profiles of aroma 

compounds before they reached the nasal epithelium. Therefore, with respect to real 

time events, inhalation breath by breath approximation of olfaction would probably 

be closer to the actual event of perception than exhalation. This would be 

theoretically difficult to test, and the process speed of the mass spectrometer would 

become a limiting factor. 

Overall, when a single distal stimulus was presented to assessors it becomes disrupted 

in infinite ways. This experiment has shown that a small amount of variation in 

breath by breath measurement between people explained why they might differ in 

their sensory response. This idea can be applied to descriptive panels who have 

consensus problems, where the issues may not necessarily be solely due to 

psychological error or training issues, but simply that the single product stimulus is 

prone to a high degree of variation between assessors once consumed. 

5.3.2 Comparison of time intensi(y andpaired comparison experiment 

Chapter 4 showed that when assessors were given identical paired comparison tests, 

the individual ways in which they disrupted the stimuli by inhalation breath by breath 

measurement had an effect on their choice of perceived stronger aroma stream. This 

was only observed when a constant concentration stimulus was presented against a 

pulsed (A2 versusCO. 6), and was not significant when the same aroma stream was 

presented in a test (A2 versus A2, CO. 6 versus CO. 6). Time intensity allowed these 

comparisons between constant and pulsed to be quantitatively and dynamically made, 

but the most important correlation between the sensory and instrumental data was the 

perceived difference between the two periods of constant concentration (A2 versus 

A2). In contrast, the perceived difference between the pulsed section and the constant 
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concentration was not significantly to the instrumental data (A2 versusCO. 6). The two 

types of experiment would therefore not appear to compliment each other in their 

respective conclusions. However, a discrimination test requires the subject to 

compare one set of information against another, whereas time intensity requires the 

subject to permanently compare a random points in time to previous ones 

(Overbosch, 1986; Hollowood, et al., 2004). Therefore, a comparison between the 

two experimental methods may be unproductive. 

5.3.3 Relevance to previous and current work 

The original idea behind this work was to test whether pulsed stimuli are perceived as 

different or the same by assessors. Part of this work related to previous findings bý 

authors investigating the application of electroencephal o graphic techniques in odour 

research (for a review see section 1.2.4). The research into chemosensory event- 

related potentials (CSERP) has frequently used olfactometer pulsing technology to 

relate stimulus strength and frequency to the actual electrophysiological response of 

the brain. The majority of the research is based on method development, in particular 

the breathing technique used. Kobal and co-workers pioneered the velopharyngeal 

closure breathing method, which uses an oral breathing method technique that 

minimises the disruption of an orthonasally delivered aroma (Kobal and Kettenmann, 

2000). However, further testing has not absolutely confirmed whether oral breathing 

was more effective in such experiments compared to nasal breathing. The main 

example being that oral breathing gave higher CSERP amplitudes, but that could 

have been due to the unexpected and abnormal nature of the odour perception in this 

technique (Pause, et al., 1999; Thesen and Murphy, 2001). The most relevant work 

also looked at the relationship between pulsed stimuli and continuous stimuli by 

presenting pulses in increasing frequency in order to calculate the time constant for 

adaptation when there was no perceived gap between the pulses. This time constant 

was shown to be primarily related to the onset of cognitive adaptation rather than the 

central process of habituation, which continues to relay information to the brain long 

after the former has ceased (Tateyama, et al., 1998; Wang, et al.. 2002). The týý-o 

experiments I conducted into the perception of pulsed odourants have shown the 
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importance of establishing an effective method to measure the actual concentration 

after its disruption. This relates to the current CSERP research by asking. ho%ý' can 

the authors know what concentration was actually delivered to the assessor bý' their 

olfactometer? Other researchers also measured the latency of the signal and 

correlated it to nasal sensitivity, but again that would have required an estimation of 

when the stimulus reached the assessor rather than an actual measurement. Even Xý'ith 

the breathing constraint techniques used in such studies, they would not be able to 

predict how their stimuli altered on their path from olfactometer outlet source to nasal 

epithelium. Perhaps the CSERP researchers would benefit from the employment of 

an APCI-MS to compliment their results. My research could not test whether pulsed 

stimuli near the flicker fusion frequency were perceived as the same or different to 

constant stimuli, but it could explain why this was difficult to test. 

The other relevant areas of research to mention are the studies of instrumental and 

sensory correlation. Time intensity has been used with simultaneous volatile in nose 

release studies to study; how different fat contents affect flavour release and 

subsequent perception (Brauss, et al., 1999; Roberts, et al., 2003; Charles, et al., 

2000), rate of flavour release from models gels and perception (Baek, et al., 1999; 

Linforth, et al., 1999) and modelling of adaptation functions (Overbosch and Dejong, 

1989; Overbosch, 1986; Overbosch, et al., 1986; Hollowood, et al., 2004). The 

majority of the work uses a parameter extraction method on the TI curves, yielding 

measurements such as Time to reach maximum intensity Tmaxetc. These can then be 

correlated to the corresponding measurement as extracted from the instrumental data. 

This method does not attempt to explain the variation between people, but generally 

compensates for their differences instead. Conversely, the TI research pertaining to 

understanding fundamental psychophysical functions does account for the variation 

between people and also correlates the response in respect to time. The technique 

was highly successful in relating an individual's response to the stimulus as their 

sensitivity changed in accordance with their adaptation, but showed unexplainable 

issues concerning time lag between the aroma release and the TI data. This tý'pe of 

modelling Nvith respect to time was not attempted in my study mainly due to the 
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difficulties in deciphering curves with such irregular shapes (i. e. predominantly W 

shaped), which would have required the employment of highly ad',, 'anced 

mathematical techniques that were beyond my capabilities. It might be ", orth 

considering a collaborated project with mathematicians in future work of this tý'pe. 
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6 PHYSICAL DISRUPTION OF THE AROMA 

STIMULUS 

It was shown in chapters 4 and 5 that the physical disruption of an aroma Stimulus 

can impact on the subsequent perception. However, these chapters have mainlý' 

focussed on the variation between people as a function of their breathing for 

orthonasally delivered stimuli, whereas there are also other physiological aspects in 

retronasal delivery that lead to individual differences. Two of the main mechanical 

aspects include the act of chewing and swallowing, both of which have been shown 

to actively affect the aroma concentration in the nose. ElectroMyoGraphical (EMG) 

analysis of subjects gave information on chewing frequency which correlated well 

with the nasal air fluctuations of the volatile laden air, thereby indicating that the air 

was pumped from the mouth into the nasal pharynx as the subject exhaled (Hodgson, 

et al., 2003). This transport could be dramatically increased during swallowing 

events, where the nasal airflow temporarily ceased during a swallow and was then 

followed by a sharp pulse of aroma in the breath (Hodgson, et al., 2004). Other 

researchers have suggested that swallowing events alone are important for retronasal 

perception, because the mouth is essentially a 'closed' system at any other time points 

(Buettner and Schieberle, 2000b; Buettner and Schieberle, 2000a). They suggest that 

the reason behind the prolonged retronasal perception, despite the apparent 

intermittency of aroma delivery, is due to the adsorption of the odorant to the food 

matrix and the oral mucosa (Buettner, et al., 2002). However as discussed 

previously, the state of the velum depends on the nature of the food and the individual 

and it is therefore difficult to generalise. The effect of modelled air flow on olfactory 

ability has been described by many researchers and is discussed in chapter 1. 

The aim of this chapter was not to prove or disprove the aforementioned hypotheses, 

but rather to use some of the techniques to demonstrate the types of variation 

associated with measurements of chewing and swallowing. It also investigated the 

theory behind the conclusion in chapter 5, where it was indicated that the perception 
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of inhaled aroma was related to the instrumental data, which in turn was partly a 

consequence of the breathing rate. This was investigated using measurements of 

breath and nitrogen gas flow with simultaneous online monitoring of volatiles in 

exhaled breath. 

The theoretical disruption of an aroma stimulus when presented retronasally was also 

simulated. The pulsing olfactometer emission tube was presented to the mouth. 

Individuals were asked to either chew non-flavoured gum to establish a regular 

chewing pattern or instigate swallowing actions according to a set protocol. The 

subsequent exhalations of the disrupted aroma were measured using APCI-MS. 

Chewing and swallowing were monitored by EMG and laryngography, respectively 

(Brown, 1994; Firmin, et al., 1999). 

6.1 METHODS AND MATERIALS 

Breath flow, mastication and swallowing were measured according to methods 

developed by Hodgson et al. (2003) 

1.1 Breath volatile measurement 

See section 4.1.2.1 of chapter 4. 

6.1.2 Breathflow measurement 

The rate and volume of the nasal airflow was monitored using a digital volume 

transducer (World Precision Instruments, Stevenage, UK), suitable for flow rates up 

to 3 L. sec-1. It consists of an opto-electronic pick up assembly contained within a 

small cartridge. The cartridge was placed in-line with the nitrogen flow or the breath 

flow as depicted in Figure 6.1. The air movement associated with inhalations and 

exhalations caused an ultra light weight impeller blade to spin, in one direction for 

exhalations and the opposite for inhalations. As the impeller rotated, it sequentiallý, 

interrupted light beams, generated by light emitting diodes and these interruptions 

were detected by photo transistors. These signals were input into a 1401 Mk 11 

(Cambridge Electronic Design (CED), Cambridge, UK) Analogue to Digital 
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Converter (ADC), and then processed using computer software package (Spike 2 

from CED), specifically designed to handle physiological data. 

The olfactometer output programme employed was A2 versus C06. which is 

described in chapter 4; Figure 4.7. 

Turbine 

Nitrogen 

Valve 

Olfactometer emission tube 

NOSE 
Inhalation 

Breathing 

APCI-MS 

Olfactometer emission tube 

Figure 6.1 Configurations of turbine flow measurement with APCI-MS interface 

to calibrate inhalation breath by breath measurements. i. nitrogen gasflow. ii.. using 

an individual. 

6.1.3 Mastication measurements (Electromyography; EMG) 

Mastication was measured using electromyography (EMG) by detecting the electrical 

activity associated with the contractions of the masseter muscle. This was achieved 

by placing bipolar surface electrodes (Medicotest UK Ltd) at either end of the 

muscle. The raw signal was fed into a 1902 signal conditioner (CED), which filtered 

out low frequency noise, cut off threshold 0.05 KHz. The filtered signal was then 

input into the 1401 Mk 11 and converted to a5 KHz digital signal. Finally, the data 

was collected and analysed using the computer software package, Spike 2 (CED). 
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6.1.4 Swallowing measurements 

Electroglottography (ECG) was used to monitor the pharyngeal stage of swallowing. 

A laryngograph (Laryngograph Ltd, London, UK) measured the electrical impedance 

across the throat during the eating process. An AC sinusoidal current of alternatuil-I 

frequency, typically between 300 kHz and 5 MHz, was passed between two copper 

electrodes, attached to a flexible, adjustable band held in place around the throat at 

the level of the thyroid cartilage. The sensing electrode detected the current as it 

passed through the skin and throat. The amplitude of the signal relates to the degree 

of tissue impedance in the currýent's path. Tissue impedance is lower than air 

impedance therefore as the vocal folds close (initiated by the reflexive swallow), the 

current passing through the larynx increases. The activity of the vocal folds was 

monitored and used to determine the pharyngeal stage of swallowing. The signal was 

directly input into the 1401 Mk 11, where it was converted to a 800 Hz digital signal. 

The computer software package, Spike 2, was used to process and analyse the data. 

Methods refer to work by Hodgson et al. (2003). 

6.1.5 Aroma presentation 

Figure 6.1 (ii) shows the interface configuration for the inhalation experiments 

associated with the effect of gas flow on the aroma signal. Six individuals were 

asked to perform to repetitions of the same programme but with breathing at different 

rates and velocities. Figure 6.2 shows the interface configuration for the remaining 

experiments on mouth presented aromas and APCI-MS measured exhalations. The 

same individuals performed both experiments. Isoamyl acetate was the volatile used 

in the experiment and was produced by the pulsing olfactometer described in chapter 

2. Apart from the chewing experiment, the raw olfactometer output for all the tests 

was a constant concentration 270 Mg. M-3 and not pulsed. For the chewing 

experiment, the same olfactometer programme measured in Figure 4.7. 
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Figure 6.2 Configuration of chewing and swallowing experiments. 

6.2 RESULTS 

6.2.1 The effect of airflow on the volatile concentration measured by 

the APCI-MS in the inhalation configuration 

6.2.1.1 Controlled flow of nitrogen past the interface 

The aim of this experiment was essentially to calibrate the effect of air flow on the 

concentration of volatiles reaching the mass spectrometer through the Venturi. 

Nitrogen was used prior to using actual subjects as a comparison because the air flow 

could be controlled and unlike a person, did not fluctuate. 

The range of flow rates of the nitrogen was 20-60 mL. s-1. Even with this relatively 

small range compared to the range of flow rates observed from the breathing 

measurement, there was an effect of reducing the aroma signal as the flow increased. 

Figure 6.3 shows that a negative power function best explained the relationship 

between nitrogen flow and aroma signal with an R2 value of 0.86. The explanation 

for this was that as the orthogonal gas flow increased past the interface silica, the low 

venturi flow into the mass spectrometer sampled a decreasing fraction of the aroma 

molecules. 
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Figure 6.3 The effect of air flow on the volatile concentration measured by the 

APCI-MS 

6.2.1.2 Different breathing rates and velocities 

The effect of controlled gas flow on the measurement of volatiles by the APCI-MS 

was compared to real situations where individuals naturally breathed with different 

rates and velocities. It was expected that a similar inverse relationship would be seen 

between the two measurements, which would confirm certain theories in chapter 5 

that were used to describe the potential relationship between the olfactometer 

stimulus and the response over time. 

The range of gas flow rates taken at the maximum point in a breath was -50-350 

mL. s-1. In support of the relationship observed with the nitrogen flow, Figure 6.4 also 

demonstrated a negative power function in respect to the aroma signal (R 2 
value = 

0.89). However, the power function of the curve was significantly smaller than the 

nitrogen flow function. This was likely to be due to the differences in the gas flow 

ranges, which meant that the nitrogen flow values corresponded to the steeper 

gradient regions of the breath flow curve. The two plots can therefore be used to 

demonstrate an effect, but cannot be used for calibration of flow versus relative 

intensity. It is also pertinent to reiterate that the inhalation breath by breath 

measurement of gas phase volatiles did not simulate the true laminar flow nature of 
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aroma compounds in the nose, but reflected the turbulence on the path past the 

interface. The theory of laminar flow was previously described in chapter 4. 

40000 

35000 

30000 

25000 

20000 

15000 

loooo 

5000 

0 

, 
fect of breathflow on the volatile concentration measured by the Figure 6.4 7-he qf 

APCI-MS in the inhalation configuration. 

6.2.1.3 The relationship between breathing rate and breath flow rate 

In chapter 5, a theory was postulated to understand the reason behind the relationship 

between breathing rate and instrumental analyses. It was assumed that the presence 

of the nose tube and mass spectrometer interface might have resulted in assessor 

breathing rates that were slightly different to the normal resting rates. As a 

consequence, individual breathing rates may have changed over the course of a TI 

test. Moreover, this change in flow resulted in a change in the aroma disruption 

pattern and finally made an impact on perception. A hypothetical example of this 

would be an assessor who initially breathed on the APCI-MS at a faster rate than their 

normal resting rate. Over the course of the sensory test, their breathing rate resumed 

back to it's resting rate as their attention focussed on the test and they became 

accustomed. The opposite effect occurred if an assessor initially breathed slower than 

the resting rate. However, only breathing rate (i. e. Time (secs) for I breath cycle) 

was measured in this experiment, which only assumed a relationship between 

0 50 100 150 200 250 300 350 400 

Breath flow past the interface mL. s-1 
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breathing rate and actual flow rate/velocity, but showed no evidence to support this. 

Therefore it was necessary to test whether there was in fact a trend between the time 

for I breath cycle and the mean breath flow rate at the maximum points. This plot is 

shown in Figure 6.5 and also observes a negative power relationship between vectors 

(R 2 
value = 0.90), where the breath flow decreased with increasing mean breath cycle 

time. In other words, slower breathing rates produced, on average, lower breath floxýý 

rates. This would therefore support the theory in chapter 5. However, it is important 

to note that this plot was formed by data points from 6 similar sized individuals, 

whose similar physiological attributes resulted in a single dimension relationship 

between breathing rate and flow. A larger pool of people would increase the 

variation between these physiological aspects thereby resulting in many deviations 

away from the proposed trend. This would form a more realistic model showing 

many clusters of siirnilarly behaving individuals. 
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Figure 6.5 Relationship between breathing rate and breath flow velocity. Six 

assessors and 2 repetitions. 
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6.2.2 The disruption of the stimulus from retronasally presented 

aromas by mastication 

This experiment and the following section describe the effect of disrupting a 

controlled aroma pattern by physiological measurements normally associated with 

mastication. 

Aroma streams of gas phase isoamyl acetate (constant concentration: 270 Mg. M-3, 

flow 5 mL. min-1) were presented to the mouth of individuals and the volatiles 

measured by APCI-MS; without chewing (Figure 6.6a) and then with chewing 

(Figure 6.6b). 
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Figure 6.6a Retronasally presented IAA and exhalations measured by APCI-MS. - 

without chewing- IAA presented to the mouth (Figure 6.2) at 5 mL. min-', conc. 2 70 

mg m. 

70 75 80 85 90 95 100 

Time (seconds) 



CHAPTER 6- PHYSICAL DISRUPTION OF THE STIMULUS 15 
-3 

0.25 

D. 2 

. 
-1 

(D 
2 
LJJ 0.15 

0 

LL 
0.1 

0 

0.05 

0 

1.2E+07 

1, OE+07 

8. OE+06 

6, OE+06 

4ýOE+06 

2ýOE+06 

O. OE+00 

co 

-0- 

Figure 6.6b Retronasally presented JAA and exhalations measured by APCI-MS. 

With chewing (EMG). IAA presented to the mouth (Figure 6.2) at 5 mL. min- conc. 

2 70 mg. m-3 . 

The two plots show a high degree of difference in the shape of the volatile peaks. 

The profile from breathing without chewing in Figure 6.6a shows smooth right 

shouldered peaks that are all relatively similar in shape and form single peaks. Figure 

6.6b shows the plot with chewing and shows a large disruption of the peaks in 6.6a, 

in which each chew is followed by a tall narrow peak of aroma in an exhalation as the 

action of the jaw actually forced air into the pharynx creating a pulsed effect. This 

supports previous research, which showed the same effect with real food products 

(Hodgson, et al., 2003), and demonstrates how chewing can increase the person to 

person variability in breath by breath studies, thereby affecting potential studies with 

correlated sensory analyses. Nevertheless, there is currently little evidence to suggest 

that the disruption caused by mastication has a significant impact on flavour 

perception. 

65 67 69 71 73 75 77 79 81 83 85 

Time (seconds) 
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6.2.3 Disruption of the stimulus from retronasally presented aromas 

by swallowing. 

In continuation with the investigation into aroma disruption concerning physiological 

issues of retronasal transport of odorants, this section looks at the extreme effect of 

swallowing on aroma behaviour in the nose. 

The plots of swallow activity and the subsequent volatile profile in the exhalation for 

four individuals are shown in Figure 6.7. 
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Figure 6.7 The effect of swallowing on the exhaled IAA stimulus after retronasal 

presentation of IAA ftom 4 dýfferent individuals. Individuals (i) and (iii) show less 

ftequent swallowing than (ii) and (N). 

This demonstrates how the identical olfactometer output (see Figure 4.7) was totally 

disrupted from its original profile due to the act of swallowing and this differed 

greatly between people. In this data set, the individual plots of (i) and (iii) show less 

frequent swallowing and the volatile concentration in the breath was much higher 

than the concentration in the breath from individuals who swallowed more frequently 

(plots (ii) and (iv)). This effect is not observed when actual samples are consumed, 

such as flavoured aliquots of solution. In these instances, frequency of swallowing 
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has not been shown to effect the concentration of the volatile in the nose (Private 

communication with Michael Hodgson). 

6.3 DISCUSSION 

This chapter showed that breathing rate and flow disrupted aroma stimuli when 

measured in the inhalation configuration. This effect may exist retronasally as well 

(i. e. before the entrance into the anterior nares), however, it would be very difficult to 

measure in in vivo studies, as it would require the presence of the APCI-MS probe at 

the back of the throat in the proximity of the nasopharynx. Therefore, the relevance 

of this work in respect to real eating events is based on assumptions that may remain 

difficult to test. The normal method of retronasal measurement monitors volatile 

compounds in an exhalation. This has been shown to be dramatically affected by 

adsorption of volatiles to the nasal epithelia and subsequently decreases the volatile 

concentration (Linforth, et al., 2002). The more subtle effects of certain 

physiological disruptions observed in the inhalation breath by breath configuration 

may therefore become diminished after the process of volatile adsorption. It is also 

unknown as to whether the event of perception is closer to the time points of an 

inhalation or an exhalation and research into olfaction reaction times may be too 

dependent on the method used to produce the aroma (Laing and Macleod, 1992; 

Overbosch, et al., 1989). The data obtained by the measurement of air flow past the 

mass spectrometer interface may be discredited by papers that have modelled air flow 

through the upper respiratory airways. Firstly, one finding suggests that regardless of 

exhalation or inhalation, flow through the nasal cavity is essentially laminar and thus 

odorants occur as diffusible plugs rather than constant concentrations created by 

mixing in turbulent flow (Keyhani, et al., 1995; Keyhani, et al., 1997). In this study, 

the effect of an inhalation on the stimulus could only indicate the effect of a turbulent 

mixing flow. Despite this deviation from recent postulations, the inhalation patterns 

of the volatiles were shown to explain the sensory variation between individuals 

(chapter 5). A related point to note comes from another much more recent study 

where it was showil by human nasal cavity modelling that two individuals could 

inhale identical amounts of air at the same rate yet one could have up to 50 times 
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greater local air flow thereby increasing the supply of odorant (Zhao, et al.. 2004). 

Perhaps this explains why the sensory line scale usage in chapter 5 did not correlate 

to the instrumental measurements of volatile inhalation. In other ýý'ords. the ýN-aý, in 

which the volatiles were inhaled was irrelevant to perception because the events 

inside the nose were far more important. 

In this study, chewing and swallowing were shown to significantly disrupt a 

retronasally delivered aroma stimulus in a subject dependent manner. The effect of 

this disruption on perception could be tested using a similar method of data analysis 

to chapter 5. This could be performed by analysing the instrumental data of the 

different sensory principal groups and mapping this onto the variation observed 

between their mastication and swallowing patterns. 

In conclusions, we can measure with relative accuracy the disruptions of an aroma 

stimulus associated with breathing swallowing and chewing once they have been 

exposed to the individual. Physiological consequences of breathing were shown to 

affect the measurements on the APCI-MS, and some of these disruptions lead to a 

stimulus being perceived in different ways. The impact and relevancy of the other 

physiological measurements on flavour perception remain as yet unclear. 
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7 GENERAL DISCUSSION 

My principal aim was to investigate the APCI-MS in order to model the sensory 

responses to food/aroma stimuli. 

The broad title of the thesis meant that the project could have taken many different 

directions and initially, it was quite difficult to establish the area of a very large 

surface that I ought to be scratching. Many of my decisions stemmed from the 

experiment on retronasal and orthonasal thresholds, which meant that I produced a 

thesis that was predominantly psychophysical rather than conventionally sensory. 

The initial aim of the thresholds chapter was to generate data for use in a link project 

that was modelling time intensity responses by using the Overbosch equation and its 

derivatives (see section 1.3.3.3). In order to do this, the majority of my first year was 

spent developing appropriate techniques, which is why I also wanted to use the data 

to test a different, albeit related, set of theories to those proposed by the link project. 

It was at this point that I began to focus on the APCI-MS as a too] to measure the 

variation between people rather than volatiles or products. It was already widely 

acknowledged that two individuals would differ in their breath by breath profiles 

despite consuming the same solution, but the consequence on perception had not been 

extensively studied. By obtaining threshold data I hypothesised that if two 

individuals had very different thresholds, their breath by breath profiles would be 

significantly different. This conclusion was not shown by my threshold results 

probably because the hypothesis was simply not true. However, certain unavoidable 

compromises in the methodology meant that I could never be totally confident in the 

data. Firstly, the orthonasal gas phase thresholds were calculated according to the air- 

water partition coefficient and actual in nose volatile concentration differences 

between individuals were not measured. This would have been impossible at the 

concentration range used, thus a compromise was made. Secondly, retronasal 

thresholds were based on breath by breath measurements, but only as a mean value 

from consumptions of higher concentration aqueous samples. As exposed in chapters 

4,5 and 6, individual breath by breath repetitions can also differ dramatically and 
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therefore using a mean value to form a partition coefficient would not reflect these 

changes over time. Once again, this would have been simply impossible to measure 

for two reasons: the volatile concentration ranges were too low for the sensitivities of 

the mass spectrometer and it would have also been uncomfortable for a panellist to 

conduct all threshold tests on the breath by breath interface. A future experiment of 

this kind could be improved if dose response curves were employed to extrapolate 

towards the threshold rather than to measure it directly. A similar method was used 

in an experiment by Vuilleumier and colleagues (2000) to much success. In this way, 

volatile concentrations could be high enough for online measurement of retronasal 

consumption and more importantly to monitor how an individual inhales the 

headspace for orthonasal determination. Despite the obvious problems encountered 

in measuring the variation between individuals, overall the thresholds were shown to 

be highly repeatable measurements even over an 8 month period. More importantly. 

the experiment demonstrated that individuals could be clustered according to their 

psychophysical measurements when a larger group of individuals was analysed. This 

result was supported by the experiments in the subsequent chapters. 

The experiments conducted on perception of pulsed odorants had two origins; from 

work on other modalities and the observed discrepancy between breath by breath data 

and time intensity. The other modalities to be investigated for their responses to 

pulsed stimuli were mainly vision and hearing under the heading of 'flicker fusion 

theory'. This psychophysical theory suggests that the perceptual systems have a 

minimum number of time frames upon which a piece of information is imprinted. If 

this rate is exceeded then those perceptual frames will coalesce into one dynamic 

experience, the prime example being cinema. Similarly, breath by breath data 

produces volatile peaks with the tidal respiration, yet the perceptual response is 

smoothed as if the captured information imprints itself long enough to allow for the 

subsequent wave of aroma to arrive without a decrease being perceived. It was these 

ideas that produced the question; are pulsed odorants perceived as being the same or 

different to constant odorants? 
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The problems involved in answering this question were perhaps even more extreme 

than those in the thresholds investigation and were obvious from the start. 

-The olfactometer needed to pulse at a rate quick enough to produce a sufficient 

amount of pulses within the time for an average inhalation. 

-Even when this rate was set at 0.6 seconds, it was shown that each person received 

different versions of this aroma output due to their individual breathing patterns. 

-Analysing the aromas in the nasal exhalations reflected conventional retronasal in 

vivo measurement but could not monitor the pattern of pulses on their path to the 

nose. 

Measuring the pattern of aroma inhalation by an individual solved part of these 

problems was also invaluable in comparisons against exhalation measurements. 

Furthermore, conducting these experiments simultaneously with instrumental 

measurement lead full circle back to the threshold related hypotheses that an 

individual's perception would differ depending on how they received the inhaled 

aroma patterns. This could also take into account the variability between repetitions 

from the point of view that a single olfactometer emission pattern was disrupted in a 

infinite number of ways by individuals at different points in time. Therefore, the 

procedure could not be used to model the perceptual response, but instead was highly 

effective in understanding why two people may differ in their sensory responses. 

The results of these pulsing experiments showed that in a discrimination test with a 

significant outcome, there were individual repetitions that went against the overall 

consensus. However, the instrumental analysis revealed that these statistical deviants 

had in fact inhaled significantly different patterns of aroma to the majority. 

Therefore, it was not their cognition that went against the consensus, it was in fact the 

consequence of their physiology. In other words, when two people breathe in an 

aroma stimulus, they disrupt it in different ways. This disruption directly affects their 

perception, and causes their sensory responses to be different. 

This result was further supported by looking at the perception of these aroma patterns 

over time. Unlike the two way decision of a discrimination test, time intensity 

revealed the infinite number of different perceptual profiles between people and how 
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this was partly a consequence of differences in their aroma inhalations. Overall 

differences between people and their repetitions in respect to maximum aroma 

intensity and average scale usage could not be explained by the instrumental data. 

However, the overall shape and skew of the TI curve was shown to be indicative of 

the pattern of aroma they received in their inhalations. 

These theories can be extended to normal eating events; two people may differ in 

their perceptual experiences due to the dissimilarity of the aroma patterns on their 

path to the nasal receptors. In addition to breathing, other factors such as swallowing 

and chewing may enhance this pattern disruption, as shown in chapter 6, but their true 

effects on perception remain to be seen. 

The drawback in conducting these pulsing experiments was the laborious analysis of 

the instrumental data. To put this into perspective, the time intensity experiment 

alone took three days to capture all the data but took five months to analyse, extract 

and format the results. I would have ideally wanted to conduct further experiments 

using other volatiles or on a consumer scale, but the time for analysis prevented me 

from doing so. 

For this reason, I believe a major advance in understanding flavour release and 

behaviour in the mouth and nasal cavity would be in the development of analytical 

software that could extract relevant points in real time. In this way, far greater data 

sets could be handled and would certainly increase the likelihood of revealing further 

links between the stimulus and the response. 

In retrospect, I am satisfied with the path my research has taken and the reasons 

behind my experimental decisions. It also seemed highly appropriate to be able to 

return to original hypotheses regarding the reasons for person to person sensory 

variation. 

Through these relatively complicated experiments an interesting conclusion about 

olfaction has been revealed, which sets this modality apart from the other senses: the 
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disruption of the aroma patterns from source to receptor are so powerful that they 

result in sensory differences between people. 
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