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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface

The Chemical Sensory Informatics of Food:
Measurement, Analysis, Integration

Food chemicals provide a variety of information. They inform us of food
safety, quality, authenticity, and origin, with direct links to our emotional
responses in many cases. This information is key to our survival, whether to
avoid disease or to find nutrients, and our enjoyment. Those involved with food
production, processing and testing strive to better understand how food chemistry
and oral processing provide information about food. Ideally, chemical analytical
instrumentation and sensors could be developed to measure, analyze, and predict
the chemical sensory information of food. While many research groups endeavor
to develop such systems, recent research confirms that the information obtained
by humans during food interaction and eating involve extremely complex
interactions between the sensory stimuli and the information processes they
invoke. Simple chemical analysis of the content of selected stimulants in food
will likely not allow the prediction of the total information content that is desired.
There is a longstanding need to better understand the generation of complex
human sensations produced by food during eating and how they are integrated
and translated into perceptions of food quality and safety.

During food consumption, our sensations are triggered by a range of stimuli.
Multiple sensory modalities such as taste, aroma, texture, temperature and
others have been shown to produce significant interactions and the emergence of
“flavor”. Their integration into perceptual concepts, such as “fresh” or “fruity”,
is accordingly, complex. The effective study of sensory and cognitive integration
involves a range of scientific disciplines in order to understand the triggers that
drive us to eat, and to select specific foods. Physiological processes such as
oral and nasal chemistry and biochemistry play important roles in our chemical
senses. Behavioral aspects, for example, with regard to oral processing need
to be considered. Sensory and cognitive processing and integration, with the
underlying processes of neurobiological processing, have also recently provided
an increased understanding of the origins of food sensation and on cognition.

The goal of this book is to compile recent advances, research findings and
approaches, and current knowledge across the different aligned areas of research,
where experts from chemistry, instrumentation, data analytics and physiology, as
well as behavioral and sensory sciences focused on these topics. To this end, a
series of symposia were organized around three central themes: emerging methods
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and learnings concerning multi-sensory and cross-modal sensory measurement
and integration, advances in chemical sensors, and data analytics of potential use
in revealing the information content contained in the chemical signals. This book
is a compilation of selected talks from the following ACS symposia:

*  Advances in the Generation and Integration of Food Sensation and
Cognition (245th ACS National Meeting & Expo, New Orleans, LA;
April 7-11, 2013):

(0]

()
o
o

Chemosensory stimuli in foods (taste, aroma, trigeminal, and
others)

Textural sensations and their characterization

Other sensory modalities such as temperature, acoustics, etc.
and their characterization with regard to food consumption
Behavioral aspects in relation to food consumption and
sensation

Physiological, biochemical and chemical aspects of oral and
nasal processes

Concepts and methods for characterization of multi-modal
sensory phenomena

Sensory rating and hedonics in relation to food consumption
Sensory integration with special focus of multi-modal stimuli
Underlying neurobiological principles and higher processing

»  Sensor Applications in Food and Agriculture: Identity, Quality, and
Safety (247th ACS National Meeting & Expo,; Dallas, TX; March 16-20,

2014)

© © © 0 © ©o

E-nose, e-tongue developments
Biosensors for feed food and agriculture
Rapid compositional analysis

Rapid grading systems

Identity tagging and tracing

Sensors and array developments

*  Applied Food Chemometrics, Sensometrics, and Qualimetrics (247th
ACS National Meeting & Expo,; Dallas, TX; March 16-20, 2014)

0

Advances in, and applications of, instrumental calibration,
calibration transfer, discrimination, classification for grading
and the determination of composition or contaminants.
Advances in, and applications of, data exploration and
predictive model development, both linear and non-linear
Advances in, and applications of, multivariate analytics for
sensory-to-instrument relationships

Process analytical technology (PAT) applications in food, feed,
bioprocessing and agriculture.

xii
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Advances in the Generation and Integration of Food Sensation and
Cognition

Physiological processes such as oral food processing and nasal chemistry, and
biochemistry, play important roles in the events that connect our chemical senses
at the periphery of our nervous system, with information processes in our central
nervous system. Important facets of this fascinating research area relate to methods
used to understand these sensory and cognitive events and their integration, and
the underlying neurobiological processes. This symposium aimed at facilitating
the scientific exchange between these different areas of expertise and providing a
platform for the interaction between experts from chemistry, physiology, as well
as behavioral and sensory sciences.

The chapters contained in this book from this symposium focus on three key
topics. The first area involves current knowledge and new advances in methods
and learnings in cross-modal and multi-modal sensory perception. In Chapter 1,
and as a general overarching introduction to the area, cross-modal interactions
between odor and vision are reported. Chapter 2 contains discussion of the cross-
modal interaction between aroma and taste, the two base events that produce the
emergence of flavor. Similarly, cross-modal odor-taste interactions for salt and
sound-chemosensory congruency are reported in Chapters 3 and 4. Chapter 5
demonstrates the effect of food processing on the generation of taste and mouthfeel
stimulants. Enhancement of fruity aroma in wine has reported in Chapter 6

Several chapters focus on methods to better understand the emergence
of flavor as the second key topic of the book. Two interesting approaches
have shown great utility in unraveling the role of individual stimulants in food
flavor. In omission studies, individual stimulants are alternatively removed
from recombined stimulants blends and submitted to sensory testing in order
to determine their role in the overall product flavor. Chapter 7 describes the
use of this method to understand how individual volatiles contribute to the
perception of strawberry flavor and makes the case for the utility of this technique
for commercial applications. Chapter 8 shows the utilization of this approach
to understand the volatile origins of fruity flavors in wine. An analogous
approach, called serial dilution sensory analysis, is reported in Chapter 9. This
new, conceptually exciting approach was used to determine the major sensory
contributors to complex flavors of canned coffee and soy sauce.

The third topic involves the role of human physiology in food perception.
Starting with the central nervous system, advances in brain science involving
the combination and processing of sensory inputs with other information are
poised to make a major contribution to our understanding of how food chemistry
is converted into information. In Chapter 10 the role of hunger and craving
in relation to reward processes in the brain are discussed. Also, methods to
understand the collection and integration of sensory stimuli during mastication
have contributed to our understanding of sensory dynamics. Chapter 11 shows
the use of the Temporal Dominance of Sensation method that captures how
attention can control the strength of sensory signals. Research on the sensory
dynamics has placed increased focus on understanding the physiological control
of these dynamic signals. Chapter 12 provides an example of the role of oro-nasal
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physiology in the delivery of stimulants to the periphery of the sensory system.
Chapter 13 explores the role of food-use and desensitization in taste sensitivity.
Also, genetic differences have long been noted in association with the chemical
senses. Chapter 14 reports work to explain the role of salivary proteins in
bitterness perception and how it could explain differences that cannot be explained
by genetics alone. And finally, chapter 15 reports a structure-taste relationship for
a natural sweetener for sweetness and bitterness based on the activation of bitter
and sweet receptors.

Sensor Applications in Food and Agriculture: Identity, Quality, and Safety

Rapid measurement, whether for composition, identity, quality or
contamination is essential in food and agriculture. Sensor technology is rapidly
advancing with significant new developments in sensor arrays, e-nose, e-tongue,
nano-enabled sensors, labs-on-chips, biosensors, mass spectrometers and others.
These new developments have the potential to change current practices spanning
from positive impacts on food supply to changes in regulatory data requirements.
This symposium aimed at facilitating the scientific exchange between researchers
involved with all aspects of sensors and their applications to the measurement
challenges faced in food and agriculture.

Three chapters from this symposium are examples of work in sensor
technology, real-time measurement and novel probes for food structure that
controls much of the dynamic sensory properties of food. Chapter 16 explores the
use of nanotechnology in the construction of a sensor to determine antioxidant
capacity. Chapter 17 reports on advancements in real-time measurements of food
volatiles. And finally, Chapter 18 describes research on probes used to determine
the physical state of food that is a major controlling element in sensory dynamics.

Applied Food Chemometrics, Sensometrics, and Qualimetrics

Food materials, and ingredients, are amongst the most complex materials that
exist and range from plant and animal tissues, to complex structured food solids,
colloids, liquids, glasses, foams and others. As scientists that study food materials,
we strive to build analytical methods to characterize the composition and structure
of food. Also, we strive to determine the “higher- information” content of foods
that stimulate our senses and our cognitive processes and help us determine food
characteristics such as “quality”, “freshness”, “acceptability” and others. The
prediction of the composition, structure and the human response to food from
instrumental measurements involves the application of data exploration methods
to build links and the calibration of models for the prediction of these properties.

Different research communities exist today that focus on the varied aspects in
the development of data analytics methods to convert instrumental and/or human
data into information. Generally, chemometricians work with data from chemical
analytical instruments. Sensometricians work with data from human tasters and
consumers. Qualimetricians work with data in production, control and design. The
data analytics from each group are important to the delivery of safe and acceptable
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food. The aim of this symposium was to bring together subject matter experts from
these different fields to share their learnings, approaches and latest advancements.

Chapters in this book provide several examples of work in this area. Three
chapters report the use of “flavoromics”, where chemometric datasets of peak
areas from chromatography are used to predict sensometric datasets from human
panelists. This approach was used to find the chemical origins of “freshness” in
orange products in Chapter 19 and strawberry juices in Chapter 21. And in Chapter
20 a chemometrics approach is applied to LCMS data to determine the origin and
cultivars of Chinese wolfberries.

Chapter 22 reports a new approach called path modelling to follow the
evolution of sensory attributes during mastication and to link these to physical
phenomenon and instrumental measurements. And finally, Chapter 23 reports
the use of cheminformatics approach to explore odor structure relationships of
odorant groups, with a focus on musks.

This ACS Symposium Series book covers the current state-of-knowledge and
the most recent advancements in endeavors to understand the chemical sensory
informatics of food. The thematically diverse chapter contributions authored by
subject matter experts from across the globe are a testament to the complex and
challenging, yet exciting nature of this area of science. Pushing the boundaries of
research in this field paves the way forward in our further understanding of food
and flavor, from their chemical signatures and ultimately their perception. This
book offers us a glimpse of where we are today.

Brian Guthrie
Cargill, Wayzata, Minnesota

Jonathan Beauchamp
Fraunhofer IVV, Freising, Germany

Andrea Buettner
Friedrich-Alexander-Universitéit Erlangen-Niirnberg
Erlangen & Fraunhofer IVYV, Freising, Germany

Barry K. Lavine
Oklahoma State University, Stillwater, Oklahoma
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modifying our memories.

Chapter 1

Painting Flavor

Terry E. Acree™1 and Anne J. Kurtz2

1Cornell University, Geneva New York 14456
2Unilever, Trumbull, Connecticut 06611
“E-mail: terry.acree@cornell.edu.

The chemistry of food includes substances that activate
chemosensory, somatosensory, and visual receptors located
at the periphery of the nervous system, e.g. in odor, taste,
touch, and light sensitive cells. These cells originate signals
that travel to different parts of the brain creating recognizably
different sensations. Furthermore, these sensations combine to
create judgments of a food’s identity, valance (pleasantness),
and hedonics (liking) shaping a consumer’s expectations and
attitudes toward the food (/, 2). Flavor is the sum total of these
experiences. Although the rules that govern how the sensory
modes are summed to express flavor remain a mystery, there
are indications that the rules are complex and profound. For
example, several sensory studies have shown that the odor
descriptors used for white wines are replaced by those used to
describe red wines when subjects taste white wine colored red.
This paper will review our present knowledge of cross-modal
interactions between odor and vision and describe results from
studies of the effects of odor-vision congruency on the detection
of pure odorants.

Perception

Our total sensory experience of food combines aroma, taste, texture,
temperature, spiciness, appearance, etc. with our memory of past meals. That
is, our perceptions are multimodal involving many signals from the periphery
Combining sensations with memories in our brain
creates perceptions, for example, the smell of Gorgonzola cheese hidden in a box
can evoke the aroma of pasta quarto fromage. This would be especially true if
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you were looking at an image of pasta at the same time. However, if you were
looking at an image of a toddler in diapers your interpretation of the smell could
be fecal instead of food. The odor coming from the box is ambiguous. Since we
cannot see it we experience the cheese smell differently in response to different
visual cues. This demonstrates two important features of food perception 1)
our perception of flavor, appearance and texture are dynamic - they change
continuously as we analyze and reinterpret our experiences while the food melts,
disintegrates, dissolves and is swallowed; 2) part of our perception comes from
our memory of the past. This process of perceiving takes sensory information and
past memories yielding an experience that can change instantly or be stable for a
long time. These perceptions combine to create judgments of a food’s identity,
valance (pleasantness), and hedonics (liking) shaping a consumer’s expectations
and attitudes toward the food (7, 2).

The mind is not taking snapshots as much as it is building a perception over
time. You understand this when you look at a picture that is ambiguous. The image
in Figure 1 published 1892 can be experienced as either a picture of a rabbit or a
duck.

Figure 1. The rabbit-duck ambiguous figure from Fliegende Bldtter 1892.

It is visually ambiguous. It was redrawn by Jastrow (3) and used to argue that
perception was a product of mental activity initiated by the stimulus (Figure 1).

That you can change the picture from a rabbit to a duck and back again, just
by how you look at it, demonstrates the dynamic nature of image perception.
Similarly, the cheese example demonstrated the same process when smelling
hidden cheese but there the ambiguity was resolved by visual information. The
power of sensory perception is that the mind will build its perceptions using any
information that makes sense out of the world.

The thoughts associated with our perceptions, called schema, are continually
modified by sensory input and the schema modify what sensory inputs we attend
to. This dynamic process can cycle almost instantaneously allowing us to come to
a “split-second” understanding of something in our environment or it can evolve
over time as we analyze our sensations. Perceptions are just our experiences of
the schema as it changes. Ulrich Neisser put these ideas into a diagram, Figure 2,
which describes perception in terms of a “perceptual cycle” (4).
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Available
Information
Modifies Samples
Schema » Exploration
Directs

Figure 2. The process of perceptual cycling (4) can explain the multisensory
nature of flavor perception as our experience of the schema are instantly modified
by available information and directing the search for new information just to
modify the schema again.

Neisser’s figure implies that perceptions are not still photos of an experience
but a moving representation of a continuously streaming input of sensations
resulting from active explorations and passive memories. Among the compelling
questions that have yet to be answered are: 1) what role does consciousness play
in this process? and 2) can we predict the flavor an individual or a group will
experience from the composition of the food they eat?

Smell and Vision

Although sight, smell, sound, taste, and touch all contribute to the flavor,
consumers experience sight and smell without direct contact with the product.
It is usually their first sensation of a product. Indeed, consumers often identify
a product just by its odor and appearance and this in turn defines a consumer’s
attitude (like/dislike) that affects their choices (1, 2, 5—7). Understanding how
sight and smell interact could be valuable for predicting consumer choice as well
as flavor perception.

Smell begins at the olfactory epithelium, where odorants bind to olfactory
receptors (ORs). Output from the activated ORs propagates through the olfactory
bulb then to the piriform cortex where odor quality and odor intensity appear to be
delineated in the brain. These modulated signals ultimately reach the orbitofrontal
cortex, where olfactory signals first encounter visual signals (§—/7). The visual
signals arrive at the orbitofrontal cortex by an entirely different route, starting at
the retina where object features are converted into electrical signals transferred to
the lateral geniculate nucleus located in the thalamus, then to the visual cortex by
two paths each of which processes different pieces of visual information. Both
physiological studies of cells in the orbitofrontal cortex and neuroimaging studies
of the orbitofrontal cortex as a whole have shown excitation by these discrete
pathways (9, 12, 13). Knowing where the separate sensory signals combine does
not tell us how they interact; however, it is likely that the neural architecture of
the olfactory system contributes to the psychophysics of multisensory processing
in the same way that visual features are predicted by the anatomy, physiology and
perception of the visual system (/4).
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Visual cues have a strong influence on the olfactory experience. For example,
studies have demonstrated that color and visual appearance affect our ability to
properly identify flavor and influences our overall ratings for liking (/5-17).
Others have shown that visual cues modulate detection (/8—20), sensory intensity
(21, 22), perceived pleasantness (20, 23), preference (24), and perceived quality
(8). For example, it has been observed that adding a color to a clear odorant
solution increased the rate of false alarms in an odor detection task (25). Dematté
(26) tested the effects of congruency of visual distractors on odor discrimination
and found that presenting a colored figure simultaneously with an odor reduced
the accuracy and speed of odor discrimination when the color was incongruent
with the odor. However, in the study below, incongruent shape showed no
significant effect on odor discrimination.

Color Congruency and Odor Sensitivity

In a study reported by Kurtz (27) outlines of fruit were paired with
odor stimulant at concentrations above but near their threshold. The odors
were “banana” and “cherry” and the outlines were easily identifiable as the
corresponding fruit. Whether the shapes were congruent or incongruent had
no significant effect on correct responses to odor in a Three Alternetive Forced
Choice (3AFC) test. However, the experiments summarized below show that the
effect of color on the detection of suprathreshold stimulation was quite different
(27). Here the color was added to the masking noise and not confined to the shape
of the fruit as in Dematté (26). Thus, the effect of color could be separated from
the effect of shape with greater significance.

Materials and Methods
Odorants

All odorants were diluted in polyethylene glycol (PEG) 400 Lot J33647 (J.T.
Baker, Mallinckrodt Baker Inc., Phillipsburg NJ) yielding 2.94 mM benzaldehyde
(299.5%, Sigma Aldrich, St. Louis MO), 26.91 uM iso-amyl acetate (=97%,
SAFC (Sigma Aldrich), St. Louis MO), 772.6 uM methyl anthranilate (>99%,
SAFC (Sigma Aldrich), St. Louis MO), and 263.5 uM octanal (=99%, Sigma
Aldrich, St. Louis MO) used to determine the congruency of figures and
odorants. Benzaldehyde PEG solutions (92 mM to 368 mM) and iso-amyl acetate
PEG solutions (1.24 mM to 11.24 mM) were used to determine the individual
thresholds for the perithreshold experiments. A suprathreshold level was used
to determine benzaldehyde-PEG (736 mM) solutions and iso-amyl acetate-PEG
(11.2 mM) solutions were used in the suprathreshold experiments.

Panelists

Eleven female and four male individuals with no reported olfactory or visual
impairment whose mean age was 33+11 years, participated in the congruency test.
The University Committee of Human Subjects of Cornell University institutional
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review board (CU-IRB) approved all protocols. All testing took place in an
“olfactorium” an isolated room pressurized with deodorized air (18, 28, 29).

Congruency Test

In order to locate two pairs of congruent figures and odorants, four candidate
pairs were tested for congruency using a method adapted from Gilbert et al (30).
Visual stimuli were presented on a single sheet of paper containing black and
white outlines of all four visual stimuli: a single banana, a pair of cherries, a
cluster of grapes, and a single lemon located at the four corners. Panelists used
five tile pieces (black bottle caps) distributed on the fruit images corresponding
to their experience of olfactory stimuli. All five bottle tops could be placed on
a single fruit outline or distributed amongst any of the four outlines. Olfactory
stimuli consisted of four Teflon squeeze bottles each retrofitted with a Teflon ball
for nasal comfort. Each bottle contained a single odorant. Following each trial, the
experimenter recorded the placement of the five game pieces. After a 45-second
break the subjects evaluated a different odor repeating the same process as before.
Participants evaluated each odorant three times. Testing took approximately 15
minutes. The order of odorant presentation was randomized.

Sniff Olfactometer (SO)

A Sniff-Olfactometer was constructed in order to regulate the delivery of
olfactory stimuli (300 ms puff delivered in 10 ml air) and combined with the
general purpose psychological experimenting system, PsychoPy (37, 32), a
scripting language that times the delivery of both the visual and olfactory stimuli
and records subject responses. Figure 3 shows a drawing of the Sniff Olfactometer
prototype built by DATU, Inc.

The odorant reservoirs consisted of two 250 ml plastic bottles (b)
manufactured from PTFE (poly tetrafluroethelene) to reduce scalping from the
sample and absorption from the headspace. Solutions of odorants in polyethylene
glycol provided a reservoir with a virtually constant headspace concentration
over several puffs. Using 10 ml puff volumes it took 4 puffs to reduce the odorant
concentration by 10%. Swapping out the bottles for freshly equilibrated ones after
4 puffs guaranteed a reduction in stimulus concentration of less than 10%. The
box was made of 3/8” Melamine coated particle board with the cut edges taped to
suppress the odorous gases coming from the composite core and the top was made
from 3/8” Corian™ a low odor acrylic polymer containing solid surface material
made by DuPont. The chin and headrest were made from components of the
Table Model Chin Rest (Richmond Products) and the linear actuators were model
LA12 (Linak A/S). Instructions and visual cues were presented on an Apple
LCD Cinema Display (2560x1440 resolution) attached to a Mac Mini programed
with PsychoPy (Nottingham University), Arduino Software (arduino.cc) and
ActivePython (activestate.com). Programs written in Python and Arduino C
drove the linear actuators controlled by relay circuits and an Arduino UNO board
(adafruit.com) using.
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Figure 3. The Sniff Olfactometer (DATU, Inc., Geneva NY) where a. is an
actuator, b. is a 250 ml PTFA bottle, p. Plunger, o. odor port, c. chin rest and
h. is a headrest.

Thresholds

The individual odor detection thresholds for benzaldehyde and iso-amyl
acetate were determined for each of the subjects using a 3AFC test using the SO
(27). Five concentration levels were used for the two odorants: benzaldehyde:
46 uM, 92 pM, 184 pM, 368 puM, 736 uM and iso-amyl acetate: 0.13 uM,
0.41 pM, 1.24 pM, 3.73 pM, 11.21 pM. The thresholds for the four stimuli,
two olfactory and two visual, were determined for each participant. Two bottles
were inside of the olfactometer at all times. One bottle contained an odorant,
the other a blank, contained only PEG. Subjects were prompted through a series
of instructions, indicating when to exhale and inhale, while both visual and
auditory prompts (a 440 Hz tone) alerted the subject to the onset of an odor. Five
odorant concentrations were tested; a 15-second break took place between each
odor trial, with a 1-minute break in between odorant concentration sets. Each
odorant concentration was evaluated four times. Two puffs of air were delivered
in sequence on each trial. One puff contained an odor the other a blank. The
subject used the ‘left” and ‘right” arrow keys on the keyboard to indicate whether
the odorant puff occurred first or second in the sequence. The concentrations of
the odorant at 0.75 correct responses were used to determine the threshold for
each subject stimulant pair (33). The thresholds determined using the SO were
within a factor of two of those determined with Teflon hand-squeeze bottles.
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Visual thresholds for banana and cherry figures were determined in two
separate sessions. Upon entering the testing area, the experimenter adjusted
the chair height for each panelist ensuring uniform eye level. All stimuli were
presented using a two alternative forced-choice method. The computer program
scripted in PsychoPy instructed the subject to evaluate two images side-by-side,
one image located on the left side of the screen and one image located on the left
side of the screen. Following the first set of instructions were examples of the
two reference images: a patch of noise followed by a patch of noise plus either
the outline of banana or two cherries on a stem (noise + figure), Figure 4. Six
practice trials with feedback followed the presentation of the references. Practice
trials, like the test trial presented the subject with two images (noise and noise +
figure) presented side-by-side. All images were evaluated using a forced-choice
method, where noise and noise+figure were always presented side-by-side on the
screen. Subjects were instructed to select the noiset+figure image. Presentation
location of noise+figure was randomized to appear on either left or right side of
the screen. Subjects responded by pressing either the left or right arrow keys on
the keyboard, indicating the location of the noise+figure stimulus.

Figure 4. SO setup for the olfactory focus task where the subject is presented
with two air puffs, and must decide which puff contains an odorant while a visual
patch with or without a figure is presented on a monitor (27).

Subjects were instructed to respond as quickly and accurately as possible.
A 440 Hz tone simultaneous with the presentation of a focal crosshair centered
in the middle of the screen, alerted the subject to the beginning of each trial.
Subjects were told to focus on the crosshair at the start of each trial and to press
any key to continue. After the practice trials, subjects were alerted to the start of
testing. Each session consisted of 8 test sets, each containing 14 trials. The test
sets alternated between increasing and decreasing in visual detection difficulty.
Each transparency level was presented two times during each test set. A test set
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increasing in difficulty would always be followed by a test decreasing in visual
detection difficulty. Subjects rested for 1-minute between each test set. There
were a total of eight sets of trials. The number of correct responses was tabulated
for each mask level presented to each panelist. The mean percent correct response
and its Least Significant Interval (LSI) using the pooled error from the analysis of
variance (ANOVA)was calculated from the data obtained (36). The concentration
at the mean correct response of 0.75 was used to define each participant’s threshold
(33).

Experiment
Subjects

Six men and four women completed the cross-modal task for this study, with
an average age of 30.5+£10 years. Testing consisted of six training sessions and
four test sessions. All protocols were approved by the IRB.

Stimulants

Olfactory stimulants were presented at the detection limit for each subject
(50% above chance). The visual stimulants were combined with abstract square
noise masks between 92 and 94% opacity but well above the detection limit
(between 95-100% above chance).

Protocol

A short test in order to assess whether visual stimuli were at the level of
recognition was devised. Cherry and banana stimuli with visual masks ranging
from 92-94% opacity were presented in a randomized order, where each image was
presented a total of 6 times. Panelists had to press ‘b’ on the keyboard if he or she
saw a banana and ‘c’ if he or she saw a cherry. The accuracy of response indicated
the ability to recognize as well as distinguish the two visual stimuli. Stimuli
presentation were congruent i.e. benzaldehyde odor was presented with cherry
images and iso-amyl acetate was presented with banana images. While the subjects
were focusing on the olfactory identification, visual stimuli were presented as
congruent i.e. benzaldehyde odor was presented with cherry images or iso-amyl
acetate was presented with banana images. Visual stimuli were noise (black), noise
(yellow), noise (red), banana + noise (black), banana + noise (yellow), banana +
noise (red), cherry + noise (black), cherry + noise (yellow), and cherry +noise
(red). There were four practice trials, with direct feedback after each response,
followed by two test sets. Each test set contained 12 trials, six control trials and
six test trials, a 15-second timed break occurred between each trial presentation,
and a 3-minute break separated the set presentations, Figure 5.

These experiments involved measuring perithreshold response to odors in the
presence of supra threshold visual stimuli (congruent or incongruent distractors).
The experiments were divided into two parts: 1) in the first part visual stimuli
included only noise black, yellow (congruent with banana) or red (congruent with
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cherry) patches. Using the graphic software package GIMP to generate yellow
and red patches a color transform was performed on the black noise pattern to
create a red noise mask (RGB values were R=255, G=0, B=0 and H=0, S=100,
V=100) and yellow noise mask (RGB value of R=255, G=255, B=0, H=60,
S=100, V=100). Noise patches black 85%, red 88%, and yellow 93% opaque was
superimposed on a plain white patch. There were four practice trials, with direct
feedback after each response, followed by two test sets. Each test set contained 6
test trials, a 15-second timed break occurred between each trial presentation, and
a 3-minute break separated the sets presented to ten subjects. Thus there were 6-1
or 5 model degrees of freedom and 10 x 2 x 4 x 6 — 6 or 474 pooled error degrees
of freedom. 2) In the second part 85%, 88% and 93% opaque black, yellow and
red noise masks were superimposed on black fruit outlines to generate three visual
patches. The color figure pairing included two congruent combinations and two
incongruent combinations. Therefore, there were 5 model degrees of freedom (6
-1) and 474 (10 x 2 x 4 x 6 - 6) pooled error degrees of freedom. Testing lasted
approximately 20 minutes. The subjects were asked to choose the puff with an
odorant. The mean percent correct response and Least Significant Difference
(LSD) were calculated using the pooled error from the ANOVA of the results
from this part of the experiment.

Results

Findings from experiments in which the visual images (fruit outlines) were
presented well above their threshold on a noise background while performing an
olfactory task (detect iso amyl acetate or benzaldehyde) in the presence of visual
noise, presented in black, yellow or red showed no significant difference in the
detection performance of either iso-amyl acetate or benzaldehyde when the visual
noise was black (27). As shown in Figure 5, the presence of congruent color in the
noise patch during the perithreshold olfactory detection (yellow in the presence
of iso-amyl acetate and red in the presence of benzaldehyde respectively) yielded
80% detection. These results are not significantly different than the response to a
black noise pattern plus banana or cherry figures.

However, olfactory detection performance decreased to 35% detection for
both iso-amyl acetate and benzaldehyde when in the presence of an incongruent
noise stimuli, red in the presence of iso-amyl acetate and yellow in the presence
of benzaldehyde (Figure 5). That is, the subjects chose the blank puffs as
having odor significantly more than the puffs containing the odor when the noise
color was incongruent. Thus a yellow noise patch decreases performance in
the benzaldehyde detection condition and a red noise patch decreases olfactory
detection performance of iso-amyl acetate, F' (5, 474) = 18.35, p<0.001.

Discussion

A simple olfactometer was constructed and combined with PsychoPy, an
open source Python scripting program, to produce an integrated technology to
study cross-modal interactions between vision and olfaction. The olfactometer,
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called a Sniff Olfactometer (SO) to distinguish it from the many more complicated
machines described in the literature (34, 35), was used to measure in a 2AFC
test which of two choices of 10 ml puffs from a bottle had odor. It became clear
that the design shown in Figure 3 could be improved by the addition of one
more bottle to allow for 3AFC tests and greater experimental design flexibility.
However, as described above this system identified congruent odor-figure pairs
and produced robust dose-response data. Also, as shown in Figure 5 the protocol
yielded LSIs, a graphical measure of significant difference (36), near = 4% on a
percent correct scale.

Noise

90+

70

8 s0-
3 50
c
3 40
2 I

30 - J_

20 = iso-amyl acetate

@ = benzaldehyde
10
0 T
Black & White congruent incongruent
Color

Figure 5. shows the effect of a noise patch on odor detection. Note the strong
decrease in correct odor choices caused by noise patches colored incongruently.

To determine effect of a smell on the detection of an image we measure the
percent correct response in a forced choice between a black pattern and the same
pattern with an outline of either a cherry or a banana superimposed on the pattern.
At the same instant the images were presented, the subjects experienced an odor
puff of either benzaldehyde (congruent with the cherry outline) or isoamyl acetate
(congruent with the banana outline) nears their threshold. The reasoning was that
very small cross modal effects might be easily measurable near the threshold of
detection. However, this could only be true when a stimulus is very close to
the threshold and the stimulus is detected some of the time. To guarantee some
detection, thresholds were defined as 75% correct response in the 2AFC threshold
measurements determined for each stimulus for each subject. Theoretically, 75%
correct response implies that 50% of the responses are due to real detection (33)
and 25% are due to false positives (random error).

In eight different experiments in which subjects were asked to detect
a stimulant when one of the two choices was a blank, all of the scores
were significantly above the 50% chance, indicating stimulants were always
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detected. However, when either a congruent or incongruent odor distractor was
simultaneously presented there was no significant difference in their response.
For example, there was no significant difference in the percent correct response
when the task was to detect a cherry outline in the presence of either benzaldehyde
(congruent smell) or isoamy] acetate (incongruent smell). Perhaps due to the low
signal strength of the visual information in our experiments the cognitive meaning
is dissociated from the image. In order for cognitive interference or enhancement
to occur it may be necessary for the visual stimulus to have greater meaning either
through signal recognition or another association (26).

To address the role of color, another set of 12 experiments were conducted
using the same subjects, experimental platform and odorants. The subjects were
asked to detect perithreshold levels of odor while viewing either a black, yellow
or red noise pattern but no figures. Coloring the pattern congruently showed
only a slight but still insignificant increase in odor detection. However, when
the distracting pattern was of an incongruent color, the puff with the odor was
detected correctly only 32-38% of the time. It seems that experiencing a color
incongruent with the odor caused a completely erroneous interpretation of the
olfactory experience. Being exposed to congruent colors, however, caused
no significant change. If the olfactory detection had only been neutralized by
incongruent color, then the correct response should have been near 50% instead
of 30 - 40 %. Only incongruent color in the patterns showed strong effects and
these were all suppressive. This was again consistent with published results
(Dematte, 2009) except that we did not test colored-in outlines or colored shapes
just colored noise patterns.

Conclusion

As in a Stroop task, where an incongruent color of a word can overcome
the word’s meaning, the data presented here indicate that incongruent color of
a meaningless pattern can suppress odor detection while an incongruent figure
did not. Furthermore, this data shows that incongruent color can alter odor
perception, when there is a connection between the olfactory cue and the color.
It seems that color-odor congruency may direct consumer expectation more
than figure-odor congruency. This further implies that color in advertising,
formulation, packaging, and presentation not only alter consumer expectation but
color may alter their experience during consumption as well. Doing experiments
that are more “ecological”, that is, more directly related to the real world will be
needed to translate psychophysical data into useful understanding of perception
(7, 37). As is implied by the title of the book by Spence and Piqueras-Fitzman
(7), “The Perfect Meal’ is a multisensory experience.
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Chapter 2

Influence of Cross-Modal Sensory Interactions
on Cheese Flavour Intensity and Character
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Cross-modal sensory interactions between cheese aroma and
taste, and their effect on cheese flavour intensity and difference
in flavour character, were determined. NaCl, lactic acid, and
aroma were varied at three different levels in combination,
according to a 33 full factorial design. The change in cheese
flavour intensity and difference in flavour character were
measured relative to a reference using a panel (n=9). Model
solutions were delivered by the simultaneous gustometer
olfactometer. Increasing levels of NaCl, lactic acid, or aroma
significantly (p<0.001) enhanced cheese flavour intensity. A
significant interaction between NaCl and lactic acid levels with
respect to cheese flavour intensity was detected, indicating
that cross-modal sensory interactions were not linear. Flavour
character also significantly (»<0.001) changed in that raising
levels of NaCl decreased the difference in flavour character
from the reference, while that of lactic acid or aroma increased
the difference.
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Introduction

The senses (modalities) that actively take part during the consumption
of cheeses are olfaction (smell), gustation (taste), chemesthesis, and texture.
Concurrent perception of several of these modalities can influence the perceived
intensity of each other through cross-modal sensory interactions (/). Interactions
can be described by the shift in perceived intensity of one modality due to
the perception of a separate modality, causing enhancement or suppression.
The perceptual shifts in attribute intensities have been widely tested during
the occurrence of cross-modal sensory interactions in complex mixtures
of aroma and multiple tastes. In a previous study using the simultaneous
gustometer-olfactometer (SGO) (2), NaCl, lactic acid, and aroma were important
contributors to the perception of cheese flavour intensity (3). Little, however, is
known regarding effects on flavour character that are concurrent.

Much of the cross-modal sensory interaction research has been focused on
changes in perceived flavour intensity — the potential changes in flavour character
have been rarely reported. Changes in flavour can be profiled, however, rigorous
sensory methodologies such as descriptive analysis can prevent the measurement
of cross-modal sensory interactions. This is due to the method requiring extensive
partitioning of sensory attributes together with thorough training of assessors,
which promotes analytical cognitive processes. Measurements of cross-modal
sensory interactions require a more synthetic (holistic) cognitive process (4). An
alternative to profiling methods that sustains the synthetic cognitive process is
to use difference tests from a known reference sample (5, 6). Difference testing
has been used for comparisons of model aroma mixtures with the real foods for
French fries, boiled beef, coffee, wine, and lavender (7, 8). Using this broad
approach allows the measure of intensity changes and to determine the degree
of similarity in aroma character. Changes in aroma difference from the original
sample have been measured when single compounds or groups thereof were
omitted from a mixture.

The objective of this current study was to measure the effect of cross-modal
sensory interactions on both cheese flavour intensity and character. Using an
experimental design approach, the relative contribution of specific taste characters
could be determined. Samples were delivered using the SGO to independently, yet
simultaneously, deliver tastes and aroma to the assessors (2).

Methods
Experimental Design

A 33 full factorial design consisting of three levels of NaCl, lactic acid, and
aroma (a total of 27 samples) was used to determine the effect of taste and aroma
levels on cheese flavour intensity and difference in cheese flavour character.
The concentrations of NaCl and lactic acid were varied by £0.25 log and +0.4
log, respectively, from the medium concentration while sucrose, monosodium
glutamate (MSG), and caffeine were held constant (Table 1). The medium
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concentration of tastants was the cheese taste solution developed previously (9).
Variation in aroma concentrations were the same as that outlined previously (/0),
which was +0.5 log from the medium concentration (Table 2).

Table 1. Tastant Concentrations Used for the 33 Full Factorial Design. NaCl
Was Varied by +0.25 log and Lactic Acid by +0.4 log, Depicted in Bold Italics.

Tastant level (%, w/w)

Tastant
Low Medium High
Sucrose” 0.300 0.300 0.300
NaCI1* 0.281 0.500 0.889
MSG**§ 0.110 0.110 0.110
Lactic acid™ 0.044 0.110 0.276
Caffeine™ 0.080 0.080 0.080

* Bundaberg Sugar, Spring Hill, QLD, Australia. ~ ** Sigma Aldrich Sydney, NSW, Australia. ~ § Produced using Glutamic acid
and NaOH.

Table 2. Aroma Concentrations in Mixtures Used for the 33 Full Factorial

Design

Compound CASNo Aroma concentration (ug L-1)*
Low Medium High
2-Butanone* 78-93-3 0.200 0.630 2.000
2-Heptanone* 110-43-0 0.120 0.380 1.200
2-Nonanone# 821-55-6 0.040 0.130 0.400
3-Methylbutanal” 590-86-3 0.020 0.060 0.200
3-Methylbutanoic acid* 503-74-2 0.060 0.190 0.600
Butanoic acid* 107-92-6 0.800 2.530 8.000
Diacetyl* 431-03-8 0.200 0.630 2.000
Ethyl butanoate® 105-54-4 0.120 0.380 1.200
Ethyl hexanoatef 123-66-0 0.040 0.130 0.400
Methional* 3268-49-3 0.020 0.060 0.200

* Adjacent difference in concentration was 0.5 log for each aroma compound.  # Givaudan Australia Pty Ltd, Sydney, NSW,

Australia. £ Sigma Aldrich Sydney, NSW, Australia.
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Samples were presented as an incomplete block design; there were three
blocks presented across duplicates equating to 18 samples in each block. In block
one, 18 samples from replicate 1 were presented; in block two, nine samples
each from replicate 1 and 2 were presented; and in block three 18 samples from
replicate 2 were presented. An incomplete design was used to reduce the number
of samples for evaluation in each session and hence minimise sample carry-over
and sensory fatigue as much as possible. Within block two, identical samples that
overlapped across the replicates were not presented. Sample presentation was
randomised for each block.

Sensory and SGO Procedures

Assessors experienced in sensory evaluation (n=9) participated in the study
and they had been screened in accordance with ISO standards (8586-2) (/1).
These assessors had been previously trained in the use of scales and basic
taste discrimination on a wide range of food products, and had participated in
descriptive analysis studies. They also had previous experience in the use of the
SGO, including a previous study on cheese flavour perception (3). The assessors
took part in one familiarisation session on the use of scales prior to evaluation.
Assessors were instructed on the evaluation procedures for the use of the SGO
and rating methodology. The samples were presented to the assessors using the
SGO and evaluated with the relative-to-reference method (3), where the reference
sample was the medium levels of all tastes and aroma compounds (Tables 1 and
2).

The instructions provided were the following:

“The SGO instrument presents you with aroma and taste together as
a mixture to make flavour. In this study, you will be presented with
aroma and taste to make cheese flavour. We wish to measure the
overall intensity of this cheese flavour. Throughout the evaluation we
also wish to measure the difference in cheese flavour character. The
flavour character refers to the overall cheesiness impression that you
get from the sample, as opposed to an intensity measure. You will first
be presented with the reference. The reference will always be the same.
However, it is necessary for you to taste this accurately each time so as
your memory for it is consistent. After tasting the reference cleanse your
palate with water and wipe the mouth piece. You will then be presented
with the test sample. Please rate the Intensity of cheese flavour relative
to the reference. Please indicate the Difference in cheese flavour
character from the reference.”

The assessors evaluated two attributes using the relative-to-reference method,
for both cheese flavour intensity and difference in cheese flavour character. The
cheese flavour intensity was considered as a combined percept of both taste and
aroma together. The scale used for the cheese flavour intensity was the same as
that previously reported (3). Difference in cheese flavour character was measured
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on a 100 point scale that was anchored at 0 and 100 points with no difference
and extreme difference, respectively. The reference used throughout the current
study was the sample with medium levels in the experimental design of taste and
aroma (Tables 1 and 2). After tasting the sample, the assessors cleansed their palate
with water from cups. To prevent any sample carry-over, the assessors wiped
the mouthpiece with a paper towel between each reference-sample and sample-
reference tasting sequences.

The SGO delivered tastes and aromas through pumps and mass flow controls,
respectively, as described previously (3). Taste solutions were delivered at 45 mL
min-! for 10 s (7.5 mL) and aroma was delivered orthonasally in humidified air at
2 L min-!. The sequence of events used to deliver the taste/aroma were described
previously (3). Interstimulus breaks of 60 s were provided between the reference
and test samples, and between test samples and the reference.

Data Analysis

To determine the effect of NaCl, lactic acid, and aroma concentrations on
the cheese flavour intensity and the difference in cheese flavour character, data
were analysed using a univariate analysis of variance (ANOVA) with SPSS
statistics Ver. 17 (SPSS Inc., Chicago, IL, U.S.A.). Cheese flavour intensity
and the difference in cheese flavour character ratings were analysed as the
dependent variable. The NaCl, lactic acid, aroma, and replicates were taken
as the independent variables and analysed as fixed factors with assessors as a
random variable. Significant differences in mean cheese flavour intensity and
mean difference in cheese flavour character by the NaCl, lactic acid, or aroma
levels underwent post hoc testing using Fisher’s least significant difference
(LSD). All two-way and three-way interactions between the main variables NaCl,
lactic acid, and aroma were analysed. Two-way interaction between assessor
and replicates were analysed for the stability of cross-modal sensory interaction
effects. Significance testing was performed at an alpha level of 5%.

Results and Discussion

The cheese flavour intensities and difference in cheese flavour character were
measured, as NaCl, lactic acid, and aroma levels were varied. The cheese flavour
intensity was significantly (p<0.001) enhanced by increasing the concentrations of
NaCl, lactic acid, and aroma (Figure 1). For each variable, the mean cheese flavour
intensity was significantly different across the different levels of that variable.
That is, increases in concentrations of NaCl overall, significantly enhanced cheese
flavour intensity, as did increases in concentrations of lactic acid and aroma. The
enhancement of cheese flavour intensity by NaCl, lactic acid, and aroma was
consistent with previously reported results that also determined interaction effects
through sample delivery using the SGO (3). The similar nature and magnitude
of the flavour enhancements demonstrated the stable and reproducible interaction
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effects between taste and aroma. A significant replicate effect was not detected.
Furthermore, a significant replicate X assessor interaction was not detected. This
finding confirmed the robustness of cross-modal interactions using experienced
sensory assessors (10).
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Figure 1. The mean cheese flavour intensities (+ standard error) by variation of
levels of main effects (a) NaCl, (b) lactic acid, and (c) aroma. Means with the
same superscripts are not significantly different according to Fishers LSD.
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Figure 2. The mean difference in cheese flavour character (* standard error)

by variation of levels of main effects (a) NaCl, (b) lactic acid, and (c) aroma.

Means with the same superscripts are not significantly different according to
Fisher'’s LSD.

Varying the NaCl, lactic acid, and aroma concentrations significantly changed
the magnitude of the difference in cheese flavour character measured from the
reference. All differences in flavour character were measured as the difference
in cheese flavour character from the medium level of taste and aroma (Figure 2).
The difference in cheese flavour character significantly (p<0.001) increased with a
reduction in NaCl from a medium to a low level (Figure 2a). However, the cheese
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flavour character did not significantly change upon an increase in NaCl level from
a medium to a high level. The cheese flavour character significantly (p<0.001)
differed when lactic acid was increased from a medium to a high level, but did not
significantly differ when lactic acid was decreased from a medium to a low level
(Figure 2b). The difference in cheese flavour character significantly (p<0.001)
increased when aroma level was either decreased or increased from the medium
level (Figure 2¢). Increasing the aroma from a medium to a high level resulted
in a significantly larger difference in cheese flavour character than decreasing the
aroma from a medium to a low level. Significant replicate or replicate x assessor
effects were not detected.

There was a significant (p<0.05) NaCl x lactic acid interaction on cheese
flavour intensity. Increasing lactic acid levels resulted in a greater magnitude of
enhancement of cheese flavour intensity at low NaCl concentrations, compared
with high NaCl concentrations (Figure 3a). The NaCl x lactic acid interaction
showed that the magnitude of enhancement was concentration dependent, where
beyond some critical NaCl level no further enhancement of cheese flavour
intensity by lactic acid may be observed. This is consistent with literature where
magnitudes of enhancement in flavour intensity become smaller, as the taste
and aroma components are combined at high concentrations as opposed to low
concentrations (/2, 13). Large enhancements occur when stimuli are combined
at relatively low concentration (3). Interestingly, no significant NaCl x lactic
acid interaction for difference in cheese flavour character was observed (Figure
3b). Further two-way and three-way interactions of all taste/aroma combinations
on cheese flavour intensity or difference in cheese flavour character were not
significant.

The results of the effects taken together showed that NaCl was an important
variable for the enhancement of flavour intensity and maintenance of flavour
character, while lactic acid and aroma, also important for enhancement, have
the potential to change flavour character. It appears that NaCl can aid as a
compensatory variable for cheese flavour intensity and maintenance of flavour
character if other tastes/aroma were reduced in level. Although lactic acid
or aroma appeared to be able to enhance the intensity of cheese flavour and
potentially compensate for low levels of tastants/aroma, the flavour character
would change. Thus optimum ranges of NaCl and lactic acid levels are required
in order to maintain an unchanged cheese flavour character. NaCl could only be
varied between medium and high levels, lactic acid could only vary from low to
medium levels, but aroma could not be altered. However it is likely that aroma
level could be altered, on the proviso that the mixture of aroma compounds is
adjusted to maintain the same character as the reference. This is a subject for
further research.

The difference in cheese flavour character was measured holistically to
avoid extensive dissection of attributes that could potentially interfere with the
perceptual integration of taste and aroma as a flavour percept (/4). Indeed,
this approach appeared to maintain the cross-modal sensory interaction effects,
evident in the enhancement of cheese flavour intensity. While this approach
gave a measure of the magnitude of the change in the flavour character from the
reference, the measure could not indicate how the cheese flavour changed and
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identify the attributes responsible for the difference. An observation was made
with the rating of the mean difference in cheese flavour character for the blind
reference sample. The blind reference sample, being identical to the “reference”
taste prior, was expected to be rated with 0 points. However, the sample was rated
as a mean of 15.3 points. In sensory evaluations such as descriptive analysis, it is
common for assessors to avoid rating attribute intensities of samples as 0 points
on a line scale. There is also a possibility that the difference in flavour character
of the blind reference was due to gradual adaptation to certain components of
the taste/aroma mixture from continual tasting of reference followed by the
sample. The study showed that changes in flavour character require consideration
when cross-modal sensory interactions on flavour perception in multicomponent
mixtures of taste and aroma are studied. To determine the flavour attributes
that cause the underlying differences in measured flavour character, a different
evaluation approach is required that will provide further detail. This will be
subject of further research.
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difference in flavour character as a function of NaCl and lactic acid levels: 4,
high NaCl; =, medium NaCl; ¢, low NaCl.
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The differences in flavour character upon changes in tastant levels may be
due to taste-taste interactions. A lower NaCl level would not only have decreased
saltiness, it could lead to the perceptual change of other interacting characters
(15). The impact of reduced NaCl on flavour in water soluble extracts of cheese
and model cheese taste solution from a taste-taste perspective is the emergence
of bitterness (9, 16, 17). Salt can serve to suppress bitterness perception and
without it, bitterness will emerge. The same effect would occur with sour tastes
evoked by acids, due to the ability of sourness to also suppress bitterness (/5).
Applying this knowledge to cheese gives an insight to the complexity of factors
that contribute to flavour perception in cheese, as tastes such as bitterness are
not only due to taste-taste interactions, but are also dependent on other factors
including proteolysis during ripening and the effect of salt on the reactions thereof
(18). How NaCl may have influenced aroma in the current study is unknown.
Differences in flavour character due to the increase in lactic acid are most likely
caused by the emergence of a dominant sour flavour character. This suggested that
lactic acid at the medium concentration blended well to give a flavour character
of cheese as a single flavour percept. With regards to aroma, it is difficult to
speculate on the changes in flavour character, because of the propensity for aroma
character to change, both as a function of aroma compound concentration (/9) and
in mixtures with other compounds (20, 21). This, and the fact that the aroma used
in the current study was a mixture of ten compounds, makes the prediction of the
changes in aroma character challenging.

Conclusions

Cheese flavour intensity was enhanced by increases in concentrations of NaCl,
lactic acid, and aroma levels. The magnitude of the enhancement was dependent
on the relative levels of NaCl and lactic acid within the cheese flavour mixture.
Cross-modal interactions were thus non-linear. The consequence of enhancement
of the flavour intensity by lactic acid and aroma, however, was a change in cheese
flavour character compared with the reference. Further investigation is required,
however, as the measurement did not reveal how the flavour character changed or
which sensory attributes were responsible for the measured differences.
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Chapter 3

Strategies To Enhance Saltiness in Food
Involving Cross Modal Interactions

T. Thomas-Danguin, G. Lawrence, M. Emorine, N. Nasri, L. Boisard,
E. Guichard, and C. Salles*

Centre des Sciences du Goiit et de I’Alimentation, UMR1324 INRA,
UMR6265 CNRS, Université de Bourgogne, F-21000 Dijon, France
*E-mail: salles@dijon.inra.fr.

A series of results is reported on cross modal odour-taste
interactions as a mean to enhance salty taste in food. Salt-related
odours can enhance salty taste in water solutions containing a
low level of sodium chloride through odour-induced changes
in taste perception. Odour-induced saltiness perception
enhancement (OISE) depends on salt concentration (intensity).
OISE was also found effective in low-salt content solid model
cheese, but texture dependant. A significant saltiness perception
enhancement induced by Comté cheese and sardine odours was
observed for softer textures only. In ternary odour-sour-salty
solutions, sourness enhances saltiness perception additively
with salt-related odours. Finally, in cream-based food systems,
a strategy combining OISE and heterogeneous distribution of
stimuli was found to compensate for over 35% decrease in
salt-content without significant loss of acceptability. However,
variation of composition of the food matrix influences aroma
and saltiness perception. Therefore, it could modulate the
overall saltiness perception.

Introduction

Excessive intake of sodium has undesirable effects on health such as
hypertension and may contribute to other diseases such as cancer and osteoporosis
(). In the developed countries, approximately 75% of the daily salt (NaCl) intake
comes from processed foods. Consequently, the World Health Organization and
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other national health agencies recommend decreasing by 25% NaCl content in
targeted foods among which breads, meat products, cheeses, soups and ready to
eat meals (2, 3). Decreasing the sodium content in food products has thus become
a major issue for the processed-food industry.

However, sodium chloride is a multifunctional ingredient in food. It not
only guarantees a sufficient microbiological safety (4) but also influences the
mechanical and organoleptic properties of food as well as its structure (5). In the
case of food products which are submitted to fermentation or maturation process
during their preparation, the amount of NaCl can influence the development of
micro-organisms and thus the overall quality of the final product (5). Indeed, salt
plays an important role in the regulation of microbial growth and on biochemical
activities due to the reduction of water activity. As an example, for cheese
making, NaCl acts on cheese draining and allows the formation of the crust; it
also influences mineral equilibrium and buffering power, then it has an effect on
the organoleptic characteristics of cheeses (6, 7). Moreover, a modification of salt
content modifies the structure of food matrix which in turn influences the release
kinetics of flavour compounds and their perception (8).

Thus, lowering the salt content in food can lead to a significant loss of the
overall liking and acceptability of the food product by the consumer, with a
negative economic impact. To overcome these difficulties, different strategies
were explored, such as the partial substitution of sodium by potassium (9, 10),
the progressive decrease of NaCl content until a targeted content was reached
(11) and the increase of heterogeneity in the tastant distribution in various food
products (/2, 13). Other strategies have proposed to compensate the loss of
salty perception in low-salt foods by the means of cross-modal interactions
because food flavor is a multimodal percept involving not only the perception
of tastants but also of odourants, thus leading to an interplay between taste and
smell percepts (/4, 15). The cognitive origin of odour—taste interactions is now
generally admitted (/6) since it is driven by the association between both stimuli
(17). Neural mechanisms have been highlighted that support the cognitive basis
of such interactions (/8).

The objective of this presentation is to give an overview of a series of results
we obtained on cross-modal odour-taste interactions as a means to enhance salty
taste in food. Results are reported for saltiness enhancement by aroma obtained
in water medium and in model cheeses, and for combined strategies such as taste-
taste-smell cross modal interactions in water medium and heterogeneity in stimuli
distribution in a cream-based food product. The influence of matrix composition
on flavour release and perception is also discussed with regards to these results.

Enhancement of Saltiness Perception by Aroma in
Water Solution

We evaluated smell-taste interactions in a simple aqueous media in order to
test the hypothesis that aromas could enhance the salty taste (/9). The approach
consisted in first the selection of odours evoking a salty taste, then testing the
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impact of these odours on saltiness enhancement and last testing the effect of
stimuli concentration on saltiness enhancement.

The first step relied on a screening of a large number of odours on the basis of
their semantic attribute, taking advantage of the odour—taste cognitive association
(19). Indeed, food odours may evoke the salty taste only through mental imagery,
here induced by the name of this food. Thus, we selected odours that evoked
saltiness on the basis of the name of their most representative food source. Eighty-
one French panellists (aged 19-73 years, 56 women) participated in a 1-h session.
They did not receive any information about the aim of the experiment. Eighty-six
food names were used in this experiment. Most of them were pre-selected on
the basis of their association with salty food and a few control names were not
associated with salty food, such as lemon (for sourness), vanilla, strawberry or milk
chocolate (for sweetness). For each food name, panellists were asked to estimate
taste intensity (bitterness, sourness, saltiness, and sweetness) of food products as
evoked by verbal items (written food names) on four linear scales from 0 to 10 (0:
none and 10: extremely strong) or to indicate “not known” if the food name was
unknown to them.

The results evidenced first a great consensus between subjects for expected
tastes and second significant differences in saltiness between food names. Food
names such as anchovy, bacon, smoked salmon, dry sausage, peanuts, “bouillon
cube” and sardine were evaluated as the most salty whereas vanilla, orange, fig,
strawberry, milk chocolate, cinnamon and lemon were evaluated as the least salty.
Anchovy and bacon items were especially considered as the most salt-associated
food names. Interestingly, the expected saltiness of the proposed food names was
found to be highly correlated with the actual sodium content of the food products.
This first experiment allowed selecting food odours associated with the salty taste
and control food odours non-associated with the salty taste.

In the second experiment, saltiness of water solutions containing the selected
odours, with (0.02 M) and without sodium chloride, were submitted to sensory
evaluation in order to validate the effectiveness of odour-induced changes in
saltiness (/9). Fifty-nine panellists (aged 21-67 years, 42 women) participated in
two 1-h sessions. For each sample, panellists were asked to rate odour intensity
and taste intensity (sourness, bitterness, saltiness, and sweetness) on dedicated
linear scales from 0 to 10. Aroma concentrations were chosen according to their
intensity and acceptability in a preliminary test; nevertheless odour intensity
rating was recorded and included in the data analysis as the aroma concentrations
were not fully adjusted for iso-intensity.

The results clearly showed that some odourants have a salty dimension
while other odorants do not. Moreover, these “salty aroma” have the ability to
significantly enhance the salty taste of solutions containing a low quantity of
NaCl: this phenomenon is called Odour-Induced Saltiness Enhancement (OISE)
(Figure 1). As an example, anchovy and bacon, both items that were previously
found to evoke the highest expected saltiness, were also found to be the two
aromas that elicited the highest OISE. For tomato and carrot, even though their
odour intensity was quite high, the OISE remained very low or even negative; this
observation suggested that these aromas were not associated with saltiness. Carrot
and tomato aromas used in this experiment were indeed found to evoke mainly
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sweetness. Perceptual interactions between tastes usually showed sweetness to
reduce saltiness. Thus it is possible that, in our experimental conditions, induced
sweetness counteracted actual saltiness of NaCl which could explain why tomato
and carrot odours, despite their medium odour intensity, were found not to
enhance saltiness. Overall, our results suggest that, to induce taste enhancement,
an odour should be associated with that specific taste.

Odour intensity was also found to influence saltiness enhancement but this
influence may differ according to the odour quality (/9). For instance in our
experiment (/9) soy sauce odour did not show any significant OISE (Figure 1).
However, in another study, Djordjevic et al (20) found a significant OISE using a
commercially available soy sauce. Beyond the likely differences in odour quality
between the two soy sauce aromas, it is worth noticing that the intensity of our
soy sauce odour was low (the lowest of our tested odours), and may be to low
to induce a signifiant OISE. In contrast, carrot odour, which was as intense as
Comté but not associated with salty taste, did not enhance saltiness (/9). In order
to clarify the effect of aroma intensity on saltiness enhancement, we performed
a dedicated experiment in which sixty one consumers tasted 3 concentrations
of sardine aroma (0.5, 0.5 and 1 g/L) in salted water solutions (0.02 M NaCl).
Additionally, a reference solution with 25% more sodium chloride (0.025 M
in Evian water) was used (2/). The results showed no significant influence of
aroma intensity on saltiness enhancement. Therefore, it is suggested that as soon
as odour quality is associated to salty taste, OISE can occur, regardeless of the
perceived intensity of the aroma.
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Figure 1. Enhancement of salty taste (OISE) for each aroma solution presented
in an aqueous solution containing 0.02 M salt. Adapted from (19).Copyright
(2008) with permission from Elsevier.

Saltiness enhancement by addition of congruent aroma also varies according
to NaCl concentration (22). This is the main result of a study in which sixty four
untrained panellists had to evaluate the saltiness of water solutions including NaCl
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and a tasteless odorant. Following a full factorial design, three concentrations
of sodium chloride were used (0.01, 0.02, and 0.04 M) in conjunction with
two aroma conditions: sardine aroma was chosen for its saltiness enhancement
properties and carrot aroma as a control (22). We observed that saltiness of a
low concentration of sodium chloride in water (0 — 0.02 M) was enhanced when
subjects perceived simultaneously the congruent sardine aroma. However, when
NaCl concentration increased to 0.04 M, thus eliciting a high salty taste intensity,
no more significant OISE occured. We suggested that this result may come from
the negatively accelerating form of the psychophysical functions (23). Indeed,
when saltiness fall in the upper part of the stimulus—response function, it may be
difficult to observe an increase in saltinessy perception. Attentional processes
could also account for the modulation of OISE as a function of salt concentration.
When taste intensity increased, the taste dimension could have caught subjects’
attention so that they were much more focused on taste and somehow precludes
attending to the odour, thus preventing OISE.

Enhancement of Saltiness Perception by Aroma in Solid Food

We assessed the efficiency of OISE as a strategy to compensate for NaCl
reduction in solid food, especially taking into account texture variation and the
influence of cross-modal aroma-texture-taste interactions on saltiness perception
(20).

To that goal, we performed an experiment using four model cheeses lipo-
proteic matrices (LPM) with two dry-matter levels (370 and 440 g/kg) and two
fat-contents (20 and 40% of dry matter) at a NaCl level of 0.5%. A total of
16 LPMs: 12 flavoured LPMs (Three commercial aromas) and four unflavoured
LPMs, were thus prepared for this experiment (24). One aroma (Comté cheese)
was selected to be congruent with salty food and cheese product, another one
(sardine) was chosen to be congruent with salty food but not with cheesy products,
and the last one (carrot) was selected to be neither congruent with salty food nor
cheesy products. The study was carried out with 27 consumers who rated odour
and taste intensities, texture attributes of the model cheeses and their liking for
these products in a separate session.

On the basis of intensity data, OISE has been calculated for each LPM (Figure
2). In average, sardine and Comté-cheese odours were found to induce a highly
significant saltiness enhancement, which demonstrated that salt-associated odours
can enhance saltiness in complex solid-food matrices containing a low amount of
sodium chloride. Conversely, carrot odour did not produce a significant OISE.

Nevertheless, the observed enhancement effects were dependant on
the composition of the LPMs and their texture characteristics. Sardine and
Comté-cheese odours were found to induce a significant saltiness enhancement in
LPM with the highest fat level (DxF2, Figure 2). Such an enhancement did not
occur in LPM with the low fat level, except for sardine odour in LPM with low
fat and low dry matter level (D1F1). No OISE was observed for the firmest LPM
(D2F1).
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Our data suggest that congruence between odour and food product is not
a critical factor for OISE. Indeed, sardine odour, which was less congruent
to the LPM food product than Comté-cheese odour, tended to induce more
saltiness enhancement. No significant difference in liking was observed between
sardine and Comté cheese-flavoured products, but both were significantly more
appreciated than carrot-flavoured LPM.
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Figure 2. Enhancement of salty taste for “Sardine”, “Comté” and “Carotte”
aromas in solids lipoprotein matrices. D: Dry matter; F: Fat/D ratio; 1: low
level; 2: high level. The circles represent the mean aroma intensity for each
product. Adapted from (24). Copyright (2010) with permission from Elsevier.

To sum up, odours can be used to enhance saltiness in water solutions and
complex foods containing a small amount of NaCl. Nevertheless, in food products,
OISE is dependent on food composition. OISE is no longer observed for high NaCl
content and firm textures. NaCl content is a key driving factor of OISE potency.
The results of our studies have shown that OISE may compensate for up to 20%
decrease in salt content of food.

Combination of OISE with Other Strategies

The objective of the studies reported below was to evaluate if other strategies
could be combined to OISE to enhance saltiness perception and therefore increase
the compensation level.
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Ternary Cross-Modal Interactions: Saltiness-Sourness-Aroma

During consumption, food usually elicits several tastes and taste-taste
perceptual interactions have also been reported to impact saltiness (25). Salty and
sour tastes were found to enhance each other at low intensity levels: thus citric
acid has an enhancing effect on saltiness for a low level of NaCl (26). In this study
we explored the enhancement of salty taste of sodium and potassium chloride
salts (NaCl and KCl), induced by sourness in combination with OISE (27).

Thirteen water solutions were prepared corresponding to a full factorial
design with aroma (no aroma or sardine aroma) and taste (no tastant, 3 single
tastants and 2 mixtures) as factors; a reference solution with 25% more sodium
chloride (25 mM in Evian water) was also used. The sardine aroma was used at a
concentration of 0.5 g/L. The taste factor in the factorial design relied on Evian
water (no tastant), sodium chloride (20 mM in Evian water), citric acid (2.5 mM),
potassium chloride (40 mM) and the following two mixtures: citric acid + sodium
chloride and potassium chloride + sodium chloride. Sixty one panellists tested
the samples for their taste attributes and odour intensities (2/). The analysis of
perceived saltiness for the different combinations of salty and aroma solutions
indicated that, as expected, the solution containing only citric acid was not salty.
The sample containing 40 mM of KCI was less salty compared to the 20 mM
NaCl solution; however, the difference between these two means did not reach
statistical significance (p > 0.05). Solutions containing a mixture of NaCl and
KCI were perceived as the saltiest, with no influence of the addition of the sardine
aroma. Conversely, mixing NaCl (20 mM) and citric acid did not modify saltiness
compared to the sample containing only NaCl, but adding the sardine aroma led
to a significant increase in the saltiness of the acid + salt mixture only. In all of the
other solutions, with the exception of the one containing 20 mM NacCl, adding the
sardine aroma led to a significant increase in perceived saltiness. Thus, complex
perceptual interactions can take place in an aroma-salty-sour ternary mixture
contributing to an efficient enhancement of saltiness perception, which allows a
compensation for more than a 25% reduction of salt content in model solutions.

Heterogeneity in Stimuli Distribution

New approaches reported that stimuli contrasts can enhance sweetness (27,
28), saltiness (12, 29), fat perception (30) and aroma perception (37, 32). In this
study, we evaluated whether saltiness enhancement induced by stimuli contrast
could be combined to OISE. This strategy was based on modifications of the
quality and the quantity of stimuli or on the modification of the structure and the
composition of the food matrix.

We first investigated whether a heterogeneous distribution of NaCl in a
four-layer cream-based hot-served model food could enhance salty perception
and consumer liking (33). The main ingredients of this cream-based food were:
whipping cream, pasteurised eggs, Emmental cheese, modified food starch, wheat
flour, xanthan gum, table salt, mineral water and food grade aroma. In these food
products the overall added NaCl was 0.8% (w/w), but salt distribution varied
throughout the four layers, according to 4 modalities: homogeneous distribution,
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and 3 different levels of heterogeneity of NaCl distribution within the four
layers. Products with a low level of heterogeneity were composed of two layers
at 0.4% added NaCl and two layers at 1.2%, products with a medium level of
heterogeneity were composed of two salt-free layers and two layers at 1.6% added
NaCl, and products with a high level of heterogeneity were composed of three
salt-free layers and one salty layer at 3.2% added NaCl. Two control samples with
a homogeneous NaCl distribution were also presented, one containing the same
amount of salt as the other products and another with 25% more salt. The saltiness
intensity evaluation was performed by a panel of 102 consumers (70 women
and 32 men, aged 18—65 years) in a single session and the liking evaluation was
performed by a panel of 80 consumers (53 women and 27 men, aged 20—66 years)
in another session. The results are reported on Figure 3.
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Figure 3. Intensity of salty taste (grey bars) and liking level (hatched bars)

according to the heterogeneity of the distribution of salt in a cream-based food

matrix made of four layers (schematized in abscise where the intensities of
grey represents the salt concentration in the layers). The product REF has a
homogeneous distribution of salt and the product +25% has a homogeneous
distribution of salt but with an overall content of 25% more compared to the
other products. The letters represent the significant differences between the

means. Two different letters indicate a significant difference (p<0.05). The error
bars represent the standard deviation of the mean.

Among the tested combinations, those with the highest heterogeneity in
NacCl distribution, and especially the one with NaCl concentrated in a single
external layer, were perceived as saltier than the other combinations with the same
overall NaCl content. The saltiness intensity of this combination was equivalent
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to the saltiness intensity of the homogeneous control product containing 25%
more NaCl. Thus, high heterogeneity of NaCl distribution leads to saltiness
enhancement as compared to homogeneous distribution. This result suggests that
the NaCl concentration in the salted layer is a critical factor that likely drives the
saltiness enhancement.

In another experiment, we examined whether the combination of this
strategy of heterogeneous spatial distribution of NaCl with heterogeneous spatial
distribution of a salt-associated aroma (ham aroma) could improve the saltiness
enhancement (34). We used food products and a sensory procedure similar
to those described in the above experiment. Ten four-layer products (FLPs)
containing the same total amount of NaCl and ham aroma, 0.5% (w/w) and 0.05%
(w/w), respectively, were produced. The spatial distribution of NaCl and aroma
was different from one layer to another. Moreover, a FLP without added ham
aroma was used as an unflavoured reference and an unflavoured FLP containing
20% more NaCl was used as a saltier reference.

The results revealed a significant OISE by the ham aroma whatever the
NaCl distribution. The heterogeneity of salt distribution also induced saltiness
enhancement and confirmed the results obtained in the other experiement (33).

The combination of the two strategies allowed obtaining an enhancement of
saltiness perception able to compensate a 35% reduction of NaCl content for this
type of food, without loss of acceptability. Indeed, the products in which the
stimuli distribution was heterogeneous were well accepted by consumers though
products perceived as saltier seemed less liked. This appreciation seemed to be
increased by the presence of salt-associated aroma.

Influence of Food Matrix Composition on Flavour Release and
Perception

The release of NaCl and aroma compounds during the in—mouth process is
influenced by food composition such as lipids, protein, water contents (8, 35).
These ingredients can physically interact with NaCl and aroma compounds and
influence flavour release and perception. Consequently, potential taste — aroma
cross modal perceptual interactions can be affected. Moreover, the modulation of
the release of flavor compounds during eating can be achieved by changing food
composition. This modulation can be combined with the effects described above to
increase perception of a low-salt food. The objective of this part is not to describe
the effect of changes in food composition on cross modal perceptual interaction but
only to present a case study on model cheeses showing in what extent changes in
food composition can influence taste and aroma compound release and perception
(36, 37).

Model cheeses with analogue cheese technology were developed according to
Boisard et al (37, 38). They were made of rennet casein, milk fat, water, melting
salt, minerals and acids varying in 3 lipid protein ratios (L28/P20, L.24/P24, 1.20/
P28), with (0.1 g/kg) and without added NaCl (0.067 g/kg originated from melting
salt). The 6 model cheeses were flavoured with 7 aroma compounds of different
chemical classes.
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Figure 4. (a) Initial release rate of taste and aroma stimuli from the model
cheeses. (b) Sensory perception of the model cheeses: taste and aroma attributes.
L/P ratio corresponding to the lipid/protein ratio and calculated from the dry
matter content of milk fat and caseins. s for formulations with added salt.

The temporal release parameters of aroma compounds measured by following
the in vivo release of aroma compounds by atmospheric pressure chemical
ionisation mass spectrometry (37) were affected by the L/P ratio and NaCl content.
As an example, the initial release rate values fell when the L/P ratio significantly
decreased from L.24/P24 to L20/P28, except for diacetyl which is the more polar
aroma compound (Figure 4a). This result suggests that the presence of proteins
might reduce the initial release rate for hydrophobic aroma compounds due to
hydrophobic effects or because of the increase in product firmness which would
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limit the diffusivity of aroma compounds. For model cheeses with the higher L/P
ratio (L28/P20), the addition of NaCl led to a significant increase in initial release
rate for all aroma compounds except diacetyl. This result could be explained by
the salting out effect on the release of hydrophobic aroma compounds. In addition,
the initial release rate decreased when the hydrophobicity of the compounds
increased. Indeed, the initial release rate of diacetyl (log P = 1.34) was much
higher than the initial release rate of nonan-2-one (log P =2.71).

The effect of composition on flavour perception is presented on Figure 4b.
Model cheeses with a lower L/P ratio were perceived harder due to the higher
amount of proteins. For salted products, the lower L/P ratio was perceived more
salty due to differences in composition. This can be explained by perceptual
interactions between fat and saltiness perception as the fattier models (L28P20)
were perceived more salty while for each L/P ratio the more salted (s) were
perceived more fatty. However, this observation could be also explained by
differences in NaCl diffusion.

For aroma perception, when the NaCl content increased, the overall aroma
perception intensity and the specific aroma notes increased. When L/P ratio
decreased, the overall aroma perception intensity and the specific aroma qualities
decreased.

Conclusion

OISE is a very interesting strategy to enhance saltiness perception in liquid
and in solid foods with reduced NaCl content. However, it is dependent on the
texture and NaCl content of the food. The heterogeneity of salt distribution with
an important contrast can be efficient to significantly enhance saltiness perception.
These strategies can be combined to improve the enhancement effect and thus
compensate for a higher reduction of NaCl content in food while maintaining
a good acceptability by the consumers. These strategies can thus contribute
to prevent a negative impact on the economics of the food industry when
producing foods with low NaCl content, as recommended. More investigations
are running to evaluate the enhancing impact of aroma on the saltiness perception
for more complex and real food systems. These strategies could be combined
to an optimisation of the food matrix composition allowing optimizing flavour
compounds release and maximizing saltiness perception.
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Previous studies have demonstrated that sounds elicited by
mastication or swallowing processes can affect consumers’
perception of food texture and quality. However, little is known
about the modulatory role of auditory cues with respect to
chemosensory perception. People often perceive odors, flavors,
and taste substances in the presence of various sounds. This
review addresses past and current findings associated with
influences of auditory cues on perception of chemosensory cues.
It specifically focuses on three main points: 1) cross-modal
correspondences between auditory and chemosensory cues, 2)
effects of congruent sound on chemosensory perception, and
3) effects of background sound on chemosensory perception.
Although interest on this topic has been growing, further
studies are necessary to answer many questions, including those
regarding the mechanisms underlying cross-modal interaction
between auditory and chemosensory cues.

Introduction

It is rare to consume foods or drinks without hearing any sound. Even though
people may consume foods in silence, people at least hear the sounds elicited by
mastication or swallowing processes. Also, when people have meals with their
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family, friends, or colleagues, mutual conversation is typically present during meal
consumption (/, 2). A recent survey reported that more than half (58.8%) of
the 244 North American respondents preferred eating while having conversations
with others; only 3.7% preferred eating in silence (/). Many people are also
used to eating or drinking while listening to background music or noise. These
phenomena represent the most substantial impact of auditory cues with respect to
food perception and acceptability in everyday life. In other words, it is significant
that eating has an intimate connection with a variety of auditory cues.

Past studies have demonstrated that auditory cues play an important role not
only in judging textural characteristics such as crispness (3—5) and carbonation
(6), but freshness as well (5). For example, if a sound produced by mastication
of potato chips is louder, people seem to perceive the chips as being crisper
and fresher (5). Similarly, people are likely to rate carbonated water to be
more carbonated with an increase in overall sound level and/or high frequency
components of the sound emitted from the carbonated beverage (6).

In previous studies examining the influence of auditory cues on food
perception, little attention has been paid to chemosensory aspects, such as the
senses of smell, taste, and trigeminal function, of the food or drink samples.
Notably, there is growing evidence that chemosensory perception can be altered
by auditory cues like background music or noise. This study will review past and
current studies of cross-modal interaction between auditory and chemosensory
cues. The influence of auditory cues on trigeminal sensation is not included
in this review because of the limited number of publications on that topic.
Previous research regarding the cross-modal interaction between the auditory
and chemosensory cues can be classified into three main streams: 1) cross-modal
correspondence between auditory and chemosensory cues, 2) influence of
congruency between the bimodal cues, and 3) influence of irrelevant sound,
whether background music or noise, on chemosensory perception. This review
will thus discuss earlier findings emphasizing these topics.

Cross-Modal Correspondences between Auditory and
Chemosensory Cues

When describing a relationship between bimodal cues, earlier studies
have often used the term, “cross-modal correspondence”.  “Cross-modal
correspondence” refers to “a compatibility effect between attributes or dimensions
of a stimulus (i.e., an object or event) in different sensory modalities (be
they redundant or not)” (7). It has long been known that such cross-modal
correspondence is innate (8) and universal among individuals (7). It is also
considered as “weak synaesthesia”, defined as “cross-sensory correspondences
expressed through language, perceptual similarity, and perceptual interactions
during information processing” (9) or “synaesthetic congruency” (see below) (7,
10).
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Cross-Modal Correspondences between Auditory and Olfactory Cues

Many studies have demonstrated cross-modal correspondences between
visual and auditory cues (//—13). There is growing empirical evidence that
cross-modal correspondences occur between auditory and olfactory cues (/4—19).
For example, people could consistently match certain auditory frequencies (e.g.,
200 Hz and 1,000 Hz) with specific fragrant odors (/4). Furthermore, recent
studies have shown that certain odors sniffed via the nose could be matched not
only with specific frequencies, but also with timbres of musical notes (17, 19).
For example, fruit odors could be paired with high-pitched sounds.

A cross-modal correspondence was also found between auditory cues (e.g.,
pitches and timbres of musical notes) and flavors perceived through the mouth
(15, 16, 18). A cross-modal correspondence between flavors and musical pitches
has not been consistently observed, and is likely to be mediated by characteristics
of “potency” (e.g., strong vs. weak) and “activity” (e.g., active vs. passive) of the
bi-modal cues (75, /8). On the other hand, previous studies have often reported a
cross-modal correspondence between flavors and musical timbres, and this seems
to be linked by subjective hedonic valence (e.g., pleasantness vs. unpleasantness)
(15, 18); i.e., pleasant flavors can be matched with pleasant musical timbres based
on individuals’ subjective hedonic valence. This is an example of “the indirect
hypothesis” that accounts for the cross-modal correspondence between auditory
and olfactory cues. Deroy et al. (20) proposed that emotional similarity between
auditory and olfactory cues can mediate such cross-modal correspondence.
To explain the cross-modal correspondence between auditory and olfactory
cues, Deroy et al. (20) proposed another hypothesis, “the amodal hypothesis”,
suggesting that perception of auditory or olfactory cues may take place in a
common amodal dimension such as space. This hypothesis is, to some extent,
supported by recent animal studies demonstrating that auditory and olfactory
inputs converge in the mammalian cerebral cortex through the olfactory tubercle
and the auditory cortex (2/—25). Furthermore, Deroy et al. (20) explained the
cross-modal correspondence using “the transitivity hypothesis.” That is, if a
certain dimension (X) corresponds to another dimension (Y), and the dimension
(Y) also corresponds to a dimension (Z) in a third sensory modality, a cross-modal
correspondence will occur between dimensions X and Z (20). However, these
hypotheses are based on theoretical aspects, and future empirical research would
be needed to validate them.

Cross-Modal Correspondences between Auditory and Gustatory Cues

Like olfactory cues, gustatory cues have been shown to exhibit a cross-modal
correspondence with not only frequencies (/8, 26—30), but also with musical
notes (15, 18). Using the implicit association test (IAT, a measure of the strength
of individuals’ implicit association between concepts or attributes), Crisinel
and Spence (28) demonstrated that sour and bitter tastes could be associated
with high-pitched and low-pitched sounds, respectively. In that study, the
researchers presented the names of typically sour- or bitter-tasting food items
instead of presenting actual taste solutions or food items. In the follow-up
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study, participants responded more quickly and accurately when the names
of sweet-tasting food items were paired with high-pitched sounds than when
they were paired with low-pitched sounds (29). Furthermore, using actual food
samples (dark chocolate, marzipan-filled chocolate, and milk chocolate), Crisinel
and Spence (/8) demonstrated cross-modal correspondences between sound pitch
and taste quality. Participants were asked to match the pitch of four instrumental
sounds (piano, strings, woodwinds, and brass), ranging from C2 (64.4 Hz) to C6
(1,046.5 Hz) in intervals of two tones, to each chocolate sample presented in the
study, followed by intensity ratings of bitterness, sweetness, and pleasantness
of the sample. The study showed that, if a higher-pitched sounds was chosen,
chocolate samples were rated sweeter and less bitter. Similarly, in another study
Crisinel and Spence (/5) demonstrated that low-pitched sounds produced by brass
instruments were often matched with the bitter taste of a caffeine solution, while
high-pitched sound played on a piano were frequently paired with the sweet taste
of sucrose solution (Figure 1).

Effects of Congruent Sound on Chemosensory Perception

A large number of previous studies investigating cross-modal interaction
involving the sense of smell have highlighted how “congruency” between
bimodal cues affects olfactory perception. Schifferstein and Verlegh (37) defined
congruency as “the extent to which two stimuli are appropriate for combination in
a food product.” Based on this definition, Seo (32) characterized the congruency
as “the extent to which bimodal stimuli are appropriate for combination in
everyday life”, extending the concept of congruency to all kinds of cues occurring
in everyday life. Spence and colleagues proposed three types of congruency:
“synaesthetic congruency”, ‘“spatiotemporal congruency”, and “semantic
congruency” (7, 10). Among these, synaesthetic congruency, characterized as
“the correspondences between more basic stimulus features (e.g., pitch, lightness,
brightness, size) in different modalities” (7) appears to be most aligned with
the concept of “cross-modal correspondence” addressed above. Spatiotemporal
congruency, characterized as “the proximity between two unisensory events
in time and space” (10), has rarely been observed in cross-modal interaction
between olfactory and auditory cues. In a related study by La Buissonniére-Ariza
et al. (33), participants were asked to localize left or right unilateral auditory
cues (a high-pitched alert sound for 150 ms) as soon as possible in the presence
of one of four chemosensory conditions: odourless air puffs (somatosensory
cue), phenylethanol odor (olfactory cue), eucalyptol odor (mixed olfactory and
trigeminal cue), and no additional cue. The chemosensory or somatosensory cue
was delivered to either the left or right nostril. The researchers tested whether
participants’ reaction times to the auditory cue might differ as a function of spatial
congruency between auditory and chemosensory cues, but no significant effect of
spatial congruency was observed in the reaction time to the auditory cue. Finally,
semantic congruency is characterized as “a cross-modal match (vs. mismatch)
in terms of the identity or meaning of the unisensory component stimuli” (10).
For example, an odor of potato chips is semantically congruent with the sound
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of biting crispy chips, but not with the sound of drinking a glass of water. In
this section, the effect of congruent sounds on olfactory perception based on the
semantic congruency among the three types of congruency will be addressed.
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Figure 1. Cross-modal correspondences of auditory and olfactory cues. Figure
1 (a) represents mean pitch matched to each taste or flavor. MIDI (musical
instrument digital interface) note numbers (shown on the left-hand y-axis) were
used to code the pitch of the chosen notes. The western musical scale is depicted
on the right-hand axis. Basic tastes are represented with lined bars. Taste
and flavors are grouped as low-pitched (dark gray), middle-pitched (gray), or
high-pitched (light gray) groups according to the pitch that they were matched
to. Figure 1 (b) represents the number of times each type of instrument matched
to each taste or flavor; the maximum count was 68. A taste or flavor showing
a significant preference with respect to the choice of instrument is marked in
Italics. (Source: Reproduced with permission from reference (15). Copyright
2010 Springer.)

Effects of Congruent Sound on Olfactory Perception
Odor Intensity

It has been reported that congruent visual (e.g., color or image) or gustatory
(e.g., taste) cues can increase sensitivity or intensity of olfactory cues. For
example, a study by Christensen (34) showed that participants perceived processed
cheese odors more intensely when the cheese was appropriately colored than
when it was inappropriately colored. However, unlike gustory cues, congruent
visual cues do not always increase odor intensity (35, 36). Similarly, previous
studies have demonstrated that auditory cues do not affect the intensities of their
congruent odors (37, 38). For example, as participants rate a pair of auditory
and olfactory cues to be more congruent, they appear to rate the olfactory cue
as significantly more pleasant. However, previous studies (38) reported no
significant correlation between individual ratings for the degree of congruency
and intensity of an olfactory cue.

Odor Pleasantness

Do people like coffee aroma significantly more while listening to the sound of
drinking coffee than while listening to the sound of biting potato chips? To answer
this question, Seo and Hummel (37) presented congruent, incongruent, or neutral
sounds both before and during the presentation of either a coffee odor or a potato
chip odor to 22 German participants. As shown in Figure 2, participants liked the
coffee odor significantly more when it was presented with a congruent sound (the
sound of drinking coffee) than when presented with an incongruent sound (the
sound of biting potato chips). Similarly, potato chip odor was rated more pleasant
when accompanied with the sound of eating the potato chips than with either
the sound of drinking coffee or white noise (37). Congruent sound-enhanced
odor pleasantness was also obtained in other studies using congruent background
sounds (38). For example, German participants rated coffee odors more pleasant
when presented with the sound of coffee in a popular German advertisement
than with a Christmas carol. Can this trend also be observed even when people
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are unaware that the background sound is coffee advertisement music? The
coffee advertisement music may have no effect on pleasantness of coffee aroma
if individuals are unaware of the type of advertisement music. Since individuals
have no semantic connection between the coffee aroma and the advertisement
music, the congruency effect may be absent when that particular pair of auditory
and olfactory cues is presented.
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Figure 2. Mean ratings of odor pleasantness in relation to three different
auditory cues: no-sound (white noise), congruent sound, and incongruent sound.
White noise was expressed as “no-sound’” meaning no distinctive sound. Odor
pleasantness in the presence of auditory cue was rated on a visual analogue
scale ranging from 0 (extremely unpleasant) to 10 (extremely pleasant). The
pleasantness ratings of odors were significantly higher when an odor was
presented with a congruent sound than when presented with an incongruent
sound. An asterisk represents a significant difference at P < 0.05. The error bars
represent the standard errors of the mean. (Source: Reproduced with permission
from reference (37). Copyright 2011 Oxford University Press.)

Previous studies have shown that auditory cues facilitate identifying
corresponding odors, in turn increasing pleasantness of the odors (38). A question
may be raised as to why auditory cues affect odor pleasantness, but not odor
intensity. A plausible explanation for this is that a pleasantness rating is a
“synthetic” task, while an intensity rating is largely an “analytic” task (317, 39). In
other words, when participants rate their hedonic response to an odor sample, they
tend to consider not only how pleasant the odor itself is, but also how harmonious
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the accompanying auditory cue is, possibly resulting in an increase in the impact
of auditory cues on odor pleasantness ratings. However, when participants rate
the intensity of the odor sample, they are more likely to focus on how strong the
odor is apart from the presence of auditory cues, which possibly decreases the
effect of auditory cues on odor intensity ratings (38).

Effects of Congruent Sound on Gustatory Perception

Taste Intensity

Based on previous findings with respect to cross-modal correspondence
between auditory and gustatory cues, Crisinel et al. (40) conducted an experiment
to determine whether synaesthetically congruent music could affect taste intensity.
They designed two soundtracks, each mainly composed of either low-pitched or
high-pitched sound, and representing either bitter taste or sweet taste, respectively.
Twenty participants (12 women, aged 17 — 33 years) received cinder toffee
samples in the presence of either the “bitter” or the “sweet” soundtrack. The
cinder toffee samples were rated more bitter when tasted while listening to the
bitter soundtrack than while listening to the sweet soundtrack.

Taste Pleasantness

Little is known about the effect of congruent sound on taste pleasantness.
In the above study (40), the participants were also asked to rate pleasantness of
taste/flavor of the cinder toffee sample in the presence of either the “sweet” or the
“bitter” soundtrack; taste and flavor were not separately asked for in that study.
The results demonstrated that liking of the taste/flavor of the cinder toffee was not
significantly different for sweet and bitter soundtrack conditions.

Effects of Background Sound on Chemosensory Perception

People frequently experience chemosensory cues, such as aroma, flavor, and
taste, in the presence of background sound ( “external sound which is unwanted or
irrelevant to the chemosensory cue”). For example, when we drink a cup of coffee
at a restaurant, we are usually exposed not only to coffee aroma and flavor, but
also to background music, conversation, and the sounds of coffee machines. Can
background music or noise influence consumers’ perception of coffee aroma and
flavor?

Sound levels at many restaurants and dining places have become quite loud;
noise is identified as the second most common complaint of restaurant-goers (4/).
Furthermore, emotional arousal or unpleasantness caused by background noise
may alter perception of foods eaten in a noisy location. In fact, a recent survey
reported that only one person (0.4%) among 244 North American respondents (136
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women; 207 Caucasians; aged 19 - 78 years) preferred eating at a noisy restaurant.
In a modern society, background noise has become common in many public places,
including on subways and airplanes. Spence et al. (42) pointed out an interesting
observation that many people specifically ask air stewards for tomato juice on
airplanes. They suggested a plausible reason for this phenomenon; it might be due
to the fact that umami taste, which is rich in tomato juice, appears to be relatively
unaffected by the loud noise during flight. Keeping this background in mind, this
section will review earlier findings of the association between background sound
and chemosensory perception.

Effects of Background Sound on Olfactory Perception
Odor Discrimination

Mozart’s music has been found to facilitate cognitive performance; this has
been referred to as the “Mozart effect” (43). Rauscher et al. (43) showed that
Mozart’s music improved participants’ performance with respect to standard 1Q
spatial-reasoning tasks. Since an odor-discrimination task, i.e., picking the odd
odorant out from among three odorants (including two identical odorants and
one different odorant), seems to demand significant cognitive function (44), Seo
et al. (45) tested whether such a “Mozart effect” is observed in performing an
odor discrimination task. More specifically, the researchers asked 36 German
participants (27 women; aged 19-36 years) to perform the odor discrimination
tasks of the Sniffin’ Sticks test, making 16 sets of three alternative forced choices
(3-AFC), while listening to either a Mozart composition (sonata for two pianos
in D major, K448) or to no added sound (silence). Contrary to the researchers’
expectations, the Mozart effect was not present in the experiment; there was no
significant difference between participants’ performances with respect to the odor
discrimination task either with or without Mozart’s sonata. It was argued that,
since the given task was too easy, there appeared to be a ceiling effect, possibly
resulting in a lack of performance improvement.

A significant influence of background sound on performance in an odor
discrimination task has also been found. Seo et al. (45) asked 38 participants (29
women; aged 19-40 years) to perform the odor discrimination task of the Sniffin’
Sticks test under either background noise conditions or silent conditions. Under
background noise conditions, both verbal noise (audio book of a comedian’s
humorous speech) and non-verbal noise (the sounds of a crowded party) were
presented over headphones. Participants showed degraded performance on the
odor discrimination task when presented with background noise when compared
to a silent condition. Furthermore, verbal noise, in comparison to non-verbal
noise, yielded significantly higher detrimental effects on performance in the odor
discrimination task. In other words, when compared to in a silent condition
(baseline), participants’ poor performance in discriminating different odors was
more pronounced while listening to a comedian’s humorous speech than while
listening to the sound of a crowded party.
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Odor Sensitivity

It is well known that odor sensitivity (or threshold) tasks demand less
cognitive load than does the odor discrimination task (44). If so, there is a
question as to whether background noise would affect performance on an odor
sensitivity task. Previous research has demonstrated that background noise,
whether verbal or non-verbal, has no effect on participants’ performance on
odor sensitivity tasks when compared to a silent condition (46). However,
significant interaction between the type of background noise and an extraversion
of personality trait has been demonstrated. More specifically, as shown in Figure
3, introverts demonstrated worse performance on an odor sensitivity task in the
presence of verbal noise (audio book of a comedian’s humorous speech) than
under silent conditions. In contrast, extroverts showed better performance on
an odor sensitivity task when presented with verbal noise rather than silence.
Similarly, Koelega (47) reported that male extroverts, in comparison to male
introverts, were more sensitive to odors in the presence of distracting noise (47).
According to Eysenck’s arousal theory of extraversion (48), extroverts have
higher optimum arousal levels than introverts, so extroverts tend to seek more
stimulation to reach their optimum arousal level; introverts are likely to need
less stimulation. In this sense, when background noise, especially verbal noise,
was presented, extroverts’ arousal levels might reach their optimum values, in
turn leading to improved performance on odor sensitivity tasks (46). Because
background sound-induced olfactory performance can vary with respect to
individuals’ personal traits, sensory professionals, marketers, and business owners
should consider personality traits of their main target group when manipulating
background sound conditions in their shops or restaurants.

Odor Intensity

It appears that perceived intensity of olfactory cues is little influenced by
background sound. When odors (phenylethanol or 1-butanol) were presented in
the presence of background sounds varying in hedonic tone (e.g., baby laughing,
baby crying, jazz drum, and screaming), there was no significant difference in
the odor intensity for any of the background sound conditions (37). In another
study, Fiegel et al. (49) tested whether flavor intensity can be either increased or
decreased by particular background music genres. In that study, researchers asked
99 North American participants (53 women; 90 Caucasians; aged 18 - 30 years)
to eat milk chocolate or bell peppers in the presence of four different genres of
background music (“Air on the G string”): classical, jazz, rock, and hip-hop. In
that study, flavor intensity of chocolate or bell peppers did not differ as a function
of background music genre. However, since those studies did not compare flavor
intensity both with and without background sound, it is inconclusive as to whether
either presence or absence of background sound can alter perceived intensity of
an olfactory cue. Including the “no sound” condition as a baseline, Woods et al.
(50) examined changes in flavor intensities of rice cakes under both quiet (45-55
dB) and loud (75-85 dB) white-noise conditions. In that study, by subtracting
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the baseline (no sound condition) ratings from the quiet sound and loud sound
conditions, they found that background noise-induced flavor intensity did not
differ under quiet and loud noise conditions.
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Figure 3. Comparison of background noise-induced difference in the odor
sensitivity task between introvert and extrovert groups. The background
noise-induced difference indicates the mean score differences between noisy and
silent conditions: i.e., “party sound” — “silent condition” or “audio book” —
“silent condition”. The extrovert group showed better performance on the odor
sensitivity task in the presence of audio book sound rather than silence. However,
the introvert group showed worse performance on the odor sensitivity task with
audio book sound than silence. The n.s. and asterisk represent no significance
and significance at P < 0.05, respectively. The error bars represent standard
errors of the means. (Source: Reproduced with permission from reference (46).
Copyright 2012 Springer.)

Odor Pleasantness

In contrast to odor intensity, odor pleasantness appears to be somewhat
influenced by background sound; i.e., hedonic valence of background sound
can modulate the hedonic tone of olfactory cues (37). For example, olfactory
cues, regardless of their hedonic tone, tend to be rated as more pleasant when
they are presented with pleasant sounds (e.g., baby laughing and jazz drum) than
when presented with unpleasant sounds (e.g., baby crying sound and screaming)
(37). Furthermore, the more that participants liked a background sound, the
more pleasant the subsequent odor became. Similarly, a positive correlation
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between the pleasantness ratings of food flavors and musical stimuli was also
obtained in other studies (49). These findings show that a “halo/horns effect”
can be present between auditory and olfactory cues. The halo effect, strictly a
“horn effect”, was observed between the hedonic ratings of white noise combined
with odors. In a recent study by Velasco et al. (57), the researchers presented
either pleasant or unpleasant odors along with three types of “musical” stimuli
(pleasant, unpleasant, or white noise). The odors were rated the most unpleasant
when accompanied by white noise; the latter was rated as more unpleasant than
any of the musical pieces.

Effects of Background Sound on Gustatory Perception

Taste Discrimination

Little research has been performed to examine the effect of background sound
on performance of a taste discrimination task. McFadden et al. (52) examined
the effect of background noise presented over headphones on the discriminatory
ability of weak solutions of sucrose or sodium chloride (NaCl) from distilled water.
The results demonstrated no significant effect of background noise on the taste
discrimination task.

Taste Intensity

Previous studies have demonstrated influences of background sound on taste
intensity. In the aforementioned study conducted by Woods et al. (50), participants
tasted savory and sweet foods under either quiet (45-55 dB) or loud (75-85 dB)
white-noise conditions. The foods also were tasted under a silent condition to
provide a baseline. In that experiment, sweetness and saltiness of foods were rated
to be less intense under loud noise conditions than under relatively quiet noise
conditions. However, the opposite findings have also been found. Stafford et
al. (53) asked participants to taste alcoholic drinks under four noise conditions:
music (modern genres), shadow (listening and repeating a news story), shadow
and music, and silence. In that study, alcoholic drinks tasted sweeter and less
bitter under loud music conditions than under silent conditions. Stafford et al.
(53) explained that the inconsistent findings of with respect to background noise-
induced sweetness might result from differences in the type of background noise
(white noise vs. music) and the type of test samples (foods vs. alcoholic drinks);
this suggests that the effect of background sound on taste intensity may vary with
experimental context.

Taste Pleasantness
Can background music or noise alter liking of taste? The answer appears to

remain unclear. According to Ferber and Cabanac’s study (54), sweet solutions
were more favored in the presence of loud sound (90 dB), whether music or noise,
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than in the presence of quiet sound (70 dB) or under silent conditions. However,
the significant effect of background sound on taste pleasantness was obtained in
neither salty solution, nor in a mixture of sweet and salty solutions.

Conclusion

To summarize, auditory cues can highly affect individuals’ perceptions of
chemosensory cues. First, it was observed that certain auditory cues (pitches
or timbres) can be matched with specific odors, flavors, or tastes. Second,
congruency between auditory and olfactory cues plays a key role in modulating
chemosensory intensity and pleasantness. Finally, background music, noise,
or silence affects chemosensory intensity, sensitivity, discrimination, and
pleasantness. However, since the effects of auditory cues on chemosensory
perception have not been consistently described in earlier studies, more work
needs to be conducted before generalizing the findings. In addition, the neural
mechanisms underlying cross-modal interaction between the auditory and
chemosensory cues still remains unclear.

Finally, further studies should consider many influential factors when
designing the tests or interpreting the results. These include stimulus-driven
factors (e.g., intensity/amplitude, familiarity, hedonic tone of auditory or
chemosensory cues, etc.), individually-driven factors (e.g., age, gender,
demographics, personality, etc.), and environmentally-driven factors (e.g., culture,
place, season, etc.). Individuals’ perceptions and preferences of odors or musical
pieces were found to be affected by demographics, experience, personality, mood,
and culture (55-59); such factors may influence cross-modal interaction between
the auditory and chemosensory cues. For example, German people are more
likely to match a Christmas carol to a cinnamon odor, while North American
people appear to match the carol to a peppermint odor, reflecting their dietary
consumption and culture (38). Thus, when North American (or German) food
companies design their new food products for winter season, they may consider
mint (or cinnamon) flavored cookies accompanied with a Christmas carol to boost
consumers’ acceptability.
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Chapter 5

Contribution of Phenolic Compounds to
Sensory Profiles of Blackcurrant Juices

Oskar Laaksonen and Baoru Yang”

Food Chemistry and Food Development, Department of Biochemistry,
University of Turku, FI-20014, Turku Finland
*E-mail: baoru.yang@utu.fi.

Blackcurrant (Ribes nigrum) juice was produced with or
without enzymatic assistance in laboratory and industrial
scales. Phenolic profiles (proanthocyanidins, anthocyanins,
flavonols, hydroxycinnamic acids) and taste (sweetness,
sourness, bitterness) and astringent (mouthdrying, puckering)
characteristics of the juice were analyzed. The compositional
and sensory data were processed with multivariate regression
models. Compared with the non-enzymatic process, the
enzyme-aided process resulted in higher contents of phenolic
compounds along with higher astringencies and bitterness in
juices produced at both laboratorial and industrial scales. The
mouth-drying astringency of the juices was positively associated
with the contents of all subgroups of phenolic compounds
and molecular size of proanthocyanidins but negatively with
the procyanidin/prodelphinidin ratio. Puckering astringency
correlated with sourness and lower juice pH as well as with
phenolic variables. High pectin content may have masked the
astringency of the non-enzymatic juices. Increased astringency
and bitterness as a result of the enzymatic process may affect
negatively the consumer acceptance of blackcurrant juices.
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Introduction

Berries, fruits and vegetables form an important part of a healthy human diet.
They are rich in dietary fiber, micronutrients, and potential bioactive constituents.
Dietary patterns rich in these elements may be associated with lower risk of most
chronic diseases. However, despite their health benefits, daily intakes of fruits and
vegetables remain inadequate. Western-type dietary patterns are characterized by
high consumption of meat and products with low content of essential nutrients
and high content of salt. Various health authorities around the world recommend
increase in consumption of berries, fruits and vegetables. Sensory properties
characterized by high intensities of astringency and bitterness are often factors
limiting the use of berries and berry products by the consumers.

Phenolic compounds are commonly associated with astringency and bitterness
in food. Astringency can be described as drying, puckering and rough sensation
in oral cavity (/-3). A commonly accepted hypothesis is that polymeric tannins in
food bind and precipitate salivary proteins resulting in astringent sensation in the
mucous membranes. The structural characteristics of tannin molecules affect the
binding to proteins (4) and therefore the sensory properties of food. Some phenolic
compounds, such as flavonol glycosides, do not bind to salivary proteins, but
elicit the astringent sensation by different mechanisms (5). Flavonols (quercetin,
myricetin and kaempferol) and flavan-3-ols ((+)-catechin, (—)-epicatechin and (-)-
epigallocatechin) can activate the human bitter taste receptors (6, 7). Additionally,
a procyanidin trimer activated some bitter receptors whereas a dimer did not (7).
The sensory properties of food are influenced by not only the content of individual
compounds but also the interactions between different components as well as with
food matrixes.

Blackcurrant (Ribes nigrum) is the second largest cultivated berries in Europe,
just after strawberry. The health benefits of blackcurrant berries are supported by
traditional use and modern research. Juice pressing is the most important industrial
processing of blackcurrant berries. In this study, we aim to investigate the effects of
cultivars and processing technologies on the composition and sensory properties of
blackcurrant juices with multivariate statistical models. Special attention was paid
to different groups of phenolic compounds and correlation of these compounds
with astringencies and bitterness that are often perceived as negative attributes of
blackcurrant juices.

Materials and Methods
Samples

The juice samples were produced in laboratory scale from five different
Finnish blackcurrant cultivars, four commercial cultivars ‘Mortti’, ‘Mikael’,
‘Marski’, ‘Ola’ and a new breed, ‘Breed15’ (8, 9). Berries were harvested in 2010
from southern Finland from the test filed of MTT Piikkid, Agrifood Research
Finland. Two juice processing methods were applied for each cultivar. The
first process was carried out without enzymes and the second with the aid of a
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commercial enzyme product, Pectinase 714L (Biocatalysts Ltd, Cardiff, UK).
The juice processing in laboratory scale did not include pasteurization. All juice
samples were frozen at -20 °C right after the processing until analyses.

For the industry-scale processing (/0), blackcurrant berries of the cultivar
‘Mortti’ were harvested from the cultivation field of Saarioinen Oy (Huittinen,
Finland) in 2011 and processed with facilities of Saarioinen Oy. Four different
juices were produced: two without the aid of enzymes (No enzymes juices 1 and
2) and two with enzymes (Enzyme juices 3 and 4) The juices were pasteurized and
bottled in Marjajaloste Meritalo Oy (Salo, Finland). Thereafter the juices were
stored in dark at +4 °C for further analyses.

Compositional Analyses

Anthocyanins, flavonol glycosides (and possible flavonol aglycons) and
hydroxycinnamic acids in the juice samples were analyzed using methods as
described previously (//, 12). For qualitative and quantitative analyses of
proanthocyanidins, a method reported by Engstrdm and colleagues was used
(13). Sugars and acids were analyzed by gas chromatography as trimethylsilyl
derivatives in duplicates using the method previously applied in our laboratory
(14). All results from aforementioned analyses are presented as sums of individual
compounds (total contents) of each group or as their ratios.

Sensory Evaluation

Sensory characteristics of the juice samples were evaluated using generic
descriptive analysis by two panels (8, 10). The sensory evaluation was focused
on taste (sourness, sweetness and bitterness) and two astringency (mouthdrying
and puckering) attributes. The intensities of these attributes were rated on a
continuous graphical scale from 0 (none) to 10 (very strong) with references.
Reference samples were water solutions of citric acid (0.1%) for sourness, fructose
(0.07%) for sweetness, caffeine (0.07%) for bitterness, ammonium aluminum
sulphate (0.2%) for mouth-drying astringency and aluminum sulphate (0.2%) for
puckering astringency. The panelists were trained to focus on the sub-qualities
of the astringency references instead of the whole astringent sensation. The
data were collected using Compusense-five software (Compusense Inc., Guelph,
Canada).

Statistical Analyses

Partial least squares regression (PLS) method was applied for standardized
data with X-variables (predictors) as chemical compound sums and their ratios
and Y-variables (responses) as the sensory properties. The models are shown as
correlations loading plots where the outer ellipse indicates 100% of explained
variance and the inner 50% and the samples are presented as downweighted
variables. Full cross validation was used to estimate the number of factors
for a statistically reliable model. Multivariate models were conducted using
Unscrambler 10.3 (Camo Process AS, Oslo, Norway).
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Results and Discussion

Chemical Profiles of the Juices

Table 1 presents the averaged juice yields and compositional profiles of
the blackcurrant juices pressed from berries of different cultivars. The main
differences between averaged juices were observed between non-enzyme and
enzyme juices rather than between laboratory and industry scales. Juice yields
were notably higher in the processes with enzymatic assistance than in those
without the use of enzyme. In the laboratory processing (8), the yields varied
among the five cultivars with the highest yields obtained from berries of the
cultivar ‘Mikael’ in both enzyme-aided and non-enzymatic processes. Viscosity
of the juice of ‘Mikael’ was the lowest, whereas that of ‘Mortti’ was the
highest with the lower yield. In the industrial scale processing (10), the yields
were calculated based on the amounts of press residues. The juice yield for
non-enzymatic pressing was approximated 31 % (No enzyme 1). Part of this
juice was further processed by clarification and filtration to produce the second
juice of the non-enzymatic pressing (No enzyme 2). Due to the high viscosity,
some water was added to the juice during the filtration and clarification. The
use of alternative cultivars with lower viscosity may increase the yields of
non-enzymatic processing in industrial scale.

Although there was not notable difference in sugar contents between juices
from the two processes in the laboratory scale, in industry scale pressing the non-
enzymatic process resulted in higher contents of sugars than the enzymatic process.
Contrary to this, more variation was found in the acid content among laboratory
scale juices. All in all, the ratio between sugars and acids was lower in enzyme-
aided juices than in non-enzymatic juices.

The enzyme-aided juices had significantly higher contents of all phenolic
compound subclasses than the non-enzymatic juices (Table 1). Cultivars ‘Mortti’
and ‘Ola’ had the highest contents of phenolic compounds among the five
cultivars in spite of the process. Flavonol aglycons do not typically exist in free
form in abundance, but can be released due to hydrolysis caused by different
processes. No free flavonol aglycons were detected in the laboratory-scale juices
which were not pasteurized. However, in corresponding industry-scale juices,
free flavonol aglycones were observed indicating that heat-treatment may have
broken the glycosidic bonds.

Mean degree of polymerization (Table 1) indicates the average number
of flavanol monomeric units present in the numerous oligomeric and
polymeric condensed tannins present in the juice samples. The mDP value of
proanthocyanidins was significantly higher in enzyme-aided juices than in the
non-enzymatic juices (Table 1). The PC:PD was also higher in enzyme-aided
juices, which indicated the higher PD contents compared to PC in the skins
compared to the flesh of blackcurrant berries.
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Table 1. Chemical Characteristics of Juices Averaged within Processes.
Data Are from References (8—10).

Laboratory scale @ Industry scale @
No enzymes Enzymes No enzymes Enzymes
Juice yield (%) 62-70 71-77 approx. 31 80-91
pH 2.8 3.0 3.0 3.0
°Brix 16.4 15.0 12.8 13.0
Sugars (SUG) 9950 + 725 9960 + 1450 8770 + 1470 7550 £+ 150
Acids (ACID) 2850 + 290 3530 + 600 2540 + 410 2670 + 80
Phen.compounds
(PHE) b 68 416 179 411
Anthocyanins (ANT) 44.6 + 27 275 + 50 138 £9.8 227 £2.6
F I“V"”O(jpgéfcos"des 25+15 82+23 6.5+ 0.6 8705
Free flavonol )
aglycons (FG) 1.1 +0.7 09+0.2 1.0+ 04
Hydroxycinnamic
acids (HCA) 25+09 5313 3.9+0.6 55+0.2
Proanthocyanidins
(PA) b 16.7 126 29.7 169
Procyanidins (PC) 6.9+1.7 179+ 7.7 11.7+0.4 21.9+6.6
Prodelphinidins
(PD) 9.8 +7.8 108 + 35 180+1.5 146 + 48
Mean degree of
polymerization 5.2 133 4.0 21.1

(mDP)

» Contents presented as mg/100 mL. Averages of five cultivar juices in laboratory scale;
averages of two juices in industrial scale » Phenolic compounds, PHE, is the sum of
phenolic compound classes; proanthocyanidins, PA, is the sum of PC and PD.

Sensory Profiles of the Juices

Taste and astringency profiles of juices from different processes are shown in
Figure 1. The results are averages of five cultivars. All juices were significantly
sour, and this attribute was not affected by the processes. Sweetness was rated
lower in enzyme-aided juices than in the non-enzyme juices, but statistical
difference was found only between juices from industry scale processing.
Enzyme-aided juices were significantly more bitter, mouthdrying astringent and
puckering astringent.
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Figure 1. Sensory profiles of averaged juices (2 %35 juices in laboratory process;
2x2 juices in industrial process). Original ratings on the line scale between
0-10. * Significant difference between enzymatic and nonenzymatic processes;
** difference only between juices from industrial scale processing (t-test,
p<0.05). Data are from references (8) and (10).

Interactions between Chemical Composition and Sensory Properties

Proanthocyanidins (condensed tannins) have been reported to be more
astringent than ellagitannins (a group of hydrolyzable tannins), the former ones
having lower thresholds for detection of astringency (/5). The small glycosylated
phenolic compounds contribute to velvety and mouth-drying sensation without
bitterness, whereas proanthocyanidins and phenolic acids may be more puckering
as well as bitter (/6, /7). Flavonol glycosides and phenolic acid derivatives may
have very low sensory threshold for astringency (/6—18). Additionally, some
indole and nitrile compounds in currants may contribute to astringency (18, 19).
Organic acids can also contribute to astringency and especially due to their impact
on pH (20). Higher mDP of proanthocyanidins has been reported to increase
perceived astringency (27, 22), although various other structural characteristics
may be more important factors (23, 24). Monomeric units of proanthocyanidins
have been reported to be more bitter than astringent, while proanthocyanidins
of higher molecular weights are generally more astringent than bitter (25, 26).
Additionally, monomeric (-)-epicatechin can be more bitter and astringent than
(+)-catechin in the equal concentrations (27).
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Figure 2. PLS regression correlation loadings plot of the interactions between
chemical composition (X; 14 variables) and five sensory attributes (Y) in four
Jjuice samples. Samples are presented in the plot as downweighted variables.
Enzyme samples 3 and 4 from enzyme-aided process, No enzyme samples 1 and 2
processed without enzymes. Data are from reference (10).

In this study, PLS regression models were created to examine the interactions
between chemical (X) and sensory (Y) data. In the first model, 91% of the
variation in the X explained 97% of the variation in Y with two factors (Figure
2; the data from reference (/0)). However, the majority of the variation in Y
is explained already on the validated first factor and the second contained only
little variation. In order not to overfit the model, only the first factor is taken
into account. Enzyme-aided juices (Enzymes 3 and 4) are located on the right
together with all the phenolic variables, mDP of proanthocyanidins, bitterness
(R2 0.970; validated R2 0.823), mouthdrying astringency (R2 0.963; validated R2
0.866), and puckering astringency (R? 0.992; validated R2 0.875). The contents
of procyanidin (PC) and prodelphinidin (PD) are located on the right, whereas
the PC/PD ratio is on the left side of the plot highlighting the higher content of
proanthocyanindins and lower PC/PD ratio in enzyme-aided juices. Sweetness
(R20.889; validated R2 0.694) is located on opposite side together with sugar/acid
ratio. Sugar/acid ratio correlated negatively with sourness (R? 0.891; validated
R2 0.679), which was weakly explained by the absolute content of acids and
pH. No enzyme juices 1 and 2 are located on the left, but separated along the
second factor. This was mainly due to filtration and dilution process that was only
conducted to the No enzyme juice 2.

In the second model (8, 9), 75% of the variation in chemical variables
explained 82% of the variation in the sensory data with two validated factors
(Figure 3). Figure 3 highlights again the significant difference between processes
as enzyme-aided juices are located on the right and non-enzymatic juices on the
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left. Having only four samples and one validated factor in the first model may
have resulted in less reliable results in comparison to the model with ten samples.
In full cross validation, the first model was validated with maximum of three
samples and with an assumption that the samples are relatively similar. In the
second model, there were more similar samples included for both processes thus
confirming the differences between non-enzyme and enzyme-aided processes.

Correlation Loadings (X and Y)
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Figure 3. PLS regression correlation loadings plot of the interactions between
chemical composition (X; 15 variables) and five sensory attributes (Y) in ten
Juice samples (E refers to enzyme-aided process). Samples are presented in the
plot as downweighted variables. Cultivar names without E represents juices
pressed without enzymes. Original data are from references (8) and (9).

Of the five sensory attributes, mouthdrying astringency was the best
explained in the second model (Figure 3) with 0.965 R2-value (validated value
0.897). All subgroups of the phenolic compounds (from Table 1) correlated with
mouthdrying astringency indicating their significant role in this sensory attribute.
Puckering astringency (R2, 0.917; validated R2, 0.679 with two factors) in this
model correlates to some extent with sourness and negatively with pH on the
second factor, but also with the phenolic variables on the first factor. Sweetness
(validated R2, 0.212 with two factors) and bitterness (validated R2, 0.125 with two
factors) were relatively poorly explained with the chemical variables. However,
sugar/acid ratio correlates positively with sweetness and negatively with sourness.
Bitterness, on the other hand, is higher in enzyme-aided processing, but not
directly explained by any of the chemical variables. The most bitter cultivars
(‘Breed15’ and ‘Marski’) in the processes did not contain high contents of any of
the phenolic variables in comparison to other cultivars.
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The enzyme treatment breaks down the pectins and at the same time releases
phenolic compounds from the berry skins. Overall, the pectin content is high in
the non-enzymatic juices contributing to the high viscosity. Higher viscosity of
solutions may result in lower perceived astringency (28). This lowering effect
may be dependent of polysaccharide type and concentration (29).

The second model (Figure 3) also shows the differences between blackcurrant
cultivars on factor 2. Cultivar-specific characteristics in the sensory properties
remained across the different juice pressing processes. The new cultivar,
‘Breed15’, was the most sour of the juices in both processes, whereas ‘Mortti’
and ‘Ola’ were sweeter and less sour than the rest. The juices of ‘Mortti’ and
‘Ola’ contained more phenolic compounds and sugars and less acids than those
of ‘Breedl5’.

Conclusions

Both juice processing technology and cultivar significantly affect the
chemical composition and sensory quality of blackcurrant juice. Enzyme-
treatment increases the content of phenolic compounds, the average size of
proanthocyanidins, and the prodelphinidin/procyanidin ratio resulting in higher
astringency and bitterness of the juices. All subgroups of phenolic compounds
contribute to mouth-drying and puckering astringent subqualities. However,
the latter is also related sourness, pH, and sugar/acid ratio. Bitterness was
partly explained with the phenolic contents. It was significantly higher in the
enzyme-aided juices, but in the comparison of the juices produced from different
cultivars the phenolic variables did not show equal correlation with this sensory
attribute.

Non-enzyme pressing provides an alternative processing technology to
produce juices and purees of more pleasant sensory profiles mostly due to the
lower content of phenolic compounds and higher sugar/acid ratio. The pectin
content of non-enzyme juices may be exploited to mask the astringency of
phenolic compounds. However due to low juice yields, this process may require
innovative strategies also for the press residue.
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Chapter 6

Enantiomeric Distribution of Ethyl
2-Hydroxy-4-methylpentanoate in Wine,
A Natural Enhancer of Fruity Aroma

Georgia Lytra,!12 Sophie Tempere,!:> Gilles de Revel,!:2
and Jean-Christophe Barbe*;1,2

IUniv. Bordeaux, ISVYV, EA 4577 (Enologie, F-33140
Villenave d’Ornon, France
2INRA, ISVYV, USC 1366 (Enologie, F-33140 Villenave d’Ornon, France
“E-mail jean-christophe.barbe@agro-bordeaux.fr.

Ethyl 2-hydroxy-4-methylpentanoate enantiomers were assayed
in 55 commercial wines using chiral gas chromatography.
White wines presented only the R form, whereas red wines
contained both enantiomers, in various ratios according to aging
(average ratio: 95:5, m/m) with an average total concentration
of about 400 pg/L. The olfactory threshold of ethyl
(2R)-2-hydroxy-4-methylpentanoate (126 pg/L) was almost
twice that of the S- form (55 pg/L). The olfactory threshold
of the mixture of ethyl (2R)-2-hydroxy-4-methylpentanoate
and ethyl (2S)-2-hydroxy-4-methylpentanoate (95:5, m/m)
was 51 pg/L, indicating a synergistic effect. Sensory analysis
revealed that fruity character was perceived at concentrations
22, 45, and 2.5 times lower, when the matrix was
supplemented with ethyl (2R)-2-hydroxy-4-methylpentanoate,
ethyl (25)-2-hydroxy-4-methylpentanoate, and the mixture
of ethyl (2R)-2-hydroxy-4-methylpentanoate and ethyl
(25)-2-hydroxy-4-methylpentanoate (95:5, m/m), respectively,
at their average concentrations in red wines, demonstrating
a synergistic effect of this ester on fruity aroma perception.
Sensory profiles of aromatic reconstitutions highlighted the
contribution of this compound to black-berry and fresh fruit
descriptors.
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Introduction

Ethyl 2-hydroxy-4-methylpentanoate (1) is a compound used in flavor
chemistry. 1 has been identified in several distillates, such us grape brandies (/),
as well as freshly-distilled Calvados and Cognac (2).

Concerning wine, 1 was first characterized in dry white wines made from the
Romanian cultivar, Feteasca Regala (3), and later in dry white Chardonnay wines
(4). This ethyl ester was also found in aged Madeira wines and some types of
sherry (9), as well as in dry red wines, at an average concentration of about 400
ug/L (6).

Its enhancer effect was reported by Luccarelli, Mookherjee, Wilson, Zampino
and Bowen (7) who demonstrated that, when 1 was mixed with C4-C10 alkanoic
acids, it enhanced natural, ripe, tropical fruit flavors in food.

Although 1 clearly has an asymmetrical carbon atom in position 2 (Figure
1), to our knowledge, no previous work investigated the possibility of two
enantiomers.

OH

O\/

O

Figure 1. (a): Ethyl (2R)-2-hydroxy-4-methylpentanoate (CAS number
=60856-83-9) and (b): ethyl (2S)-2-hydroxy-4-methylpentanoate (CAS number
=60856-85-1).

This paper reports the separation, distribution, and concentrations of 1
enantiomers in wines from various vintages and origins and evaluates the
organoleptic impact of this compound in red wines, by determining their olfactory
thresholds and studying their perceptive interactions.

Materials and Methods

Samples. 1 was assayed in wines from several vintages and origins: 42 red
(vintages 1981-2010) and 13 white wines (vintages 1989-2008). Pays d’Oc Merlot
was used to evaluate the organoleptic impact of 1 on quantitative odor perception,
while Margaux wine (vintage 2000) was used to evaluate the organoleptic impact
of 1 on qualitative odor perception. Wine samples from the 2010 vintage were
collected and analyzed 3 months after alcoholic fermentation. Dilute alcohol
solution was prepared using double-distilled ethanol and microfiltered water
(12%, v/v).

Aromatic Reconstitution. Sample preparation was as described by Lytra,
Tempere, de Revel and Barbe (&) using liquid—phase extraction technique.
Reversed-phase (RP) HPLC was performed on this raw extract, under the
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chromatographic conditions optimized by Pineau, Barbe, Van Leeuwen and
Dubourdieu (9). The 25 fractions obtained in dilute alcohol solution were then
directly evaluated by three trained assessors. For aromatic reconstitutions,
fractions were retained and added individually or blended together to reproduce
the initial concentrations in the original wines, adding double-distilled ethanol
and microfiltered water to obtain an ethanol content of 12% (v/v).

Ethyl 2-Hydroxy-4-methylpentanoate Enantiomer Quantification.
Chromatographic conditions and sample preparation were as optimized by Lytra,
Tempere, de Revel and Barbe (8) using liquid—phase extraction technique. The
enantiomers of 1 were separated by chiral gas chromatography on a y-cyclodextrin
phase. Gas chromatography analyses were carried out on an HP 6890 GC system
coupled to an HP 59731 quadrupole mass spectrometer. The mass spectrometer
was operated in electron ionization mode at 70 eV with selected-ion-monitoring
(SIM) mode.

Ester and Acetate Analyses in HPLC Fractions. Chromatographic
conditions and sample preparation were as optimized by Antalick, Perello and
de Revel (/0) using the Solid-phase microextraction technique (SPME). Gas
chromatography analyses were carried out on an HP 5890 GC system coupled to
an HP 5972 quadrupole mass spectrometer. The mass spectrometer was operated
in electron ionization mode at 70 eV with selected-ion-monitoring (SIM) mode.

Sensory Analyses

General Conditions. Sensory analyses were performed as described by
Martin and de Revel (/7). Judges were all research laboratory staff at ISVV,
Bordeaux University, selected for their experience in assessing fruity aromas in
red wines.

Olfactory Thresholds. The olfactory thresholds of ethyl (2R)-2-hydroxy-
4-methylpentanoate (1a), ethyl (2S)-2-hydroxy-4-methylpentanoate (1b), and
the mixture of 1a and 1b (95:5, m/m) were determined by 15 judges in a
three-alternative, forced-choice presentation (3-AFC) (/2). The impact of a
mixture of 1a and 1b (95:5, m/m) in dilute alcohol solution was evaluated using
an additive model (/3), as developed by Miyazawa, Gallagher, Preti and Wise
(14).

Particular "olfactory thresholds" of fruity HPLC fractions (18 to 22),
corresponding to an initial wine volume of 0.3, 0.6, 1.3, 2.5, 10, 20, 40, 80, 160
ml, diluted in 50 mL matrix, were determined by 19 judges, using four different
matrices (dilute alcohol solution and dilute alcohol solution supplemented with
400 pg/L 1a, 20 pg/L 1b or 420 pg/L of the mixture of 1a and 1b (95:5, m/m), in
a three-alternative, forced-choice presentation (3-AFC) (12).

Data Analysis. The results of the three-alternative, forced-choice tests were
statistically interpreted and the olfactory threshold value was determined using an
adaptation of the ASTM — E1432 method (/5). Sigma Plot 8 (SYSTAT) software
was used for graphic resolution and ANOVA transform for non-linear regression

(16).
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Sensory Profiles for red-berry, black-berry, fresh-, and jammy-fruit aromas
were evaluated by 15 judges on a 0-7 point intensity scale. Two samples of
aromatic reconstitutions in dilute alcohol solution were presented. The first
consisted of HPLC fruity fractions (18 to 22) and the second contained the same
HPLC fruity fractions, supplemented with 550 pg/L of the mixture of 1a and 1b
(95:5, m/m).

Statistical data were analyzed using R analysis of variance (ANOVA)
software (R v2.15.0 - R Development Core Team 2009, Vienna, Austria, R
Foundation for Statistical Computing): the homogeneity of variance was tested
using Levene’s and the normality of residuals was tested using Shapiro-Wilk Test.
All descriptors are mean-centered per panelist and scaled to unit variance. The
statistically significant level was at 5% (p<0.05).

Results and Discussion

Ethyl 2-Hydroxy-4-methylpentanoate Enantiomer Distribution and
Concentrations

In dry wines of the same age, 1 levels were generally higher in reds than
whites (maximum concentration in red wines: 660ug/L, Margaux, 2005). Results
concerning 1 levels in red and white wines were in agreement with those reported
by Falcao, Lytra, Darriet and Barbe (6).

Table 1. Concentrations of Ethyl 2-Hydroxy-4-methylpentanoate
Enantiomers (ng/L)

Average Concentration (ug/L) Average
Sample type Vintages Ratio
1 la 1b of R/S
1980 - 1990 408+118 371+113 32£16 91:9+5
1991 - 2000 449+125 431+122 18+13 96:4 £ 3
Red Wine
2001 - 2009 361+119 354+114 7+6 98:2 £ 1
2010 135+47 135+47 0+0 100:0 £ 0
White 1980 —2000 3424236 341+237 242 99:1 £ 1
Wine 2001 - 2010 182+121 182+121 0+0 100:0 £ 0

* Standard Deviation over the Average Concentration; 1, ethyl 2-hydroxy-
4-methylpentanoate;  la, ethyl (2R)-2-hydroxy-4-methylpentanoate; 1b, ethyl
(2S)-2-hydroxy-4-methylpentanoate.

Generally, white wines only contained 1a, while aged red wines presented
both enantiomeric forms in varying ratios, according to age. Young red wines
(2010) contained only the R- form. Table 1 shows the impact of ageing on the R/S
ratio in red wines.
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The maximum enantiomeric ratio was 100% for the R form (all 2010 vintage
red wines) and 15% for the S form (Margaux, 1990). In red wines, the highest
1b levels were found in the oldest samples (Table 1). However, two white
wines produced surprising results: an exceptionally high 1 level compared to red
wines (827ug/L in Pessac-Leognan, 1989) and the presence of the S-form in an
enantiomeric ratio R/S of 97:3 (Bordeaux, 1994).

Direct Organoleptic Impact of Ethyl 2-Hydroxy-4-methylpentanoate on
Quantitative Odor Perception

The olfactory threshold of 1a in dilute alcohol solution was 126 pg/L, almost
twice that of 1b (55 pg/L), clearly indicating that the thresholds were strongly
dependent on the odorant’s stereochemistry. The olfactory threshold of the mixture
of 1a and 1b (95:5, m/m) was 51 pg/L, indicating that both enantiomeric forms
contributed to its perception in wine and confirming the direct impact of this ester
on aroma perception. These results are in agreement with those found in the
literature, where the olfactory threshold and descriptors for several odoriferous
compounds differed according to the stereoisomer (17, /8)
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Figure 2. Comparison between probability of experimental

detection and estimated by the feller model detection of the

mixture of ethyl (2R)-2-hydroxy-4-methylpentanoate and ethyl
(25)-2-hydroxy-4-methylpentanoate (95:5, m/m) in dilute alcohol solution.
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Table 2. Distribution of Esters and Acetates with Fruity Notes in HPLC
Fractions

Compounds Fl16 F17  FI18 F19 F20 F21 F22

Ethyl Esters

Ethyl propanoate - - X - - - -

Ethyl 2-methyl-
propanoate

Ethyl butanoate - - X - - - -

Ethyl
2-methylbutanoate

Ethyl pentanoate - - - - X - -

Ethyl
3-methylbutanoate

Methyl hexanoate - - - - X - -

Ethyl hexanoate - - X X X X X

Ethyl (E)-hex-2-
enoate

Ethyl 2-hydroxy-4-
methylpentanoate

1
1
1
1
1
1

ol

Methyl octanoate

Ethyl octanoate - - - - - - X

Ethyl
2-phenylacetate

Higher Alcohol Acetates

Propyl acetate - - X - - - -

2-methylpropyl
acetate

Butyl acetate - - - X X - -

3-methylbutyl
acetate

Hexyl acetate - - - - - - X

2-phenylethyl
acetate

Olfactory thresholds results suggest a hyper-additive effect in a binary
mixture, which is perceived as more intensely aromatic than the sum of the two
compounds. An additive model was used to confirm the synergistic impact of
mixing 1a and 1b (95:5, m/m). This method was applied to a particular binary
model mixture, consisting of both enantiomers. After modeling the detection
curve for the S-enantiomeric form, the response probabilities p(S) for the range
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of concentrations of the mixture used were calculated. The measured probability
of detecting the mixture was higher than the calculated probability (Figure 2),
revealing a perceptual synergistic effect between the two enantiomeric forms.

Distribution of Aromatic Compounds during HPLC Factionation

Applying HPLC to a wine extract resulted in 25 fractions. By sensory
analysis, fractions 17-22 were selected for their intense fruitiness. Table 2 shows
the ethyl esters and acetates with fruity notes in fractions 17-22, determined using
headspace solid-phase microextraction. 1 was the only ester eluted in fraction
17. Thus, it was easy to obtain a pool of fruity wine esters without 1, in order to
investigate its indirect impact, by partial aromatic reconstitution of HPLC fruity
fractions 18-22.

Indirect Organoleptic Impact of Ethyl 2-Hydroxy-4-methylpentanoate on
Quantitative Odor Perception

As shown in Figure 3, in dilute alcohol solution, the “olfactory threshold”
of fruity HPLC fractions (18-22), a pool of fruity wine esters excluding 1, was
(a) 2.2, (b) 4.5, and (c) 2.5 times higher than that of dilute alcohol solution
supplemented with (a) 400 pg/L 1a, (b) 20 pg/L 1b, and (c) 420 pg/L of the
mixture of 1a and 1b (95:5, m/m), respectively. These results, obtained using the
average concentrations found in red wines of 1a, 1b, and the mixture of 1a and
1b (95:5, m/m), demonstrated that 1 had a synergistic effect on the perception of
fruity aromas in wine.

These results are in agreement with those presented by Falcao, Lytra,
Darriet and Barbe (6), where 1 omission was clearly perceived and simultaneous
omission of 1 and ethyl butanoate was perceived even more clearly, suggesting
perceptive interactions between 1 and another ethyl ester. In addition, evidence
in literature established the additive effect of low-impact odorants on fruity wine
aroma; Pineau, Barbe, Van Leeuwen and Dubourdieu (9) demonstrated that, in
some complex mixtures in dearomatized red wine, very small variations in the
concentrations of some ethyl esters were perceived, even at concentrations far
below their individual olfactory thresholds.

In the literature, the behavior of other compounds was also studied by
comparing two detection thresholds. Romano, Perello, Lonvaud-Funel, Sicard
and de Revel (/9), demonstrated that adding isobutyric and isovaleric acids to
wine resulted in a remarkable increase in the olfactory threshold for ethylphenols.

Lytra, Tempere, Le Floch, de Revel and Barbe (20) reported that the
individual presence of ethyl propanoate, ethyl-3-hydroxybutanoate, butyl acetate,
or 2-methylpropyl acetate, at subthreshold levels, in dilute alcohol solution, or
ethyl (2S)-2-methylbutanoate (27) at suprathreshold levels, resulted in a decrease
in the olfactory threshold of the fruity pool (constituted by the other red-wine
esters), reflecting an individual quantitative contribution of these compounds to
overall aroma intensity. More recently, using the same methodology, these authors
(22) demonstrated the additive effect of a compound that does not present fruity
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aromas (dimethyl sulfide) on the fruity aroma of a complex mixture (containing
12 red-wine esters), emphasizing the importance of perceptive interactions for
the intensity of fruity aromas in red wine.
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Figure 3. Comparison of the “olfactory threshold” of fruity HPLC fractions
(18-22) in dilute alcohol solution with the values in dilute alcohol solution
supplemented with: (a) 400 ug/L ethyl (2R)-2-hydroxy-4-methylpentanoate-1ia,
(b) 20 ug/L ethyl (2S)-2-hydroxy-4-methylpentanoate-1b, and (c) 420
ug/L of the mixture of ethyl (2R)-2-hydroxy-4-methylpentanoate and ethyl
(25)-2-hydroxy-4-methylpentanoate-1a+1b (95:5, m/m). O.T: "olfactory
thresholds" of fruity HPLC fractions (18-22) expressed in wine volume (mL)
diluted in 50 mL matrix.

Organoleptic Impact of Ethyl 2-Hydroxy-4-methylpentanoate on Qualitative
Odor Perception

Significant results for the descriptors evaluated are summarized in Figure 4.
The average scores for red-berry fruit intensity were identical after adding the
mixture of 1a and 1b, whereas jammy fruit intensity was significantly lower. The
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average scores for black-berry and fresh fruit aromas were significantly higher
for the aromatic reconstitution of HPLC fruity fractions (18 to 22) supplemented
with the mixture of 1a and 1b (95:5, m/m). These results confirmed the sensory
importance of this ester, suggesting that it is an active contributor to the black-berry
and fresh fruit nuances in the wine studied. These results are in agreement with
previous observations of Lytra, Tempere, de Revel and Barbe (23) demonstrating
that 1 was the only ester eluted from fraction 17 and that, at a concentrations
of 550 pg/L, the mixture of 1a and 1b (95:5, m/m) (adduced from fractions 17)
contributed actively to black-berry and fresh-fruit notes, revealing that 1 alone
played the same aromatic role as fraction 17.

Red-berry fruit

Jammy fruit* Black-berry fruit*

= AR Fractions 18 t0 22 + 550 pg/L (1a+1b - 95:5, m/m)

AR Fractions 18 1022

Fresh fruit*

Figure 4. Aromatic impact of ethyl 2-hydroxy-4-methylpentanoate
addition to the complex fruity aromatic reconstitutions made by
HPLC Fractions. * p<0.05; AR, aromatic reconstitutions; la+1b,
mixture of ethyl (2R)-2-hydroxy-4-methylpentanoate and ethyl
(28)-2-hydroxy-4-methylpentanoate (95:5, m/m).

These findings highlighted the indirect role of ethyl 2-hydroxy-4-
methylpentanoate in red wine aroma, showing that this ester contributed to a
synergistic effect that enhanced the perception of fruity character. Finally, it
was clearly demonstrated that this compound acted as a natural enhancer for
black-berry and fresh fruit notes in red wine.
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Chapter 7

Measuring Flavor Interactions Using
Fractional Omission Testing
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Sensory omission is an experimental method used to identify
key compounds contributing to a flavor. A novel method
for omission testing involving the same-different test and a
surety rating have been applied to a strawberry flavor. Results
from separate omission experiments determined the orthonasal
impact of removing different fractions of each individual
volatile and the retronasal impact of different tastants on volatile
omission. R-indices were calculated from the surety rating and
were used to assess significant differences. All nine volatiles
were significant on omission when tested orthonasally. Three
volatiles remained significant when half of their concentration
was removed or diluted in mineral water. Orthonasal testing
was more sensitive than retronasal testing with a higher number
of significant observations. This new approach utilizing the
R-index indicates the relative contribution of a volatile to the
overall perceived flavors.
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Introduction

From a commercial perspective, it is important for industry to develop
mixtures with the minimum number of volatiles necessary to represent the target
flavors or fragrance. In the creation of food flavor models, the challenge is to
determine which volatiles are needed to reproduce the flavors, as not all the
volatiles in food contribute to sensory perception of flavors.

Sensory omission testing involves omitting one volatile or a group of volatiles
from a flavor mixture and comparing it to the original. It has several applications,
such as the identification of key odorants in raw materials (/), but is often used in
the assessment of the contribution of individual volatiles to the overall flavors and
the elucidation of interactions between the volatiles (2).

Grosch (3) reviewed sensory omission work published pre-2001 and indicated
that although attribute rating (4) and similarity rating (5) have occasionally been
used, the triangle test (ISO 4120:2004) was the most popular method used in
sensory omission experiments (/, 4-6). The approach using the triangle test
reported in the literature has often been limited statistically with assessor numbers
too low (between 5 and 19) to accurately draw any significant conclusions,
especially in terms of claims for similarity where power (1-p) and hence number
of judges become critical. Furthermore, omission tests tend to focus on identifying
‘key’ volatiles and have not assessed the ‘relative’ contribution of volatiles to the
overall flavors. Hence there is considerable scope to improve the approach used
in such omission studies.

The Same-Different test (ASTM E2139-05) is simple, efficient and
intuitive for naive assessors and has shown high sensitivity due to low memory
requirements (7). The major limitation of the same-different test is that it can
be subject to response bias when samples are similar and the same/different
decision lies in the region of uncertainty. This can cause a certain level of
cautiousness for the assessors who may place an emphasis on getting the answer
correct (8). Response bias is a cognitive mechanism which is independent of the
assessor’s sensitivity to the attributes within the sample; therefore it reduces the
discriminatory power of the same-different test (9).

To overcome the issue of response bias, a sureness rating can be added
to the test so that the assessor can indicate the level of confidence they had
in answering the “same or different?” question. The sureness rating can be
analysed in conjunction with the “same” or “different” answer, by calculating the
R-index statistic (9). Therefore, the R-index removes response bias and provides
a discrimination index, which in turn provides a metric to compare the ‘relative’
contribution of volatiles to the overall flavors. This approach has not been used
in this context previously.

The aim of this study was to apply this methodology to a commercial
strawberry flavor containing nine volatiles. The sensory test measured the relative
importance of each individual volatile within the strawberry flavor when one
volatile was completely removed and the relative importance of each individual
volatile when the strawberry flavor was diluted into water. The strawberry flavor
was assessed again when the relative importance of each individual volatile was
determined when half the amount of one volatile was removed. The method was
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also used to investigate cross-modal interactions between volatiles and tastants.
The strawberry flavor was diluted into water and was assessed retronasally for the
omission of volatiles in the absence and presence of sucrose and citric acid. The
results from the orthonasal and retronasal testing were compared and discussed.

Materials and Methods
Materials

A strawberry flavor, based on a commercially available product, and
composed of nine volatiles (all Sigma Aldrich, UK) was used throughout this
study (Table 1). Propylene glycol (PG) (Sigma Aldrich, UK) was used as a
solvent as it is easily miscible with the related volatile compounds and works
effectively as a volatile carrier (/0). Other consumables included Evian™ mineral
water (Danone™ Group, France) used as a palate cleanser and as a solvent.
Plain, unsalted matzo crackers (Rakusens Limited, UK) were also used for palate
cleansing.

Table 1. Strawberry Flavor Model

Volatile Aroma Concentration (g/kg)

2,3-Butandione buttery 0.00500

Butanoic acid sweaty, rancid 0.920
Gamma-decalactone fatty, peach like 1.33

Ethyl butanoate fruity 5.00

Ethyl hexanoate green, pineapple  3.36

Methyl dihydrojasmonate jasmine 0.00300
4-Hydroxy-2,5-dimethyl-3-furanone caramel 10.7
Methyl(E)-3-phenylprop-2-enoate fruity 2.70

cis-3-Hexen-1-ol leaf like 10.8

Preparation of the Original Strawberry Flavors in PG

Samples were prepared by pipetting the volatiles (Table 1) into Duran® GL
45 laboratory glass bottles (SCHOTT, USA) using a calibrated balance (allowing
a 5% error). Samples were then diluted in PG and mixed on a roller bed for 30
minutes. Samples were refrigerated at 4°C and used up to 8 days after preparation.
All samples were removed from the refrigerator at least one hour prior to testing
to ensure samples were at room temperature (20 © C £ 2°C).
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Preparation of the Orthonasal Omission Samples in PG

Omission samples were prepared as described above. For n-1 samples, one
volatile was removed from the original flavor model (n) and for the n-0.5 samples,
half of the volatile was removed from the original flavor model (n).

Nine omission samples were prepared for each test with each omission sample
omitting either one volatile or half the volatile from the original flavor model. For
sensory testing, samples were kept at room temperature (20 & 2°C) and used within
1 week.

Preparation of the Orthonasal Omission Samples in Mineral Water

Omission samples (n-1) were prepared as described above, by omitting one
volatile from the original flavors model (n). Nine omission samples were prepared,
each omission sample omitting one volatile from the original flavor model. For
sensory testing, strawberry flavor and omission samples in PG were diluted at
0.75% w/w with mineral water. Samples were kept at room temperature (20 +
2°C) and used within 24 hours.

Preparation of the Retronasal Omission Samples in PG

Omission samples (n-1) were prepared as described above, by omitting one
volatile from the original flavors model (n). Nine omission samples were prepared,
each omission sample omitting one volatile from the original flavor model. For
sensory testing, strawberry flavor and omission samples in PG were diluted at
0.75% w/w in mineral water; mineral water alone was used for the blank taste.
Sucrose was added at 2% v/v for a sweet taste and citric acid was added at 0.05%
v/v for an acidic taste. Samples were kept at room temperature (20 + 2°C) and
used within 24 hours.

Sensory Testing
Subjects

Naive assessors (80% female, aged between 18 and 25) were recruited
from students at the University of Nottingham. Assessors were recruited for the
orthonasal and retronasal testing separately. Ethical approval for the use of human
subjects were reviewed internally by Division of Food Sciences ethics committee.
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Sensory Sessions

Six sensory sessions were carried out in isolated booths. Each session
involved nine discrimination tests to compare each one of the nine omission
samples (n-x) with the original mixture (n). Sessions one, two and three involved
100 assessors carrying out nine same-different tests on the flavors delivered
orthonasally. Session one evaluated n-1 omission samples in PG, session two
evaluated n-0.5 omission samples in PG and session three evaluated n-1 omission
samples in mineral water. Sessions four, five and six involved 100 assessors
carrying out nine same-different tests on the flavors delivered retronasally.
Session four contained blank tastants, session five contained a sweet taste and
session six contained an acid taste. The order of presentation for the samples was
randomized over each session. FIZZ software (Biosystémes, France) was used
to provide a randomized balanced design for the same-different test within each
sensory session. Assessors were instructed to fast (except water) at least one hour
prior to the sessions. They were instructed to assess samples from left to right
and were allowed to re-evaluate the samples if necessary. Within a session, after
three and six tests, assessors were allocated a five minute break to limit sensory
fatigue and carryover effects.

Orthonasal Delivery

Screw-top 20 mL glass bottles containing 10 mL of sample were presented to
the assessors. Assessors were instructed to sniff the samples and replace the lid
immediately to prevent the volatiles dispersing throughout the test area.

Retronasal Delivery

Assessors were instructed to sip from a 20 mL sample through the straw of a
lidded pot (thus avoiding orthonasal detection). Mineral water and crackers were
provided as a palate cleanser between samples to minimise carry over effect.

Same-Different Testing

The protocol used in this study was an extension of the same-different test
using a sureness rating (/7). The same-different test with sureness rating can be
regarded as a version of the degree of difference (DOD) test proposed by Aust (/2).
For each same-different test, the assessors assessed the two samples and stated
whether they thought they were the same or different. Secondly, the assessors
were asked to state the sureness level of their decision, represented by a four point
surety scale (‘very unsure’, ‘unsure’, ‘sure’, ‘very sure’). A complete randomized
balanced design was used for the sample presentation, with half of the assessors
presented with a ‘same pair’ and the other half presented with a ‘different pair’.
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Data Analysis

The R-index was calculated from the surety data for each omission test (9).
According to the critical value tables published by Bi and O’Mahony (/3), where
there were fifty presentations of the same samples, an R-index of 59% or higher
indicated a significant difference.

Results and Discussion
Orthonasal Testing

The R-index values for the n-1 and n-0.5 orthonasal omission experiments
are presented in Table 2. Each line of Table 2 corresponds to an omission
test comparing the original flavor model with an omission sample omitting
one volatile. The R-index can therefore be used as a measure of the relative
importance of each individual volatile within the strawberry flavors. The results
for n-1 omission testing in PG show that all of the volatiles contained within the
strawberry flavors were significant with methyl(E)-3-phenylprop-2-enoate and
2,3-butandione reporting the highest and lowest R-indices respectively. These
results show that the omission of 2,3-butandione was hardest to detect and the
omission of methyl(E)-3-phenylprop-2-enoate was the easiest to discriminate.

Table 2. R-Index Values Associated with the Orthonasal Assessment of Each
n-1 and n-0.5 Sample in Comparison to the Original Strawberry Flavors

Volatile n-1 n-0.5 n-1
PG PG Water
(%) (%) (%)
2,3-Butandione 622 51 49
Butanoic acid 682 52 48
Gamma-decalactone 692 642 53
Ethyl butanoate 762 622 54
Ethyl hexanoate 692 692 602
Methyl dihydrojasmonate 692 47 39
4-Hydroxy-2,5-dimethyl-3-furanone 722 52 602
Methyl(E)-3-phenylprop-2-enoate 792 55 49
cis-3-Hexen-1-o0l 762 53 602

» R-index of 59% or higher indicated a significant difference, p-value <0.05.

The results for n-0.5 testing in PG show that the omission of three volatiles —
gamma-decalactone, ethyl butanoate and ethyl hexanoate — was significant when
the volatile was removed. These results suggest that these three compounds are the
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most significant character-impact flavor compounds since even a 50 % reduction
leads to sample discrimination. Interestingly, volatiles with the highest R-indices
in n-1 testing were not always significantly different in n-0.5 testing. This suggests
the presence of intra-modal interactions between the volatiles to account for the
differences.

This approach could be used to identify which components within a flavor
could be reduced in concentration without impacting on consumer perception.
The reduction would provide efficiency savings and cost optimization to the
manufacturer.

The results for n-1 testing in mineral water show that the omission of three
volatiles — ethyl hexanoate, 4-hydroxy-2,5-dimethyl-3-furanone and cis-3-hexen-
1-ol — was significant when half of the volatile concentration was removed. This
result showed that it is harder to detect volatile omission once the flavor is diluted
in water and due to the different partitioning of the individual compounds from
these two media.

Retronasal Testing

The R-index values of the n-1 retronasal omission experiment are presented
in Table 3. Each line of Table 3 corresponds to an omission test comparing
the original flavor model with an omission sample omitting one volatile in
three conditions; no tastants, with sucrose and with citric acid. The R-index
is a measure of the relative importance of each individual volatile within the
strawberry flavors delivered retronasally. In contrast to the orthonasal results,
there were no significant results observed when no tastants were present.

In the presence of sugar, the omission of 4-hydroxy-2,5-dimethyl-3-furanone
was significantly detected suggesting an enhancement effect between the
congruent sweet taste (/4) and caramel-like aroma. Caramel not only smells
of candy but is also a thermal degradation product of sucrose strengthening the
congruency effect between the aroma and taste (/5). This enhancement made
the omission of 4-hydroxy-2,5-dimethyl-3-furanone more noticeable when the
original flavor model and omission sample were compared.

In the presence of acid, the omission of butanoic acid, ethyl butanoate,
methyl dihydrojasmonate and methyl(E)-3-phenylprop-2-enoate was significantly
detected suggesting an enhancement effect between the citric acid taste and the
detected volatiles. Citric acid is prevalent in most fruits, which have sour and
sweet as their most prominent tastes (/6). Ethyl butanoate has a pineapple-like
odor and methyl dihydrojasmonate has a floral-like citrus aroma (/7) which
emphasizes the congruency between citric acid and fruit. Butanoic acid also
appears to demonstrate congruency with citric acid, presumably due to both
being organic acids. Methyl(E)-3-phenylprop-2-enoate, has been described as
having a strawberry, sweet, cinnamon odor (/7). Although cinnamon is not
necessarily congruent with citric acid, sweet and strawberry could be considered
complementary.
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Table 3. R-Index Values Obtained When Comparing the Full Strawberry
Aroma against the n-1 Strawberry Sample in the Presence of Water, Sucrose
(2% v/v) or Citric Acid (0.05% v/v)

Volatile Water Water + Water +
(Blank) Sucrose Citric Acid
(%) (%) (%)
2,3-Butandione 54 42 55
Butanoic acid 46 56 642
Gamma-decalactone 49 52 53
Ethyl butanoate 48 57 642
Ethyl hexanoate 47 52 55
Methyl dihydrojasmonate 50 41 59a
4-Hydroxy-2,5-dimethyl-3-furanone 55 612 49
Methyl(E)-3-phenylprop-2-enoate 44 50 642
cis-3-Hexen-1-o0l 54 54 47

» R-index of 59% or higher indicated a significant difference, p-value <0.05.

Orthonasal versus Retronasal Sensitivity

Although the retronasal olfactory system is responsible for our ability to
identify the flavor of food (/8), it has been previously shown that orthonasal
olfaction can be more sensitive at both threshold and suprathreshold levels (79).
In controlled experiments, orthonasal olfaction has been shown to be more
sensitive for detecting (20) and identifying aromas (27). In this study, orthonasal
olfaction supported the existing literature and was generally more sensitive at
noticing the removal of single volatiles. This higher orthonasal sensitivity can
be explained by the increase in volatile concentration delivered to the olfactory
receptors via the orthonasal route in comparison to the retronasal route. The
intensity perceived by a panellist is directly proportional to the number of
molecules that reach the olfactory receptors. The concentration of volatiles in
the breath during food consumption is much lower than the concentration in the
headspace above a sample solution (22). Aqueous systems such as the strawberry
flavor, are consumed within a few seconds, therefore the major factor affecting
the concentration of volatiles delivered to the receptors is the transfer of volatiles
from the aqueous phase to the gas phase (23). One limitation of this study was
the measurement of the volatile concentration in the oral and nasal cavities; this
would have been difficult to achieve in these sensory experiments with consumers.

A second hypothesis is that this difference in sensitivity is due to differences
in how the ortho- and retronasal information is cognitively processed. In previous
studies, psychophysical, electrophysiological and imaging data show clear
differences in the perception and processing of ortho- and retronasal olfactory
information (24). For this particular study, the retronasal assessment of the
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strawberry flavor could have been more complicated for assessors as they had
the expectation they were likely to receive a strawberry taste-aroma profile. The
absence of congruent tastants, which would enhance flavor perception (25), may
have confused assessors and resulted in poor discrimination.

One further limitation of this study is that due to scheduling, different groups
of assessors were used for each sensory session and the difference observed
between R-index values could be due to variation in sensitivities between
assessors. To limit this, the assessors were recruited from the same environment
and age class and it is unlikely that differences in sensitivity can explain all of the
difference observed.

Same-Different Approach in Omission Studies

This study is the first to use the same-different approach with a surety
rating and calculate R-indices in the context of omission testing. It successfully
identified volatile components in the strawberry flavor whose omission was more
easily detected than others and enabled two different routes of volatile perception
to be compared. The same-different approach utilizing R-indices constitutes an
improved, effective and robust sensory protocol for use in omission experiments.
Most notably, the calculation of R-indices with this approach allowed the relative
importance of the different volatiles within a flavor mixture to be determined.

Conclusions

This study addressed a number of areas identified in omission research in
which improvements could be made, both in terms of the sensory methodology
adopted and manipulation of omission samples. The same-different approach
constitutes an effective robust approach for sensory omission testing. This is
of interest as it not only determines the key volatiles, but also their relative
importance within a flavor mixture.

In this study, the same-different approach was used to compare perception
between ortho- and retronasal routes and confirms that orthonasal perception does
not necessarily represent retronasal perception. This finding has implications
for the analysis of flavor mixtures used in food and beverage products. We
recommend that retronasal as well as orthonasal analysis should be carried out,
as the perception of the flavors can vary significantly between the two delivery
routes.
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Chapter 8

Evidence for Perceptual Interaction Phenomena
To Interpret Typical Nuances of “Overripe”
Fruity Aroma in Bordeaux Dessert Wines

Panagiotis Stamatopoulos,™1:2 Eric Frérot,3 and Philippe Darriet!:2

1Univ. de Bordeaux, ISVV, EA4577 (Enologie, F-33140
Villenave d’Ornon, France
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3Firmenich SA, R&D Division, 1 Route Des Jeunes,
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Bordeaux dessert wines can present a complex flavor, recalling
overripe fruits, featuring citrus, especially orange notes. It was
not possible to identify the volatile compounds responsible for
these typical notes using traditional strategies, i.e. analysis
of wine extracts by GC-olfactometry (GC-O). Thus a new
strategy, combining both analytical and sensory approaches,
was applied to fractions obtained by semi-preparative HPLC
of wine extracts. Then omission tests, using preparative GC
with cryotrapping, were used to identify fractions presenting
overripe fruit nuances, particularly orange notes. Finally,
multidimensional GC/MS-O was applied to these fractions to
identify a new lactone, specific to dessert wines. While this
compound presents minty and fruity nuances, it was found
to contribute, together with other wine volatile compounds,
to some typical nuances in Bordeaux wines, particularly
Sauternes, via perceptual interaction phenomena.
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Introduction

Sweet wines correspond to an incomplete fermentation, leaving a certain
proportion of grape sugar that has not been transformed into alcohol. Wines
are arbitrarily judged to be semi-sweet, sweet, and very sweet (liquoreux)
according to their sugar concentration: up to 20 g/L, 20-36 g/L, and above
36 g/L, respectively (/). Semi-dry and sweet winemaking is fairly similar to
dry winemaking, except that the grapes must have sufficient sugar content and
fermentation must be stopped before completion, either naturally or by a physical
or chemical process. Very-sweet winemaking is different, as the required sugar
concentrations cannot be attained during normal grape maturation. Specific
processes, such as drying, freezing and noble rot are required to concentrate the
juice and certain winemaking steps are unique to these wines.

Bordeaux dessert wines are produced by the effect of the Botrytis cinerea
fungus on perfectly ripe grapes. These exceptional wines can only be made under
specific conditions, so production is limited. The Sauternes-Barsac region is
certainly one of the most highly-esteemed areas for noble rot sweet wines. The
development of noble rot requires a particular climate, ideally with morning fogs
to promote fungal growth, followed by warm afternoon sunshine to concentrate
the grape juice, over a relatively long period of 2 to 4 weeks. In the Bordeaux
vineyards, these meteorological conditions correspond to the establishment of a
high-pressure ridge extending north-east from the Azores anticyclone (2). Noble
rot also develops rapidly in the Gironde region when a short period of rain,
caused by oceanic depressions, is followed by a sunny, dry spell (low humidity,
60%), with north to north-east winds, generally associated with the presence of
an anticyclone in north-eastern Europe.

Recent studies (3) demonstrated the key role of certain volatile thiols,
furanones, and aldehydes in the aromatic perception of Bordeaux sweet wines.
The development of noble rot on Semillon and Sauvignon Blanc grapes contributes
significantly to increased levels of these compounds. The results presented verify
the empirical practices and confirm the hypothesis that Botrytis cinerea fungus
amplifies the aromas of Sauternes sweet wines. It was demonstrated that Botrytis
cinerea increased the concentration of key volatile compounds, such as lactones
and phenylacetaldehyde. An increase was also measured in concentrations of
aroma precursors, like S-cysteine and S-glutathione conjugates due to Botrytis
cinerea development on grape (4-6).

The goal of this study was to add to knowledge about the compounds
involved in the typical “overripe fruity” aroma present in noble rot sweet wines.
Some specific volatile compounds with “overripe fruity” notes were identified
and correlated with their descriptors by associating analytical (identification
of volatile compounds by gas chromatography) and sensory (preparative gas
chromatography, reconstitution and omission tests) techniques. Given the
complexity of the construction of sensory images, emphasis was placed on
studying perceptual interaction phenomena (antagonism, synergy, and perceptual
blending). In particular, aromatic reconstitution provided an important research
tool for understanding the phenomena involved in building complex aromas.
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Materials and Methods

Experimental details of wine samples, GC-O, multidimensional GC/MS-O,
and sensory experiments for identifying and assessing the sensory impact of the
compounds responsible for this “overripe” orange aroma were described in (7)
by Stamatopoulos and co-workers. The preparative GC system consisted of a
Hewlett-Packard (HP) 5890 Series II gas chromatograph (Agilent Technologies,
Palo Alto, United States), equipped with a flame ionization detector (FID), a
flame photometric detector (FPD), a sniffing-port (ODO-1 from SGE, Ringbow,
Australia), and a Gerstel preparative trapping device (Preparative Fraction
Collector, Gerstel, Miilheim an der Ruhr, Germany), connected via a heated
(230°C) transfer line. The preparative device consisted of an eight-port zero-dead
volume valve in a heated interface and seven 1-uL glass U-tube traps (six sample
traps and one waste trap), immersed in a coolant (liquid N2). The preparative
device was also connected to a Gerstel 505 controller to establish the trapping
zones. The compounds were separated using a type HP5 “megabore” (30 m x 0.53
mm x 1.5 pm) fused-silica capillary column from Agilent (Agilent Technologies,
Palo Alto, United States).

Results and Discussion

An Alternative Method for Studying Sensory Interactions in Wine

Wine is a very complex aromatic matrix. Over a thousand compounds have
been identified in wine, at concentrations ranging from a few hundred mg to a few
micrograms or even nanograms. At least a hundred volatile compounds can be
detected in the headspace above wine in a glass. Given the possible perceptual
interactions among them, omission tests were necessary to study the real impact
of a specific compound or mixture of compounds on wine aroma. The principle of
omission tests is based on eliminating one or more odoriferous zones to study the
impact of those compounds on perception of a wine’s aroma.

A crude extract of a typical dessert wine was analyzed by preparative GC-O.
One large odoriferous zone identified was reminiscent of overripe-orange aroma
(Table 1). No odoriferous zones with the same flavor were identified when a dry
white wine extract was analyzed, demonstrating that this zone was specific to
dessert wines. Once the odoriferous zones in dessert wines had been identified,
omission tests were performed. The traps were assessed by the panel, who
described the various aromas in our reconstitution and omission tests. Finally,
triangular tests on blotter strips were performed to validate the differences
between the samples.

Several traps were used during the sensory analysis session (Figure 1). The
first trapped the whole dessert wine extract (0-82.66 minutes) to evaluate its odor
characteristics. The descriptors cited by the panel for this trap were overripe
fruits, citrus, floral, honey, and baked sugar, similar to those mentioned for the
crude extract of the “typical” dessert wine. The second trap, corresponding to
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the 0-36 and 40-82.66 minute retention times, the descriptors cited were honey,
creamy, yeasty, and spicy. Finally, for the last trapping zone, at 36-40 minutes, the
descriptors were overripe orange and dried apricot.

Table 1. Distribution of Odoriferous Zones Found in an Extract of a Typical
Dessert Wine Analyzed by GC-O (HP-5 Column)

L.R.I R.T Odoriferous zones
1141 25,1 Honey/nutty
1166 26,3 Burnt sugar
1176 26,8 Mushroom
1345 34,6 Buttery
1380 35,8 Coconut

1394-1434 36,8-38,5 Overripe fruit/Orange
1471 40,1 Candyfloss

1478 40,4 Fruity
1500 41,3 Candyfloss
1546 43,2 Apricot
1555 43,5 Baked fruit
1578 44,4 Meaty
1655 474 Coconut

L.R.1: Linear Retention Index; R.T : Retention Time

The panel found a significant difference between traps one and two,
highlighting the importance of fraction three in the expression of dessert wine
aroma. Our omission experiment demonstrated that dessert wine aroma was
mainly reminiscent of honey, yeast, and spices if the overripe orange-dried
apricot zone was removed. Thus, it seems that the compounds responsible for
the specific overripe-orange aroma zone would be “key” contributors for the
nuances of overripe fruit in dessert wine aromas. Recombining traps two and
three reproduced the initial odor of the dessert wine extract.

Trap 1 R

Overripe fruits-citrus-floral-honey-baked sugar

*1%|
Trap 2 0-36 minutes  40-82.66minutes

Honey-creamy-yeasty-spicy

Trap 3 36-40 minutes
Overripe orange-dried apricot

v

Retention time on HP5 column

Figure 1. Omission and recombination tests using wine extract.
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Characterizing the Compounds Associated with Key Aromatic Fractions
Reminiscent of Overripe-Orange Aromas. Identification and Quantification
of 2-Nonen-4-olide.

Extracts of Bordeaux dry white and dessert wines were initially fractionated
by semi-preparative HPLC, using ethanol and water as solvent, making it possible
to describe the characteristics of each aromatic fraction by direct olfaction without
the presence of any malodorous or toxic solvents. Different proportions of
water/ethanol were used to obtain 50 fractions with different sensory attributes.
Selected dry white and dessert wine extracts were analyzed by HPLC to constitute
fractions with different aromatic descriptors. Comparative sensory evaluation
of the fractions revealed clear sensory differences between dessert-wine and
dry-white-wine extracts, particularly in the ripe fruit register (Table 2). Sensory
analysis of samples were fractions 37 and 38 had been omitted confirmed the
importance of these in the perception of overall dessert wine aroma. In contrast,
the fractions 37 and 38 had only a minor impact on dry white wines (Table 3).
This approach facilitated the identification of new compounds and highlighted
the olfactory differences between wines by focusing on less complex matrices.
To characterize the compounds associated with this aroma, fraction 37, the most
significant from a sensory point of view, was re-extracted with dichloromethane
and the concentrated extract was injected on both a polar (BP20) and non-polar
capillary (HP5), to identify the odoriferous zones corresponding to overripe
orange. It was not possible to identify the key odoriferous zones with overripe
fruit and orange aromas using a BP20 type capillary. However, on HPS, a typical
orange aroma lasting one minute was perceived in a chromatographic zone
situated between 1414 and 1443 LRI (Table 4). Then, MDGC-O-MS was used to
analyze this complex matrix and identify the compound(s) associated with this
aroma.

Using MDGC chromatography, the odoriferous zone was targeted by its
olfactory characteristics on the GC1 olfactometry port. Then, an adequate
3 min cut was performed. Separating the extract on the analytical column
(GC2, BP20 capillary) coupled with both the second olfactometry port and
a mass spectrometry detector revealed the presence of several odoriferous
zones, potentially related to the overripe-orange aroma. Odoriferous zones with
coconut, spicy clove, and ripe fruity nuances were identified, corresponding
to 3-methyl-4-octanolide (coconut), eugenol (spicy), and y-nonalactone (ripe
fruity), respectively. A fourth odoriferous zone with minty and fruity aromas
corresponded to an unknown compound. MDGC analysis of the same extract,
repeated on a non-polar capillary BP1, confirmed the presence of the same
odoriferous zone. By coupling the capillary to the MS detector, it was possible to
obtain a clear mass spectrum at the retention time of this odoriferous zone. On
the basis of the MS data obtained by E.I. and chemical ionization with methane,
the spectra indicated a molecular mass of M=154.099 ([M+H]*=155) and the
associated chromatographic peak was identified as a lactone: 2-nonen-4-olide.
The mass spectra of the 2-nonen-4-olide standard and the one obtained from the
wine extract presented the same characteristics (Figure 2). To our knowledge,
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this was the first time that this compound had been identified in wine. Previous
studies reported the presence of 2-nonen-4-olide as a fruity flavor compound in
mushrooms (§). Also, 2-nonen-4-olide has also been cited as a modifying and
intensifying compound for flavoring (9).

Table 2. Sensory Evaluation of HPLC Fractions from Various Dry White
and Dessert Wines

HPLC Dessert wines Dry white wines
fractions
Lig-CS Lig-CDS Lig-Cds Sec-CM Sec-SB
2005 2004 2006 2008 2007

35 Solvent Fruity Floral Citrus Citrus
36 Moldy Odorless Citrus Thiols Odorless
37 Ripe orange Ripe orange Ripe orange Citrus Odorless
38 Ripe Ripe orange Ripe orange Floral Fruity

orange/

moldy
39 Mushroom Apricot Moldy Green Cherry
40 Cherry Odorless Spicy Solvent Cherry
41 Banana Banana Banana Banana Solvent

Table 3. Results of Triangular Tests Using Aromatic Reconstitutions

Wine Matrix Samples compared Difference
Dessert wine  Hydroalcoholic AR (1-50) AR (1-36+39-
solution 50)
Dry white wine = Hydroalcoholic AR (1-50) AR (1-36+39-
solution 50)
**, Significance level 0.1% ; - no significance difference.

2-nonen-4-olide was quantified in 15 dessert wines from the Bordeaux region
and 8 dry white wines from different appellations in France including Chablis and
Alsace. Clearly, 2-nonen-4-olide was not detected in dry white wines, but only in
dessert wines obtained from botrytized grapes, thus confirming the hypothesis that
this compound is specific to dessert wines. The concentrations of 2-nonen-4-olide
in dessert wines depended on the vintage, with a mean value around 6 ng/L. Typical
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and non-typical examples of dessert wines were also noticed to have different 2-
nonen-4-olide concentrations (Figure 3). A triangular test with increasing ranges
of concentrations of synthetic (+)2-nonen-4-olide in dilute alcohol solution found
a perception threshold of 4.3 pg/L for 50% of tasters. The odor descriptors for
(+)-2-nonen-4-olide range from fruity/minty flavors at low concentrations (Spg/L)
to more buttery/coconut aromas at higher concentrations (100pug/L). 2-nonen-4-
olide has one asymmetrical carbon in position 4, indicating the possibility of two
enantiomers, R and S.

Table 4. Distribution of Odoriferous Zones Found in Fraction 37 of a Typical
Dessert Wine Extract Analyzed by GC-O (HP-5 column)

—_—
L.R.I R.T Odoriferous zones
1263 31.4 Fruity
1346 34.7 Floral
1360 35.3 Citrus
1414-1443 38.3-38.9 Overripe orange
1602 41.4 Plastic
1791 48.8 Citrus
L.R.I : Linear Retention Index; R.T : Retention Time

Evidence for Perceptual Interaction Phenomena Involving 2-Nonen-4-olide

Three experienced assessors selected two different types of dessert wines.
One was a typical Bordeaux dessert wine, with a desirable odor, reminiscent
of overripe fruit, particularly orange peel, while the other was a non-typical
Bordeaux dessert wine, with a fresh, fruity aroma. After fractionation of each
extract by reversed-phase HPLC, several reconstitution tests were performed.
Eight samples of aromatic reconstitutions in dilute alcohol solution (12% vol., pH
3.9) were presented (Table 5). In the first sensory analysis session, the fractions
corresponded to “typical” Bordeaux dessert wine and the volatile compounds
(3-methyl-4-octanolide, eugenol, y-nonalactone, and 2-nonen-4-olide) were
supplemented at concentrations assayed in that type of wine. In the second
session, the fractions corresponded to those of a “non-typical” Bordeaux dessert
wine and the concentrations of the compounds added were those assayed in that
type of wine. In the third session, the “non-typical” Bordeaux dessert wine matrix
(sample PAR) was supplemented with fractions “37+38” and concentrations of
the volatile compounds corresponding to “typical” Bordeaux dessert wine. Each
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sensory session was performed in duplicate on different days. Overall aroma,
overripe-orange aroma, and orthonasal appreciation of typicality were evaluated
on a 0-10 point, non-structured scale, where 0 = no odor perceived and 10 =
high intensity. Concerning typicality experiments, the scale was 0 = bad example
of Bordeaux dessert wine and 10 = good example of Bordeaux dessert wine.
For aromatic reconstitutions, fractions were retained and added individually or
blended together to approach mixtures close to the original wine extract, adding
double-distilled ethanol and micro-filtered water to obtain 12 % (v/v) ethanol.
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Figure 2. Chemical formulas and mass spectra of 2-nonen-4-olide in wine (4)
and as a pure compound (B).
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Figure 3. Concentration in ug/L of 2-nonen-4-olide in different types of white
wine.

Table 5. Composition of Various Samples Used in Reconstitution and
Omission Analyses

Samples HPLC fractions Compounds
3-methyl- 2-nonen-  y-nonalac-
1-36 37+38 39-50 4-ogtano- eugenol 4-olide tone
lide

TAR + + + - - - -
37+38 - + - - - - -
PAR + - + - - - -
PAR4C + - + + + + +
PAR4C-WL + - + - + + +
PAR4C-E + - + + - + +
PAR4C-N  + - + + + - +
PAR4C-yN  + - + + + + -

TAR: Total aromatic reconstitution; 37+38: Aromatic reconstitution with fractions 37
and 38; PAR: Partial aromatic reconstitution; PAR4C: PAR plus the four compounds;
PAR4C-WL: PAR plus the three compounds without Whiskey Lactone; PARC-E without
Eugenol; PARC-N without 2-nonen-4-olide; PARC-yN without y-nonalactone; +:
Addition; - : Omission.
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Session 1

The goal of the first experiment was to illustrate the impact of specific
compounds, identified and assayed in dessert wines, on the overripe fruity
character. In particular, the object of the study was to focus on the recognition
of overripe-orange expression, as well as Bordeaux dessert wine typicality.
Preliminary experiments comparing the total (TAR) and partial (PAR) aromatic
reconstitutions supplemented with only one selected compound, revealed that
the addition of one compound modifies significantly the perception of the
overripe-orange aroma, resulting a lower appreciation of the aroma.

Then the first sensory experiment consisted in a direct comparison of
the sample PAR (Partial Aromatic Reconstitution) supplemented with the
four compounds identified and presumably associated with the overripe fruity
odoriferous zone, at concentrations found in the typical dessert wine fractions.
Under these conditions, the results indicated a clear recognition of overripe-orange
fruity expression in PAR supplemented with the four compounds (PARA4C;
mean value=6.23), much higher than in PAR fractions alone (mean value=4.04)
and similar to that of the Total Aromatic Reconstitution sample (TAR) (mean
value=6.73) (Figure 4). The aromatic reconstitution of fractions 37 and 38
presented a mean value of 7.43, confirming our preliminary finding that these
fractions presented typical overripe-orange notes.

The evaluation of dessert wine typicality did not reveal any significant
difference between the total reconstitution (TAR) alone or supplemented with
the four compounds (PAR4C), with mean scores of 6.48 and 6.26, respectively
(Figure 5).

12 Orange aroma
8 b b 3 b :
" 7 I b I b
s 6 . a a
g 5 C f g . a —I
g 4 el L
2 Fai2l
l |
04 ] | 4 g
(37438) (TAR) (PAR) (PAR4C)
Samples
M Typical wine/Session 1 ¥ Non-Typical wine/Session 2 Mixture/Session 3

Figure 4. Overripe-orange aroma assessment in the reconstitution supplemented
with _four compounds.
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Figure 5. Typicality assessment for the reconstitution supplemented with four
compounds.
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Figure 6. Overripe-orange aroma assessment in omission trials.

In order to study the impact of each compound on the perception of “overripe
orange” aroma, omission tests eliminated each of the four compounds, in turn.
Under these conditions, PAR had a value of 2.98. When PAR fractions were
supplemented with 3 of the 4 compounds, the orange flavor was always perceived
at a much higher value and, particularly when only y-nonalactone was omitted, the
results were very close to those of TAR and fractions 37+38 assessed separately.
Thus, sample 37+38 presented a mean value of 7.56 and the total reconstitution
(TAR) a mean value of 6.74 (Figure 6). In contrast, the total reconstitution without
fractions 37 and 38 had the lowest mean value of all: 2.98. In the omission
experiments, only sample PAR4C-yN was not significantly different from the
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total reconstitution (Figure 6). This revealed the direct impact of 2-nonen-4-olide,
eugenol, and 3-methyl-4-octanolide on the overripe orange flavor in the Bordeaux
dessert wines and the minor contribution of y-nonalactone to its expression, at the
concentrations considered. Also the existence of perceptual interactions between
oak-derived compounds and the newly identified lactone, 2-nonen-4-olide, in
Bordeaux dessert wines was confirmed, supporting previous findings on synthetic
perception at brain level. Also the major impact of oak-derived compounds, such
as eugenol and 3-methyl-4-octanolide, on this orange aroma was revealed.

Moreover, the results concerning the typicality of Bordeaux dessert wines
revealed a significant difference (p<0.01) between samples 37+38 and TAR and
samples PAR, PAR4C-E, and PAR4C-N (Figure 7), highlighting the impact of
these compounds on wine typicality. First of all, the omission of fractions 37
and 38 had a clear negative impact, confirming the importance of these fractions
for wine typicality. The omission of eugenol and 2-nonen-4-olide clearly had a
negative impact on Bordeaux dessert wine typicality (Figure 7).
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B Typical wine/Session 1 ® Non-Typical wine/Session 2 Mixture/Session3
Figure 7. Typicality assessment in omission trials.
Session 2

The PAR sample was supplemented with the four compounds mentioned
above, at the concentrations found in the non-typical wine fractions. The sensory
test consisted of comparing the perception of orange flavor nuances detected in
total and partial reconstitution samples, as well as in the reconstitution of fractions
37 and 38. A mean value of 4.54 was measured and a significant difference
with the Total Aromatic Reconstitution (TAR) was noted (Figure 4). In contrast,
lower values were measured and no significance difference was observed for the
Bordeaux dessert wine typicality of the samples, with the exception of the sample
containing the aromatic reconstitution of fractions 37 and 38, which scored the
lowest mean value of 2.62, significantly different from the other samples (Figure
5).
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The results of the sensory experiment with the omission of one compound
out of four revealed a significance difference between samples 37+38 and TAR
and samples PAR, PAR4C-WL, PAR4C-yN, PAR4C-E, and PAR4C-N (Figure
6). Samples 37+38 and TAR scored the highest mean values for overripe-orange
aroma: 4.46 and 3.96, respectively, while samples PAR, PAR4C-WL, PAR4C-yN,
PARA4C-E, and PAR4C-N scored the lowest mean values (Figure 6). The addition
of the compounds to the PAR4C sample had a minor impact, due to the very low
concentrations added.

The results concerning the typicality of Bordeaux dessert wines indicated a
significant difference (p<0.001) between samples TAR, 37+38, and PAR, PAR4C-
WL, PAR4C-yN, PAR4C-E, and PAR4C-N (Figure 7). TAR had the highest mean
score for Bordeaux dessert wine typicality (Figure 6). This experiment confirmed
not only that that the absence of specific compounds had a clear negative impact
on wine typicality but also that, when sample 37+38 was added to the PAR of
a non-typical wine, it was rated as a typical example of Bordeaux dessert wine.
Only the association of compounds found in these specific samples produces a
good example of Bordeaux dessert wine.

Session 3

In this sensory experiment, perception of the overripe-orange aroma was
studied in the non-typical wine matrix, supplemented with the target compounds
at concentrations found in the typical Bordeaux dessert wine, as previously
reported. The partial aromatic reconstitution supplemented with the four
compounds (PAR4C) scored a mean value of 6.06, with no significant difference
compared to the total aromatic reconstitution. When the four compounds were
omitted (PAR), the overripe orange perception had the lowest mean value 3.28
(Figure 6). Significant differences in terms of Bordeaux dessert wine typicality
were observed between the total aromatic reconstitution alone and supplemented
with the four compounds (Figure 7). Thus, a different matrix may influence the
perception of wine typicality.

Paradoxically, the omission of eugenol had no significant impact on the total
aromatic reconstitution under these conditions. The TAR and PAR4C-E samples
had similar scores for overripe-orange aroma after statistical analysis (Figure 6).
Under these conditions, the 37+38, TAR and PAR4C-yN samples had the highest
mean values: 7.58, 6.62, and 6.79, respectively (Figure 6).

In contrast, a significant difference (p<0.001) in terms of Bordeaux dessert
wines typicality was noted between sample PAR4C-N and the others, confirming
the impact of 2-nonen-4-olide on wine typicality (Figure 7), as its omission
resulted in a lower score for wine typicality. However, the omission of eugenol
had no clear effect on wine typicality, in contrast to our first sensory session,
where eugenol seemed to play a key role. The different matrix had a significant
impact on eugenol expression, both in the overripe-orange aroma and wine
typicality.
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To sum up, 3-methyl-4-octanolide and 2-nonen-4-olide were found to play
an important role in the expression of overripe-orange flavor, while eugenol and
y-nonalactone only had a minor effect. Finally, the specific matrix of a non-typical
Bordeaux dessert wine had a minor impact on expression of the overripe-orange
aroma, probably due to the specific molecules present and the concentrations
added.

A previous study (/0) reported that the strength of Cabernet Sauvignon
“berry” character was very strongly correlated with concentrations of oak
lactones and eugenol. Lactones similar to those in oak are known as
active aroma compounds in many fruits (//), so the relationship between
cis-3-methyl-4-octanolide concentrations and berry-aroma intensity is not
surprising. Previous findings confirmed the impact of oak-derived compounds on
the fruity aroma of wines, but the research reported here revealed the contribution
of a novel compound, 2-nonen-4-olide, to the overripe-orange flavor in Bordeaux
dessert wines.

Conclusion

This work built on research by Sarrazin (3), who demonstrated the existence
of a typical sensory concept and identified various “key compounds” in Bordeaux
dessert wines. However, the characteristic overripe fruit aroma, specifically
overripe-orange, had not previously been elucidated. It was already clear that the
perception of these aromatic notes was associated with a combination of molecules
in the olfactory system of the tasters, via sensory interaction phenomena. This
experiment used a new approach, involving preparative gas chromatography, as
well as omission and recombination tests, to assess the importance of certain
volatile compounds associated with the overripe-orange aroma. Our findings led
to the identification of a new lactone specific to noble rot dessert wines. While
this molecule presents a fruity/minty aroma, it contributes to the overripe-orange
aroma, via perceptual interactions with other volatile compounds through a
perceptual blending.
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Chapter 9

Serial Dilution Sensory Analysis (SDSA)
Applied To Exploring Sensory Attributes
Essential for Food Aroma

T. Aishima,” K. lizuka, and K. Morita

Chemometrics and Sensometrics Laboratory, 1-197 Sengen- cho, Omiya-ku,
Saitama 330-0842, Japan
*E-mail: aishima@chemsensmetrix.com.

A new methodology to identify sensory attributes essential for
characterizing aroma notes of liquid food has been developed
by combining serial dilution and with subsequent descriptive
sensory analysis. To demonstrate the effectiveness of this new
methodology, the serial dilution sensory analysis (SDSA) was
applied to canned coffee beverage and soy sauce. In SDSA,
sensory scores in all attributes decreased in accordance with
dilution. However, score percentages calculated for individual
sensory attributes based on their total in every dilution suggested
meaningful changes. In coffee, proportions of the coffee note
itself and the burnt note decreased drastically according to
dilution but those of sweet, green and dusty notes increased
inversely. By diluting soy sauce, proportions of alcoholic and
burnt notes decreased but those of fruity and sweet increased.
Partial least squares regression (PLSR) analysis quantitatively
differentiated positive and negative effects of individual sensory
attributes on characterizing original aroma notes.

Introduction

Regardless of plant, animal or metabolites of microorganisms, their odors
are composed of many volatile compounds each smelling similarly or differently.
From both of the scientific and industrial points of view, many efforts have
been made to identify a compound or group of compounds responsible for
characterizing aroma notes in various food from the beginning of aroma research
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(1). Although various skepticisms have been expressed afterwards, the concept of
odor activity value (OAV) or odor unit was proposed in the mid-1960s to quantify
the aroma intensity of individual components contained in an aroma extract (2).
In the 1980s gas chromatography- olfactometry (GC-O) dilution analysis was
introduced, first as combined hedonic response measurement (CHARM) analysis
(3) and then aroma extract dilution analysis (AEDA) (4). Since then, GC-O
dilution analysis has been used to determine the most potent odorants in scores of
foods. Especially AEDA has widely been applied because of its facile concept
and versatility. However, our nose does not sense individual aroma components
separately but rather simultaneously senses a mixture of numerous aroma notes,
where complicated mutual interactions may take place.

As widely known, diluting beverage or liquor with water not only makes the
aroma strength weaker but the aroma note itself changes or deteriorates. This
change in aroma note caused by dilution supports the correctness of the odor unit
concept because a profile of components contained in the dilution should be the
same as that of the original food. In other words, change in the aroma note caused
by dilution indicates that significant profile changes may have occurred due to the
absence of aroma characters derived from some volatiles with low odor unit or low
concentration.

The descriptive sensory analysis (5), that has been used frequently to describe
sensory properties of food, can quantify individual sensory attributes in food
by fully taking account of mutual interactive effects existing between attributes
derived from chemicals. Of course, information obtained from sensory analysis
cannot be directly related to instrumental data or chemicals but it will supply
supportive knowledge to assess the significance of components identified by
instrumental analysis. In this study, we applied SDSA to coffee and soy sauce in
order to demonstrate the effectiveness of this new methodology.

Premise of SDSA

The introduction of the odor unit and GC-O dilution values to aroma research
for quantitatively evaluating the significance of individual components in mixtures
has proven useful for solving problems related to aroma quality, especially
in the measurement of inappropriate, off- and taint odors. However, these
methodologies have intrinsic limitations that are derived from the methodology
itself. The skepticism or criticism against the principle of the odor unit and
AEDA may be summarized as follows. First, results obtained from these two
methodologies do not consider any interactive effects. Second, there is an intrinsic
dependency on pretreatments. In other words prior to GC or GC-MS analysis in
AEDA, volatiles should be extracted from the food matrix and concentrated using
some physical or chemical treatment that more or less gives significant effect on
the composition of the resulting concentrate (6). A solution to these criticism
may be to have no sample pretreatment prior to analysis and to applying sensory
analysis, because this analyzes food aroma by fully taking account of interactive
effects.
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The odor unit is calculated by dividing the concentration of an aroma
compound in food by its threshold concentration (2). By utilizing the concept
of odor unit, the basic concept of SDSA is illustrated in Figure 1. Hypothetical
aroma profiles composed of six components (A, B, C, D, E and F) in original
food and its contracted profile in three-fold dilution are comparatively described.
In the instrumental analysis by using GC or GC-MS, peak areas of individual
compounds simply decreased according to dilution and so the resulting profile
would be simply contracted but it keeps the original pattern. Although no
interactive effects have been considered to simplify the olfaction process, if
the concept of odor unit is correct, the initial food aroma is recognized as an
integrated aroma character derived from six different compounds but the number
of recognizable attributes decreased to only four (A, C, D and F) after dilution.
This clearly suggests that sample dilution not only makes the aroma profile
contract in size but also changes the profile itself due to the absence of two aroma
attributes (B and E).

7
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]
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Figure 1. Basic concept of SDSA.

The quantitative descriptive sensory analysis was developed in the mid-1970s
(5). Although the analytical resolution of this sensory method is much lower,
the basic idea of descriptive sensory analysis is similar to that of GC analysis as
schematically shown in Figure 2 (7).
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Figure 2. Basic concept of descriptive sensory analysis exemplified by
chromatographic separation. (reproduced with permission from reference (7))

The whole process of descriptive sensory analysis is shown in Figure 3. In
the first step of this method, all sensory attributes found in samples are listed
by sniffing and tasting by individual members of a trained panel composed of
not many but not less than 6 members (§). In the second step, sensory attributes
that are commonly recognized by all members are selected through intensive
discussion that is modulated by a panel leader who takes the role of an active
listener and acts as a facilitator without swaying the opinion of individually
panelists. The panel leader’s primary aim is to establish consensus among the
panelist by presenting a reference such as fruit, vegetable, spice or ingredients, if
needed (8, 9). In the descriptive sensory analysis, the first two steps for selecting
attributes may correspond to identification of peak components in GC-MS. The
third step corresponds to calibration where firstly a trial evaluation is carried out
for a set of samples. In the evaluation, the strengths of attributes selected in the
preceding steps are quantified using a category or line scale. After that, scores
given by individual panelists along with scores averaged based on the whole panel
are immediately fed back to them for tuning scales. Finally in the fourth step,
each panelist individually quantifies strengths of every attribute. Then, scores
given for each attribute by a panel are averaged to obtain sensory scores.
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| 7 well-trained expert panelists

Step 1 Collecting sensory descriptors
(individual work)

Step 2 Selecting attributes commonly recognized
(group discussion)

Step 3 Tuning scales after test evaluation
using a line scale
(group discussion)

Step 4 Sensory evaluation
(repeated twice)

Step 5 Y Data analysis

Figure 3. Procedure for descriptive sensory analysis.

Thus, we have combined the sample dilution in AEDA and sensory descriptive
analysis instead of using GC or GC-MS as shown in Figure 4. According to
the principle of SDSA, we can expect to obtain the quantified aroma strengths in
individual attributes, not necessarily corresponding to a specific compound though,
by fully taking account of whole interactive effects. Further, attributes essential
for characterizing the original aroma note could be identified if the original aroma
note would be more or less still preserved even in the highly diluted solution.

Liguid food (soy sauce, canned coffee drink) |

v

Dilution with purified water
1, 10, 31.6,100, 316, 562,1000, 3162, 10000-fold

IDescriptive sensory analysis |

|Sensory score matrix |

% transformation in each sensory category
Principal component analysis (PCA)
Partial least squares regression (PLSR) analysis

Figure 4. Procedure for SDSA.
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Materials and Methods

Samples

The canned coffee beverage “Black™ (UCC Ueshima Coffee, Kobe, Japan)
and deep-colored type soy sauce (Kikkoman, Tokyo, Japan) were purchased from
the local market. As shown in Figure 4, canned coffee and soy sauce were diluted
1,10, 31.6, 100, 316, 562, 1,000, 3,162 and 10,000-fold, i.e., logarithms: 0, 1, 1.5,
2,2.5,2.75, 3, 3.5 and 4, with purified water (Japanese pharmacopoeia standard:
Fujimi Seiyakusyo, Osaka, Japan).

Sensory Evaluation

Sensory data have been collected through the steps shown in Figure 3. A
trained sensory panel composed of 7 women aged 30’s to early 60’s, experienced
in conducting the descriptive sensory analysis for more than 10 years, was applied.
In the whole steps of SDSA, 40 ml of each sample at room temperature, ca. 23°C,
placed in a 100 ml white styrene cup and covered with a transparent plastic lid
was served to the sensory panel in the descending order of dilution values. In
the preliminary sessions, when a sample was served, panelists opened the lid and
sniffed the headspace aroma to generate aroma descriptors and then one scoop of
sample solution was put into the mouth using a 7 ml volume plastic spoon and a
0.5 ml coffee spoon for diluted and undiluted samples, respectively, to generate
taste and flavor descriptors. Strengths of attributes identified as common in all
dilutions in preliminary sessions were quantified using a line scale arranging three
anchors, the center for moderate and 10% distances from each end for “very weak”
and “very strong”, respectively. After evaluating a sample solution, two minutes
interval was placed before starting to evaluate the next sample. During the interval,
panelists rinsed their mouth with mineral water. This sensory evaluation was
repeated twice and replicates were averaged (/0).

Data Analysis

Obtained sensory scores for each attribute in every dilution were transformed
into percentage proportions based on their total in sensory categories, i.e., aroma,
taste and flavor, to qualitatively compare their profiles. Multidimensional sensory
data were analyzed by principal component analysis (PCA) for graphically
displaying mutual relationships of samples and attributes on a two dimensional
plane. The partial least squares regression (PLSR) analysis was applied to analyze
contributions of attributes to generate the original aroma note using Unscrambler
ver. 9.7 (CAMO Software AS, Oslo, Norway).
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Results
Coffee

Although no information on the sample had been supplied to the sensory panel
in advance, they unambiguously identified the aroma note of coffee even in the
highest or 10,000-fold dilution. Fifteen attributes, nine for aroma including coffee
aroma itself, three for taste and three for flavor, were commonly identified in all
dilutions in the preliminary sessions (Table 1).

Table 1. Sensory Attributes for Canned Coffee

category |attribute description
aroma |alcoholic alcohol, fermented
(11) fruity canned peach, plum
sweet aroma cotton cake, caramel
roasted roasted cereals
burnt burnt rice or rice cake
steamed steamed cereals
woody cedar or cypress timber
yoghurt lactic fermentation
dusty dust, old warehouse
miso _aroma fermented soy bean
S0y sauce aroma S0y sauce aroma
flavor roasted flavor roasted cereals
(5) sweet flavor cotton cake, caramel
steamed soy bean steamed soy bean
miso flavor fermented soy bean
soy sauce flavor soy sauc e flavor
taste sweet
(5) salty
sour
umami
bitter

Sensory scores in all attributes decreased in accordance with dilution values
as shown in Figure 5. Next, sensory profiles of dilutions were illustrated based
on score percentages calculated for individual sensory categories, such as aroma,
taste and flavor, based on their total of scores. Thus, sensory profiles of percentage
proportions for each dilution clearly depicted significant differences in their aroma
characters as shown in Figure 6. In accordance with the increase in dilution values,
percentages of burnt and coffee aroma notes decreased drastically but those of
sweet, green and dusty notes increased inversely. Sensory attributes showing
larger percentages in highly diluted samples may be derived from compounds with
large odor unit values but may not necessarily contribute to the aroma note of
coffee (11).
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Figure 5. Sensory profiles of undiluted coffee (0 or 1/1) and its serial dilutions.

Figure 6. Profiles of sensory attribute proportions (%) in undiluted coffee and
its serial dilutions.
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The PCA biplot shown in Figure 7 suggests that sensory characters in
dilutions have changed continuously in accordance with dilution values. Against
our expectation, however, the closest attribute to undiluted coffee was burnt flavor
but the coffee aroma note was located closely to the 10-fold dilution instead. On
the other hand, sweet and green notes were located nearby highly diluted coffee.
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Figure 7. PCA biplot for coffee. Numbers in squares indicate dilution values.

The PLSR model calculated by using the coffee aroma as criterion and eight
other aroma attributes as predictors was highly predictive (R?=0.991) as shown in
Figure 8. Both PLS loadings and regression coefficients for each predictor attribute
clearly suggests high contribution of burnt and roasted notes to the coffee aroma.
However, attributes indicating their significant contribution to the coffee aroma
do not necessarily occupy larger proportions in sensory profiles, as indicated in
Figure 6. A strong contribution of burnt and roasted notes to the aroma note of
coffee suggested by PLSR strongly supports the importance of the roasting process
in coffee production.
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Figure 8. PLSR loading plots and model fit for coffee.

Soy Sauce

In the preliminary sessions, the sensory panel detected the unique aroma note
of soy sauce even in the highest dilution. Twenty-one sensory attributes, 11 for
aroma including soy sauce aroma, 5 for taste and 5 for flavor shown in Table 2
were identified in these sessions.

Sensory scores in all attributes decreased in accordance with dilution values
as shown in Figure 9. According to dilution, proportions of alcoholic and burnt
notes decreased rapidly but those of fruity and sweet notes increased inversely
(Figure 10). On the other hand, some attributes, i.e., yoghurt and miso or soybean
paste, initially increased but started decreasing afterwards. In fermented soy
products, i.e., soy sauce and miso, a very strongly sweet smelling furanone
derivative produced by yeast fermentation was identified and the authors claimed
that it should be the character impact compound of soy sauce aroma (/2) but
increase in the percentage of sweet aroma in diluted soy sauce makes the soy
sauce note weaker. Surely, we never associate a sweet aroma with soy sauce.
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Table 2. Sensory Attributes for Soy Sauce

category |attribute description
aroma |powdery physical sensation
9) sweet aroma cotton cake, caramel
roasted roasted cereals
burnt burnt rice or rice cake
green fresh leaf, green vegetables
milky chocolate
cocoa cocoa powder (van Houten)
dusty dust, old warehouse
coffee aroma coffee aroma
flavor |roasted flavor roasted cereals
(3)  [burnt flavor burnt rice or rice cake
coffee flavor coffee flavor
taste |sweet
(3) |sour
bitter
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Figure 9. Sensory profiles of undiluted soy sauce and its serial dilutions.
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Figure 10. Profiles of sensory attribute proportions (%) in undiluted soy sauce
and its serial dilutions.
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Figure 11. PCA biplot of sensory data of soy sauce dilutions.
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The PCA biplot shown in Figure 11 suggests that whole sensory characters in
dilution have changed continuously in accordance with dilution values. Similar to
the biplot for coffee, the closest attribute to the original soy sauce was located close
to the10-fold dilution. On the other hand, the alcoholic aroma note was located in
the vicinity of undiluted soy sauce but the soy sauce aroma note itself was found
close to the 10-fold dilution.

The PLSR model calculated using soy sauce aroma as criterion and 10 aroma
attributes as predictors was highly predictive (R?=0.988). The PLS loading plot
shown in Figure 12 clearly suggests a high contribution of burnt and alcoholic
notes to the aroma note of soy sauce. However, attributes with significant
contributions to the soy sauce aroma do not necessarily occupy larger proportions
in the sensory profiles shown in Figures 10. High contributions of alcoholic note
derived from yeast fermentation in the moromi or mash period and a burnt note
comes from the pasteurization process of raw soy sauce. High contributions
of these two attributes strongly suggest the significance of these two processes
for the brewing of soy sauce, as it has been widely recognized by soy sauce
manufacturers in Japan.
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Figure 12. PLS loadings, regression coefficients and model fit for soy sauce.

Discussion

Steven’s law (/3) describes the relationship between a single chemical or
physical stimulus and its perceived intensity and is given as R=kC ", where R, C, n
and k are the perceived sensation intensity, the stimulus concentration, the growth
rate of the perceived intensity and a constant of proportionality, respectively. As
indicated, the basic idea of the odor unit does not account for differences in n for
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individual components. However, results obtained from this study are nevertheless
consistent with Steven’s law, whereby the perceived intensity in the aroma of
the volatile compounds decreased with increasing dilution. This decrease varied
according to n, which is intrinsic to the individual compounds, because profiles
composed of multiple sensory attributes were noticeably deformed. On the other
hand, however, if the intensities in all components had decreased with the same
curve or n, the profile would have been simply contracted.

Current analytical methods are mostly reductionistic in nature, where efforts
have mainly been focused on measuring the significance of individual constituents
by ignoring interactive effects. Flavor research is no exception because of the
extreme complexity in nature. However, skillful techniques to determine complex
sensory interactions such as additive, synergistic and suppressive effects by
utilizing the information obtained from CHARM or AEDA have been reported
(6).

Every element in the real world exists more or less under mutual interaction.
According to the long history of aroma research, we realized that no single method
makes it possible to illustrate whole picture of the aroma constituents in a food.
Every method reveals some facet of the aroma profile but the profile is strongly
determined by the biases introduced by the methodology itself (6). There is no
universal approach to the instrumental analysis of aroma. No current instrument
except for the human nose can analyze food aroma undisturbed by fully taking
account of whole interactions. Although, sensory data cannot directly be related
to aroma compounds in food, the results described here may be utilized as an aid
to conduct aroma research effectively because SDSA can supply researchers with
quantitative and qualitative information that makes it possible to conduct more
focused research.
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Chapter 10
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Molecular Triggers and Effects on Brain
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Craving for special types of food like snack food can
tremendously influence our energy balance. The result: obesity
due to a non-homeostatic, hedonic food intake, i.e. an intake of
energy independent of hunger and satiety. The intake of potato
chips — an often craved highly palatable snack food — has a
great influence on whole brain activity pattern. Especially the
reward system as well as circuits regulating food intake, sleep
and locomotor activity are affected. Furthermore, we could
show that the fat and carbohydrate content is a main contributor
to the palatability of potato chips. These first steps of the
identification of the molecular triggers and the corresponding
effects on brain activity pattern of the non-homeostatic intake
of highly palatable snack food are reviewed in this chapter.

Introduction

Hedonic food intake, eating for pleasure without a physiological need, can
overrule the homeostatic energy balance and therefore, in the long run, lead
to hyperphagia, i.e. an energy intake beyond satiety (/). Besides chocolate
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and sweets, savory snacks like potato chips are very attractive to many people
and largely contribute to energy intake (2, 3). Hedonic hyperphagia can be
influenced by the emotional state, mental health conditions or sleep deprivation
(4). Furthermore, molecular food composition and energy density are decisive
factors for the induction of hedonic hyperphagia (5, 6). Many physiological
systems are involved in the regulation of food intake, like distinct brain systems,
hormones, dopamine, melanocortins, opioids or endocannabinoids (7—/2). In
our work, we investigated the influence of the intake of potato chips on whole
brain activity pattern of ad libitum fed rats. Furthermore, we analyzed the main
contributors to the palatability of potato chips by using a two choice preference
test with rats.

Influence of Snack Food on Feeding Related Behavior and
Whole Brain Activity Pattern of Rats

We could show that the intake of the snack food potato chips has a decisive
influence on feeding related behavior and whole brain activity pattern of ad libitum
fed rats (/3). To investigate the links between food intake and behavior or brain
activity we developed a protocol using manganese-enhanced magnetic resonance
imaging (MEMRI) (/4, 15). As displayed in Figure 1, we conducted our study on
a 4-week based schedule with male Wistar rats (Charles River, Sulzfeld, Germany,
n=16 per group) which had access to standard chow pellets and tap water ad
libitum over the whole course of the study. The schedule started with a one week
habituation phase (HP) in which the animals were familiarized with the study
conditions. In the following one week training phase (TP), the rats got in contact
with the respective test food potato chips or powdered standard chow presented
additionally to the standard feed. The test food was provided throughout the whole
TP 24 hours a day for 7 days. In the following intermediate phase (IP, one week),
the test food was removed to simulate withdrawal. For the upcoming manganese
phase (MnP), rats were implanted with osmotic pumps, filled with the contrast
agent manganese chloride. Activation of cells/neurons is accompanied by an influx
of CaZ*, particularly at the synapse. Manganese is transported using Ca2* transport
systems like voltage gated Ca2* channels. Therefore, also Mn2* is transported
into the neuropil of activated neurons. In contrast to Ca2*, Mn2* accumulates
in the cells with only a slow release over weeks and acts as MRI contrast agent
due to its paramagnetic character. Therefore, the integral activity of distinct brain
areas can be measured by MEMRI (/5). Application of manganese chloride has a
toxicological drawback. Single injections of the required dose led to a suppressed
food intake and activity in general. Eschenko et al. (2010) (/6) suggested the use
of implanted osmotic pumps, which release the contrast agent continuously at a
rate of 1 pL/h over 7 days. This application method had no toxic or behavioral
side effects and enabled an integral measurement of structure specific whole brain
activity pattern during the intake of potato chips over 7 days.
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Access to standard chow and tap water ad fibftum
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Figure 1. Study design for the investigation of the influence of snack food intake
on whole brain activity pattern by manganese-enhanced magnetic resonance
imaging (MEMRI). Crushed potato chips and powdered standard chow were

used as test food. Reproduced with permission from reference (13).

During the study, we evaluated behavioral data of 16 rats in 4 cages per
group. Test food intake was measured on a daily basis and locomotor activity was
recorded continuously over the 7 days of TP and MnP in one-hour-bins.
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Figure 2. Test food (A) and energy (B) intake of the animals of the snack food
group (SF, snack food crushed potato chips) and the standard chow group (STD,
powdered standard chow). Both parameters are shown separately during the 12

hours light and 12 hours dark cycle as well as during training phase (TP) and
manganese phase (MnP). The mean * standard deviation of 16 animals in each
group as an average over 7 days of the respective period is shown. *** p<0.001,

** p<0.01, *p <0.05, n.s.: not significant. Reproduced with permission from
reference (13).
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The average amount of ingested test food, which was available ad libitum over
7 days of the TP and the MnP additionally to standard chow pellets, did not differ
between the two groups snack food and standard chow during the light as well
as during the dark cycle (Figure 2A). However, the energy intake is significantly
higher in the snack food group during the 12-hour dark cycle (Figure 2B). This
elevated energy intake of snack food is independent of hunger and satiety and
therefore solely of hedonic nature. Consequently, the high palatability of the test
food leads to hedonic hyperphagia, an energy intake beyond physiological needs.
Hedonic hyperphagia due to the snack food potato chips but not due to powdered
standard chow could be shown during the training phase, where the animals got in
contact with the test foods for the very first time. Additionally, this phenomenon
could be observed during the MnP with implanted osmotic pumps in which the
respective test food was already known from the TP (Figure 2B).
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Figure 3. Feeding related locomotor activity during training phase (4) and
manganese phase (B) with access to snack food (potato chips) or powdered
standard chow. Data are presented as the mean of 16 animals over 7 d per
group. *** p<(0.001, ** p<0.01, * p<0.05. Reproduced with permission from
reference (13).

As a second behavioral readout, we measured the feeding related locomotor
activity of the animals simultaneously with the food and energy intake during the
training phase (Figure 3A) and the manganese phase (Figure 3B). During their
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resting times, the animals normally stay in the back of the cage. To take up the
respective test foods, the animals had to move to the front of the cage, which
was recorded by cameras installed above each cage. Pictures were taken every
10 seconds, and the movement of the animals in(to) the “snack food or powdered
standard chow area” of the cage was registered and counted. Counts were defined
as “one animal shows locomotor activity near the food dispensers on one picture”.
It could be observed that locomotor activity was relatively low during the light
cycle of the day in both groups and during both phases of the study. During
the dark cycle, locomotor activity was much higher in general with significant
differences between the food groups. In the TP, animals of the snack food group
showed a significantly elevated feeding related locomotor activity at nine time
points (one-hour bins) (Figure 3A). During the MnP, the animals of the snack food
group also showed elevated feeding related locomotor activity, significant at four
time points. Elevated feeding related locomotor activity can be interpreted as a
high attraction of the provided test food, because the animals had to move from the
back of the cage to the front in order to take up the respective test food. During both
phases, the snack food potato chips caused a significantly higher feeding related
locomotor activity than the powdered standard chow control. Therefore, it can
be concluded that ad libitum access to the high caloric snack food potato chips
leads to an elevated energy intake and a higher feeding related locomotor activity
to access the test food. This underlines the particular attraction of the snack food
potato chips.

Imaging of whole brain activity pattern of the animals of both food groups
snack food (potato chips) and standard chow resulted in significantly differently
activated brain regions. The spatial distribution of the voxel based morphometric
(VBM) analysis is displayed in Figure 4 showing brain areas, which are
significantly activated (colored in red) or deactivated (colored in blue) by snack
food intake. For this purpose, statistics have been calculated on the basis of every
voxel with a size of 109x109x440 pm. For detailed methods see Hoch et al.
(2013) (I3).

Further characterization of the significantly differently activated brain
regions was performed by a structure based densitometric analysis by using an
in-house 3D digital version of the rat brain atlas by Paxinos and Watson (/7).
Therefore, the grey values of each labeled brain structure (166 in total) were
analyzed by overlaying the greyscale pictures with a digital rat brain atlas to
measure the “brightness” of the distinct brain areas. The higher the activity in the
respective brain area was, the more manganese accumulated and consequently
the brighter is the picture in this area. Figure 4A shows an example of an overlay
of the digital rat brain atlas with one of the smallest analyzed brain structures
(VTA, ventral tegmental area, volume 0.7914 mm3, 152 voxel) highlighted in
yellow. The average MEMRI image data of 16 animals of one food group is
shown in the background of Figure 4A and underlines the very good resolution
of 109x109x440 pm. The analysis led to significantly differently activated brain
structures comparing the standard chow with the snack food group. These brain
areas could be mainly assigned to the functional groups reward, food intake,
(REM) sleep and locomotor activity (Table 1).
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SF>STD STD > SF

Figure 4. In (A) the overlay of a slice of the reconstructed dataset with the
corresponding atlas slice (Bregma -5.28 mm) from the rat brain atlas by Paxinos
and Watson (17) is shown with one of the smallest analyzed regions (VTA) marked

in yellow. In (B), (C) and (D), significantly differently activated brain areas

due to the intake of snack food (SF, potato chips) and standard chow (STD) are
displayed in a rat brain surface. Areas colored in red are significantly (p<0.05)
activated by the snack food whereas areas colored in blue are significantly
(p<0.05) deactivated by the snack food. The results are displayed in axial (B),
horizontal (C) and sagittal (D) view. Reproduced with permission from reference
(13). (see color insert)

Table 1. Number of Significantly Differently Activated Brain Areas in the
Respective Functional Groups

Functional Group # brain areas potato chips vs. standard
Reward 27
Food intake 11
Sleep 11
Locomotor activity 6
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Figure 5. In the left column, the localization of five brain areas is shown on
slices of the rat brain atlas by Paxinos and Watson (17). The middle column
shows the significantly differently activated areas (VBM) in an overlay with
the corresponding standard T2 weighted MRI anatomy and atlas labels. In
the right column, the respective fractional change in activity by snack food

intake is shown. CPu = Caudate Putamen, CgCx = Cingulate Cortex, AcbSh =

Shell region of the Nucleus Accumbens, AcbC = Core region of the Nucleus

Accumbens, Teg = Tegmental Nuclei. Reproduced with permission from reference
(13). (see color insert)

Evaluation of the fractional change in activity due to the intake of snack food

showed that some brain areas are much stronger activated. Examples are shown
in Figure 5. The Caudate Putamen (CPu) is significantly activated by snack food
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to an extent of 21 % (left hemisphere, L) to 26 % (right hemisphere, R). This brain
structure plays a decisive role in the reward circuit as well as in the regulation
of locomotor activity. The Cingulate Cortex (CgCx) and especially the Nucleus
Accumbens (Acb) with the shell (AcbSh) and the core (AcbC) substructures are
key structures of the brain reward system. These areas were significantly activated
to an extensive degree. CgCx was activated between 200 and over 500 %. Acb was
even activated up to nearly 1500 %. This observation underlines the great impact
of snack food intake on the brain reward system. Furthermore, the Tegmental
Nuclei (Teg) were significantly deactivated by snack food. This structure serves
as an example for brain areas responsible for the regulation of sleep.
Furthermore, brain areas mediating satiety signals like the Nucleus Tractus
Solitarius, the Arcuate Nucleus, the Dorsomedial Hypothalamus and the
Paraventrical Thalamic Nucleus Anterior were down regulated by the intake
of potato chips. In contrast, further structures of the circuits regulating food
intake like the Infralimbic Cortex, the Lateral Hypothalamus or the Septum were
significantly upregulated by snack food intake. Additionally, brain structures
of the locomotor system like the Primary and Secondary Motor Cortex were
activated by snack food intake, which is in good accordance with the behavioral
data where the animals of the snack food group show a significantly higher
feeding related locomotor activity. For details, see Hoch et al. (2013) (13).

Molecular Determinants of the Palatability of the Snack Food
Potato Chips

The snack food potato chips has a decisive influence on several physiological
circuits in the brain. As described above, besides others, the brain reward system
is highly affected by snack food intake (/3). Thus, the question arises, which
properties or components of snack food are responsible for this phenomenon. To
answer this question, we aimed at investigating the molecular determinants of the
palatability of the snack food potato chips in a second study (/8). Therefore, we
used the test foods shown in Figure 6 to address the single main components of
potato chips. All mixtures are based on a 1:1 mixture of potato chips and powdered
standard chow to minimize the influence of the texture on the palatability testing.

To simulate a snacking situation, the respective test foods were presented
in short time windows (10 minutes) 3 times per day (Figure 7A). Furthermore,
the test foods were presented additionally to ad libitum available standard chow
pellets and tap water to simulate snacking independent of homeostatic needs.
Two test foods were presented in each session at the same time to evaluate the
preference for one of the test foods (Figure 7B). As readout, we measured the
respective test food intake during the 10-minute tests and the feeding related
locomotor activity with one count defined as “one rat takes food from one food
dispenser”. Cameras were placed above the cages taking pictures every 10
seconds as shown in Figure 7C. Both readout parameters showed a very high
correlation between all tested conditions (r = 0.9204, R2 = 0.8471, p<0.001).
Therefore, only the results regarding “food intake” are shown below.
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Figure 6. Composition of the used test foods and their respective energy contents.
Reproduced with permission from reference (18).
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Figure 7. The schedule of the preference tests is shown in (4). In (B), the setup
of the two choice preference test is displayed with both test foods in front and
standard chow pellets as well as tap water in the back of the cage. In (C), a
picture for the evaluation of the counts is shown, taken from a camera placed

above each cage. Reproduced with permission from reference (18).
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At first, we tested standard chow (STD) in both food containers to evaluate
possible place preferences of the animals during two-choice preference testing.
As shown in Figure 8A, food from both standard chow food dispensers was
taken in equal amounts and no place preference occurred. As next results, the
potato chips test food (PC) was preferred over STD and over its single main
components carbohydrates (CH) and fat (F) (Figure 8A). Only the mixture of fat
and carbohydrates similar to potato chips (FCH) led to a comparable test food
intake as the whole snack food. Therefore, we concluded that the mixture of fat
and carbohydrates is the main contributor to the palatability of potato chips. The
outstanding role of FCH could be confirmed by testing the components CH, F
and FCH vs. STD and against each other. FCH was highly significantly preferred
over all other components underlining its great activity to induce food intake
(Figure 8B).
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Figure 8. Relative food intake during two-choice preference tests. (4) Standard
chow (STD) vs. STD as well as potato chips test food (PC) vs. the components
carbohydrates (CH), fat (F) and the mixture of fat and carbohydrates as present
in potato chips (FCH). (B) Tests of the single main components of PC vs. STD
and against each other. Mean * standard deviation of the relative food intake
of the independent animal groups (cages) is shown. ***p<0.001, ***p<0.01,
*n<0.05. Reproduced with permission from reference (18).
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Furthermore, we tested the influence of energy density and other features on
the palatability of the snack food potato chips by using a test food containing fat
free potato chips (ffPC, Figure 6) as an additional test food. As shown in Figure 9,
ffPC was preferred over STD and CH although ffPC has the lowest energy density
of all test foods. Consequently, the texture, mouth feeling or other components of
ffPC might have a measurable influence on the palatability (Figure 9).
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Figure 9. Relative food intake during two-choice preference tests, investigating
the influence of energy density and texture on the palatability of potato chips.
The test foods standard chow (STD), carbohydrate (CH), fat (F), mixture of fat

and carbohydrate (FCH), fat free potato chips (ffPC) and potato chips (PC) were
used. Mean + standard deviation of the relative food intake of the independent
animal groups (cages) is shown. ***p<0.001, *p<0.05. Reproduced with
permission from reference (18).

Thus, we could show with our two-choice preference tests that potato chips
are a highly palatable test food under snacking conditions. Potato chip test food
(PC) was preferred over the single main components of potato chips fat (F) and
carbohydrates (CH). Only the mixture of fat and carbohydrates (FCH) reached the
same palatability as PC (Figure 10A). This leads to the conclusion that the specific
mixture of both main components fat and carbohydrates is the most important
determinant of the intake of potato chips (Figure 10B). The palatability of the
mixture of fat and carbohydrates may be caused by its energy density. However,
the tests with fat free potato chips showed that in addition to the energy contents,
other features such as texture, flavor or further minor components may trigger
non-homeostatic intake of snack food such as potato chips.
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Figure 10. Ranking of the investigated test foods (4) and summary of the factors
influencing palatability during the reported two-choice preference tests (B).

In summary, we could show that savory snack food, such as potato chips,
induce non-homeostatic intake beyond energy needs as well as feeding related
locomotor activity. The intake is accompanied by a strong activation of brain
reward circuits. Additionally, brain areas related to food intake, locomotor activity
and sleep were affected by snack food. In elaborated preference tests, we could
show that potato chips intake is mainly caused by the fat and carbohydrate content
of the snack food. However, from ffPC, there is evidence that also other features,
such as texture, flavor or minor components have an influence on the observed
behavior and modulation of brain activity, which is to be investigated in further
studies.
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Chapter 11

The Role of Temporal Dominance of Sensations
(TDS) in the Generation and Integration of
Food Sensations and Cognition

S. Fiszman*

Physical and Sensory Properties of Food and Consumer Science Group
IATA-CSIC, Agustin Escardino 7, 46980 Paterna (Valencia), Spain
*E-mail: sfiszman@iata.csic.es.

In recent years, the oral processing of food has regained the
attention of food technologists and researchers. The complex
process of mastication, in which food is minced into smaller
particles and mixed with saliva until a bolus that can be
swallowed safely and comfortably is formed, can be situated
in a space that involves structure, lubrication and time. As
temporality is a key factor in all the changes described, a
sensory method called Temporal Dominance of Sensations
(TDS) appeared a few years ago. TDS has made it possible
to evaluate a sequence of sensations generated by the oral
trajectory during mastication and has been applied to a number
of food items. Several examples of the possibilities that TDS
offers for relating the perceived sequence of sensations with
food composition and structures will be examined. As a result,
it will be seen how TDS can contribute to understanding the
drivers of liking, which decide the quality of the food items and
consumer acceptance.

Temporal Dominance of Sensations

The Temporal Dominance of Sensations (TDS) method was created at the
Centre Européen des Sciences du Gout in 1999 and was first presented to the
scientific community (/) at the Pangborn Symposium. Since then, an increasing
number of papers have used this method to analyze a large number of food items
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and eating and drinking situations, and relate the results to numerous factors in
order to gain a deeper understanding of the cognitive processes surrounding the
act of eating.

The method consists of identifying which of a list of attributes is the sensation
perceived as dominant at each moment of consumption of a food product. The
raw data file records the scores of each attribute over the time allowing to get the
sequence of dominant sensations elicited which is recorded and then analyzed (2).

Dominant has been defined as “the most striking perception at a given time”
(3), or “the most intense sensation” (4). One selected attribute is considered
dominant until the subject changes his/her selection or terminates the evaluation.
On some occasions, as panelists indicated that they perceived no dominant
sensation, a “new” descriptor called “Nothing dominates” has been added to the
list, thus blocking the previous dominant sensation recorded (5) and avoiding
computing dominance of the last attribute selected when really the sensation
had ceased and no new dominance had appeared. When the method was first
proposed, the assessors were asked to score the intensity of the selected attribute.
However, intensity ranking was found not to be really necessary (6), as the results
from numerous studies show that dominance rates alone can provide important
temporal information.

Regarding special training of the assessors, a short introduction to the
concept of temporality in the perception of attributes is considered useful (7), and
a first simulated session to check whether the method has been understood is also
recommended.

TDS curves (dominance rate versus time of consumption) are not related with
intensity but with the number of times (number of assessors) that an attribute has
been cited as dominant at a given time. It is naturally conceived that the greater the
intensity of an attribute, the more it will be perceived and cited by the panelists, so
the higher its dominance rate will be (8). If a certain product is characterized by
several high-intensity attributes, however, the panelists cannot cite all of them at
the same time and are obliged to make a choice, which will have an impact on the
final dominance rate. These authors also commented that the converse holds true,
as TDS does not allow some discriminating (but really not dominant) attributes
of a sensory profile to appear significant, since it does not permit the evolution of
weak intensity sensations to be known.

Since the duration of mastication up to swallowing differs from one subject
to another, the sensory perception time scales differ as well (9). In order to take
this fact into account in computing the TDS curves, the data from each subject are
usually normalized according to individual mastication durations, so the X-axis
shows values from X=0 (clock starting, first score) to X=100 (swallowing or clock
stop). Swallowing does not always end the tests, since it could be interesting to
know something about the aftertaste after swallowing, so the end-point of the test
could be to click on the Stop button when no more sensations are perceived.

In order to obtain more meaning, clarity and understanding from the TDS
curve, two lines are usually drawn. The first, called the chance level, is the
dominance rate that an attribute can obtain by chance. Its value, PO, is equal
to 1/p, p being the number of attributes. The second, called the significance
level, is the minimum value this proportion should reach if it is to be considered
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significantly higher than P0. It is calculated using the confidence interval of a
binomial proportion based on a normal approximation (3). Some studies have
considered TDS curves consistent at panel level when the individual attribute
curves exceed the chance level, while others have considered them consistent
when they are above the significance level (10).

TDS performance has been compared or used in combination with other
sensory descriptive methods using trained panelists. Some examples are: with
key attribute sensory profiling for food with contrasting textural layers such as
fried and microwaved fish sticks (7), and with quantitative descriptive analysis
(QDA) for yoghurts formulated with different fat contents or gelatin and starch
concentrations (//), or to compare the potential of yeast strains as starter cultures
for dry fermentation of coffee beans (/2). A sequential approach, i.e. QDA then
TDS using the same set of trained assessors to measure the sensory properties of
commercial blackcurrant squashes has also been employed (/3).

TDS has also been used in combination with consumer-based techniques.
A free sorting task, sensation scoring and a focus group have been used in
combination to investigate the sensation of freshness in yoghurt and yoghurt-like
products (/4): the aim of this study was to determine the key sensory attributes
underlying freshness, and their temporal order was determined by TDS. Other
combinations, such as free sorting and sensory profiling, have been used to
describe the taste of bottled drinking waters containing different amounts of
minerals (75).

Due to the time-dependent character of the evaluation, several studies have
compared TDS with other temporal techniques such as Time Intensity (TT). Both
of these have been used, together with QDA, to assess perceptions of bitterness in
different white wines (/6). A further study analyzed a number of flavor attributes
of the same wines, which differed in the skin contact time of the crushed grapes
during fermentation (/7). In this latter study, TDS analysis showed that the
perception of astringency dominated over the bitter sensation and also revealed
further subtle differences in sourness perceptions.

In an attempt to obtain a real-time flavor profile of beers (/8), three different
techniques were used to study the evolution of four characteristic flavor attributes
of beer. These techniques were TI, TDS and drinking profile (DP). In the DP
technique, in addition to the flavor attributes, scores were given for “linger”,
providing an idea of the “length, finish, and aftertaste of the main characteristic
flavors of beer”. The attributes were scored on a 10-point scale (O=none to
9=extremely strong) at five successive sips, waiting 45 s between the sips and
scoring moments. The TI technique provided useful information for studying
the kinetics of particular attributes, and showed the main differences in the
beer profiles, but proved very time-consuming. TDS and DP provided useful
information when used as complementary techniques, but DP was also very
time-consuming.

As TDS appeared relatively recently, a number of studies have searched for
the best experimental scenario this method requires.

Regarding the number and order of the attribute list, a study (6) found that
panelists tended to use a relatively constant number of attributes per test, whatever
the number of attributes in the list. The same study showed that panelists were
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also able to use different types of attributes in the same list with no impact on the
number of selections of each attribute. A list with a maximum of 10 attributes
was recommended. Finally, a tendency to select the attributes at the top of the
list earlier in the sequence than the attributes at the bottom of the list was detected,
leading to a recommendation to balance the attribute order across the panelists (i.e.
each panelist has a different attribute order, but the same order for all the product
evaluations).

A complete protocol has been presented (/9) to assess panel performance
in TDS experiments in terms of discrimination ability and agreement, both at
panel and subject levels, together with the corresponding data analyses and keys
for interpretation. It is based on the analysis of variance (ANOVA) framework
commonly used for assessing panel performance in the usual context of descriptive
analysis.

A multiple-sip TDS approach was recently proposed to study the influence
of sucrose replacement by low-calorie sweeteners in orange juice (20). Using
TDS over three consecutive sips, each lasting 20 s, made it possible to identify
differences in the dynamics of the sensory characteristics of the juices that had not
been identified through single-sip measurements.

Linking to Liking

It has been suggested that studies correlating perceived temporal sensations
and consumer acceptance would be of great interest. The dynamic nature of TDS
may contribute to the understanding of liking drivers (27). Because of its temporal
character, in certain scenarios TDS is considered more appropriate than static
descriptive analysis for explaining consumer responses. This is probably the case
in products with an oral trajectory that leads to huge changes in structure and,
consequently, in flavor release. In fact, given that liking can also be evaluated
temporally during consumption, some researchers have attempted to measure it
through a temporal procedure (22, 23). The following section discusses some
examples of how TDS has contributed to ascertaining drivers of liking in several
foods.

Biscuit Quality

Looking for a better understanding of biscuit eating quality, TDS has been
used in combination with other techniques (24). This work assessed the oral
texture perception of biscuits with two different amounts of fat and two different
amounts of wheat fiber. The attributes selected for the TDS task were Hardness,
Crispness, Crunchiness, Pastiness, Fat mouthfeel, Grittiness, and Dry mouthfeel.
In addition, the consumers (n=100) scored their overall liking, liking for the
texture, liking for the flavor, and perceived adequacy of the levels of four of
the attributes (Hardness, Dry mouthfeel, Fat mouthfeel and Pastiness) for each
sample on bipolar just-about-right (JAR) scales ranging from 1=much too little to
S5=much too much, with 3=just about right.
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Figure 1. Normalized Temporal Dominance of Sensations (TDS) curves for
different biscuit formulations. C, control sample; LFHW, low-fat, high-wheat
fiber sample.

The TDS results showed that Hardness was the first dominant attribute of all
the formulations during the mastication process, probably because it depended on
the first bite. The dominance of the other parameters seemed to depend more on the
fat and fiber levels, as Crispness appeared with high-fat biscuits and Crunchiness
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with high-fiber, low-fat ones, whilst both attributes were perceived in intermediate
formulations. In the high-fiber formulations, Grittiness and Dry mouthfeel were
selected as dominant later in the chewing phase. At the end of the mastication
all the biscuits were perceived as Pasty: at this point all the textural contrasts had
already disappeared. Fat mouthfeel was also perceived with both high-fat and
low-fat biscuits, with or without the addition of a low level of fiber (Figure 1). A
penalty analysis based on the JAR scales showed that excessive hardness and an
excessively dry mouthfeel were the most penalizing sensory characteristics and
caused a significant drop in biscuit acceptability.

These results showed that as fat and fiber levels modulated the dominance
of the sensations experienced during oral assessment of the biscuit, knowing the
occurrence and intensity of these characteristics would be a valuable tool for
assessing a biscuit’s eating quality, providing insights which could give clear
pointers for biscuit reformulation.

Ice Cream

In-mouth texture largely determines the acceptability of ice cream, making it
a key quality factor. Ice cream consumption involves special in-mouth handling
which seeks to melt the solid, frozen cream delicately by tongue movements
involving several oral structures. As a result, the product slowly melts and
becomes a smooth, creamy viscous liquid as its temperature increases.

Time is therefore an important issue in the sensory perception of ice cream
but its evaluation has barely been considered (27/). On a macro scale, the ice
cream texture perceived is determined by the microscopic features of the structure.
In turn, microstructure is determined by complex molecular interactions. Being
an emulsion (fat droplets) and a foam (air bubbles) in a continuous phase (sugar
solution) which is partially frozen (ice crystals), emulsification and stabilization of
the ingredients becomes essential. Although egg, dairy cream, and milk proteins
act as naturally occurring stabilizers, the addition of hydrocolloid mixtures is a
normal practice in industrial ice cream manufacture.

In the following example, TDS was performed on six ice cream samples (27).
They were formulated very differently in order to analyze the texture-stabilizing
effect of each ingredient. They all contained the same amount of sugar and one of
the six combinations of ingredients: only milk, milk plus cream and egg yolk,
milk plus hydrocolloid mix, milk plus cream and hydrocolloid mix, milk plus
egg yolk and hydrocolloid mix and milk plus cream, egg yolk and hydrocolloid
mix. Iciness, Coldness, Creaminess, Roughness, Gumminess, and Mouth Coating
were assessed in the TDS task. In addition, two consumer (n=100) tests were
performed. In the first, Overall Liking and liking for Appearance, Texture and
Flavor were scored on 9-point box-scales labelled from 1=dislike extremely to 9=
like extremely. In the second, a Check-all-that-apply (CATA) questionnaire was
answered by the consumers, who described the samples by selecting appropriate
attributes from a given list. The texture attributes presented were Rough surface,
Creamy, Appearance, Crystallized, Soft, Hard, Smooth, Creamy texture, Coarse
texture, Gummy, Elastic, Cold, Melt easily, Melt slowly, Fatty, Aerated, Dense,
Easy to spoon and Fatty residual sensation.
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Figure 2. Normalized Temporal Dominance of Sensations (TDS) curves for the
different ice cream formulations. M, only milk and sucrose; MCE, milk, dairy
cream, egg yolk and sucrose.

It is interesting that Iciness was included as a different attribute from Coldness
since the panel was able to distinguish between three different sensations (Iciness,
Coldness and Roughness) that are all related to the presence of ice crystals. The
strong direct relationship between big ice crystals and the development of a coarse
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and/or icy texture (Iciness) is well known. In contrast, when the structure of the
ice cream is well stabilized the ice crystals remain small and the sensation was just
called Coldness. In general, finer structures produce sensory properties such as
Creaminess and Smoothness, with coldness having less initial impact (Figure 2).

The sensation of Gumminess, associated with the perception of a fairly
cohesive substance that could almost be chewed, appeared with a significant
dominance rate at 60% of the consumption time for the sample containing cream,
egg yolk and hydrocolloid mix. The excessive cohesiveness of this sample was
attributed to overstabilization of the formulation.

The consumer liking test showed that the more “traditional” sample, made
with milk, cream and egg yolk, obtained the highest overall liking score. In
general, the products containing cream were the best liked, which also agrees
with their dynamic profiles. They were perceived as creamy earlier than the other
samples and it is well know that creaminess is a determining factor for hedonic
responses in this product category.

The least liked samples were those containing no cream. The measurements
of liking for some specific attributes help in understanding the results for these
last samples, as all the scores were quite low, particularly for texture, where
they performed very poorly. Their TDS profiles also had very distinct dynamic
properties: they were perceived as less creamy in the mouth and some of them
were perceived as having iciness, coldness and roughness as the dominant
sensations, with coldness lasting until the end of the consumption process, in line
with their low texture appreciation and overall liking scores.

Multi-factorial analysis of CATA questions makes it possible to work
with different variables to obtain a concise representation that considers all the
information together, linking it to sample positioning. The purpose of this test is
to gain a better understanding of which sensory descriptors define the samples and
are responsible for the hedonic response of consumers. Overall liking was highly
correlated to Smoothness, Melting slowly and Creamy texture, and negatively
correlated to Coarse texture, Cold, Crystallized, and Rough surface. Also, Easy
to spoon came up as highly correlated to liking and Hard as opposed to liking.

In conclusion, it could be said that hydrocolloids (and cream or to a lesser
extent egg) tuned the temporal perception of the ice cream attributes, reducing the
first impact of sensations such as iciness and coldness. They also favored an early
perception of creaminess.

Other Products
Coffee

The impact of “crema” (the smooth, dense, hazelnut-brown foam on top of
a freshly brewed espresso) characteristics on in-mouth sensory perception and
their link with the release of a pleasant roasted coffee aroma has been investigated
using TDS (25). Espresso coffees with different foam characteristics and similar
above-cup and in-mouth flavor sensory profiles were evaluated by instrumental
(Proton Transfer Reaction Mass Spectrometry (PTR-MS) of headspace and nose-
space) and sensory (TDS) techniques. A number of volatile compounds released
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in the crema headspace contribute to the pleasant freshness note of roasted coffee.
The standard quantity of espresso crema was shown to be associated with the
optimum release of pleasant high volatiles, both in the above cup headspace and
in-mouth. However, the TDS study demonstrated that an increased amount of
crema was associated with increasing dominance of the roasted attribute during
coffee consumption.

Olive Oil

The use of two types of olive oils was found to affect the hedonic responses
to tomato purée (26). Descriptive analysis and TDS methods were used to assess
the impact of two Italian extra-virgin olive oils with different sensory properties
on the perceived sensory profiles of pureed tomatoes. Both descriptive data and
TDS curves showed that the olive oils strongly influenced the sensory properties
of the tomato samples by modifying the intensity and the dominance rate of their
characteristic attributes (suppression of sourness and watery character) and/or by
contributing new sensations, peculiar to each oil (bitterness and grassy flavor in
one case, and unripe fruit flavor in the other). These modifications of the sensory
properties of tomatoes induced by the oils affected consumer liking and perceived
freshness.

Cheese

TDS and TI analyses were used in the development of a Mozzarella cheese
with reduced sodium content and good acceptability (27). Through these analyses,
it became possible to describe the sensorial profile of the reformulated products
and to optimize the recipes. Since the use of other salts for sodium chloride
replacement contributes unpleasant tastes such as metallic or bitter, it seemed very
appropriate to evaluate the temporal occurrence of the dominant sensations in the
new low-sodium Mozzarella cheeses. By means of TDS, the temporal dominance
of sweet, sour, salty, bitter, umami, spicy, and off-flavor was determined and was
used to conclude that it was possible to produce Mozzarella cheese with up to a
54% reduction in sodium content, using a mixture of NaCl, KCl and monosodium
glutamate, without affecting liking.

Chewing Gum

Liking scores resulting from asking consumers only once whether they liked
a chewing gum (static liking, SL) and those obtained when asking repeatedly
during consumption (dynamic liking, DL) were compared (28). Three different
mint chewing gums were evaluated by two groups of consumers at home using an
internet application. In the SL task, consumers were prompted to rate their liking
only after 5 min of chewing, during which time they were presented with a series
of curious facts to read on the screen as a background task. In the DL task, the
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consumers were asked to rate the samples every 45 s over a period of 10 min, with a
maximum of 10 s in which to answer, while performing the same background task.
The study found that for all the samples, the SL ratings were significantly higher
than the DL results after 5 min of consumption. These higher values were probably
closer to the consumers’ first impression than to their preference after 5 min,
showing that discrimination among the samples was smaller in the SL than in the
DL task. The analysis of the results also showed the moment at which preference
became discriminant among the samples. Additionally, an inversion pattern of
preference in some samples was found in the DL, and could not have been found
by the SL technique. The use of a dynamic approach to study preference seems
more pertinent when preference during the whole of a food product’s performance
needs to be validated.

Temporal Liking and TDS

Liking is commonly measured as a single integrated response to the overall
eating experience, but is likely to vary during food intake. The temporal aspects
of hedonic assessment have been investigated (22) by comparing the results of
two methods: one which elicited any change in liking during consumption, and
another which scored liking at four predefined points during the consumption
time. The results of this exploratory study showed that at a panel level, the two
methods showed similar dynamics of liking for two of the three wheat flakes
studied but detected poor consensus among the subjects. In addition, an analysis
of the individual responses showed many different patterns of dynamic liking.
Finally, correlation coefficients between overall liking scores and dynamic liking
data, calculated for each subject, suggested the importance of the beginning of the
consumption event in the overall liking score (i.e., the time-averaged response).
The authors state that better understanding of the dynamics of liking will provide
a deeper understanding of the determinants of the overall liking score and help to
identify the key moments of the consumption experience.

In the same line of research, recently a new approach has been proposed
(23). This study assessed six flavored fresh cheese samples. During the first
session, the consumers completed a classic liking test (9-point hedonic scale) for
the six products, presented monadically. The consumers received no instructions
regarding the moment to give their response, but had to click on the “In mouth”
button on the screen when putting the sample into their mouths. This triggered a
timer that recorded the time at which the subject scored his/her liking and stopped
when the “I confirm my choice” button was clicked. During the second session,
the same products were evaluated by a temporal liking test: the consumers
had to taste each sample and indicate their liking throughout the tasting on an
ordinal hedonic scale of nine boxes until they no longer felt any sensation after
swallowing the product. During the third session, the consumers performed a
TDS task with the six products, without any training. The fourth session was
identical to the first except that the hedonic scale appeared on the screen 1 min
after the subjects had begun to taste the product, forcing them to wait a minute
before giving their answer. The results of the study showed that temporal liking
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was more discriminative than classic liking, and that classic liking scores may
have been given before swallowing, whereas waiting for 1 min before asking for a
liking score decreases discrimination of the products. Importantly, in the opinion
of the authors, combining temporal liking and TDS data obtained from the same
consumers made it possible to suggest the attributes, and perception times, that
were responsible for liking or disliking the product.
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Chapter 12

Experimental Approaches To Better
Understand the Retention of Aroma
Compounds in Oro-Naso-Pharyngeal Cavities
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Better understanding the persistence of aroma compounds
during food consumption has constituted a challenging issue
in food science for a long time. Due to the complexity and
the diversity of the phenomena involved, it has often been
studied through in vitro approaches. The main objective
of the present study was to propose a global approach
to address this topic in in vivo conditions. Four simple
experimental protocols were developed to differently expose
the compartments of naso-oro-pharyngeal cavities to flavored
gaseous samples. Assumptions on possible mechanisms (mass
transfer, dilution, interactions with mucosa and/or saliva, efc.)
were proposed to explain the shapes of release kinetics that
were observed. Release differences appeared to be dependent
on the physicochemical properties of volatile molecules, on
the physiological characteristics of individuals (notably saliva
properties) and on the compartment of the naso-oro-pharyngeal
cavities that was considered. These achievements constitute a
first step to progress in the understanding of relationships that
exist between aroma release and perception.
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Introduction

Consumer choice and preferences for foods are largely driven by their sensory
properties. Among the different perceptions, aroma perception is particularly
important since it occurs before consuming the product (orthonasal perception),
continues during the oral phase of the consumption (retronasal perception) and
can sometimes persist until several minutes after the swallowing occurs (/). It has
been identified that some aroma compounds, for instance menthol and menthone
responsible for the mint aroma or estragole and dehydro-ar-ionene responsible
for the liquorice aroma, have delayed release patterns that could explain longest
perception. Depending on products, sensory persistence phenomena can have
different hedonic connotations and could impact food appreciation, either
positively or negatively (for example, persistence can be a positive characteristic
during coffee or wine consumption but is negatively considered in the case of
garlic consumption). In addition to product acceptance by consumers and to the
pleasure induced by food consumption, recent studies highlighted the contribution
of food flavouring on consumer behavior (food processing, food intake, satiation
and sometimes satiety) (2—4). Relationships between perception and release
are largely described in literature but the underlying mechanisms at the origin
of release dynamics are still not clearly understood. The complexity of aroma
perception is mainly due to the various types of mechanisms (physicochemical,
physiological, neurobiological, cognitive, efc.) that are involved at different
time and space scales. The dynamics of phenomena probably also contribute to
complexity (5—7). This is notably mentioned in studies focusing on differences
between orthonasal and retronasal perceptions (differences in perception
thresholds, in air flow rate levels and directions, in compound solubility within
the mucus layer and in neuronal connections between both pathways) (5, 6, 8—10).

When dealing with the persistence of aroma compounds, several patterns of
aroma release can be identified, with either large peaks spreading over time or
several secondary peaks occurring after each new swallowing event with a rapid
return to zero between each (/7). The determining role of some physicochemical
properties of aroma compounds, such as volatility, hydrophobicity or solubility,
on release persistence has been highlighted using instrumental and/or Quantitative
Structure-Activity Relationships (QSAR) modeling approaches on model or
real food products (/2—14). However, the mechanisms involved are probably
much more complex. Even if aroma compound properties (12, 13, 15, 16) and
product characteristics (/7—19) can account for the diversity in the shape of
release kinetics, the high inter-individual variability that exists on physiological
parameters (salivation, chewing, velum position, breath flow rate, efc.) remains
an important factor to explain the differences that were observed (20-23). The
role of the contact area between nasal mucus and air has also been mentioned
(24). Concerning saliva, even if its role is assumed, it remains unclear, notably
because artificial saliva is often used, in spite of the fact that it does not mimic
the real one. The variety and complexity of the phenomena involved probably
largely explain the wide range of results available in literature, their dependence
on the nature of aroma compounds and/or on food products and the difficulty to
draw clear conclusions.
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Improving the understanding of mechanisms needs a better knowledge of the
characteristics of saliva and of oral, nasal and pharyngeal mucosa as well as the
development of specific systems to study their properties. However, the design
of such systems requires to simplify biological models so that the mechanisms
and/or interactions of interest can readily be studied. Extensive literature detailed
the characterization of drug transport into (i.e., penetration) and through (i.e.,
permeation) different types of mucosa (e.g., oral, nasal, oesophageal, intestinal)
in ex vivo (25-27) or in vitro experimental set-ups (28—31). Briefly, ex vivo
experiments were carried out by using fresh or frozen mucosal specimens
sandwiched between donor and receptor compartments of vertical or horizontal
diffusion cells (26, 27). Similar in vitro set-ups using cell cultures are also
largely described in the literature (29, 32, 33). The cumulative amount of
drug in the receptor compartment allowed the estimation of permeation profile
through mucosa while drug amount/concentration in mucosal tissue resulting
from penetration reflected compound bioavailability within mucosa. In the field
of toxicology, notably in relation to alcohol ingestion or smoking, some studies
focused on the impact of specific molecules such as ethanol (34), menthol (35,
36) or of complex mixtures such as cigarette smoke (37), on the integrity of
oral or nasal mucosa. In the field of pharmaceutics, studies focusing on the oral
cavity largely mentioned that several factors, such as the contact area, the degree
of permeability or the degree of lubrication by saliva, can vary, depending on
the structure and type of mucosa (gingival, buccal, sublingual, efc.) and thus
can impact drug availability (38—417). In the field of food science, works on
interactions between oro-pharyngeal lubricated mucosa and aroma compounds
remained limited. But, the existence of interactions between aroma compounds
and nasal, oral and/or pharyngeal mucosa and/or mucus constituents and/or
salivary proteins has been assumed in lots of studies to explain the shape of
release kinetics (12, 20, 42—45). Results obtained with aroma model aqueous
solutions, for which no retention effect due to solution constituents occurred (46,
47) and/or with original methodologies (20) tend to confirm this assumption.

The main goal of the present study is to better understand interactions between
aroma compounds and naso-oro-pharyngeal mucosa from an overall point of view.
The originality of the proposed approach relies on the development of a simple in
vivo experimental strategy to control the exposure of the different compartments
to aroma compounds. This will help in identifying the location of interactions and
in determining the respective contributions of aroma compound properties and
individual physiology.

Material and Methods
Aroma Compounds
Molecules (diacetyl, 2,5-dimethylpyrazine, ethyl propanoate, (Z)-3-hexen-1-

ol, hexanal, menthone, 2-nonanone and menthol) were purchased from Sigma
Aldrich (France) (food grade quality) (Table 1).

149
In The Chemical Sensory Informatics of Food: Measurement, Analysis, Integration; Guthrie, et al .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Table 1. Aroma Compound Characteristics. Chemical Formulae and Structures and Physicochemical Properties from Literature
and Experimental Mean Air/Water K,y and Air/Saliva K, Partition Coefficients (37°C) with Associated Standard Deviations.
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T PTR-MS? fragmentation': Partition coefficients (x10~)
Aroma compound Solution fo:;l:l:: strflg::.lcri (@/mol) LogP' main m/z peaks (relative K,w (air/water) K, (air/water), K, (air/saliva),
n° abundance) est. (25°C) exp. (37°C) exp. (37°C)
Diacetyl 2 C4Hq0; Ay 86.09 -1.34 87 (100) 0.54 1.3+ 0.2 0.32+0.07*
(-]
2,5-Dimethylpyrazine 2 CgHgN, \: _‘é:." 108.14  0.63 109 (100) 0.14 0.03+£0.02 0.12+£0.02
Ethyl propanoate 1 CsHy 00, ““"o“’gm 102.13  1.21  75(100); 103 (20); 57 (14) 15.9 149+ 1.4 129+5.5
(Z)-3-Hexen-1-ol 1 CgH;,0 S ™ 100.16 1.61 55 (100); 83 (39) 0.63 0.78 £0.07 0.76 £0.12
Hexanal 2 CsH )20 A 100015 1.78 55 (100); 83 (89); 43 (87) 8.64 167+1.5 11.5+4.6
Menthone 3 CioHy50: flln 15425 305 81 (100); 155 (41); 137 (34) 574 104+ 1.0 11.5£4.9
L}
2-Nonanone 1 CoH 502 Ao~ 14224 314 143 (100); 41 (20); 69 (18) 11.1 19.6 £ 8.4 9.7+ 1.4
:
Menthol 3 CioH200 __<-{ < 156.27  3.40 83 (100); 55 (41); 57 (37) 1.04 44+ 04 3.1£04*
! estimation with EPI Suite"™ program
2. PTR-MS: Proton Transfer Reaction-Mass Spectrometry
3: experimental data
*: stars mean significant difference between K,,, and K, for a given compound (Mann
and Whitney test, p<0.05).
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They were selected as they belong to several chemical classes, have different
physicochemical properties and differ in their release behaviors (persistence)
(preliminary tests, not shown). Individual concentrated stock solutions were
prepared in polypropylene glycol (Sigma Aldrich, France) and used throughout
the study.

Experimental Determination of the Air/Water (Kaw) and Air/Saliva (Kas)
Partition Coefficients of Aroma Compounds

Two mL of aroma compound solutions (300 mg/kg final concentration) were
prepared, either in water (Evian, France) or in pooled human saliva.

Aqueous solutions of aroma compounds were prepared extemporaneously
from concentrated stock solutions (20-fold dilution).

Pooled human saliva was collected from 33 persons under stimulated
conditions (48). Volunteers exhibited no known illness at the time of collection
and did not declare any olfactory and gustatory dysfunctions. They were asked
to chew a piece of paraffin sealing film (Parafilm®M, Brand GMBH-+CO KG,
Wertheim, Germany) for 5 min and then to spit out their saliva at regular intervals
(every 30 s). Saliva samples were stored in iced-vessel (0°C) during the collection
period and finally mixed together to obtain whole pooled saliva, which was
aliquoted in 1.5 mL Eppendorf tube. Aliquots were stored at -80°C. For the
preparation of flavored samples, concentrated aroma solutions were directly
diluted in saliva aliquots, extemporaneously defrosted.

The Kaw and Ky partition coefficients of aroma compounds were determined
at 37°C by the Phase Ratio Variation method (PRV)(49). Different volumes of
aroma compound solutions (0.05, 0.2, 0.5 and 2.0 mL) were placed in closed
vials (22.4 mL, Chromacol, France) and incubated under stirring at 37°C for 1
hour. Preliminary tests confirmed that this duration was sufficient enough to allow
thermodynamic equilibrium to be established without any aroma loss. Then, 2
mL aliquots of the headspace above the solutions were sampled with an automatic
headspace CombiPal sampler (CTC Analytics, Switzerland) and injected into a
gas chromatograph (GC-FID HP6890, Agilent Technologies, Germany) equipped
with an HP-INNOWax polyethylene glycol semi-capillary column (30 m length,
0.53 mm internal diameter, with a 1 pm-thick film) and a flame ionization detector
(FID). The temperatures of the gas chromatograph injector and detector were set at
250°C. The oven program duration was 27.5 min, starting at 50°C, with 4°C/min
up to 150°C, then 20°C/min up to 200°C. The carrier gas was helium (average
velocity of 57 cm/s at 50°C).

FID peak areas were measured using the Hewlett—Packard Chemstation
integration software. A non-linear regression was applied to determine K,y and
Kas coefficients (50). All experiments were performed in triplicate to validate
measurement repeatability. Comparison between K,w and Ka.s was performed
with Mann and Whitney test and Conovan-Iman procedure (multiple paired
comparison) (p<0.05) (XIStat, Addinsoft).
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Table 2. Median Values of the Physiological Characteristics of Panelist Classes Determined by HAC (Hierarchical Ascendant
Classification Performed on the Physiological Data Set) and Associated Quartiles

Panelist classes A B C
Panelist number/class 5 2 1
Vtidal (L) 0.89 (0.51; 1.19) 0.91 (0.90; 0.93) 1.0 0.9; 1.1)
Viose™ (cm?) 9.5 (8.0; 10.2) 17.9 (17.6; 18.2) 10.4 (9.3; 11.2)
Vinoutn™ (cm3) 41.6 (38.3; 45.5) 60.7 (59.6; 61.7) 64.8 (63.0; 66.3)
Vpharynx (cm?3) 31.0 (21.8; 32.5) 35.0 (31.5; 38.5) 312 (30.9; 31.8)
Salivary Salivary flux * (g/min) 0.59 (0.58; 0.69) 0.43 (0.32; 0.54) 0.14 (0.11; 0.15)
pa;e:r;l:stters Antioxidant® (eq mM Trolox) 54.5 (39.9; 67.0) 71.3 (69.5; 73.2) 26.8 (26.4; 27.2)
LipLipolysis* (mU/mL) 0.048  (0.045; 0.054) 0.069 (0.067; 0.071) 0.12 (0.11; 0.13)
Amylase (U/mL) 2477 (96.6; 384.6) 169.3 (143.7; 195.0) 3454 (333.7; 366.1)
Proteolysis* (U/mL) 5.8 (5.4; 5.8) 7.5 (5.9; 9.0) 129.9 94.6; 150.0)
Lysozyme* (U/mL) 884.8 (391.0,1187.4) 13272 (933.1; 1721.3) 1723.0  (1651.2; 1839.1)
Proteins® (mg/mL) 0.30 (0.20; 0.40) 0.25 (0.24; 0.26) 0.36 (0.33; 037)

*: stars indicate parameters that are significantly different between classes (Kruskal and Wallis test and Conovan-Iman procedure (multiple paired comparison),
p<0.05).
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Panelists

Eight panelists (four men / four women, all members of the laboratory, 20-40
years old) were recruited for the study. They were informed about the nature of
the study, gave their signed consent and received a financial compensation for
their participation. They were instructed not to smoke, eat, drink, or use any
persistent-flavored product for at least one hour before Proton Transfer Reaction-
Mass Spectrometry (PTR-MS) or saliva collection sessions.

The volumes of the oral, nasal and pharyngeal cavities of subjects were
measured with the Eccovision Acoustic Rhinopharyngometer (Eccovision, Sleep
Group Solutions, North Miami Beach, FL 33162, USA). The air/product areas
of cavities were calculated automatically for each individual using a specific
software (57). The tidal volume of each individual was measured with a
spirometer (Pulmo System II, MSR, Rungis, France) (52). Non-stimulated saliva
was collected by asking volunteers to swallow the saliva present in mouth before
starting and then spit every 30 s for 5 min into ice-chilled vessels. The final
saliva weight was measured and flow rate was calculated as g/min. Whole saliva
samples were centrifuged at 13 400 x g for 5 min at 4°C to remove cellular debris
and bacteria (Eppendorf, model 5415 R, Germany). The supernatants were frozen
and stored at -80°C before analysis. Protein concentration (expressed in mg/mL)
was obtained by standard Bradford protein assay Quick Start (Bio-Rad, France)
using bovine serum albumin (Sigma-Aldrich, France) as standard calibration.
The lipolytic (lipolysis), proteolytic (proteolysis), lysozymal (lysozyme) and
amylolytic (amylase) activities of individual salivas (expressed in U/mL) were
determined as previously described (48). For all these parameters, three replicates
were determined. Based on the whole set of physiological data, three classes
of individuals were highlighted (Hierarchical Ascendant Classification) (Table
2). These panelist classes mainly distinguished on mouth and nose volumes and
on some salivary parameters (salivary flow rate, lipase, protease and lysozyme
activities and antioxidant and protein concentrations) (Kruskal and Wallis test and
Conovan-Iman procedure (multiple paired comparison), p<0.05). The analysis of
release data was thus performed on the basis of these classes.

Gaseous Sample Preparation for in Vivo Experiments

To really focus on the interactions of aroma compounds with mucosa and/or
saliva and avoid the known influence of sample composition and/or structure on
aroma release (/7—19), gaseous samples were used. 25 mL of aqueous solutions
of aroma compounds were prepared using water (Evian, France) and aroma stock
solutions. They were stored in 250 mL-flasks (Schott, France), closed by caps
equipped with valves, for 4 hours before measurements (at ambient temperature).
Concentrations in the liquid phase were chosen to be sufficient enough so that
aroma compounds can be detected by PTR-MS measurements, i.e. 300 mg/kg.

Three different mixtures of aroma compounds were used to reduce the number
of sessions. The composition of flavored solutions were defined on the basis of
two criteria: 1) to optimize the sampling frequency and cycle duration during a
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single PTR-MS acquisition (number of ions to be detected) and ii) to avoid any ion
overlapping during measurement (from fragmentation data, Table 1). Solution 1
contained 2-nonanone, ethyl propanoate and (Z)-3-hexen-1-ol, solution 2 diacetyl,
2,5-dimethylpyrazine and hexanal and solution 3 menthone and menthol (Table 1).

Protocols

Four inhalation protocols were defined to differently expose the compartments
of the naso-oro-pharyngeal cavities (Figure 1). Samples were inhaled either
through the mouth or the nose and air sampling for PTR-MS measurement was
performed either in the mouth or the nose. Protocols were named according
to (i) sampling location (Nose or Mouth), (ii) inhalation location (Nose or
Mouth) and (iii) swallowing allowed or not (S or ns). For all protocols except
N.M.ns, panelists were allowed to swallow 5 s after sample inhalation and other
swallowing events were free. For N.M.ns. protocol, swallowing was not allowed
for at least 2 minutes after sample inhalation, leading to saliva accumulation in
mouth. In the case of M.M.S. protocol, the use of a nose clip allowed to isolate
the nasal cavity from aroma compound exposure.

Nose clip
e Effect of measurement [
l J NOSE o ycation (nose/mouth) Nase
Ny — — ] 4
I T -: 3
= | !
‘ \ Pharynx * ‘ . P ‘ Phar)fnx‘P ‘ .
Protocol N.M.S (reference) Protocol M.M.S
Nose.Mouth.Swallowing lcavity /< Mouth.Mouth.Swallowing
Oral cawty__,'__ﬁ_’;
] 7 | Effect of mouth/nose
! eXposure
N Nose

M Mouth [ ] e
S Swallowing ‘ ‘ Nose |(~ Mouth

: _] « — Sample aspiration = [ &

Phiaryie ‘ I = Sampling localisation l

. C rtment main|
Protocol N.M.ns e:;;zaed?;iaﬁsg y Protocol N.N.S
Nose.Mouth.no swallowing Nose.Nose. Swallowing

“— Mass transfer

Figure 1. Schematic representation of the different protocols used in the present
study to characterize the in vivo release of aroma compounds depending on
inhalation and sampling locations. Protocols are named according to (1)
sampling location (Nose or Mouth), (2) inhalation location (Nose or Mouth) and
(3) swallowing allowed or not (S or ns).
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PTR-MS Measurements of in Vivo Aroma Release Kinetics

In vivo release kinetics were measured using a High-Sensitivity PTR-MS
(Ionicon Analytik, Innsbruck, Austria). The PTR-MS instrument drift tube was
thermally controlled (60°C) and operated with a voltage set at 600.1 (+£0.4) V
and a pressure of 1.95 + 0.01 mbar (E/N=156.6 + 0.9 Td). Measurements were
performed using the Multiple Ion Detection (MID) mode. Panelist breath was
monitored with the signal of mass/charge ratio (m/z) 59, which is attributable
to endogenous acetone. For m/z 21 (H30"), 37 (H,O-H30%) and 59, the dwell
time per mass was fixed to 0.05s. The mean signal for H3O* ion was 11.3x106 x
2.4x106 counts per second (cps) and its variation along the measurement period
was lower than 5%. Signal for HoO-H3O* ion (m/z 37) did not exceed 2.8% of
the one of m/z 21 (equipment specification). From the fragmentation patterns
of individual compounds (Table 1), the molecules studied were monitored at
m/z 55 and 83 ((Z)-3-hexen-1-ol), m/z 75 and 103 (ethyl propanoate) and m/z
143 (2-nonanone) (solution 1), m/z 55 (hexanal), m/z 87 (diacetyl) and m/z 109
(2,5-dimethylpyrazine) (solution 2) and m/z 55 and 83 (menthol) and m/z 81
and 155 (menthone) (solution 3). With this selection, no fragment overlapping
was observed. For these ions, a dwell time per mass of 0.1 s was selected as a
compromise between sensitivity for aroma compound detection and appropriate
sampling frequency with regards to the phenomena to be measured. Thus,
depending on the flavoured solution that was analyzed, measurements were
performed on six to eight specific m/z and the duration of measurement cycles
ranged between 0.45 and 0.65 s.

Six sessions of 45 min were planned to obtain three replicates of release
kinetics for each molecule, each protocol and each subject. During a session,
subjects started with the analysis of a blank sample to get used to protocols and
then had to test six samples. Nose-space or mouth-space air was sampled via the
two inlets of a stainless nosepiece placed either in both nostrils of the assessors
or in mouth, respectively. The inlet of the PTR-MS instrument was connected to
the sampling device via a 1/16” PEEK™ tube maintained at 110°C. Room air was
first analyzed for 10 s. After positioning the sampling device in nostrils or mouth,
panelists were asked to breathe regularly for 30 s (breath analysis). Then, they
opened the flask containing the flavored gaseous sample just in front of the nostrils
or mouth and inhaled it in one breath using the previously defined protocols. For
N.M.S., N.M.ns. and N.N.S. protocols, panelists were asked to keep their mouth
closed and to only breathe through the nosepiece. For M.M.S. protocol, they
breathed through the mouth, keeping it as closed as possible. Each assay lasted
4-5 minutes. Between each sample, panelists were asked to clean their mouth by
drinking mineral water (Evian, France). Panelist breath was tested before each
new measurement. All the measurements were performed within a 19-day period.
These measurements led to the determination of molecule release kinetics, i.e.
intensity [;=f(time t), for each panelist and each protocol. As solution composition
was specifically defined for the experiment and exactly known, aroma compounds
can be unambiguously detected at the stated m/z. For this reason and to facilitate
text readability, the use of compound names rather than their m/z was preferred
hereafter.
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For data handling, these experimental kinetics were divided into two main
periods: the phase before (phase 0) and after product inhalation (phase 1). For
each sample, the mean PTR-MS signal measured during phase 0 was subtracted
from the PTR-MS signals obtained during exposure to sample. Quantitative
release parameters (maximal intensity (Imax), Which indicates the maximum
concentration reached by a compound, and area under the curve (AUC), which
is related to the total amount of molecule that is released) were extracted from
these corrected release curves. Temporal release parameters (time at which Imax
occurred (tmax), peak widths at 20% of Imax (At20%) and second half-peak width at
50% of Imax (ts0%-tmax)) Were also determined. In addition, standardized release
kinetics were obtained by dividing each intensity value of the curve by the
corresponding Imax (It stand=I¢/Imax). Standardized areas under curve (AUCsand.),
determined from these standardised kinetics, were used as an indication of
persistence behavior. Because the objective was to compare the extent of aroma
release between products, the use of arbitrary units for aroma release data was
sufficient for the analysis of intensity differences. As ions related to the same
molecule behaved in the same way, only the results of the main product ion
for each molecule is presented in the text. The comparison of release kinetics
between protocols for a given ion is possible without bias. The comparison
of release behaviors between ions for one protocol must be done carefully as
sampling frequencies were not exactly the same for the different ions.

Statistical Analysis

Non-parametric descriptive analysis was carried out on data sets.
Comparative analysis was performed using Kruskal and Wallis or Mann and
Whitney tests, associated with Conovan-Iman procedure (multiple paired
comparison), to highlight differences on in vivo release kinetics between protocols
for a given molecule or between molecules for a given protocol, respectively.
The level of significance was set at p<0.05. In addition, Spearman tests (p<0.05)
were applied to determine potential correlations between ion release parameters
extracted from in vivo release data and either the physiological characteristics
of panelists or the air/saliva partition properties of aroma compounds (XIStat,
Addinsoft).

Results and Discussion
Protocol Effect on Aroma Release Kinetics

The comparison between N.M.S. and N.M.ns protocols enabled to focus on
the effect of swallowing and pharynx exposure on aroma release. With these both
protocols, panelists sucked samples with the mouth, meaning that sample amount
was similar between protocols and replicates for one panelist. Table 3 presents the
normalized values of release parameters obtained from N.M.ns protocol (N.M.S.
parameters were used as reference for normalization).
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Table 3. Normalized Release Parameters for N.M.ns Protocol (Mean Values, All Panelists, All Replicates). Normalization Was Done
Using Release Parameters from N.M.S. Protocol as Reference. Stars Mean Values That Significantly Differ between Protocols (Mann
and Whitney Test and Conovan-Iman Procedure (Multiple Paired Comparison), p<0.05). Bold Characters Highlight Significant

Effects while Italic Characters Refer to Non Significant Effects.

Normalized parameters for N.M.ns protocol

(reference=N.M.S. protocol) Tnax AUC AUCsana L Atz00s Ls0vitmax
(Z)-3-Hexen-1-ol 1.40 * 1.29 * 0.89 0.93 0.93 0.95
Hexanal 1.00 1.23 * 1.15 1.74 * 1.17 1.00
Menthol 1.14 * 1.31 * 1.14 0.79 1.27 1.56 *
Menthone 1.26 * 1.19 * 0.95 1.10 * 0.86 * 0.71 *
Diacetyl 1.30 * 1.27 * 0.90 1.54 * 1.04 0.93
Ethyl propanoate 1.33 1.45 0.95 1.59 * 1.13 1.00
2,5-Dimethylpyrazine 1.17 * 1.28 * 1.16 * 1.01 1.34 1.09
2-Nonanone 1.27 * 1.24 * 0.84 * 1.22 * 0.82 * 0.85 *
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Table 4. Normalized Release Parameters for M.M.S Protocol (Mean Values, All Panelists, All Replicates). Normalization Was Done
Using Release Parameters from N.M.S. Protocol as Reference. Stars Mean Values That Significantly Differ between Protocols (Mann
and Whitney Test and Conovan-Iman Procedure (Multiple Paired Comparison), p<0.05). Bold Characters Highlight Significant

Effects while Italic Characters Refer to Non Significant Effects.

Normalized parameters for M.M.S protocol

(reference=N.M.S. protocol) Tnax AUC AUCsana L Atz E50%%-tmax
(Z)-3-Hexen-1-ol 1.93 * 224 * 0.69 * 1.52 * 1.59 * 1.61 *
Hexanal 0.31 * 0.62 * 0.30 * 1.47 * 1.81 * 1.13
Menthol 1.29 * 1.46 * 0.87 * 0.91 1.69 * 2.85 *
Menthone 1.17 1.22 * 0.85 1.06 1.02 1.16 *
Diacetyl 1.09 1.45 * 0.82 1.16 1.44 * 1.29
Ethyl propanoate 0.90 1.19 0.85 2.14 * 1.04 0.81
2,5-Dimethylpyrazine 238 * 3.40 * 0.72 * 0.87 9.02 * 6.73
2-Nonanone 1.36 * 1.62 * 0.84 * 1.32 1.28 * 1.49 *
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For all molecules, except for hexanal and ethyl propanoate, the values of
Imax and/or AUC were lower when panelists swallowed (N.M.S. protocol) than
when they did not (N.M.ns protocol). In addition, a lower tmax Was observed with
swallowing for all ions, except for alcohols and 2,5-dimethylpyrazine. As almost
all ions were concerned, these results could be partly explained by swallowing,
which reduced the residence time of air in mouth (removal of a part of the flavored
air contained in the mouth) and favor the transport of molecules into the nasal
cavity (velopharynx opening) (53). Yet, it was difficult to explain the specific
results obtained for some molecules.

Another interesting result was the particular behaviors of menthone and
2-nonanone: the parameters related to persistence (AUCsand., At20% and tsoes-tmax)
were significantly higher with than without swallowing. Interactions between
these molecules and lubricated pharyngeal mucosa could be assumed: the breath
flow rate could be responsible for the progressive stripping of these aroma
compounds retained in the lubricated pharyngeal mucosa and their transport
through the nasal cavity. An opposite significant behavior could be noticed for
2,5-dimethylpyrazine, with a lower AUCqung. With than without swallowing. In
this case, specific interactions with oral mucosa could be assumed.

By comparing M.M.S. and N.M.S. protocols, the effect of measurement
location could be evaluated. Once again, samples were introduced in the mouth
in both cases, meaning that quantitative comparison can be done between
these protocols. Table 4presents the normalized values of release parameters
obtained from M.M.S protocol (N.M.S. parameters were used as reference for
normalization).

Lower values of Imax, AUC and peak widths (At and tsoy-tmax) and
higher values of AUCsung. were obtained for (Z)-3-hexen-1-ol, menthol,
2,5-dimethylpyrazine and 2-nonanone when measurement was located in nose
(N.M.S.) instead of in mouth (M.M.S.). An opposite behavior was noticed for
hexanal, with highest Imax and AUC when measurement was performed in the
nose. For diacetyl, difference between protocols only occurred on AUC and Atage,
parameters. In the case of ethyl propanoate, protocols only differed on tmax. These
results highlighted quite complex and different behaviors depending on molecules
and general assumptions were difficult to propose. The decrease in quantitative
parameters (intensities and areas under curve) as well as on peak widths could be
due to air dilution by breath flow rate when sampling and measurement were not
located in the same place (N.M.S. protocol). But, as it was not observed for all
molecules, other mechanisms, not yet identified, are probably involved.

By comparing, N.N.S. and M.M.S. protocols, the effects of mouth or nose
exposure could be explored. These two protocols were only compared on
temporal parameters as sample inhalation through the mouth or the nose did
not lead to similar inhaled amounts. Table 5 presents the values of normalized
release parameters obtained from M.M.S protocol (N.N.S. parameters were used
as reference for normalization).

Results highlighted lower values of AUCstand. and Atyge, for nose exposition
than for mouth exposition for all molecules, except 2-nonanone and menthone.
tmax Was shortest when nose was exposed, except for hexanal and menthone. These
results could be explained by specific interactions with the lubricated mucosa in the
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oral cavity for all molecules, except hexanal and menthone. The effect on ts509-tmax
was less obvious but when present, it confirmed a lowest persistence when only
nose was exposed ((Z)-3-hexen-1-ol and menthol).

Table 5. Normalized Release Parameters for M.M.S Protocol (Mean Values,
All Panelists, All Replicates). Normalization Was Done Using Release
Parameters from N.N.S. Protocol as Reference. Stars Mean Values That
Significantly Differ between Protocols (Mann and Whitney Test and
Conovan-Iman Procedure (Multiple Paired Comparison), p<0.05). Bold
Characters Highlight Significant Effects while Italic Characters Refer to
Non Significant Effects.

Normalized parameters

for M.M.S protocol AUCstana. Imax At20%  150%-tmax
(reference=N.N.S. protocol)

(Z)-3-Hexen-1-ol 1.48 * 2.08 * 223*% 224 %*
Hexanal 3.05 * 1.40 191 * 0.59

Menthol 1.24 * 1.87 * 1.61 * 1.47 *
Menthone 1.04 1.10 0.99 0.93
Diacetyl 1.16 * 1.40 * 1.26 * 1.29
Ethyl propanoate 4.19 * 1.92 * 141 * 1.30
2,5-Dimethylpyrazine 1.36 * 1.26 * 213 * 1.77
2-Nonanone 0.92 1.27 * 1.17 1.30

These results clearly illustrated that aroma release and persistence involved
numerous and complex phenomena that are difficult to identify. They seemed to
be dependent on both the exposed cavity and molecule properties. To go further
on the understanding of molecule effects, data were analyzed per protocol.

Ion Effect on Aroma Release Kinetic

The comparison of in vivo release kinetics between molecules highlighted
different release behaviors. Some examples of typical release curves for three ions
are illustrated in Figure 2 (N.M.S. protocol, one panelist).

Diacetyl was released very rapidly and presented a fast decrease after
swallowing. Similar behavior was observed for ethyl propanoate and hexanal (not
shown). (Z)-3-Hexen-1-ol, was also released rapidly once the sample was inhaled
but presented a different persistence behavior: its decrease rate was slower
than for diacetyl and regular variations, related to breathing frequency, can be
observed (such as for almost all other ions except the ones from ethyl propanoate,
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diacetyl and hexanal, not shown). In the case of menthone, a 3 s-delay in the peak
occurence can be observed as well as slower initial release rate and decrease rate.
The release kinetic of this molecule seemed also more impacted by breath flow
rate. A release behavior similar to the latter was observed for 2-nonanone (not
shown).
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Figure 2. Example of standardized in vivo release kinetics for m/z 87 (diacetyl,
solution 2), m/z 55 ((Z)-3-hexen-1-ol, solution 1) and m/z 155 (menthone,
solution 3) obtained with the N.M.S. protocol and for one panelist. The release
intensities were standardized using respective ion Ingx.

When comparing the values of extracted parameters, protocol per protocol,
significant differences between ions on both temporal and quantitative release
parameters were highlighted, regardless of the protocols (Kruskal and Wallis
test and Conovan-Iman procedure, p<0.05). Examples are given in Figure 3 in
the case of N.M.S. protocol. It is yet important to note the slight difference in
sampling frequencies between the different ions: it could partly contribute to final
differences in temporal parameters between ions but cannot completely explain
the discrepancies that were observed.

For example, in the case of N.M.S protocol, it was observed that ethyl
propanoate, diacetyl and hexanal had the lowest AUCqtand. and peak widths (Ataoe,
and tso%-tmax) and were released sooner (tmax) than other molecules, meaning they
were weakly persistent (Figure 3). Menthol and 2,5-dimethylpyrazine had an
opposite behavior with highest values of AUCgang, and tmax. (£)-3-Hexen-1-ol
and menthone appeared to have an intermediate behavior, with only a delayed
release (tmax). Differences between molecules concerning peak widths were less
evident and more difficult to understand. Nevertheless, all these results tended
to confirm the existence of aroma compound retention by lubricated mucosa and
highlighted the main role of the physicochemical properties of molecules.
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Partition Properties of Aroma Compounds and Correlation with Release
Parameters

To help in understanding the origin of differences between ions on release

parameters, the Kiw and Ky of aroma compounds were determined (Table 1).

Kaw at 37°C were in agreement with literature data. K,s at 37°C ranged between
Only a

0.12x10-3 (2,5-dimethylpyrazine) and 12.9x10-3 (ethyl propanoate).

significant retention of menthol and diacetyl by saliva can be noticed (29 and 75%
retention respectively). For other aroma compounds, no significant difference
between Kaw or K, was observed, meaning that no specific interaction with
saliva exists for these aroma compounds in the tested conditions (thermodynamic

equilibrium).
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Figure 3. Comparison of the mean values (all panelists, all replicates) of

release parameters between molecules for N.M.S. protocol. Letters a to e mean
significant difference between ions (Kruskal and Wallis test and Conovam-Iman
procedure, p<0.05).
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To better understand the relationships between the air/saliva partition
properties of molecules and release parameters, Spearman correlations between
them were established (p<0.05) (Table 6). Even if positive correlations existed
between Kas and Imax or AUC, no assumption was proposed as the amount of
sample inhaled can be different between protocols.

For all protocols, the K5 at 37°C of aroma compounds were negatively
correlated with AUCstand., tmax and Atyge,. These results highlighted that the more
volatile compounds were released sooner and with lower persistence than less
volatile ones.

Table 6. Correlation Coefficients between Release Parameters Extracted
from in vivo Release Data and K Partition Coefficients (Spearman Test,

p<0.05)
Dnax AUC  AUCguana. tmax At20%
N.M.S. 0.63 0.58 -0.30 -0.41 -
N.M.ns 0.65 0.61 -0.37 -0.35 -
Kass, 37°C
M.M.S. 0.57 043 -0.36 -0.34 -0.264
N.N.S. 0.48 0.48 -0.27 -0.23 -0.123

A Hierarchical Ascendant Classification applied on compound release
parameters enabled to identify four groups of molecules with similar release
behaviors: 1) menthol, ii) menthone, (Z)-3-hexen-1-ol and 2,5-dimethylpyrazine,
respectively, iii) 2-nonanone and iv) hexanal, diacetyl and ethyl propanoate
respectively. All these data confirmed the role of the physicochemical properties
of molecules on release behavior, even if it cannot explain all phenomena.

Assumptions on the Influence of Anatomy, Physiology, and/or
Physicochemistry on Release Mechanisms

To propose some assumptions, the correlations between anatomical and
physiological data and release parameters were studied (not shown). Negative
correlations between cavity volumes (Vimouth, Vpharynx, Vnose) and AUCstand.
(persistence) and between Vmouh and tsoe-tmax Were obtained, highlighting a
probable dilution effect when cavity volume increased. But, as this effect
was not observed for all molecules, other mechanisms, which compensate
the dilution effect, probably occurred. Correlations between salivary and
release parameters obtained with protocols involving mouth exposure (N.M.S.,
M.M.S. and N.M.ns) highlighted the probable role of saliva constituents:
AUCstand.  and tsoo-tmax decreased with (i) an increase in lipolysis and/or
proteolysis activities for ethyl propanoate, hexanal, menthone, (Z)-3-hexen-1-ol
and 2,5-dimethylpyrazine, (ii) a decrease in amylase activity for menthone,
(Z)-3-hexen-1-ol and 2,5-dimethylpyrazine and (iii) a decrease in salivary flow
rate at rest for all molecules, except 2-nonanone.

63
In The Chemical Sensory Informatics of Food: Measurement, Analysis, Integration; Guthrie, et al .;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): June 15, 21(7)3':% | doi: 10.1021/bk-2015-1191.ch012

Table 7. Summary of the Nature of Main Mechanisms That Could Be Involved and Description of Their Influence on Aroma Release
Behavior in Relation with Physiological Characteristics of Panelists

Physical mechanism Interaction mechanism
Nature Consequences on release Nature Consequences on release
lubricated mucosa/air

dilution 2 Inax and AUC N contact area A Tmax and AUC N
y 2 initial release rate (to Lya,)™N Emax N - -
mouth air renewal time in mouth 71 tsou-tmax /1 (peTSistence) - -

pathway length to reach the

nasal cavity A b 71 i )

lubricated mucosa/air
Vpharynx 71 swallowed volume A AUC N contact area A Trmax and AUC N

Viose 71 air renewal time in nose AUC04.7 (persistence) - -
salivary flow [salivary compounds] N, .
rate at rest /1 i ) dilution A AUCuuna M (persistence)
[salivary interaction A, .

- - . A 7 1t
compounds] A degradation UCsana. 7 (persistence)
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Two kinds of mechanisms with different natures could be assumed to explain
aroma release and persistence (Table 7).

First, the release behavior of aroma compounds can be due to physical and
mass transfer mechanisms: the increase in cavity volumes can induce dilution
effect, the stripping of a highest volume when swallowing (pharynx) and/or a
slowest renewal of the air phase (nose), all implying an increase in persistence
phenomena. These mechanisms are not dependent on molecule properties. For
instance, these phenomena could explained the higher release intensity and
renewal time and the lower tmax of ethyl propanoate and diacetyl in the case of
panelists from class A than from class B (with higher mouth and nose volumes).
Secondly, there are probably interactions between some aroma compounds and
lubricated mucosa tissues cells and/or saliva. For instance, the lower persistence
of (Z)-3-hexen-1-ol and 2,5-dimethylpyrazine for class B than for class C
panelists, the latter having higher salivary concentrations, is an illustration of
saliva retention. These interactions depend not only on molecule and mucosa
properties, but also on cavity volumes (modification of contact area available for
mass transfer): the lower persistence in mouth of (Z)-3-hexen-1-ol in the case of
class A in comparison with class B probably results from a lower contact area
between air and mucosa in the case of class A, due to smaller mouth volume.

The nature of these interactions remains still unclear even if several
assumptions could be proposed on the basis of muco-adhesion theory (54) and
on the possible enzymatic degradation of aroma compounds (46, 47). Their
consequences on release phenomena can be in opposition or not to the ones due
to physical mechanisms, leading to final different behaviors that are observed
upon molecules.

To summarize, it seems that the release behaviors of ethyl propanoate,
hexanal and diacetyl were mainly influenced by stripping and dilution effects due
to breath flow rate in the nasal cavity. In the mouth, phenomena are probably
much more complex and include both physical (dilution, air renewal) and
interaction (presence of saliva, contact area) mechanisms. These mechanisms
seem to impact all molecules, except perhaps 2-nonanone and menthone. In the
case of hexanal and ethyl propanoate, their specific behavior could eventually be
explained by biochemical or enzymatic degradation (46, 47). In the pharynx, it
seems that only the release behaviors of 2-nonanone and menthone were affected,
probably through both kinds of mechanisms. Nevertheless, the exact origins of
release remain quite difficult to identify as it probably results from a combination
of phenomena, each of them not always acting in the same way.

Conclusions

This study allowed the development of simple but original protocols to study
aroma release and persistence. As already known, neither volatility nor solubility
or hydrophobicity alone can explain the release behavior of aroma compounds.
Phenomena are much more complex and have probably different natures. The role
of cavity volumes was highlighted through both dilution and contact area effects.
The roles of saliva and of swallowing were also illustrated, more specifically
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for two molecules, i.e. 2-nonanone and menthone. Further investigations on the
precise role of saliva characteristics on the behavior of aroma compounds, in
relation with their hydrophobicity should notably be considered. Thus, even if
these results constitute a first basis, some experiments are still needed to progress
in the understanding of aroma release, notably in relation with perception.
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Determination of Thresholds for Capsaicin in
Aqueous and QOil-Based Solutions
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The pungency detection thresholds for capsaicin in an aqueous
and an oil-based solution were determined and compared.
Thresholds were measured for 21 students (12 chili users and
9 non-users) using a 3-Alternative Forced Choice sensory test
with ascending concentrations of capsaicin in either an aqueou