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Abstract

1 Abstract

The purpose of the research conducted in this thesis was two-fold.
First, it was to examine the impact of temporal processing on the
capability of participants to determine the order of perception and the
identity of components in mixtures of three tastants. Secondly, it was to
determine if interaction occurs between the two modalities of taste and
olfaction, and to determine the capacity of humans to identify the

components of taste-odour mixtures.

In the first study the hypothesis was that the differences in taste onset
times, as a result of temporal processing differences, play a major role
in limiting the ability of participants to determine the order and identity
of tastants in mixtures. Participants were trained to analyse mixtures of
sucrose, sodium chloride and citric acid at six concentrations. They
were then asked to indicate which tastant was perceived first, and the
identity of each component in binary and ternary mixtures.
Concentrations of components were adjusted to provide some intensity
conditions that minimised differences in processing times and
maximised the chance of loss of perceptual order occurring. With
binary mixtures systematic changes in intensity resulted in identification
of only one component when the differences were largest, and both
when intensities were similar. In contrast, participants found it difficult
to indicate which component was perceived first when the intensities
were similar, and easy when substantially different. The results for
ternary mixtures showed that the loss of order of components was
sometimes but not always accompanied by a loss of a participant’s
ability to identify components. This contrasts with odour mixtures where
it was shown that the identification of components was substantially
limited by loss of temporal order of components (Jinks and Laing,
1999b). Loss of identity of components with taste mixtures seems to
occur to a lesser degree than odour mixtures and it is most likely
suppression, rather than temporal effects, which are the main cause of

the loss of identity of components with ternary taste mixtures. Thus the
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results only partially supported the hypothesis that differences in
temporal processing play a major role limiting the ability of participants

to determine the order and identify tastants in mixtures.

In the second study, because little is currently known about the
capacity of humans to analyse multi-component taste-odour mixtures,
an investigation of this was undertaken. The hypothesis was that
interaction between the two modalities occurs and this limits
identification of components. In particular, the present study aimed to
determine first, if interaction between the two modalities occurs?
Secondly, if interaction does occur does one sense dominate the other,
and thirdly, how many tastes and odours can be identified in a mixture?
Participants were trained to identify ‘equi’ intense aqueous solutions of
the tastants, sodium chloride (salt), citric acid (sour), and sweet
(sucrose), and the odourants cinnamaldehyde (cinnamon), cis-3-
hexanol (grass-like), and 2-pentanone (nail polish remover-like). During
two test sessions they were asked to identify the components in thirty
six mixtures, containing 1-to 6-components. The results produced three
main findings. First, there was strong evidence that there was
interaction between the modalities during the perception of tastes and
odours. Second, it appears that, taste dominated smell with regard to
the identification of components. Third the maximum number of
components able to be identified in taste-odour mixtures was three.
Thus the results provide strong evidence to support the hypothesis
that, interaction occurs in the perception of tastants and odourants in

mixtures limiting identification.

Overall the results of the studies provide new information about the
capacity of humans to analyse chemosensory mixtures, which can be

applied in studies of the impact of real food components.
To date one of the studies from this thesis has been published

Marshall, K Laing, D G Jinks, A Effendy, J Hutchinson, | (2005)

Perception of temporal order and the identification of components in
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taste mixtures. Physiology and Behavior (83) 673-681, (please see the
insert in the back of this thesis). Whilst the other is currently under
review in the journal Cognitive Brain Research i.e.,

Marshall, K Laing, D G Jinks, A Hutchinson, | Perceptual analysis of

odour-taste mixtures mimics the restricted capacity found with mixtures
of odors or tastes.
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2 Introduction - Taste and Odour Perception in
Chemosensory Mixtures

Why and what we eat is not just to satisfy hunger. The decision to eat
is also influenced by the liking for the flavour and sensations from
foods. The decision to eat particular foods is determined by a number
of factors including hedonic responses, experiences and beliefs
(Kroeze, 1990). Also a range of genetic, physiological, psychological
and metabolic variables influence responses to odours and tastes
(Drewnowski, 1997). Nevertheless, when foods and beverages are
consumed what we taste and smell, and to what extent those tastes

and smells are detected has still to be defined.

The flavour elements of food consist partially of odours and tastes. The
visual characteristics detected by the eye and the odour of a food
detected by the nose, are the first sensory components perceived.
During chewing, tastants and odourants are released in the mouth.
Tastes are carried via saliva into the taste buds and receptors, and
odours are carried retronasally via the nasopharynx, to the odour
receptors in the nose (Martini et al., 2001, Hodgson et al., 2003).
Tastes have been defined as sweet, salty, sour, bitter and umami, but
questions still remain as to the total number of tastes that exist
(Delwiche, 1996). Taste perception involves a number of different
mechanisms and there are at least five different pathways of reception
and transduction of tastants (Laing and Jinks, 1996). There are two
main theories regarding taste coding, namely, the ‘across fibre’ and
‘labelled line’ theories (Laing and Jinks, 1996). As regards odours, they
are received by the cilia in the olfactory epithelium and are transduced
via two possible pathways. Action potentials travel to the olfactory bulb
and higher centres where identification is achieved via a spatial map of
the odour (Laing and Jinks, 1996). Factors that contribute to the quality
and intensity of individual tastes, odours, and taste and odour mixtures
include temporal processing, adaptation, and enhancement and

suppression.
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Importantly, the development of food products has been conducted
without knowing how many of the tastants and odourants added into
formulations are perceived or how they impact on the final flavour of a
food. Research relevant to this topic has shown that the identification of
the number of components in a mixture of tastes or odourants has
been limited to between three and four (Laing and Francis, 1989, Laing
and Glenmarec, 1992, Livermore and Laing, 1996, Livermore and
Laing, 1998, Laing et al., 2002, Jinks and Laing, 1999a) Part of this
limitation appears to be due to temporal factors, which suggests that if
too many odours and tastants are released from a food within a short
time period during mastication, the time for identification of each may
be insufficient due to limits in working memory(Jinks and Laing,
1999b). It has also been shown that whilst it is possible to determine
the temporal order of the perception of a mixture of two tastants
(Kuznicki and Turner, 1986) the closer they are released in time the
more difficult it becomes to identify both tastants. Similar effects have
been observed with mixtures of three odours (Jinks and Laing, 1999b).
If more than two tastants are present in a mixture it is not known at
what intensities they are perceived or whether they can be perceived at
all. Key information regarding the conditions under which odourants

and tastants are perceived when released from a product is needed.

This thesis aims to increase the understanding of the effect of temporal
processes on the perception of taste mixtures, and the limits in the
capacity of humans to identify components of taste-odour mixtures.
The first study investigates the effect of temporal processing on the
order of perception and the identification of components in taste
mixtures. The second study investigates the capacity of humans to
identify the components of multi-component taste-odour mixtures. The
following review aims to provide a background as to how the senses of
taste and olfaction operate and the factors that are currently known or

suspected of being important for the perception of tastes and odours.
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2.1 The Anatomy of the Gustatory System

211

When food is consumed mastication breaks it down and saliva is
added. Tastants then enter taste papillae, and are detected by taste
receptor cells which are clustered in taste buds. Taste buds are found
within papillae. Papillae are located on the surface of the tongue,
pharynx and larynx, however, by adulthood the papillae on the pharynx
and larynx have decreased in number and importance (Miller, 1995,
Martini et al., 2001). Three types of taste papillae exist, namely,
circumvallate, foliate and fungiform. Other papillae include filiform and
conical papillae, however these do not usually contain taste buds
(Martini et al., 2001). Figure 1 shows the human tongue and the
locations of papillae (Smith and Margolskee, 2001). The number of
taste papillae and buds varies from person to person and thus variation
in taste detecting structures is a reason for variation in taste perception

across individuals (Zuniga et al., 1993)

o
-

C;rcumvanaté
Papiliae

Foliate Papillae

Fungiform *

~Filiform Papillae
Papillag ~ 4

Figure 1 Human tongue showing locations of papillae
Adapted from (Smith and Margolskee, 2001)

Foliate papillae

The foliate papillae are found on the posterolateral surface of the
tongue and consist of ridges separated by fissures (Figure 1) (Smith
and Margolskee, 2001). There are between 2 and 9 foliate papillae on
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either side of the tongue. The taste buds are found within the ridges
and there are approximately 1300 taste buds in total. Saliva secretions
in this region are from the lingual salivary glands (Miller and Bartoshuk,
1991, Mistretta, 1991).

Fungiform papillae

Fungiform papillae are found on the anterior tip of the tongue and
appear as pink elevations of about 0.5mm in height. The number of
papillae varies between 17-38/cm? (Shahbake et al., (submitted Dec
2004)) and the average number of taste buds is about 750 (Mistretta,
1991).

Circumvallate papillae

A trough associated with Ebner glands encircles the circumvallate
papillae (Figure 2) (Smith and Margolskee, 2001); these glands secrete
saliva, which empties into the trough. These papillae are found in a v-
shape across the posterior dorsal region of the tongue and can vary in
number from 8-12 (Mistretta, 1991) The number of taste buds found in
each papillae varies between 150 and 350 for adults aged between 20-
70 years. Contained within these papillae are between 2000-2500
taste buds (Mistretta, 1991) (Miller, 1995).

Filiform Papiltae

Circumvaliate
Papilla

Taste Buds

-Salivary Glands

Circumvallate
Papilla

Figure 2 Structure of circumvallate papillae
Adapted from (Smith and Margolskee, 2001)




2.1.4

21.5

Introduction

Taste buds

The taste buds are onion bulb-shaped structures, which contain 40-60
taste receptor cells arranged similarly to orange segments (Figure 3).
Microvilli or taste hairs extend from each taste cell into a taste pore.
Tastes dissolved in saliva contact the taste cells through the taste pore
and appear to be responsive to the common tastes sweet, salty, sour,
bitter, and, umami (Smith and Margolskee, 2001, Breslin, 2001). Nerve
fibres enter the taste bud at the base and branch throughout the bud
(Guyton, 1987). Taste buds are also found throughout the mouth on
the soft palate, the laryngeal surface and the nasoincisor duct
(Mistretta, 1991).

Taste Pore

- -Epithelium

Microvilli

~~Taste Cell

Nerve Fiber

Figure 3 Structure of taste bud
Adapted from (Smith and Margolskee, 2001)

Innervation

Three cranial nerves are involved in the innervation of taste buds on
the tongue (Figure 4). Fungiform buds are innervated by the Chorda
Tympani branch of the Facial nerve, and also by the lingual branch of
the Trigeminal (pain) nerve. Foliate papillae are innervated by the
Chorda Tympani nerve in the anterior and by the lingual branch of the
Glossopharyngeal nerve in the posterior tongue. The latter branch also

provides innervation to the circumvallate papillae (Mistretta, 1991).
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Some signals are also transmitted by the Vagus nerve from other parts
of the mouth.(Guyton, 1987).

s

dmigNT (V). T
iy N.(vy Trigeminal (V) g, &
\ ganglion and Mo

Zygomatic arch (cut)

Mandibular N -(Vy)

W

o ¥ N
A Lingual N,

4
/[ (fibers from ™ iemal Carotid A,
chorda tympani

4 and mandibular
\ division of
trigeminal nerve)

Figure 4 Facial nerves
Adapted from Bromley and Doty (2003)

2.2 Taste Reception and Transduction

When a tastant interacts with a taste receptor cell the result is
depolarisation, or the production of a receptor potential within the cell.
The receptor potential generated activates a number of voltage gated
ion channels which multiply and eventually terminate the signal
(Gilbertson, 1998). The generation of an action potential leads to
activation of voltage-dependant ion channels Na*, K*, and Ca*" within
the cell. An increase in Ca®" results in neurotransmitter release into
gustatory nerve fibres (Gilbertson and Boughter, 2003). There are a
number of different mechanisms involved in the transduction of

individual classes of tastants (Laing and Jinks, 1996).
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Saliva

The functions of saliva include lubrication, cleansing, taste dissolution,
digestion, and protection of the taste receptors from bacterial infection
(Matsuo, 2000). A reduction in saliva production (xerostomia) may
result from Sjogrens syndrome, hypertension, rheumatoid disease,
diabetes and hyperlipidemia (Beidler, 1995). A large number of drugs
also produce xerostomia as a side effect (Beidler, 1995). If the normal
functions of saliva do not occur taste function is also impeded (Bradley,
1991).

Salts — eq sodium chloride (NaCl)

The mechanism of Salt (NaCl) transduction involves an influx of Na*
from the depolarisation of the taste receptor cells. This leads to
triggering of action potentials in a dose-dependent manner. The
plasma membrane proteins residing on the apical membranes act as
specific ion channels for sodium, (Laing and Jinks, 1996, Gilbertson
and Zhang, 1998, Contreras and Lundy, 2000).

Acids

The detection of acidic or sour tastes depends on the concentration of
protons (H"). Acids also alter the electrical potential of the taste cell in a
dose- dependent manner with decreasing pH (Gilbertson, 1998). The
ionic channels in the cell membrane , vary with species and may differ

depending on the presence of a strong or weak acid (DeSimone et al.,
2001).

Sweeteners
Sugars such as sucrose bind to a receptor protein, linked to a G-
protein, which stimulates activity of the enzyme adenylate cyclase.

Adenylate cyclase then hydrolyses adenosine triphosphate (ATP) to

10
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adenosine monophosphate (cAMP) resulting in the activation of protein
kinase A. The activated protein kinase A then phosphorylates a K*
channel resulting in closure and a depolarisation of the taste cell
membrane (Schiffman and Gatlin, 1993, Laing and Jinks, 1996,
Gilbertson, 1998).

Bitter

Bitter stimuli vary greatly in structure and there are several different
transduction mechanisms. Tastants such as quinine may bind to a
receptor protein which is linked to a G-protein, resulting in the
activation of phospholipase and inositol triphosphate (ITP) production
and phosphodiesterase. The enzymes cause the release of calcium
ions Ca®* , which result in cell depolarisation (Gilbertson, 1998,
Glendinning et al., 2000, Smith and Margolskee, 2001).

Amino acids

The transduction of amino acids involves both G-protein receptors and
ligand-gated channels. Activation of a receptor causes a decrease in
cAMP, however the intermediate steps and second messenger
pathways have not been identified (Gilbertson, 1998, Glendinning et
al., 2000, Smith and Margolskee, 2001).

2.3 Taste Coding

The chorda tympani, glossopharyngeal and vagus nerves carry
information to the central nervous system (CNS) about tastants, where
coding of the electrical signals to determine the identity of a tastant is
carried out. There are two main theories as to how taste is coded in the
brain. First, there is the labelled line theory proposed by Muller (1826 in
Doetsch (2000)) who suggested ‘specific nerve energies’ and the

unique functional characteristics of the nerves carried information for

11
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the different types of senses (Figure 5 A). The basis of this theory was
that each stimulus was encoded by activation of a single labelled
neuronal line (Doetsch, 2000). This theory was also reflected in
theories for other senses such as touch. The other theory is commonly
called the across fibre pattern theory (AFP). In this theory each taste
stimulus is encoded by a unique pattern of activity across many
neurons (Doetsch, 2000) (Figure 5 B). To date conclusive evidence for
either theory has not been obtained. Rather a combination of the two
theories may explain how tastants are recognised (Contreras and
Lundy, 2000, Linden, 1993).

000, - 00
900000
D000
@@
BH@@@E®

Coding by labelled lines

o O 00
o O 00
90000
900 O
OOO@O0O

Coding by across fibre pattern

Figure 5 Two main taste coding theories
Adapted from (Doetsch, 2000)

Note: A = neural coding by labelled lines and B= coding by population response
patterns. “Filled circles represent active neurons: unfilled circles, inactive neurons. In
A, each stimulus (number “4” in this case) is encoded by activation of a single
labelled neuronal line. In B, each stimulus (number “4") is encoded by a unique

pattern of activity across neurons” (Doetsch, 2000).

12
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2.4 Taste Perception

2.4.1

Perception has been defined as the process by which an organism
becomes aware of, or responds to the environment. (McBurney and
Collings, 1984). Studies involving the perception of food components
have often been based on how the individual components of binary
mixtures are perceived. The following section is a summary of the

types of interactions which have been studied in taste mixtures.

Taste primaries

The existence of independent modes of taste was proposed by Ohrwall
(1891 in Scott (1991)). In contrast Henning (1915 in Erickson and
Covey (1980)) proposed that the four tastes of sweet, salty, sour and
bitter constituted the edges of a continuous taste spectrum. In other
words taste is comprised of a multiplicity of tastes (Erickson and
Covey, 1980). It was proposed that this continuum formed a
tetrahedron where the apices were sweet, salty, sour and bitter. Mixed
tastes were placed on the surface of the tetrahedron (Henning, 1915)
in (Shallenberger, 1993)).

Currently a debate exists regarding whether there are five or many
more tastes. Erickson (1982) disputed the depiction of four taste
qualities and proposed there were more. Using psychophysical
methods Erickson et al.,(1990) produced data which supported the
view that there were many tastes and these were recognised using
across-fibre coding. A fifth taste umami with savoury qualities elicited
by glutamates and associated with monosodium glutamate was noted
by Kurihara (1987). Delwiche (1996) suggested that while the concept
of four basic tastes may be useful, the view of a multiplicity of taste
sensation fits with a range of reception and transduction mechanisms,
neural communication channels, cortical cell types, mechanisms, or

language.
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Introduction

Like Erickson, Schiffman (2000) used multidimensional scaling
methods and suggested there are more than five basic tastes as
demonstrated by the descriptive ratings of taste not falling into four
discrete categories. Thus multi-dimensional scaling of similarities
between the tastes suggested taste quality was not limited to four, as
metal tastes cannot be described by the traditional four and the
activation models for taste cells suggest a number of receptor and
transduction mechanisms which cannot just be encoded by four types

of labelled neurons and channels.

Although the question of four to five or more tastes has not been
resolved, in this thesis the concept of four to five primaries has been

adopted.

Taste mixtures

The processing of taste mixtures involves a number of different
interactions. The following section will discuss taste interactions and

also the similarities of the effects to those reported for odourants.

2.4.2.1 Suppression

The most common result of mixing two tastes is suppression of one or
both tastants, in that there is a decrease in the perceived intensity of
one or both components. A number of different factors influence
suppression particularly, the type of tastants and their concentrations.
For example, other than at dilute concentrations of saltiness (NaCl) and
sweetness (sucrose) the effect of a high concentration of sucrose on a
low concentration of NaCl was to suppress the intensity of the latter
either partially or completely (de Graaf and Frijters, 1989). In other
words, higher concentrations of sucrose suppress lower concentrations
of sodium chloride. Sucrose also suppresses sourness, however the
suppression of sweetness (sucrose) by acids (citric acid) may be

related to pH. A pH of 2.5 was reported to produce a 50% reduction of
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sweetness however at higher pH levels of 4.0-5.8 there was little
suppression (Stone et al., 1969). Bonnans and Noble (1993) suggested
that a >40g/L difference was required for sucrose to suppress citric
acid in the range of 80-120g/L sucrose and 0.75-2.25g/L citric acid. It
was also found that there was greater suppression of sweetness by
citric acid than of sourness by sucrose in the same range of
concentrations. The suppressive effects of saltiness and sourness
have been noted in binary solutions, where the components were
significantly above threshold concentrations NaCl suppressed
sourness in a number of acids, however there were less reports of the

suppression of NaCl by acids (Breslin, 1996).

The third factor affecting suppression is the number of components
which may result in loss of identity of one or more components in part

due to lack of memory processing capacity (Kroeze, 1990).

2.4.2.2 Enhancement.

When two or more compounds are mixed together and an increase in
the perceived intensity of one or both tastants occurs, enhancement is
said to have occurred (Breslin, 2001). This was found in mixtures of
low concentrations of NaCl and sucrose presumably because of the
sweet taste of NaCl at low concentrations adding to the sweet taste of
sucrose (Bartoshuk et al., 1978). The other binary combination where
enhancement has been reported was with salts and acids.
Combinations of near threshold (weak) concentrations of salt and acid
resulted in enhancement of both saltiness and sourness (Breslin,
1996). High concentrations of acid have also been shown to enhance
weak concentrations of NaCl, and NaCl also enhances the intensity of
weak acids (Breslin, 1996).
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2.4.2.3 Adaptation
Adaptation is another factor which affects the perception of tastes.
Adaptation is defined as a fading of sensation after continuous
exposure of the tongue to a taste solution (Kroeze, 1990,
Shallenberger, 1893). Self-adaptation is exposure to a single taste
solution eg, sucrose, and cross-adaptation involves the exposure to
two different tastes, eg, two sweeteners (sucrose and high fructose
corn syrup) with one presented as the adapting stimulus and the other
as the test stimulus. An inability for the primary tastes to show cross-
adaptation has been suggested as evidence for the presence of basic
tastes (McBurney, 1974). However, “Cross-adaptation like” effects
were shown between sucrose and NaCl in experiments reported by

Rankin and Marks (2000), complicating interpretation.

The study of adaptation, involving methods aimed at replicating the
action of the tongue and saliva during consumption; do not result in
complete adaptation. During normal mastication the tastants are
moved around the mouth minimising adaptation at any single area
(Theunissen et al., 2000, Kroeze, 1990).

2.4.2.4 Analytic vs. synthetic

The question exists as to whether perception of taste mixtures is
analytic or synthetic, that is can they be perceptually subdivided into
their component parts (analytic), or form a new merged taste
(synthesis) (Breslin, 2001). Erickson and Covey (1980) found that both
synthesis and analysis of tastes occurs. In that study of binary taste
mixtures participants reported whether the mixtures were singular or
“more than one”. Mixtures were largely perceived as synthetic,
however, a number of the mixtures were rated as more than one or
analytic. In a mixture of sucrose and salt, participants perceived
sucrose as singular in 85% of judgements. [n contrast, a mixture of
quinine sulphate and hydrochloric acid appeared to be perceived as a

synthesized mixture. Kuznicki and Turner (1988) found significant
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differences in the reaction times between NaCl and caffeine in mixtures
suggesting taste is an analytic system. Currently, the question of
whether taste mixtures behave in an analytic or synthetic manner is
38unresolved.

2.4.2.5 Capacity of humans to analyse taste mixtures

Studies involving the ability of participants to identify the components of
mixtures of more than two tastants are limited. Kroeze (1990)
reanalysed the data from Bartoshuk (1975) and found that in 2-
component mixtures, both tastants were identified, but in 3- and 4-
component mixtures the number of tastes identified on average was
just greater than two. In that study participants were asked to estimate
the perceived intensity of the tastants in terms of sourness, sweetness,
saltiness, and bitterness, and to also break down the total intensity of
mixtures by estimating the magnitude of constituent qualities. However,
there is no indication in Bartoshuk (1975) whether the perceived
intensities of the components in the mixtures differed from that of
water, and thus it was not possible to determine how effectively
participants were able to distinguish the individual components. A more
recent study using equi-intense mixtures of up to five components
showed that the maximum number of tastes able to be identified in a
mixture of tastants is three (Laing et al., 2002).The proposed
mechanisms for the loss of identity of components were the temporal
factors involved in their reception and processing and the capacity of
the working memory system. Working memory was defined as the
‘system responsible for the temporary storage and manipulation of
information, forming an important link between perception and
controlled action” (Baddeley, 1998). The limit in the processing
capacity of the human gustatory system therefore appears to be three,
similar to that for olfaction discussed later in this thesis (in section
2.11.).

17



Introduction

2.4.2.6 Temporal processing

One of the basic characteristics of a sensory system involves its ability
to capture and analyse spatial and temporal (time) properties of stimuli.
(Green and Lawless, 1991). By comparison the analysis of the acoustic
signals of speech by the ear is predominantly by time and frequency,
whilst the eye on the other hand is less sensitive to time analysis and

more to spatial frequency (McBurney, 1976).

The time course of a gustatory response is sufficiently consistent
across receptor neurons so as to allow discrimination of primary taste
qualities in the rat nucleus of the solitary tract (NTS) (Covey and
Erickson, 1979). This was also found in the parabrachial nuclei of the
rabbit (Di Lorenzo and Schwartzbaum, 1982). Human reaction times to
the primary tastes have also been shown to differ in the increasing
order, sour(hydrochloric acid), salty(NaCl), sweet (sucrose) and bitter
(quinine sulfate), although this order is also mainly a function of taste
concentration, (Kuznicki et al., 1983, Kuznicki and Turner, 1986). The
temporal characteristics of individual tastants show that the reaction
time of single tastants decreases with increasing concentration. For
example, the reaction times with sucrose solutions decreased from
around 2000 to 700 milliseconds over the concentration range 1% to
34.2%, while the reaction time for salt decreased from around 1000 to
500 milliseconds over the concentration range 0.25% to 5.8%

(Yamamoto and Kawamura, 1981, Yamamoto and Kawamura, 1984).

Interestingly, an increase in reaction times for tastes occurs when the
taste stimuli are in binary mixtures. This may be due to the similarities
of spatial and temporal perception between tastants (Kuznicki and
Turner, 1986). It was also suggested participants used the differences
in taste onset times as an aid in the identification of single tastes in
mixtures. Performance of subjects decreased as the cognitive demand
increased. Longer reaction times were found when target tastes were
in mixtures rather than when they were presented alone. Thus, when

salty (NaCl) was discriminated from water the reaction time was 0.73
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seconds, however, in a mixture with sour (citric acid) the reaction time
for discrimination was 1.41 seconds. Clearly, the analysis of mixtures
increases the cognitive effort required to identify components and as a

result reduces the ability of subjects to achieve this correctly.

Importantly, Kuznicki and Turner (1988) confirmed that participants
used the differences in taste onset time to identify single tastants in
mixtures when they were equal in intensity. Participants were able to
correctly identify saltiness (NaCl) when mixed with bitterness (quinine
sulfate) at a 95% correct level. When asked to correctly identify
bitterness (quinine sulfate) at a deadline of 1 second recognition was at
chance. By comparison the reaction time for bitterness (quinine sulfate)
alone was 1.44s (Kuznicki and Turner, 1986). When subjects were
allowed to respond at a deadline of 2.5 s, the correct identification of
bitterness increased to 77%, indicating longer processing times were

required for recognition.

Kelling and Halpern (1988) suggested that the reaction times for
identification of taste quality involves more central nervous system
gustatory processing than just reacting to a taste difference, while
supporting the view that cognitive processes are an essential part of
human gustatory judgements (Kuznicki et al., 1983, Kuznicki and
Turner, 1986).
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2.5 Anatomy of the Olfactory System

Smell is an important part of the flavour of food. The odours of a food
which are first inhaled, swirl and eddy within the nasal cavity and are
carried to the receptors in the nose (orthonasal perception) (Martini et
al., 2001). Food then enters the mouth where it is chewed, swallowed,
and the odours released pass up through the nasopharynx to the

receptors in the nose (retronasal perception) (Hodgson et al., 2003).

2.6 Olfactory Reception

The way in which odours are perceived depends on the chemical
nature of the odour, the way in which it was presented (orthonasal or
retronasal) and the health of the person. After entering the nose odours
must then pass through the olfactory mucus to the olfactory receptor
neurons (ORNs) (Figure 6). ORNs have proteinaceous receptors for
odours. Odourant receptors are coded by around 400 different genes
(Buck and Axel, 1991). The ORNs have a small ovoid body and a long
slender apical dendrite. The dendrite extends through the epithelium to
the mucus layer, where it forms a dendritic knob, and this gives rise to
numerous cilia, which have receptor proteins on their surface (Menco
and Morrison, 2003). Information about odours pass out of ORN's via
unmyelinated olfactory axons which pass through the basal lamina and
combine to form the fila olfactoria. The axons then pass through the
cribiform plate and terminate in the olfactory bulb (Menco and
Morrison, 2003) (Figure 9).
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Figure 6 Olfactory receptor neuron
Adapted from Wilson and Sullivan (1998)

2.7 Olfactory Transduction

The mechanism of odorant transduction begins with the binding of the
odour molecule to a membrane bound G protein found on the ORN
cilia and dendritic knob. (Wilson and Sullivan, 1998). Odourants may
bind to a specific receptor protein with different affinities (Laing and
Jinks, 1996). The binding induces a signal which changes the
membrane conductance and current flow in the cell, resulting in an
action potential (Wilson and Sullivan, 1998). The action potential has
been said to occur from two possible pathways, both involving a
cascade of biochemical reactions (Laing and Jinks, 1996). The two
pathways are differentiated by the formation of either cAMP or inositol
triphosphate (IP3) (Figure 7). It has been shown that odours with the
same odour qualities “(fruity, floral, herbaceous)” may activate one but
not both pathways, and putrid odours primarily activate the IP3
pathway (Breer and Boekhoff, 1991). For humans the extent to which
odours may be specific to one pathway or the other is uncertain (Ache
and Restrepo, 2000).
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Figure 7 Olfactory transduction pathways
Adapted from (Kaur et al., 2001)

2.8 Olfactory Coding

The electrical signal from an activated ORN passes to the olfactory

bulb. In the bulb the electrical signals produced by a large number of
receptor cells congregate on a smaller number of bulbar cells and
produce a spatial map with a pattern of activated cells distinctive to an
odourant (Laing and Jinks, 1996) (Figure 8). It has been proposed that
the brain identifies an odourant from the spatial map, which is formed
in the olfactory bulb and other brain structures. This spatial map has
been found to be dependent on the concentration of an odour. The
other part of the coding of odour information is linked to temporal
coding or the time for processing of an odour. The existence of
temporal coding has been shown to take place in the olfactory system

of the lobster (Quenet et al., 2001). Neurons co-activated by an odour
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did so in a specific temporal order. It has also been shown that spatial
and temporal patterns are not isolated but should be considered
together (Friedrich, 2002, Spors and Grinvald, 2002).

Receptor cells Olfactory bulb

Odour A

Figure 8 Spatial coding of odours
Adapted from (Laing and Jinks, 1996)

Interestingly, it has been shown that different receptors are responsible
for detecting differing chemical properties, different functional groups,
or different carbon chain lengths (Touhara et al., 1999, Gaillard et al.,
2002). In the latter studies, calcium fluorescence measurements were
used to define the responses of mouse receptors specific to the
structural characteristics of an odourant (Gaillard et al., 2002). For
example, the mouse receptor OR912-93 was specifically responsive to
aliphatic ketones. Importantly, a single odour may have a number of
different structural features and each of these may activate a different
receptor. The studies by Touhara et al., (1999) and Gaillard (2002) also
showed that a single olfactory receptor recognises a number of odours
and that individual odours are recognised by a number of receptors. In
other words, different odours are recognised by different combinations
of receptors. As regards the effects of concentration, when this was
increased an increased number of receptors were activated (Malnic et
al., 1999). Laing et al., (2003) proposed that the lack of similar qualities

allocated by participants for odours with the same functional group, or
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carbon chain length, also suggested that a combinatorial mechanism is
involved in odour reception.

2.9 Retronasal and Orthonasal Perception

When foods are consumed, odours pass from the food during chewing
and swallowing, up through the nasopharynx and to the receptors in
the nose (retronasal perception) (Hodgson et al., 2003). In contrast
orthonasal perception occurs when odours pass to the receptors via
the nostrils (Rawson, 2000). Figure 9 shows the two types of
perception (Rawson, 2000).

Offagtory bulb \

: Cribriform
: ﬁ- r

Figure 9 Human nasal cavity
from (Rawson, 2000)

Studies have shown there are a number differences and similarities

between retronasal and orthonasal odour perception.

In a study by Burdach et al., (1984) participants were presented with
ethyl butyrate, rum aroma, lemon aroma and amy! acetate prepared in

tap water in a forced choice detection procedure, and no difference in

24



Introduction

sensitivity was found between retronasal and orthonasal detection.
Similarly no difference was found by Marie et al., (1987) in sensitivity,
when benzaldehyde was presented in either a sniff bag (orthonasal) or

in skim milk (retronasal).

However, differences were found in thresholds for retronasal and
orthonasal perception by Voirol and Daget (1986), when using citral
and vanillin in mineral water, with lower threshold and supra threshold
concentrations being recorded for retronasal perception. Similarly in an
assessment of retronasal versus orthonasal function Heilmann et al.,
(2002) found retronasal identification was poorer than by the
orthonasal method. Delivery of orthonasal odours was via “sniffin”
sticks and the retronasal presentation used spices, instant drinks and
soups, which were applied using squeezable plastic vials to the centre
of the tongue. Differences in threshold concentrations were also found
in a study which used air-dilution olfactometry to deliver odours to the
anterior nasal cavity (orthonasal) or the epipharynx (retronasal) by
Heilmann and Hummel (2004). An increase in threshold and supra
threshold concentrations for epipharynx delivery versus nasal cavity

delivery, was shown to occur with chocolate and lavender odour.

Learning modality may also affect retronasal identification of odours in
odour-taste mixtures. For example, familiar (orange, cinnamon, fish)
and unfamiliar (octanol, nonanone, gammavalerolactone) odours were
paired with tastes and participants were asked to identify odours using
a selective attention procedure (Wilkes et al., 2003). Significantly
higher identification for mouth-learned familiar odours than for nose-
learned unfamiliar odours was found, when each was presented in the
mouth. However, odours were identified at above chance level
indicating that the identification of an odour is not solely reliant on the

method of presentation in which it was learned (Wilkes et al., 2003).

A number of physical factors are reported to affect retronasal
perception. In a study of aging and dentures, retronasal function

showed an association with olfactory competence through the nostrils
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(Duffy et al., 1999). Swallowing was also shown to play a role in the
retronasal delivery of odours as did chewing/mastication in a study by
(Hodgson et al., 2003). In the latter study mastication, swallowing,
breath flow, and aroma release were measured concurrently when
participants chewed non-odorous chewing gum. Interestingly the
volumes of airflow were found to increase along with increased levels
of volatiles in expired air from the nose. However, the impact of
swallowing and chewing may differ with other types of solid foods, such
as meat, where the food is swallowed, unlike chewing gum.
Alternatively, it was shown that normal expirations, via the mouth,
without swallowing effectively sampled the oral cavity for retronasal
odourants (Halpern, 2004). In that study known molecules such as
benzaldehyde and ethyl hexanoate were incorporated into foods and
processed in a retronasal simulator. The analysis of “effluent” gave
information on what can be expected to be in air from the nasal cavity,
thus indicating odours released into the oral cavity may be found in the

nasal cavity during expirations with closed lips.(Halpern, 2004).

2.10 Odour Mixtures

Odours in nature are rarely experienced as single components. They

are usually mixtures of dozens of odourants. To understand how
complex odour mixtures are perceived, as with taste mixtures, simple
binary mixtures have been studied. Laing et al., (1984) reported a
number of effects, which appeared to define how odourants behaved in
binary odour mixtures. They reported that the perceived intensity of
odours mainly determines the contribution of each to the quality of the
mixture; in mixtures where one odour is of greater perceived intensity,
the stronger odour dominates the mixture, and suppression is usually
far greater from the more intense odour than the less intense one.
When the odours were of equal perceived intensity suppression often
occurred equally to both. Furthermore, dissimilar odours did not blend

to form a new odour and the total perceived intensity of a mixture was
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less than the sum of the intensities of individual components but not
less than the intensity of the weaker component. Qverall, suppression
is the major effect resulting from the mixing of odourants (Laing et al.,
1984, Derby and Ache, 1984, Bell et al., 1987) and synergism is rare,
occurring only when both components are of weak intensity. As
indicated above, suppression of odours is largely dependent on
concentration, however it is also partly dependent on odour quality
(Laing and Wilcox, 1987).

As with tastes there has been a great deal of discussion as to whether
olfaction is an analytic or synthetic sense. Laing et al., (1984) found
that one odour in a binary mixture completely suppressed another,
suggesting that analytic processing was not possible. In binary
mixtures it was suggested that analytic processing dominated
(Livermore and Laing, 1996). In odour mixtures of more than two
components, there is a greater opportunity for interaction between the
components. As the perception of more than three odours in a mixture
is difficult it has been suggested that smell is not analytic otherwise all
components should be identified (Laing, 1991). However, since three
components may be identified in five-component mixtures, this
suggests some analysis and synthesis appears to occur (Livermore
and Laing, 1996). The latter study suggested that the loss of identity of
one odourant may be due to the partial or complete suppression of one
odour by another (Livermore and Laing, 1996). The suppression may
be due to “interaction between across fibre patterns of neural activity
“produced by different odours. The change from analytic processing to
“perceptual fusion” was used to explain the change in identification that
occurred in mixtures containing three to four odours (Jinks and Laing,
2001). In that study, which involved profiling odourant qualities, the
descriptors used by participants were related to the identification of
components in one to four component mixtures and a reduction in
identification was found despite some of the main descriptors being
used. The identification and non-identification of odours in the latter

study, suggests that the olfactory system conducts two levels of
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analysis of a mixture. A “configurational hypothesis” was proposed to
account for the results and the processes underlying identification of
odours in mixtures. A ‘configurational hypothesis’ would predict that a
profile of an odourant was first established, then the relationship
between the parts processed, prior to a Gestalt being generated. A
review of olfactory learning and memory by Wilson and Stevenson
(2003), suggested that odours were processed as “discrete irreducible

entities” and not analytically processed.

2.10.1 Temporal processing

As with taste the ability to analyse spatial and temporal information
plays an important role in the perception of complex odours such as
bakery odour emanating from foods. The timing of odours reaching
receptors at the periphery and the CNS has been shown to impact on
the identification of the components of odour mixtures. Thus, when two
odours were delivered simultaneously they were perceived at different
times and the order of perception could be altered by changing the
concentration of odourants (Laing et al., 1994). Jinks and Laing
(1999b) showed that odours “exhibited transitivity”. For example, within
binary odour mixtures carvone was perceived to be processed faster
than coniferan, coniferan faster than triethylamine, and carvone faster
than triethylamine. Importantly, in ternary odour mixtures the temporal
order of components could not be discerned and identification was
poor. If the time period between the delivery of the second and the third
odourants was not greater than about 600ms participants could not
determine the order or identify mixture components. This contrasted to
the results with binary mixtures where both odourants were usually
identified. It was suggested that the limiting factor in identification, of
the components, of odour mixtures was working memory. The
suggestion was made that the input of three or more components from
a mixture into working memory, in a short time period, exceeded the
capacity of the system. The result being, that the information regarding

order and identity of mixture components is partially or totally lost.
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Investigations into the relationship between the transduction pathway
of odours and temporal processing showed there was no relationship
but that identification was dependent on odour concentration, odour

quality and on the capacity of olfactory working memory (Jinks et al.,
2001).

In a review of different memory systems White (1998) found that
olfactory memory had two different components short term (working
memory) and a long term memory. Whether olfactory memory
functions as an independent system needs further work. Of particular
relevance to the present thesis was the finding that exposure of
participants to visual or acoustic information as well as memory tasks
associated with odours showed that odour memory was a discrete
system (Zucco, 2003).

The memory for the temporal order of odours has been shown to be
mediated by the cortical chemosensory areas (Kesner et al., 2002).
The hippocampus for example is reported to be involved in the
temporal separation of odours, so that rats with hippocampal lesions
were unable to temporally order odourants, but were still able to

discriminate odours.

2.11 Capacity of Humans to Analyse Odour Mixtures

As with tastes it has been shown that there is a limit to the number of
odours that can be identified in a mixture. It appears in odour mixtures
the maximum number of odours identified is three or four (Laing and
Francis, 1989). Olfaction therefore, is similar to audition in that most
individuals can identify only three to four components of a complex
tone (Pollack, 1968). In the study by Laing and Francis (1989)
suppression of one odour by another, as with binary mixtures was
suggested as the possible cause. Suppression was also suggested as
the major cause for the failure of participants to identify three

components in odour mixtures containing up to six components (Laing
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and Glenmarec, 1992). In a later study, despite extensive training of
participants, identification of odours did not exceed three to four in
mixtures of five to eight odours (Livermore and Laing, 1996).
Interestingly, the decision time to identify components increased
significantly from one to three component mixtures indicating a limit in
processing capacity, whilst confidence in identifying components
decreased in mixtures of five to eight components, further suggesting
limits in processing capacity. Jinks and Laing (1999b) suggested that
the capacity of working memory to retain, identify and order
components was the cause of the inability of participants to order and

identify the components of ternary odour mixtures.

In addition to working memory limiting identification, suppression also
plays a substantial role, for example, a reduction in the neural input
signals from the periphery to the CNS due to suppression of peripheral
receptor cells was the reason given for participants being unable to
identify a highly familiar odour in a mixture of sixteen. It was proposed
that the reduction of neural input altered the spatial patterns of receptor
cells to such a level that no odour could be identified (Jinks and Laing,
1999a). Of interest here is the suggestion that wine experts have a
greater working memory capacity than novices and this enables them
to more accurately recognise and name odours in a specific context i.e.
the odour with its associated red or white wine (Parr et al., 2004).
Whether this is true remains to be determined, however, recent
unpublished work by Laing and Marshall (2004) with a wine maker and
a chef suggests their capacity for analysing mixtures is no better than

that of novices.

2.12 Cross Modality Interactions

The complex nature of food results in components never being eaten in
isolation from each other. It is rare to consume fish and perceive the
odour without the corresponding salt taste, or to eat a strawberry

without the sweet taste. It was proposed by Rozin (1982) that
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perception of olfactory information is dependent on the specific context
in which that information is received. He suggested that if odours are
presented with tastes that are dissimilar as to their “natural
presentation” eg bitter taste and fish odour, that the perception of the
odour would be altered. This was supported by Frank and Byram
(1988) who found that strawberry odour but not peanut butter
enhanced the sweetness of sucrose, when presented in cream (35%
fat with thickening agents), and swallowed by participants. It was also
found that enhancement and suppression of tastes by odours, was
affected by the cognitive demands of the test (Frank et al., 1993).
Thus, when participants sampled solutions of sucrose and strawberry
odour in distilled water, and the number and variety of intensity
judgements increased, no enhancement of sucrose was found. This
was in contrast to the rating of sucrose alone where enhancement did
occur (Frank et al., 1993). In this regard greater suppression was
shown to occur in binary taste and odour mixtures than for binary taste-
odour mixtures (Gillan, 1983). In the latter study participants either
sipped the taste solutions prepared in water, sniffed the odours,
prepared in mineral oil, or used a sip or sniff and spit procedure for

bimodal interactions.

Interactions can also occur at sub-threshold concentrations.
Participants were able to detect the combination of a mixture of the
‘sweetish’ substances saccharin and benzaldehyde at subthreshold
concentrations, (Dalton et al., 2000) but not the incongruent stimuli
benzaldehyde and monosodium glutamate (Breslin et al., 2001). Prior
experience was suggested as being necessary for integration. In the
only study of multi-component taste-odour mixtures the inability of
participants to identify an odour in two to five component mixtures with
tastes was proposed to be due to a number of possible mechanisms.
First the taste-odour context, that is, the way in which the odour octanol
was perceived (retronasally) was not congruent with the tastes. Second
in binary and ternary mixtures the main mechanism responsible may

have been central inhibition. Third in mixtures of four components it
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was proposed the addition of the odour resulted in an ‘overload’ of the

working memory system as no component could be identified (Laing et
al., 2001).

In contrast, in a number of studies on binary mixtures no interaction
between modalities were reported. Thus, intensity measures of
mixtures of ethyl butyrate (fruity) and saccharin were shown to be
additive in relation to intensity (Murphy et al., 1977). Mixtures involving
the use of congruent (citral and sucrose) and incongruent (citral and
salt) binary mixtures, exhibited neither inhibition nor facilitation of
magnitude judgements of the taste or odour (Murphy and Cain, 1980).
Olfaction and taste were shown to operate independently in binary
mixtures of orange odour and sucrose, where participant responses
showed the olfactory and gustatory system behaved in an additive
manner (Algom et al., 1993). This was also supported by fMRI studies
of taste and odour mixtures with the additivity being linear and not
dependant on the pleasantness of the mixture i.e. the same result
occurred with sucrose and citral as with salty and citral (Cerf-Ducastel
and Murphy, 2004).

In everyday life tastes and odours are rarely perceived independently
and a common occurrence is taste-odour confusion, i.e. odours taking
on the qualities of tastes and vice versa. For example, pairing of
unfamiliar odours with sweet or sour tastes resulted in an increase of
the qualities of sweet and sour of the odours (Stevenson et al., 1995).
The pairing of odours and tastes resulted in both suppression and
enhancement of tastes by odours (Stevenson et al., 1999). The
‘confusion’ of taste and odour qualities was shown to depend on the
instruction given to participants (Prescott, 2001, Prescott, 1999). In the
latter study mixtures were treated analytically, as a set of distinct
qualities, or as a flavour, synthetically and a single exposure to sweet
and an odour was sufficient to result in learning of the combination.
Stevenson and Case (2002) found if participants were exposed to

taste-odour mixtures and not trained to identify the components, taste-
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odour learning was hindered, whereas no hindrance occurred after
training to detect them. It was suggested that taste-odour mixtures are
cognitively impenetrable and pre-exposure is followed by encoding of
odours, which are resistant to interference when paired with tastes
(Stevenson and Case, 2002).

Imaging studies of taste-odour mixtures have shown that the method of
odour delivery, orthonasally or retronasally, activates different areas of
the brain. Tastes and orthonasally delivered odours showed a
significant reduction in blood flow in olfactory and gustatory cortical
areas (Small, 2004). Whilst tastes and retronasally delivered odours
showed significant activation of olfactory and gustatory cortical regions
(Voss et al., 2003). In another physiological study olfactory and taste
inputs were shown to converge onto single bimodal neurons in the
orbitofrontal cortex of primates (Rolls and Baylis, 1994). Neurons
responded to the same food in more than one modality and some
neurons responded to specific associations i.e., sweet taste and fruit
odour or salt taste and salmon odour. Responses of olfactory neurons
were shown to change when the taste associated with the odour was
altered during testing (Rolls et al., 1996). Sweet and salt were shown to
enhance and inhibit respectively the odours amyl acetate and cineole.
The olfactory cortex was also the area where touch and vision was
received indicating most of the information about foods is received in
this region (Rolls, 2004). The hippocampus has been suggested as the
centre where information is integrated from modalities (Holscher,
2003).

2.13 Summary
During mastication of foods, tastants and odourants are released and
some of them may be perceived as the flavour of the food. A number of
factors may influence the likelihood of a particular tastant/ odourant
being perceived and include, the number of tastants or odourants

released, their intensity and the timing of their release. This review has
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attempted to describe where there are controversies as regards how
the senses of taste and smell operate and in particular, the paucity of
data and need for studies of the factors important in the perception of

foods when flavour components are released during mastication.

Studies involving the temporal aspects of taste perception have shown
that different tastes have differing times for detection and identification.
Taste onset times for sour (hydrochloric acid), salty (sodium chloride),
sweet (sucrose) and bitter (quinine sulphate) were shown to occur in
increasing order (Kuznicki and Turner, 1986). In mixtures of two
tastants the time taken for identification of a single tastant was shown
to be double that in a single component solution. When a taste with a
faster onset time was paired with a taste with a slower onset time the
perception of the faster tastant was facilitated (Kuznicki and Turner,
1986). The temporal characteristics of individual tastants also show
that the reaction time of single tastants decreases with increasing
concentration. The reaction times with sucrose solutions decreased
from around 2000 ms to 700 ms over the concentration range 1% to
34.2%, while the reaction time for salt decreased from around 1000 ms
to 500 ms over the concentration range 0.25% to 5.8% (Yamamoto and

Kawamura, 1981, Yamamoto and Kawamura, 1984).

The number of components able to be identified in multicomponent
taste mixtures was shown to be limited to three for most people (Laing
et al., 2002).This data corresponds to that found for odours where the
maximum number able to be identified was also three (Laing and
Francis, 1989). The ability of humans to identify components of odour
mixtures is believed to be limited by temporal processing. The
discrimination of components in odour mixtures was made more
challenging and the identification of components was limited by
changing the temporal order of components in odour mixtures (Jinks
and Laing, 1999b). In both taste and odour mixtures the identification of
components in binary mixtures was achieved. However, in regards to

ternary odour mixtures, if the time period was not at least 600 ms
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between the delivery of the second and the third odourant, participants
could not determine the order or identity of any of the mixture
components (Jinks and Laing, 1999b). It was proposed that a major
limiting factor in identification of components in taste and odour
mixtures is working memory. The suggestion was made in the Jinks
and Laing study (1999b) that the input of more than three components
into working memory in a short time period, exceeded the capacity of
the system, the result being that the information regarding order and

identity of mixture components is partially or completely lost.

Studies involving the components of foods and their interactions have
been limited to binary taste-odour mixtures. A number of studies have
reported that there is no interaction between the modalities of taste and
odour (Murphy et al., 1977, Murphy and Cain, 1980, Algom et al., 1993,
Cerf-Ducastel and Murphy, 2004), whilst others found interactions
between the two modalities. Thus, it was shown with binary taste-odour
mixtures, where the individual components were at subthreshold levels,
both components could be detected (Dalton et al., 2000). The
interactions between tastes and odours have been shown to be
dependant on the types of taste and odour (Frank and Byram, 1988). In
one study of complex taste-odour mixtures by Laing et al., (2001) it
was suggested interaction occurred between the two modalities
resulted in difficulty identifying the odourant octanol in a mixture of two
tastants. In the latter study, since the tastants salt, sour, and sweet
suppressed the perception of octanol it was proposed that taste may
dominate odours in mixtures, as octanol had little effect on the
perception of tastants. This study involved only one odourant,
indicating that further investigation with a greater number of odours is
needed to determine if tastants are more easily identified than odours

in mixtures

Another aspect that requires further investigation is whether the
working memory system for tastes and odours operates independently

or jointly. That is, do the memory systems operate to augment the
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perception of both tastes and odours whereby up to three tastes and
three odours may be identified?

To date no psychophysical studies have been conducted to assess the
temporal effects of mixed tastes of more than two tastants. Similarly no
study has examined how temporal effects impact the order of
perception and identity of components in taste mixtures. Studies have
also yet to determine the way in which taste-odour mixtures are

perceived.

The aims of this thesis will be examined in two studies. The aim of the
first study is to define the impact of varying taste onset times on the
perception of the order and identity of components in binary and
ternary taste mixtures. Also the first study will aim to determine the
ability of humans to identify the components in multicomponent taste
mixtures. In the second study the aims are to, determine if there is
interaction between the modalities of taste and olfaction in the
perception of taste-odour mixtures. If there is interaction between the
modalities does one sense dominate the other? Finally, the second
study will aim to determine the ability of humans to identify the

components of multicomponent taste-odour mixtures.
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3 Temporal Properties of Taste Mixtures

It has been shown that the limits in capacity of humans to identify
components of taste mixtures is three (Laing et al., 2002) which is
similar to the limit established for mixtures of odours (Laing and
Francis, 1989, Laing and Glenmarec, 1992, Livermore and Laing,
1996). Importantly the effect of temporal processing of three odours
resulted in both the loss of order and identification of the odours (Jinks
and Laing, 1999b). As regards temporal processing and taste it has
been shown that if two tastes are processed together, as occurs in
mixtures, the time for identification of each component is increased
(Kuznicki and Turner, 1988). To date no one has investigated the
effects of temporal processing with mixtures containing more than two
tastants. Hence the aim here was to determine if temporal processing
affects identification and the order of perception, as occurred with
odours (Jinks and Laing, 1999b). For both modalities it has been
suggested that the major factor limiting identification is working
memory (Jinks and Laing, 1999b, Laing et al., 2002) or short term
memory (White, 1998), which can hold between two-four items at a
time (Waugh and Norman, 1965, Martin and Jones, 1979,
Raaijmakers, 1982).

3.1 Methods

3.1.1 Participants
The participants were thirty two adults, fifteen males and seventeen

females between the ages of eighteen and fifty years (M =26, SD=
8.4), who had responded to advertisements in local newspapers and
information disseminated around the University. Some had previous
experience with sensory testing. All were paid at a rate of $15/per

session and all participants took part in Parts A and B.
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3.1.2 Stimuli
The tastants used were the analytical grade reagents sucrose (sweet)
(Sigma) citric acid (sour) (BDH) and sodium chloride (salty) (BDH).
Throughout this thesis sweet, salty and sour will be used to describe
the reagents sucrose, sodium chloride and citric acid respectively.
Solutions of the above reagents were prepared in water from a Milli-
Ro-6 Plus System (conductivity 0.9 uS) and stored at 4°C. Solutions
were brought to room temperature (20°-22°C) prior to use. Solutions
containing sucrose were prepared 24 hr before use. Samples were
presented in 30mL clear plastic cups, containing approximately 15mL
and the cups were coded with three digit numbers produced from
Compusense five version 4.2 software. Participants used a sip and

swallow procedure to taste the solutions.

3.1.3 Part A -Training and selection of participants

Training, selection, and testing of participants took place during two
sessions over two weeks, in an air-conditioned room at the University.
Each participant was seated at an individual cubicle (Figure 10). During
Session 1 participants were trained to identify the tastants by sampling
an ascending series of five concentrations of sodium chloride, sucrose
and citric acid labelled salty, sweet and sour, respectively (Table 1).
The procedure familiarised participants with the taste and intensity of
each stimulus to be used in the test sessions in Part B. Between each
sample participants had a sip of water, a bite of water cracker (Arnott’s,
Sydney) and another sip of water, as a mouth cleansing procedure.
The latter procedure was used in all training and testing sessions.
Participants were then asked to identify a random series of the fifteen
solutions (Table 1) plus water, and to rate the intensities of the solutions
on a nine point category scale adapted from McBride (1983) and used
by Effendy et al., (2001). In Session 2, during the following week,

participants were again asked to identify the fifteen test solutions plus
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water and rate their intensities. The criteria for selection of participants
was correct identification of tastants at 85% or greater, over the two
sessions. Of the thirty two participants fifteen obtained a correct
identification score of 100%, sixteen scored greater than 90%, and one
participant scored 87.5%. The lowest correct scores occurred with the

lowest concentration, however, no tastant was correctly identified

below 93% (Table 1) by the group of participants.

Figure 10 Sensory testing cubicles

Table 1 Concentrations and labels of tastants used for training and
identification scores

Tastant|Concentrations |Percentage| Tastant |Concentrations|Percentage| Tastant | Concentrations [Percentage

(M) Correctly (M) Correctly (M) Correctly

Identified Identified Identified
NaCl 0.055 95.3  |Citric acid 0.0015 93.8 |Sucrose 0.085 95.3
NaCl 0.08 100.0 |Citric acid 0.0027 98.4  |Sucrose 0.12 100.0
NaCl 0.12 98.4  |Citric acid 0.005 100.0 |Sucrose 0.18 98.4
NaCl 0.18 98.4  |Citric acid 0.009 100.0 |Sucrose 0.25 100.0
NaCl 0.3 100.0 |[Citric acid 0.02 98.4 Sucrose 0.4 100.0
Water 81.3
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3.1.4 Part B ldentification of the components of taste mixtures

3.1.4.1 Mixture Composition Selection

The intensities of the components of each ternary mixture were chosen
from earlier experimental work in this laboratory with binary and ternary
mixtures (Effendy et al., 2001). In the latter study the ternary mixtures
contained components that had processing time differences which
ranged from large to small, the processing time differences being
obtained from pairs of tastants in binary mixtures. The results from
binary mixtures showed that, the tastant with a perceived intensity of
approximately eight, (on a category scale of one to nine) was perceived
first significantly more often than the tastant with a perceived intensity
of approximately five. The results also showed that the tastant with a
perceived intensity of approximately five, was perceived first
significantly more often than the tastant with a perceived intensity of
approximately two. In the study by Effendy et al., (2001) all the ternary
mixtures had one tastant which had a perceived intensity of
approximately eight, a second tastant of perceived intensity of
approximately five, and a third tastant whose intensity was different in
different mixtures. The intensity of the latter tastant increased in four
steps from an intensity of approximately two to an intensity of
approximately five across the mixtures. The hypothesis proposed by
Effendy et al., (2001) was that, as the third tastant was increased in
intensity to the same level as the second tastant, the order in which the
tastants were perceived would be lost. However the results indicated
this was only achieved with one of the twelve ternary mixtures

investigated.

Importantly, the data from Effendy et al., (2001) (Figure 11) provided a
guide for the selection of concentrations of tastants which would
produce several intensities of the third component in the five to eight

range to minimise differences in processing times between the three
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components and maximise the chance of loss of perceptual order
occurring (Figure 12).

3.1.4.2 Test Procedures

Following the two familiarisation sessions of Part A, three test sessions

were conducted in Part B over three weeks. At each session a
participant sampled nineteen mixtures consisting of thirteen binary
mixtures and six ternary mixtures. At each session every ternary
mixture contained one tastant which had a perceived intensity of
approximately eight, a second tastant, which had a perceived intensity
of approximately five and a third tastant had an intensity between
approximately three and eight (Figure 12). Each of the mixtures is
listed in Table 2 and the concentrations of the tastants are listed in
Table 3. At each session participants were informed that the samples
could contain one, two or three tastants, which were, sweet, salty or
sour. Participants were asked to indicate which taste they perceived

first and then to identify which taste(s) was present.
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Figure 11 Perceived intensities of individual tastants used in binary and ternary
mixtures from an earlier study (Effendy et al., 2001)
Note: Sweet and salt (1-4) refers to the increasing concentration of the third tastant.
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Figure 12 Perceived intensities of individual tastants used in binary and ternary
mixtures in the present study
Note: Sweet, salt, and sour (1-6) refers to the concentration of the tastants. The

same numbers apply in Table 2 and actual concentrations are found in Table 3.
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Table 2 Composition of binary and ternary mixtures used in Part B

Combinations week 1

Combinations week 2

Combinations week 3

salt 6 sour 2 sweet 1

sweet 6 sour 2 salt 1

sour 6 salt 2 sweet 1

salt 6 sour 2 sweet 2

sweet 6 sour 2 salt 2

sour 6 salt 2 sweet 2

salt 6 sour 2 sweet 3

sweet 6 sour 2 salt 3

sour 6 salt 2 sweet 3

salt 6 sour 2 sweet 4

sweet 6 sour 2 salt 4

sour 6 salt 2 sweet 4

salt 6 sour 2 sweet 5

sweet 6 sour 2 salt 5

sour 6 salt 2 sweet 5

salt 6 sour 2 sweet 6

sweet 6 sour 2 salt 6

sour 6 salt 2 sweet 6

salt 6 sweet 1

sweet 6 salt 1

sour 6 sweet 1

salt 6 sweet 2

sweet 6 salt 2

sour 6 sweet 2

salt 6 sweet 3

sweet 6 salt 3

sour 6 sweet 3

salt 6 sweet 4

sweet 6 salt 4

sour 6 sweet 4

salt 6 sweet 5

sweet 6 salt 5

sour 6 sweet 5

salt 6 sweet 6

sweet 6 salt 6

sour 6 sweet 6

sour 2 sweet 1 sour 2 salt 1 salt 2 sweet 1
sour 2 sweet 2 sour 2 salt 2 salt 2 sweet 2
sour 2 sweet 3 sour 2 salt 3 salt 2 sweet 3
sour 2 sweet 4 sour 2 salt 4 salt 2 sweet 4
sour 2 sweet 5 sour 2 salt 5 salt 2 sweet 5
sour 2 sweet 6 sour 2 salt 6 salt 2 sweet 6

salt 6 sour 2

sweet 6 sour 2

sour 6 salt 2

Table 3 Taste concentrations and perceived intensities obtained from
familiarisation sessions in Part A

Taste Conc (M) Intensity | Taste Conc (M) Intensity [Taste Conc (M) Intensity
Salt 1 0.055 3.1 Sweet 1 0.085 3
Sailt 2 0.12 55 Sour 2 0.005 4.8 Sweet 2 0.18 5
Salt 3 0.15 6.3 Sour 6 0.02 8 Sweet 3 0.22 55
Salt4 0.18 7 Sweet 4 0.25 6
Salt5 0.25 7.5 Sweet 5 0.36 6.8
Salt6 0.3 8 Sweet 6 0.4 7.6
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3.2 Results

3.2.1 Statistical analysis

The order of perception of components was analysed using a one-way
2 x 3 Chi square analysis , as participants always had a choice of three
components, even with binary mixtures, all responses were against a
chance score of 0.33. The chi-square test was used to determine if the
proportions of participants, choosing the respective categories, differed
significantly from the hypothesised value (Siegel and Castellan,
1988a). If a significant difference was obtained a post hoc one way, 2 x
2 Chi-squared test was conducted (test proportion 0.50) to assess
whether there was a difference or differences among the three choices
(Siegel and Castellan, 1988a, Green et al., 2000b). No significant
difference between two tastants indicated perceptual order was lost. An
additional binomial test was conducted on each of the individual
components to determine if the number of times a component was
perceived first was above chance (test proportion 0.33) (Siegel and
Castellan, 1988d).

To determine if participants differed significantly in their identification of
the three components a Cochran’s Q test was conducted (Siegel and
Castellan, 1988b).

As in the previous analysis all responses were analysed using all three
choices. If a significant difference was obtained a post-hoc McNemar
test was conducted to evaluate the three possible pairs to determine
where the differences in identification occurred (Siegel and Castellan,
1988c, Green et al., 2000b). As the choice for identifying each
component was either a ‘presence or absence’, a binomial test (test
proportion 0.50) was conducted on each choice available for each
mixture to determine if identification differed from the hypothesised
chance value of 50% (Siegel and Castellan, 1988d).
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The statistical criteria for all tests was p<0.05. Analyses were carried
out using SPSS version 11.

To reduce the possibility of a significant increase in family-wise error
probability plots were produced. The possible alternative to this
procedure uses a Bonferroni correction. However this would have
resulted in a= 0.00029 from the equation a’ =a/c. Where c=number of
comparisons and a =0.05 (Howell, 2002b). If a had been reduced to
this extent, it would have been too conservative and render the
experiment impractical. A probability plot was therefore conducted on
the results of each analysis as a tool to ascertain the presence of real
effects (Wilk and Gnanadesikan, 1968) and the results are shown in
Figure 13 and Figure 14. The probability plots were constructed from
the formula p=(i-0.05)/n where i is the ordered p value and n is the
number of probability values. In this analysis if the theoretical values
closely match the empirical values y=x, this would indicate the p values
too close to chance (Chambers et al., 1983). If there is a divergence
from the linear arrangement of the plot, it can be assumed to be due to
real effects and have not to have occurred by chance (Wilk and
Gnanadesikan, 1968). As shown in Figure 13 and Figure 14, all the
data are largely asymmetric to the linear arrangement indicating the

statistical results are in fact significant and not due to chance.
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Figure 13 Probability plots for the statistical results for perceptual order
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Figure 14 Probability plots for the statistical results of identification
Note: The dotted line for the above figures represents the probability plot obtained

from experimental data, while the unbroken line represents chance y=x.
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3.2.2 Perceptual Order

3.2.2.1 Binary mixtures

The results indicated that in seventeen of the thirty nine mixtures
perceptual order was lost (Figure 15, Appendix A Table 1). In fifteen of
the seventeen cases where order was lost one of the components was
also perceived at chance level (Appendix A Table 2). In one other case
both of the components were perceived first at the chance level, and in
the other neither was perceived at chance level. Loss of order in all
cases occurred when components were of a similar perceived intensity,
as shown with the mixtures sweet 6, salt 4-6, (Figure 15 C; Appendix A
Table 1). Where there was a difference in the perceived intensity of the
components, participants perceived the more intense component first
more often then the component of lower perceived intensity. The
exceptions to this were with the mixtures sour 2 sweet 6 (Figure 16 B)
and sweet 6 sour 2 (Figure 17 C) and sour 6 salt 2 (Figure 17 B ). As the
concentration of one component decreased and the other increased
there was a corresponding change in which component was perceived
first, shown in the mixture set sour 2, salt 1-6 (Figure 16 C). In the
mixture sour 2 salt 1 (Figure 16 C), sour was perceived first significantly
more often than salt. In the mixtures sour 2 salt 2-5 (Figure 16 C),
perceptual order was lost. In the mixture sour 2 salt 6, salt was

perceived first significantly more often than sour (Figure 16 C).

Changes in the intensity of components changed the temporal order of
components. The results for binary mixtures were also consistent with
findings in the earlier study (Effendy et al., 2001) in which seven of the
nine mixtures where the strongest perceived intensity was perceived
first, for example, salt 6 sweet 1(Figure 15 A), sour 6 sweet 1 (Figure 15
B), sweet 6 salt 1 (Figure 15 C), salt 2 sweet 1 (Figure 16 A), sour 2
sweet 1 (Figure 16 B), sour 2 salt 1 (Figure 16 C), salt 6 sour 2 (Figure
17 A\). In contrast to the previous study two cases, sour 6 salt 2 (Figure

17 B), and sweet 6 sour 2 (Figure 17 C), both components were
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perceived first equally. In all cases both components were identified.
The results were also consistent with the results for binary odour
mixtures (Laing et al., 1984) since in that study both odourants were
perceived only when differences in intensity were small. Also in the
present study in nineteen of the thirty nine binary mixtures the third,
non-present tastant was perceived first at levels significantly less than
chance, whereas in the other twenty mixtures no participant indicated
the third non-present tastant was perceived first (Appendix A Table 1).

Overall these results indicate there were few misidentifications.

3.2.2.2 Ternary mixtures

When the perceived intensity of mixture components ranged from large
to small, for example, sweet 6, sour 2, salt 1-2 (Figure 17 C; Appendix A
Table 3) participants perceived the more intense component, sweet, as
coming first significantly more than the other tastants. When the
perceived intensities were similar, for example sweet 6, sour 2, salt 4-6
(Figure 17 C, Appendix A Table 3), no component was perceived first
significantly more than another and all were perceived first at chance
level (Appendix A Table 4). These results show that participants were
unable to discern the temporal order of perception. The other two
mixture sets show similar results with perceptual order being lost in
mixtures, salt 6 sour 2 sweet 3, 5,6 (Figure 17 A) and in mixtures, sour
6, salt 2, sweet 5-6 (Figure 17 B). In the ternary mixtures, as with the
binary mixtures, participants were able to perceive components of
higher perceived intensity first more often than those of lower
perceived intensity. However, the ordered changes in concentration
from low to high resulted in ordered changes in which component was
perceived first. In two of the three mixture sets prior to the loss of order
of all three components, order was lost between two of the tastants
within a mixture, for example sweet 8, sour 2, salt 3 (Figure 17 C). Also
in two of the three mixtures sets order was lost between the two more

intense components in the first mixture in each set for example, salt 6,
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sour 2, sweet 1(Figure 17 A). The lack of any participant perceiving
sweet as coming first in the mixture, salt 6 sour 2 sweet 4 (Figure 17 A)
should be noted, as no participant with any other mixture failed to
perceive a component coming first, consequently this result appears to

be an anomaly.
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Figure 15 Percentage of times participants perceived a component firstin
binary mixtures

Note: NS indicates mixtures where there was no significant difference between the
two tastants presented and where perceptual order was lost. ns indicates a
component was perceived first at chance level. Levels 1-6 indicate the intensity of
tastants with 1=lowest and 6=highest. 0 indicates the non-present tastant. These

abbreviations apply also to Figure 16 and Figure 17. See Tables 2 and 3 for
concentrations and combinations.
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Figure 16 Percentage of times participants perceived a component first in
binary mixtures
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