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In recent years, food oral processing has arisen as a multidisciplinary research field that
develops understanding of the multifactorial aspects of food enjoyment and consumption
behavior

1,2

. Although food oral processing represents only a fraction of the time of the

eating and digestion process, it is the phase that contributes considerably to the sensory
experience of foods and the amount of food consumed. The main goal of oral processing is
to convert foods into a bolus with sufficient structural breakdown that can be safely
swallowed 3. However, knowledge of the way we manipulate food in our mouth and the
fate of it can help to design food products that are goal-specific (e.g. control eating rate to
control food intake) and population-specific (e.g. elderly consumers). Because of this, food
scientists and nutritionists have recently shown an increased interest in oral processing
research to bridge the knowledge between food structure, sensory perception and energy
intake. This may facilitate the creation of food products that are nutritive and palatable for
particular consumer groups 4.

1.1. The triad of food oral processing
Food oral processing refers to the oral manipulations of food upon ingestion (i.e. oral
behavior) leading to the production of a bolus that is safe to swallow. During the structural
transformation of foods into bolus, the properties of the bolus are continuously sensed and
give rise to dynamics in sensory perception 5.
Though all ingested foods undergo a conversion into a safe to swallow bolus, the oral
behavior required varies depending on the initial food state 6. Liquid foods do not require
chewing, are drunk and accumulated in the oral cavity; after certain volume, the tongue
rises immediately towards the palate and propels the liquid bolus in direction to the
pharynx to be swallowed. This process typically takes less than 10s and is therefore shorter
compared to semi-solid or solid foods. Semi-solid foods take more time to be orally
processed. They are primarily squeezed between tongue and palate, mixed with saliva and
then the food bolus is transported from the front of the mouth to the pharynx and
swallowed. Finally, solid foods present a more complex and diverse oral behavior. Solid
foods are ingested and transported to the occlusal surface of the molars to be comminuted,
mixed with saliva while liquids are released from the food. After the food bolus is
sufficiently broken down and lubricated, the bolus can be further squeezed between

1

12 | Chapter 1

tongue and palate before it is moved to the pharynx and swallowed 7. This process involves
different jaw and tongue movements and takes typically between 10 and 45s.
In 1988, Hutchings and Lillford illustrated the breakdown pathway of various foods over
consumption time 3. They emphasized the changes in food structure upon mechanical
breakdown by oral processing and degree of lubrication produced by saliva and food
moisture. At the endpoint of the pathways, the food bolus reached properties so that it can
be swallowed safely. One of the most common ways to study bolus properties is through
the collection of expectorated boli, followed by a series of physicochemical analyzes. The
specific methods used to analyze bolus properties are mainly determined by the initial
structure of the food. Bolus from solid foods are described in terms of physical structure,
rheological and mechanical properties, bolus particle size distribution and moisture
content. Bolus from semi-solid and liquid foods are primarily described in terms of physical
structure, composition, tribological properties, interaction with saliva and/or oral surfaces
8

. The bolus properties at the end of consumption time have been studied to characterize

the properties that a bolus should display in order to stimulate the swallowing response.
However, the physical characteristics of a bolus triggering a swallowing have not been fully
identified yet. The swallow response has been suggested to depend on two thresholds, the
particle size and moisture content. It has been suggested that the swallowing threshold is
uniform across foods, so that regardless of the product characteristics boli with similar
physicochemical properties are swallowed 9–11. Nonetheless, these swallowing thresholds
may vary considerably between consumers.
The evolution of bolus properties during oral processing from the first bite to the moment
of swallowing (at specific time points representing early, middle and late stages of
mastication) has been related to dynamic changes in bolus characteristics to dynamic
sensory perception 12–14. As a result of the continuous changes of the food bolus structure
throughout oral processing, sensory perception also changes dynamically. The dynamic
nature of perception is reflected on the onset and offset of the attributes during the eating
process. Therefore, studying sensory perception in relation to oral processing allows to
better understand the underlying structural transitions that trigger specific (texture)
sensations 15–17.

General Introduction | 13

It is reasonable to assume that oral behavior impacts bolus formation and dynamic sensory
perception. Oral processing induces food breakdown and bolus formation. Changes in bolus
structure are sensed in the oral cavity. Signals are generated as a feedback mechanism to
adjust oral behavior until a safe to swallow bolus is formed (Figure 1.1). Besides, oral
processing behavior may impact sensory perception, for instance an increased number of
chews can increase flavor release and perception. Vice versa, perception of specific sensory
attributes can modify oral behavior, for instance bitter taste perception can decrease
consumption time to reduce the time the food is sensed in the mouth 18.

Figure 1.1. The triad of food oral processing. Relationships and feedback mechanisms occurring between oral
behavior, bolus properties and sensory perception.

As stated by Hutchings and Lillford, breakdown pathways are different for each food and
each individual oral behavior 3. This was later corroborated by Rosenthal and Share when
they demonstrated that products such as peanuts, peanut meal and peanut butter, which
differ in starting structure, follow different breakdown pathways 19. Additionally, different
strategies used by consumers to manipulate the food inside the mouth may consequently

1
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lead to different bolus properties which may explain inter-individual differences in sensory
perception 20. Tracking the transformations of the bolus throughout oral processing until
the swallowing point is therefore essential to understand the mechanisms that underlie
texture perception 21. Further comprehensions into the relation between food structure,
dynamic food oral breakdown and the dynamics of sensory perception can be
advantageous for designing foods with tailored sensory profiles or targeted towards specific
consumer groups 22. Despite major efforts being made in the last decades, it still remains
unclear how specific consumer characteristics and food properties contribute to oral
processing behavior and to what extend differences in oral behavior between consumers
can explain inter-individual differences in sensory perception.

1.2. Variability in oral processing related to the consumer
The variability in oral processing can derive from specific consumer characteristics such as
age, gender, and ethnicity 23. Those differences in oral processing can be partly attributed
to anatomical and physiological among consumers

1,5

. For instance, ageing decreases

muscle mass, muscle activity, bite force, tongue pressure, oral volume and chewing
efficiency

24–29

. These physiological changes lead elderly consumers to modify their oral

behavior of solid foods by increasing consumption time and number of chews

27,30,31

.

Despite the adaptation in oral processing with age, some studies reported that elderly
consumers are less efficient in generating a safe to swallow bolus so that they swallow less
comminuted boli than young consumers

32

. However, contrasting results were found in

another study which reported that elderly produce a more comminuted bolus than young
consumers 33.
Gender is another aspect that influences oral physiology. Males have higher maximum bite
force, muscle activity, salivary flow, and lip-cheek strength than females 29,34–36. These oral
physiological differences may be advantageous for males so that they are more efficient to
orally process foods and to produce boli ready to be swallow. Several studies demonstrated
that males consume solid foods in a shorter period of time than females, and also consume
foods with larger bite sizes and at higher eating rates than females

31,37,38

. On the other

hand, other studies showed that females chew solid foods for shorter time than males,
consequently producing harder and less homogeneous boli than males

39

. While clear
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differences in oral physiology between males and females and differences in oral behavior
between genders have been reported, most studies comparing oral processing between
genders did not explore bolus properties. Consequently, it is not known how differences in
oral behavior between males and females effect bolus properties and how potential
differences in bolus properties between genders contribute to differences in sensory
perception.
Another possible source of variability in oral processing might come from differences in
ethnicity. It has been shown that facial dimensions like face length and width as well as lip
dimensions differ between American-Caucasian, African-American, Hispanic and Asian 40.
Furthermore, ethnicity has been considered as one of the most relevant factors affecting
oral structures such as vocal tract length and oral cavity volume among others 41. Overall,
American-Caucasian have smaller oral volume than Chinese-Asian and African-American,
and Chinese-Asian have larger vocal tract than American-Caucasian and African-American
41

. The maximum chewing force exerted by Eskimos has been shown to be larger than the

one applied by American-Caucasian

42

. It is unknown how these (oral) physiological

differences between different ethnicities impact food oral processing.

1.3. Variability in oral processing related to the food
In addition to consumer characteristics, food physical properties have a determining role in
the way food is manipulated in the mouth. Oral processing behavior is very sensitive to
structural differences between and within food categories 43.
For homogeneous solid foods, several mechanical properties, such as food fracture stress,
fracture strain and adhesiveness influence oral processing behavior

44–49

. From those

properties, fracture stress is the most commonly explored. It has been shown that
increasing fracture stress of model foods such as agar, carrageenan and gelatin gels, is
associated with prolonged consumption time, increased number of chews, muscle activity
and jaw opening amplitude

44,46,47,49

. Although model foods are convenient to isolate

variables that may affect oral processing, they do not necessarily represent foods consumed
daily. To overcome this issue, some studies characterized oral processing behavior of solid
foods like cheese, nuts, meat and bread 50–53. These studies demonstrated that real foods

1
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exhibit a broad diversity in oral processing. However, they did not characterize the physical
properties of the foods, thus no comprehensive knowledge between food properties and
oral behavior is available. Apart from solid foods, only few studies examined the influence
of rheological properties of liquids and semi-solid foods on oral processing behavior,
showing that for a predetermined bite size, apparent shear viscosity is positively correlated
with consumption time 54. Nevertheless, under more realistic eating conditions, rheological
properties of liquid and semi-solid foods may also affect bite size and consequently oral
behavior may be influenced differently.
Foods consumed on daily basis differ in physical state and may be composed of several
components. Foods that are composed of two or more components that differ in
composition or physical state are termed heterogeneous foods. Examples of
heterogeneous foods include yogurts with fruit pieces, soups with vegetables pieces,
chocolates with whole nuts etc. While many foods that are consumed daily are
heterogeneous foods, the majority of studies so far focused on investigating oral processing
in relation to sensory perception of homogeneous foods. Our understanding of oral
processing and sensory perception of heterogeneous foods is limited. With regards to
heterogeneous solid foods, it has been shown that the properties of the food used as matrix
influences oral behavior whereas the properties of the embedded particles do not

55

.

However, how the properties of the matrix or particles influence oral behavior may
dependent on whether texture contrast is perceived or not. Therefore, oral behavior
observed among heterogeneous solids may differ from the behavior exhibited in other food
categories.
Food physical properties also influence bolus properties. It has been shown that in
homogeneous solids, the harder the food, the smaller the bolus particle size at the
swallowing point is 9,56. The amount of saliva incorporated in the bolus can be influenced by
dry matter and fat content of the food consumed 10,57–59. Furthermore, fracture stress has
been associated with bolus hardness

. Initial food structure and the continuous

12

transformation of bolus properties influences sensory perception 23. Some examples of the
relations between texture perception and bolus properties showed that bolus hardness is
positively correlated with firmness perception and bolus particle size is associated with
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graininess and powdery sensations

12,60

. However, a deeper understanding of how bolus

properties give rise to different sensory attributes is still lacking.

1.4. Rationale and outline of the thesis
A better understanding of differences in oral processing behavior among consumer
segments can contribute to make steps towards a more tailored food production. Further
research should clarify how ageing induces changes in bolus properties and how differences
in bolus properties impact dynamic sensory perception. Additionally, research is needed
to explain the effect of gender on oral behavior and its connection to bolus properties and
dynamic texture perception. Similarly, up to date there is no information available how
ethnicity influences oral behavior, bolus properties and dynamic texture perception.
In comparison to the knowledge on oral processing behavior of solid foods, little is known
about the effect of consumer characteristics on oral processing of other food categories
such as semi-solid and liquid foods. To steer oral behavior through modifications of food
structure, a better understanding of how specific physicochemical and mechanical food
properties influence oral processing behavior is needed. It is necessary to characterize the
rheological and mechanical properties of commercially available foods covering a wide
range of textures, including homogeneous and heterogeneous foods, and to characterize
their oral behaviors.
The aim of the research described in this thesis was to determine the effect of food
properties and consumer characteristics on oral processing behavior, bolus properties and
sensory perception of foods. Figure 1.2 provides an overview of the conceptual framework
of this thesis.
Chapter 2 compares introspective and observational methodologies (questionnaire and
video recordings) to capture and categorize oral processing behavior(s) applied by young
consumers during ice cream consumption. The impact of oral processing behavior on
dynamic sensory perception of ice creams differing in hardness is quantified.
Chapter 3 presents the influence of rheological and mechanical food properties of liquid,
semi-solid and solid foods on oral processing behavior. The effect of liking, familiarity and

1
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frequency of consumption on oral behavior of these foods is discussed as well. Chapter 4
describes the influence of consumer characteristics such as age, gender and ethnicity on
oral processing behavior of the same liquid, semi-solid and solid foods described in chapter
3.
In chapter 5 a predetermined bite size of one food (sausage) was used to investigate
whether the observed differences on oral behavior shown in chapter 4, have an effect on
bolus properties and dynamic sensory perception of different consumer groups.
The study described in chapter 6 determined how the addition of peach gel particles
differing in physicochemical properties to yogurt influences oral processing behavior,
sensory perception and liking of consumers differing in age.
Chapter 7 extends the approach of chapter 6 and includes different heterogeneous foods
with systematic variations of matrix and particle properties. The objective of this study was
to determine the influence of physicochemical properties of heterogeneous foods on oral
processing, bolus properties and dynamic sensory perception.
Finally, chapter 8 provides a general discussion of the findings of this thesis. Findings are
discussed in relation to literature, possible applications are discussed and an outlook for
future research is provided.

Figure 1.2. Conceptual framework of this thesis. Numbers in circles indicate chapter number.
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CHAPTER 2

2

Capturing the impact of oral
processing behavior on consumption
time and dynamic sensory
perception of ice creams differing in
hardness

This chapter has been published as:
Doyennette, M.*, Aguayo-Mendoza, M. G.*, Williamson, A.-M., Martins, S. I. F. S., Stieger,
M. Capturing the impact of oral processing behaviour on consumption time and dynamic
sensory perception of ice creams differing in hardness. Food Quality and Preference
103721 (2019). (*The authors contributed equally to this work)
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Abstract

Little is known about the oral processing behavior of ice creams for which the quantification of oral
manipulations remains challenging. The impact of oral processing behavior on dynamic sensory
perception of ice creams has not been reported previously, although ice creams are anecdotally
known to be consumed following different oral processing strategies. The aims of the study were (1)
to compare different methodologies to characterize oral behaviors applied during consumption of ice
cream, and (2) to understand how oral processing behavior influences dynamic sensory perception of
ice creams. Oral processing behavior of ice creams was characterized by self-reporting and video
recording of n=103 consumers. Most consumers applied either tongue movements or combined
tongue and jaw oral behaviors. The video recording was clearly better than self-reporting in capturing
the actually displayed eating behavior of ice creams. Consumption time was prolonged considerably
when ice cream hardness increased or when oral behavior was changed during Temporal Dominance
of Sensations (TDS) evaluations. When ice creams were consumed by letting them melt in mouth,
dominance of sweetness and firmness were significantly prolonged. When ice creams were consumed
by chewing, dominance of fruity aroma and coldness were significantly prolonged. We conclude that
(1) eating behavior of ice creams is captured better by video recordings than self-reporting and that
(2) oral processing behavior considerably changes dynamic texture and flavor perception of ice
creams. This highlights the importance of controlling oral processing behavior when quantifying
sensory properties of ice creams.
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2.1. Introduction
Oral processing of foods and beverages consists of a complex set of operations occurring
in-mouth, which include bolus lubrication, particle size reduction, transportation and
temperature modification. These operations contribute to form a bolus suitable to swallow,
which impacts sensory perception 52,61. Foods can be classified into three main categories:
liquids, semi-solids and solids 62, and each category requires different oral manipulations.
Ice creams belong to the category of semi-solid foods that are mainly processed with
compressive movements between tongue and palate with or without additional chewing
activity before swallowing. Ice creams are anecdotally known to be consumed following
different oral processing strategies such as licking, smooshing or biting. This popular food
product is well known to be consumed through the entire age span, from infancy up to
elderly people so that oral capacity

63

and therefore eating styles varies widely between

consumers.
Characterizing food oral manipulation is possible via a wide range of methods such as
instrumental, observational, or introspective methodologies

64,65

. Most characterizations

have been done for solid, chewable foods. Little is known about the oral processing
behavior of semi-solid foods 66. This could be partly explained by the fact that capturing oral
processing behavior of semi-solid foods remains a difficult task. Techniques such as
electromyography cannot be properly used due to little muscle activity and limited
mandibular movement during oral processing of semi-solid foods

67

. Monitoring tongue

movements could be of great value but remains quite invasive. Video recordings could be
a good alternative and this technique is being more and more used to monitor food oral
processing behavior

68–70

. However, it is time and resource consuming. Self-reporting of

preferred mouth behavior using questionnaires and visual supports has been suggested by
Jeltema et al. as a simple and cost effective approach to quantify oral behavior 71–73.
Variations in natural oral processing behavior among consumers and its impact on sensory
perception have been reported mainly for solid foods such as chocolates and sausages. For
example, Carvalho-da-Silva found that subjects eating chocolates could be classified as ‘fast
chewers’, ‘thorough chewers’ or ‘suckers’ 74. The authors reported that eating behavior did
not affect the discrimination of mouth-coating perception between chocolates. Devezeaux

2
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investigated the impact of oral processing behavior on dynamic sensory perception of
sausages 75. Two groups of subjects varying in their natural eating duration for a controlled
portion size of sausages were studied. Short and long duration eaters perceived the same
sausage similarly in the early stages of oral processing but started to perceive the texture
of the same sausage differently from the middle of oral processing towards the end. This
demonstrates that oral processing behavior can impact dynamic sensory perception of solid
foods. Anecdotally, it is known that ice creams allow consumers to apply a variety of oral
behaviors during consumption such as licking, chewing, melting, sucking, smooshing and
any combinations thereof. It is however unknown whether consumers naturally apply more
than one eating behavior during the course of consumption to adapt to the dynamic
properties of the ice cream and how oral processing behavior impacts sensory perception
of ice creams. To summarize, little is known about the oral processing behavior of ice
creams for which the quantification of oral manipulations remains challenging. The impact
of oral processing behavior on dynamic sensory perception of ice creams has not been
reported previously, although ice creams are known to be consumed following different
oral processing strategies.
In addition to that, ice cream products can have a wide range of textural properties. Some
products can be hard and require the application of force to scoop from a carton, whereas
others are soft and easily extruded from an ice cream dispensing machine to form swirls on
an ice cream cone. Ice cream products have the singularity of being eaten cold.
Temperature has been reported to impact flavor release and sweetness perception 76–82, so
it is of interest for the ice cream industry to understand the relative impact of eating
behavior and ice cream characteristics on the sensory experience of the consumer. Based
on a better understanding of the relationships between ice cream texture, eating behavior
and sensory perception, methodological recommendations can be given for a more realistic
assessment of ice cream products by the food industry. This knowledge could potentially
help ice cream makers to develop products targeted towards specific consumer groups or
targeted towards consumers displaying preferences for specific oral behaviors.
The aims of the study were (1) to compare different methodologies to characterize oral
behaviors applied during consumption of ice cream, and (2) to understand how oral
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processing behavior influences dynamic sensory perception of ice creams. This study was
divided into two parts. In part 1, consumers were classified based on their natural oral
processing behavior displayed during consumption of ice creams. Video recordings and selfreported questionnaires were compared to quantify oral processing behavior. Based on the
outcomes of part 1, a sub-set of subjects were instructed to apply specific oral processing
behaviors (natural, melting or chewing) during TDS evaluations of ice creams (part 2). The
impact of oral processing behavior on consumption time and dynamic sensory perception
were quantified for ice creams varying in hardness.

2.2. Materials and methods
2.2.1. Part 1: Oral behavior characterization
Participant selection
103 participants (75 female and 28 male) were recruited from Wageningen University and
surroundings through advertising in social media. Participants age was between 18 and 30
years, were non-smokers, and had no tooth sensitivity and did not wear any dental braces.
The vast majority of participants were students of Wageningen University. All participants
were provided with information about the study and a written consent was obtained for
the video recording procedure and the usage of personal information.
Sample preparation
Commercial vanilla ice cream (Hertog©, Unilever, The Netherlands) was purchased from a
local retailer and stored at -18°C. All ice creams were purchased the same day from the
same store. Each participant was provided with a sample of 35g of vanilla ice cream
(Hertog©, Unilever, The Netherlands) placed in a Styrofoam cup and served at -18°C with a
plastic tablespoon.
Video recording procedure
Videos were recorded in sensory booths isolated from external noise, odors, and any other
distraction. The camera was positioned at approximately 50 cm distance from the face of
the participant; close enough to take a complete picture of the face without being a
distraction or discomfort to the participant while eating the ice cream. The participants

2
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were instructed to maintain their head straight facing the camera, and not to block their
mouth or face with their hand while eating the ice cream.
Participants were instructed to take one spoon of ice cream and to consume it as they
would commonly do and to indicate the swallowing moment by raising a hand. This
procedure was followed three times, so that participants consumed three consecutive
spoons of ice cream from the same cup. The remaining ice cream was collected and
weighed to determine the mass of ice cream consumed. Average bite size per spoon was
determined by calculating the difference between initial and final weight of ice cream
divided by three. Consumption time per participant and spoon was obtained from the video
recordings. Consumption time was defined as the time period starting with the moment
when participants put the spoon into the mouth and ending with the moment when
participants indicated the swallowing point by raising their hand.
The videos were further analyzed. For the purpose of this study on ice cream, each
participant was classified as follows into one of four oral behaviors categories. The
classification in oral behavioral categories was inspired by the work of Jeltema 71:
•

Chewers: when participants mainly moved the jaw in a vertical plane, up and
down, during consumption.

•

Tonguers: when participants mainly moved the jaw in a horizontal plane, making
movements from left to right or front to back.

•

Melters: when participants did not show any clear movement of the jaw during
the consumption of the ice cream.

•

Combined: when two or more of the above oral behaviors were used, participants
were classified as combined.

The category “Suckers” used during the self-reporting procedure (see next section) was
excluded during the analysis of video recordings as it was impossible to classify participants
within this category by only observing the jaw movements. All video recordings were
analyzed independently by two researchers, whenever agreement was not met, the video
recordings were watched by both researchers and reclassified.
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Self-reporting procedure
After the video recordings, participants were asked to self-report the oral processing
behavior that they used to eat the ice cream. Participants were allowed to select one or
multiple options. This assessment was done using a multiple-choice questionnaire that
described different oral processing behaviors (Table 2.1).
Table 2.1. Questionnaire to self-assess oral behavior of ice cream consumption.
How did you consume the ice cream?

☐

I used my teeth to bite into the ice cream and chewed on it.

☐

I used my tongue to push the ice cream against my palate and made various movements with my tongue
when consuming the ice cream.

☐

I sucked on the ice cream.

☐

I let the ice cream melt on my tongue, moved my tongue very little or not at all and swallowed the ice
cream.

2.2.2. Part 2: Sensory evaluation by temporal dominance of sensations
Participant selection
N=22 participants (14 females and 8 males) from part 1 of this study with an average age of
23±2.5 years were invited to participate in the sensory evaluation (TDS). All participants
were students of Wageningen University. Further selection criteria were that participants
liked ice cream and consumed ice cream regularly, that is at least twice per month. All
participants self-reported to have normal taste and smell capabilities. Written informed
consent was obtained from all participants. Subjects were reimbursed for their
participation.
Ice cream preparation
Two ice creams differing in hardness were produced in blocks of 200g by Unilever (Colworth
Centre, UK). Differences in ice cream hardness were obtained by modifying the ice cream
formulations. The hardness of ice creams was quantified using a texture analyzer (Stable
Microsystems). A penetration test was performed with a 4mm diameter probe. The peak
probe force required to reach a penetration depth of 20mm was measured at -18°C. The
values obtained were 2.4 N for the low hardness ice cream and 19.6 N for the high hardness

2
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ice cream. While ice cream hardness differed between samples by approximately 8x fold,
the hardness of both ice creams was in the range of commercially available ice creams. The
ice creams differing in hardness were similar in color, appearance and fruity flavor. For
sensory assessment, samples of 5g were placed into Styrofoam cups labelled with a threedigit code, served at -18°C and provided monadically in randomized order.
TDS attribute selection
The study was conducted in English since participants were international. All instructions
provided to the participants, the TDS attributes and their definitions were provided in
English. Seven attributes describing taste, flavor and texture were chosen based on
previous quantitative descriptive analyses of comparable ice creams 83–87 and based on a
discussion with experts for sensory evaluation of ice creams. The definitions of attributes
are presented in Table 2.2.
TDS methodology
Training sessions
Two training sessions of 90 min were conducted. During the first session, the attribute list
and definitions were presented to the participants. References for training were used for
sweetness, smoothness, fruitiness and iciness. Milk with the same concentration of the
aroma compounds as used in the ice creams was used as reference for fruitiness. A sucrose
solution was provided as reference for sweetness. Crystals of sugar were given as reference
to illustrate the texture of ice crystals. Spread cheese was used as reference to illustrate
smoothness. The rest of the attributes were explained without providing reference
samples. We acknowledge that not providing references for the three other sensory
attributes might have introduced a bias in the attribute selection. However, the outcome
of our study (see section 2.3.3) suggests that subjects were not biased as several attributes
were selected with high level of agreement between participants for which no references
were provided.
The next step during the first session was to familiarize the participants with the
instructions for the three oral processing protocols selected:
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•

natural as eating the ice cream normally

•

melting as letting the ice cream melt in the mouth without any tongue movements

•

chewing as masticating the ice creams using the teeth.

Table 2.2. Attributes and definitions used in TDS evaluation of ice creams.
Attribute

Definition

Fruitiness

Aroma perception related to fruity notes perceived from a tailor-made flavor cocktail

Sweetness

Sweet perception evaluated in mouth during eating

Chewiness

Gummy sensation associated with a fairly cohesive substance that could almost be chewed

Iciness

Feeling of ice crystals in the mouth

Smoothness

Soft and uniform texture, no coarse or rough texture is detected

Coldness

Feeling of cold sensation in the mouth

Firmness

Amount of force required by the tongue to flatten the ice cream against the palate

Melting and chewing were selected from part 1 of the study as oral behaviors for part 2.
While those oral behaviors do not necessarily represent the most commonly observed oral
behavior when eating ice creams (see section 2.3.1), those oral behaviors reflect the largest
differences in oral processing behavior of ice creams and were hence selected for part 2 of
the study. Finally, the concept of temporality of sensations was introduced and the
dominant sensation was explained as “the sensation that triggers the most attention at a
point in time” 88.
The second session started with familiarization with the TDS methodology. The participants
were provided with a sample of ice cream and instructed to perform a specific oral
processing protocol while performing the TDS evaluation. This session allowed the
participants to get familiar with the TDS methodology, the three oral processing protocols
to be used during TDS evaluation (natural, melting and chewing) and to solve any remaining
question.
Evaluation sessions
After the two training sessions, participants attended three sessions of 60 min. Each
participant undertook TDS evaluations of both ice creams with all three types of oral
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processing protocols. Per subject and session only one oral processing protocol was used.
In every session, each participant assessed both ice creams in duplicate in a randomized
order while applying one of the three oral processing protocols: natural, melting or
chewing. Oral processing protocols were assigned to each participant in a randomized order
over the three sessions.
TDS data were collected using EyeQuestion v3.11. Attributes were presented
simultaneously in random order across the panel but remained in the same order for a given
panelist during the whole study. Between ice cream samples, unsalted crackers and water
were provided to clean the palate. Panelists were instructed to put the sample into their
mouth and click the start button to begin the evaluation. Panelists were asked to select the
sensation that they perceived as dominant at that moment while applying the oral
processing protocol that was assigned. Panelists were informed that they did not have to
select all attributes in the list, and that they could select the same attribute several times
or never select an attribute. Finally, the stop button was pushed to indicate the swallowing
point.
2.2.3. Data analysis
Statistical analyses were performed using SPSS Statistics v22.0. Data are presented as
mean±SE. A p-value<0.05 was considered statistically significant.
For part 1, independent samples t-tests were conducted to compare bite size and
consumption time between female and male subjects. For part 2, total consumption time
for each ice cream per instructed oral processing protocol was extracted from TDS data. A
two-way repeated measures ANOVA was conducted to examine the effect of oral protocol
(natural, melting or chewing) and ice cream hardness (low and high) and their interaction
on consumption time. Post hoc pairwise comparisons were performed using Bonferroni’s
adjustment.
TDS curves and TDS difference curves were analyzed as described by Pineau et al. 88. To
compare dynamic sensory perception between different oral processing protocols, TDS
difference curves between different oral behaviors were calculated for the same ice
creams. Principal Component Analysis (PCA) was performed on the standardized TDS time
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data to obtain sensory trajectories of the two ice creams evaluated with the natural oral
processing protocol. Ten time points were highlighted on the PCA plot, each point
representing 10% of the consumption time as described by Lenfant 89.

2.3. Results
2.3.1. Bite size, consumption time and oral processing behavior of ice cream
The average bite size per spoon of ice cream (Hertog©) was 4.2±0.2g for n=103 participants.
The bite size was significantly different between males and females (t(100)=-2.34, p=0.021).
Males had a significantly larger bite size (5.1±0.2 g) than females (3.9±0.4 g). The average
consumption time per spoon of ice cream (Hertog©) was 11.5±0.7s and was not significantly
different between males (11.4±0.8 s) and females (11.6±0.6 s) (t(101)=0.139, p=0.062).
Frequency of classification of self-reported oral processing behavior of ice cream (Hertog©)
and frequency of classification of oral processing behavior based on analysis of video
recordings are summarized in Table 2.3. It can be observed that for both self-reported and
observed oral behavior, the two most frequent behaviors, accounting for 76.7% of all
consumers were tonguers and combined behavior. Chewers only accounted for 13.6% (selfreported) and 21.4% of consumers (video recording analysis), respectively. However, we
emphasize that 49.5% of the participants classified themselves using the multiple-choice
questionnaire in a different category from the one observed in the video recordings.
For the second part of the study, we decided to focus on three oral behaviors: natural oral
behavior, as well as two imposed oral behaviors (chewing and melting). Despite that the
oral behaviors melting and chewing were not the most frequently observed oral behaviors
when consuming ice creams, those oral behaviors were selected since they represent the
two most extreme oral behaviors in terms of movement complexity.
2.3.1. Influence of oral processing behavior and ice cream hardness on
consumption time during TDS evaluation
Table 2.4 summarizes ice cream consumption time during TDS evaluation following
different oral processing protocols (chewing, natural and melting) for two ice creams
differing in hardness. There was a significant effect of oral processing behavior on
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consumption time [F(1.2, 26.6)=33.64, p<.001]. Chewing required the shortest
consumption time, followed by the natural oral processing protocol, and lastly the melting
protocol showed the longest consumption time. By changing oral behavior from chewing
to melting, consumption time of ice creams doubled. There was also a significant effect of
ice cream hardness on consumption time [F(1, 21)=82.8, p<.001]. With increasing ice cream
hardness by 8x fold, consumption time increased by 1.5x fold.
Table 2.3. Frequency of consumers’ (n=103) self-reported oral processing behavior by multiple choice
questionnaire and by observation of oral processing behavior through video recording analysis.
Oral behavior classification

Self-reporting (%)

Video recording (%)

Combined behavior

27.2

39.8

Tonguers

49.5

36.9

Chewers

13.6

21.4

Melters

6.8

1.9

Suckers

2.9

0.0

Table 2.4. Consumption time during TDS evaluation (n=22, duplicate) of ice creams differing in hardness and when
different oral processing behavior are applied. Different superscripts identify significant differences (p<0.05)
between oral processing protocols (capital letters) and ice cream hardness levels (lowercase).
Ice cream

Consumption time (s)

Oral behavior

Consumption time (s)

20.6±1.0 a

Chewing

17.1±0.8 A

Natural

22.6±1.4 B

Melting

34.9±2.4 C

hardness level

Low

High

29.1±1.3 b

2.3.2. Influence of oral processing behavior on dynamic sensory perception
of ice creams differing in hardness
Typically, four sensations reached significance level during the evaluation of the two ice
creams (Figure 2.1). Texture attributes such as smoothness and coldness were in general
the dominant sensations during the first third of consumption time whereas in the last two
thirds of consumption time, taste and aroma attributes such as sweetness and fruity were
perceived as dominant sensations. This chronology of the occurrence of dominant
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sensations was observed consistently for the two ice creams and all oral processing
protocols (chewing, natural, and melting).
TDS difference curves comparing the dynamic sensory perception of ice creams differing in
hardness when applying different oral processing behavior protocols are shown in Figure
2.2. For clarity reasons, only the two most different instructed oral processing behaviors
are compared: melting and chewing.
In the low hardness ice cream, fruity aroma was significantly more dominant when chewing
was applied, specifically in the middle of the consumption time. Additionally, sweetness
was less dominant compared to when letting the ice cream melt in mouth (Figure 2.2.A).
In the high hardness ice cream, coldness was significantly more dominant when chewing
was applied. Oppositely, firmness was significantly more dominant when the ice cream was
left to melt in the mouth (Figure 2.2.B).
2.3.1. Sensory trajectories of ice creams differing in hardness
The sensory trajectories of the two ice creams for the natural oral processing behavior are
shown in Figure 2.3.
The first two principal components account for 85.18% of the variance. Firmness and
coldness are positively correlated in the first dimension. Sweetness and fruity aroma are
also positively correlated in the first dimension but negatively correlated to firmness and
coldness. In the second dimension, smoothness is negatively correlated to firmness.
Differences were observed between the ice cream products. Generally, the sensory
trajectories differed mainly along the second component, from firm to smooth, with high
hardness ice cream being firm and low hardness ice cream being towards smooth.
The low hardness ice cream was positioned during the entire consumption time in the
upper part of the PCA plot, which is mainly described by smoothness. It remained in the
same position for the first half of consumption time and then moved towards sweet and
fruity sensations during the second half of consumption time. The high hardness ice cream
remained close to firmness and coldness for almost 85% of the consumption time, moving
towards the sweet and fruity attributes before swallowing.

2

processing behaviors (chewing, natural and melting).

Figure 2.1. TDS curves for two ice creams differing in hardness (LH=Low hardness, HH=High hardness) assessed by n=22 subjects in duplicate while applying specific oral
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Figure 2.2. TDS difference curves comparing oral processing behavior protocols. Chewing oral behavior is always
shown on top and melting oral behavior in the bottom; A) low hardness ice cream, B) high hardness ice cream.

Figure 2.3. Sensory trajectories of ice creams differing in hardness evaluated during the natural oral processing
protocol. Low hardness ice cream is depicted in blue and high hardness ice cream in red.

2.4. Discussion
2.4.1. Video recordings and self-assessment of oral processing behavior of
ice cream
In the present study, we used video recordings and self-assessment to capture and
categorize the diversity of natural oral behaviors that can be applied during ice cream
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consumption. Overall, the data from our study highlight that oral processing behavior can
be clustered between subjects eating ice cream. Our data suggests that more than one third
of consumers display a combination of different oral behaviors when consuming ice cream.
Combined behavior was indeed the behavior observed most often during the video
recording analysis (39.8%) while it was the second most self-reported behavior (27.2%). The
properties of the ice cream change considerably during consumption. At the beginning, the
ice cream is semi-solid and melts in mouth into a liquid during consumption, which may
induce different oral behaviors. These findings highlight that simple classifications of
consumers into chewers, melters etc. based on their oral processing behavior can be
erroneous, since already within one food (ice cream) more than one third of consumers
display combinations of different oral processing behaviors. We suggest that a classification
of oral processing behavior of consumers based on eating rate (g/min) into slow and fast
eaters is more objective and might be more useful to cluster consumers for their oral
behavior.
The second most frequently observed oral processing behavior by video recordings was that
consumers manipulated the ice cream only with their tongue (36.9%). This same behavior
has been self-reported as being the most used one (49.5%). Manipulation with the tongue
is the main oral behavior among semi-solid foods. This allows to distribute the food over a
larger area of the oral mucosa to bring the sample to the temperature of the oral cavity and
facilitates at the same time the sensory perception 66.
Only a small fraction of consumers was classified as melters (1.9% during video recording
and 9.8% with self-reporting) and suckers. The category of suckers was included in the selfreport questionnaire following the categories suggested by Jeltema 71. However, during the
analysis of video recordings, it was impossible to classify participants within this category
by only observing the jaw movements. Sucker is a classification that involves sucking
movements with the tongue and palate, and it is mostly observed in solid foods such as
caramel candies. Therefore, in a product like ice cream it was almost impossible to
differentiate suckers from melters, and the suckers category was therefore eliminated from
the video analysis. The little proportion of melters (and suckers) compared to the other oral
behaviors applied to the ice cream can be explained by the necessity to apply a minimum
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of movements to help quickly warm up the ice cream product by spreading the coldness
across the mouth. In addition, de Wijk et al.

61

found that the sensation of flavors and

mouthfeel attributes requires at least some tongue movement. These manipulations mix
food with saliva and thereby enhance mechanical and chemical breakdown, as well as help
to position the food relative to the sense organs. Sucking and allowing the ice cream to melt
does not induce lots of sensorial experience triggering, which might explain why they were
not the most preferred way to process ice cream.
The fact that different types of oral behaviors were found in our study to process ice cream
is in agreement with previous studies. Engelen classified people according to their oral
processing behavior of custards and mayonnaise (semi-solid foods) 62. Four different eating
styles were described depending on how individuals used their tongue, palate and teeth to
process food: simple (50%), tongue (13%), taster (20%) and manipulator (17%). Jeltema 71
suggested that individuals have a preferred way to manipulate foods in their mouths. Four
mouth behavior groups have been suggested: chewers (43%), crunchers (33%), smooshers
(16%) and suckers (8%). Crunchers and chewers like to use their teeth to break down foods,
while suckers and smooshers prefer to manipulate food between the tongue and roof of
the mouth. Recently, it was shown that for a variety of solid, chewable foods only small
differences in chewing parameters quantified using video recordings were observed in
consumers belonging to different mouth behavior groups

90

. It was concluded that the

membership to a mouth behavior group could not be predicted based on the observed
chewing sequence and jaw movement parameters extracted from video recordings which
captured the oral processing behavior of consumers actually eating the solid foods. In the
present study, the difference that we observed compared to previous studies is that one of
the most frequently observed categories of oral behaviors is a combination of multiple
behaviors to orally process the ice cream. Therefore, a classification based on selfassessment of oral processing behavior of a variety of foods into one category of preferred
mouth behavior might be an oversimplification. Most likely, consumers adopt an oral
processing style which is optimized for them and balanced in terms of chewing efficiency
and perception. For products like ice cream or chocolate that melt in the mouth, a more
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complex eating behavior may be used (such as chewing at the start and letting melt at the
end).
It should be noted that the vast majority of participants in this study were students.
Therefore, the results of this study cannot be generalized to the overall market population
of ice cream consumers. To be able to generalize the findings of the study to a general
population, a broader population needs to be studied including children, adults and elderly,
that is more representative of ice cream consumers. This was outside the scope of the
current study.
To summarize, simple classifications of consumers into mouth behavior groups can be
erroneous, since already within one food (ice cream) more than one third of consumers
display combinations of different oral processing behaviors. We suggest that a classification
of oral processing behavior of consumers based on eating rate (g/min) into slow and fast
eaters is more objective and might be more useful to cluster consumers for their oral
behavior.
We also observed that for almost half of the population, the oral behavior self-reported
directly after consumption did not agree with the observed oral processing behavior. This
could be explained by the fact that consumers are generally not aware of how they process
foods in their mouths 71,91. Consumers process foods in rather unconscious and automatic
ways and therefore they have little awareness of their real oral behavior. This suggests that
oral behavior displayed during food consumption cannot be reliably predicted based on
self-reported questionnaire assessments. The limitations of self-reporting have already
been described in eating, feeding and mealtime research 92. Among the biggest challenges
of that methodology, social desirability bias and limited awareness of the behaviors asked
by the participants can be mentioned 92. Behavioral coding of videotaped eating behaviors
seems to be a better alternative

52,93

. A common methodology of coding schemes is

necessary to help make progress in that field.
2.4.2. Chronology of dominant sensations
Textural attributes were perceived as dominant sensations at the beginning of consumption
time whereas taste and aroma attributes were dominant sensations at the end of
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consumption time. Such findings have been reported before for fish sticks and yoghurt 94,95.
Both studies reported that textural attributes were perceived as dominant sensations
during the first half of the consumption time and it was not until the second half of the
consumption time that taste and aroma attributes became significantly dominant. Varela
et al. investigated the influence of hydrocolloids on texture perception of ice creams 86. The
results showed that attributes such as coldness and iciness, related to the presence of ice
crystals, are perceived before more complex attributes like roughness, gumminess and
mouth coating. de Wijk et al. have shown that temperature (coldness) requires little or no
tongue movement and relatively short residence times in the mouth to be perceived 61,66.
Contrary to that, other attributes require more oral manipulation and complex movements
of the tongue to be perceived, like it is the case for taste and aroma. This is a consequence
of the fact that certain deformations of the product should be done to release tastants and
aroma molecules in the saliva/air from the food matrix while mechanoreceptors sense very
quickly the textural attributes.
2.4.3. Impact of oral behavior on consumption time and dynamic sensory
perception of ice creams
To the best of our knowledge, only two studies have used TDS methodology to quantify
dynamic sensory perception of ice creams 86,96. Varela et al. investigated the influence of
hydrocolloids on texture perception of ice creams and liking 86 while Kantono studied the
impact of music on the sensory perception of ice cream 96. Varela et al. showed that ice
cream composition substantially impacted dynamic sensory perception

86

. None of the

studies investigated the impact of ice cream properties on oral behavior. In the second part
of our study, we asked participants to follow an imposed oral behavior (i.e. chewing and
melting or to apply their natural eating behavior when performing a TDS assessment of ice
cream differing in hardness. We did not video record subjects during the TDS evaluation to
monitor oral processing behavior. However, the consumption time during the TDS
evaluation differed significantly and considerably between the three oral processing
protocols (Table 2.4): chewing (17s), natural (23s) and melting (35s) suggesting that subjects
applied very different oral protocols during sensory evaluation of the ice creams. Based on
the observed differences in consumption time during TDS and the familiarization sessions
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given to the participants, we are confident that the oral protocols were followed by the
subjects.
Also, we could speculate that asking panelists to adopt an oral processing style that may
not be natural or familiar to them might have influenced the results of the study. However,
the consumption time associated with each type of oral processing behaviors (Table 2.4)
are in line with expectations and the results of part 1 of the study. Consumption time varied
significantly up to 2x fold with type of oral processing behavior used to consume the ice
creams. Regardless of ice cream hardness, when consumers let the ice cream melt in mouth
without tongue and jaw movements (melting protocol), the consumption time was
significantly longer than when consumers orally processed the ice cream as they normally
do (natural protocol) which displayed a significantly longer consumption time than when
consumer chewed the ice creams (chewing protocol). The destruction of ice cream
structure during chewing is probably most efficient by compression movements between
molars accompanied by a faster temperature increase of the ice cream due to more contact
with tongue and cheeks. On the other hand, the melting protocol does not involve mouth
movements but just heat transfer from mouth tissue to the ice cream. Therefore, the
melting protocol may take longer time to produce an ice cream bolus that is safe to swallow
in relation to its temperature and structure.
In a quantitative study with a wide variety of snack foods, Jeltema et al. found that
crunchers were the fastest eaters followed by chewers, with suckers and smooshers being
much slower eaters

71

. Various oral processing strategies do not take the same time to

process the same food product. Interestingly, consumption times observed with the natural
eating protocol are intermediate between consumption times observed with the chewing
and melting protocols. This is in agreement with findings of part 1 of our study, where we
observed that consumers mostly used a combination of chewing and tongue movements
to orally process the ice creams.
TDS curves (Figure 2.1) showed that overall fruity aroma was perceived as a dominant
sensation earlier and for a longer time with the chewing protocol than with the melting
protocol, especially in low hardness ice cream. This suggests that the chewing of ice creams
might favor an increase in surface area generated during oral processing, which contributes
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to an increased aroma release from the ice cream bolus 97,98. Also, the mixing and whirling
between ice cream bolus and saliva during the chewing protocol might speed up the release
of volatile compounds. Moreover, the opening and closing of the velum can be frequent,
allowing volatile compounds to reach the aroma receptors continuously 66,97,99. Oppositely,
during the melting protocol, the ice cream matrix changes it properties mainly due to
temperature increase being the main factor contributing to aroma release

100

. In this

process, the food product remains static inside the mouth. Producing a proper food bolus
takes longer time since there is no breakdown of the ice cream bolus by any action of teeth
or tongue and the volatile compounds are transported by molecular diffusion. On top of
that, the opening of the velum is very limited to prevent the liquid bolus flowing into the
trachea, limiting the release of aroma compounds into the nasal cavity before swallowing.
As already mentioned, we acknowledge that the lack of references provided for chewiness,
coldness and firmness might in principal have biased the selection behavior of the subjects.
However, the effect is considered to be neglectable given that attributes firmness and
coldness reached significance and a rather high levels of panel agreement for several
samples suggesting that subjects selected those attributes despite the lack of reference
samples provided. Dominance rates of firmness and smoothness were higher with the
melting protocol. These findings might be explained by the fact that the evaluation of
smoothness and firmness are mainly carried out between tongue and palate 66. During the
chewing protocol, coldness was perceived as dominant for almost the whole consumption
time for the high hardness ice cream whereas during the melting protocol, coldness was a
dominant sensation only during the second half of consumption time. It may be possible
that during melting, the contact of ice cream with the palate and tongue transfers the heat
to the ice cream faster. Once the ice cream is melted, other sensory attributes start to
become the dominant sensations and coldness sensation starts to disappear. It is also
possible that the coldness attribute is more dominant during chewing due to the higher
contact with teeth that can be sensitive to coldness.
These results demonstrate that when participants apply different oral behaviors to the
same food product, dynamic sensory perception is considerably affected. This highlights the
necessity to either control the oral processing behavior during analytical sensory
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evaluations or have as realistic and natural as possible eating behaviors during sensory
assessments rather than imposed protocols to ensure a proper capture of individual
variations. This knowledge about the impact of oral processing behavior on dynamic
sensory perception of ice creams is of value for ice cream makers since it can be used to
customize products to consumers differing in eating behavior (for example ice cream
suckers and chewers or children, adults and elderly).
2.4.4. Impact of ice cream hardness on consumption time and dynamic
sensory perception
Consumers adapted their consumption time to the hardness of the ice cream. Increasing
hardness of the ice cream by a factor of 8x increased consumption time by 1.5x fold. This
can be explained by the fact that hard ice cream might require more oral manipulation to
break down and melt to a bolus suitable for swallowing as compared to the softer ice cream.
It should be noted that the hardness of both ice creams was within the range of the
hardness of commercially available ice creams. This suggests that by manipulating the
texture of ice creams within commercially acceptable boundaries, oral processing behavior
can be influenced. Such result is in agreement with previous studies that have also shown
an increment in time when product hardness increases 4,50,69,75.
In addition to consumption time, hardness of ice creams influenced dynamic sensory
perception. It was found that when ice cream hardness increased, the dominance of fruity
aroma perception was delayed, and it was rated as dominant for a shorter time period. This
is in line with previous studies using model gels varying in hardness. When gel hardness
increased, the release of odors during consumption was slower 104–106. This can be explained
by the fact that taste and aroma compounds are only perceived by sensory receptors after
being released from the food matrix 6. It is possible that the longer time to process the high
hardness ice cream contributes to a slower release of aroma compounds from that ice
cream into the oral cavity, delaying fruity aroma perception.
We also observed an increase in coldness perception and a delay in sweetness perception
for the high hardness ice cream. As discussed previously this may result from additional oral
manipulation and longer residence time in-mouth favoring more heat transfer between the
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ice cream product and the oral cavity thereby impacting the temperature of the oral cavity
and leading to an increase in coldness perception. Previous research that has shown that
reducing the temperature of the tongue decreases sweetness perception which may
explain the observed impact on sweet perception 76–81. Such mechanisms could come from
a thermal modulation of the sensitivity of TRPM5, a cation channel that it is essential for
transduction of sweet taste 80.

2.5. Conclusions
A wide range of oral behaviors were applied by consumers during ice cream consumption.
Most consumers applied either tongue movements or combined oral behaviors such as
chewing and allowing the ice cream to melt without oral movements. For almost half of the
participants, the categorization of oral behavior based on self-reporting did not agree with
the categorization of oral behavior based on the actual behavior displayed during
consumption captured by video recordings. These results question the validity of selfreported questionnaires to capture oral processing behavior accurately. Video recordings
are a more appropriate tool to quantify oral behavior.
During TDS assessment, consumption time increased by up to 2x fold when oral behavior
was changed from chewing to natural oral processing behavior to letting the ice cream melt
in mouth without jaw movements. With increasing ice cream hardness by 8x fold,
consumption time increased by 1.5x fold for all oral behaviors. Similar chronology of
dominant sensations was observed for the ice creams regardless of hardness and oral
behavior. Texture attributes were perceived as dominant sensations at the beginning of
consumption whereas taste and aroma attributes were dominant towards the end of
consumption. Oral processing behavior and hardness influenced dynamic sensory
perception. When ice creams were let to melt in mouth, dominance of sweetness and
firmness was perceived for a longer period of time compared to when they were chewed.
Oppositely, when ice creams were chewed, dominance of fruitiness and coldness was
perceived for a longer period of time compared to when they were left to melt in mouth.
The dynamic changes that happen throughout the consumption process, as well as the fact
that consumers may apply different oral behaviors to the same food product should be
considered during sensory evaluation. One methodological recommendation would be to
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ensure that natural eating behavior is privileged over imposed protocol during sensory
assessment of food products.
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Oral processing behavior of
drinkable, spoonable and chewable
foods is primarily determined by
rheological and mechanical food
properties
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Abstract

Food oral processing plays a key role in sensory perception, consumer acceptance and food intake.
However, little is known about the influence of physical food properties on oral processing of different
type of food products. The primary objective of this study was to determine the influence of
rheological and mechanical properties of foods on oral processing behavior of liquid (drinkable), semisolid (spoonable) and solid foods (chewable). The secondary objective was to quantify the influence
of product, liking, frequency of consumption and familiarity on oral processing behavior. Rheological
and mechanical properties of 18 commercially available foods were quantified. Parameters describing
oral processing behavior such as sip and bite size, consumption time, eating rate, number of swallows,
number of chews, cycle duration, and chewing rate were extracted from video recordings of 61
consumers. Subjects evaluated products’ liking, familiarity, and frequency of consumption using
questionnaires. Consumers strongly adapted oral processing behavior with respect to bite size,
consumption time, and eating rate to the rheological and mechanical properties of liquid, semi-solid
and solid foods. This adaptation was observed within each food category. Chewing rate and chewing
cycle duration of solid foods were not influenced by mechanical properties and remained relatively
constant. Liking, familiarity, and consumption frequency showed to impact oral processing behavior,
although to a lower degree than the rheological and mechanical properties of food. We conclude that
the oral processing behaviors of liquid, semi-solid and solid foods are mainly determined by their
rheological and mechanical properties.
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3.1. Introduction
Oral processing is the manipulation and break down of food inside the mouth up to the
moment of swallowing

1,6,107

. This process is dynamic and plays a central role in sensory

perception and food intake. Therefore, oral processing is key for consumer acceptance of
foods 1,3.
Foods are processed differently in the mouth depending on their physical-chemical,
rheological and mechanical properties 7,108–110. Liquid foods are transported from the front
of the mouth to the pharynx and then swallowed. Semi-solid foods are also transported
from the front of the mouth to the pharynx but require additional tongue movements
before swallowing. Solid foods are fragmented into particles by mastication during oral
processing that are then further reduced in size, lubricated and mixed with saliva until
particles agglomerate and a bolus is formed that is safe to swallow 111,112. Oral processing
behavior is usually characterized by parameters such as sip or bite size, number of chews
per bite, oro-sensory exposure time, number of swallows, and eating rate 113.
The human diet consists of foods from across liquid, semi-solid and solid foods, though most
of the previous studies to date have investigated oral processing behaviors associated with
solid foods 47,51,52,113,114. These studies showed that the number of chews and bite size vary
depending on the food item consumed

. Hardness of soft-solid model food gels was

113

positively correlated with number of chews, muscle activity, and jaw opening amplitude 47.
Sensory attributes, such as firmness and chewiness were positively correlated with number
of chews, chewing rate, chews per bite and oral exposure time and negatively correlated
with eating rate 51. Eating rate represents the amount of food eaten per unit of time and
has been associated with caloric intake

115

. Forde et al. found that the way the food is

prepared significantly influenced eating rate

52

. The mashed version of a food was

consumed with higher eating rates than when the same food was presented whole.
However, it is not fully understood to what extent eating rate is determined by the
mechanical properties of food.
In contrast to the many studies investigating oral processing behavior of solid foods, only
few studies have examined the influence of rheological properties of liquid and semi-solid
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foods on oral processing behavior

. Chen & Lolivret found that apparent shear

54,116,117

viscosity was positively correlated with perceived difficulty to swallow and longer residence
time in mouth of liquid foods 54. de Wijk et al. compared bite size of liquid and semi-solid
foods and demonstrated that bite size of semi-solid foods was smaller than bite/sip size of
liquids 116. Steele & Lieshout found that when comparing bite size within one food category,
liquid foods, bite/sip size was not affected by product consistency 117. This study focused on
beverages with low viscosity such as water, milk, and apple juice. That said, the authors
indicated that number of swallows decreased when consistency increased. These studies
indicate that rheological properties of liquid and semi-solid foods may have an influence on
oral processing behavior.
In addition to the effect of rheological and mechanical properties of foods on oral
processing behavior, recent reviews have hypothesized that liking and familiarity could
influence oral processing behavior

118,119

. However, only a few studies account for food

liking and/or familiarity when assessing oral processing behavior 51,52,114,120. The studies of
Forde and Bellisle showed that for solids, liking was negatively correlated with chews per
bite and chewing time 52,120. However, other studies showed no relationship between liking
and oral processing behavior 51,114. Yet, the relationship between liking and familiarity for
liquid and semi-solid foods and oral processing behavior remains unclear.
Therefore, the primary objective of this study was to determine the influence of rheological
and mechanical properties of food on oral processing behavior of liquid (drinkable), semisolid (spoonable) and solid (chewable) foods. The secondary objective was to quantify the
influence of product, liking, frequency of consumption and familiarity on oral processing
behavior.

3.2. Material and Methods
3.2.1. Test foods
Eighteen commercially available foods were used and classified into three categories:
liquid/drinkable, semi-solid/spoonable, and solid/chewable foods (Table 3.1). These foods
were chosen to represent a wide range of commercially available products that differ in
rheological and mechanical properties. All foods were purchased in local supermarkets.
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When cooking was needed for food preparation, the manufacturer’s instructions provided
on the label were followed.
3.2.2. Instrumental analyses
Viscosity measurements of liquid and semi-solid foods
Viscosity measurements were performed with a Modular Compact Rheometer 302 (MCR
302, Anton Paar, Graz, Austria) equipped with a concentric cylinder (CC17/TI-SN3960). Flow
curves were recorded by measuring viscosity as a function of shear rate. Shear rate was
increased from 0.1 s-1 to 1000 s-1 and then decreased from 1000 s-1 to 0.1 s-1. All
measurements were done in triplicate at the serving temperature of the foods (Table 3.1).
Though the food temperature may vary during oral processing, it was assumed that the
temperature of liquid and semi-solid foods changed only to a small extent during
consumption. Thus, under this assumption the serving temperature was chosen as the
relevant temperature for the rheological testing. The Ostwald-de Waele model (η=K γ̇ n-1)
was used to fit the flow curves to quantify consistency K and flow behavior index n. In the
Ostwald-de Waele model η represents viscosity (Pas), γ̇ (s-1) shear rate, K consistency which
corresponds to viscosity at a shear rate of 1 s-1(η1s-1), and n the flow behavior index which
indicates the magnitude of shear thinning behavior (0<n<1). Fitting of flow curves was done
for viscosities ranging from 1 s-1 to 100 s-1. All liquid, drinkable and semi-solid, spoonable
foods were characterized following this procedure with the exception of water, tea, and
sparkling water. Viscosity of water at 22°C and 55°C were obtained from the tables of the
International association for the properties of water and steam 121, and used for water and
tea. Viscosity of sparkling water was assumed to be the same as viscosity of still water.
Uniaxial compression tests of solid foods
A Texture Analyzer (TA.XT plus) equipped with a load cell of 50 kg and a compression plate
of 75mm diameter was used to perform uniaxial compression tests on all chewable foods
with the exception of noodles. Samples were cylinders with 15mm height and 18mm
diameter.
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Table 3.1. Overview of foods, brands, serving temperature, and presentation form.
Category

Product

Brand

Serving
temperature

Presentation
form

Liquid/Drinkable

Water

Tap water

22°C

100 g in a cup

Sparkling water

Spa Intense

22°C

Green tea

Lipton vitality classic

55°C

Thin soup

Knorr Mix tomato soup

60°C

Thick soup

Unox Creamy tomato soup

60°C

Drinking yogurt

FrieslandCampina
Strawberry Vifit

10°C

Custard

FrieslandCampina Vanilla
flavor

10°C

Skimmed yogurt

FrieslandCampina

10°C

Skyr

Arla Skyr natural flavor

10°C

Mashed potatoes

Supermarket private label

55°C

Old Gouda cheese

Supermarket private label

22°C

Young Gouda cheese

Supermarket private label

22°C

BeeF(chuck)

Supermarket private label

70°C

Raw carrots

Supermarket private label

22°C

Chocolate

Lindt excellence 70% cacao

22°C

Noodles

Conimex wok noodles

22°C

Tofu (medium-firm)

Supermarket private label

22°C

Processed cheese

Bel Group Kiri

22°C

Semi-solid/
Spoonable

Solid/Chewable

100 g in a
bowl to be
consumed
with a spoon

50 g on a
plate to be
consumed
with fork and
knife

Processed cheese (Kiri) was used in its original shape, a block of 37x37x14mm. To prevent
friction between plate and samples during compression, the plate and the top of the sample
surface were lubricated with paraffin oil. Ten replicates per sample were measured at 22°C
at constant compression speed of 1mm/s up to a compression strain of 80%, except for
chocolate that was compressed up to 30% strain. To be able to compare mechanical
properties between solid, chewable foods differing largely in mechanical properties,
Young’s modulus and stress at 15% strain (σ15%) were calculated by averaging over the
replicate measurements.
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3.2.3. Subjects
61 Dutch-Caucasian subjects, 36 females and 25 males, with an average age of 44±24 years,
participated in this study. All participants underwent a dental screening to confirm they had
complete dentition. Additionally, mastication efficiency was assessed as described
previously 122,123 and only subjects considered with good mastication efficiency, defined as
subjects with a median particle size <3.5mm, were included. Eating Assessment Tool 10 124,
a self-administered questionnaire originally developed for dysphagia evaluation, was used
to discard subjects with any swallowing problem. Other inclusion criteria were BMI of 18.525 kg/m2, normal taste and smell capabilities and no food allergies. Written informed
consent was obtained from all participants and all subjects were reimbursed for their
participation. The study was approved by the medical ethical committee of Wageningen
University (NL58762.081.16).
3.2.4. Experimental procedure
During the test sessions participants consumed the test foods while being video recorded.
Each subject was individually video recorded, in a well-lit room, isolated from external noise
or any other distractions. Participants were asked not to eat for two hours before the
sessions. Sessions were held between 13:00 – 17:00 hours and lasted 30 min. Participants
consumed a total of 18 test foods divided over three sessions. In each session, participants
consumed six test foods. Each session lasted for 30 min. Sessions were spread over 3 weeks,
so that typically each subject participated in one session per week. Foods were presented
one at a time in a completely randomized order.
Before starting video recording, the researcher placed four round stickers on the
participant’s face: two on the forehead spaced horizontally 5 cm, one on the tip of the nose,
and one on the center of the chin. These stickers were used for video analysis. Participants
were seated in a chair in front of a table with a video camera (Canon IXUS-500HS),
approximately 50 cm from the participant’s face. This distance was close enough to take a
complete picture of the face without distracting or discomforting the participants.
Participants were instructed to hold their head straight and not to block their mouth or face
while eating.
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Drinkable products were served in 100g portions in a plastic cup and subjects were
instructed to drink the liquid products directly from the cup. Spoonable products were
served in 100g portions in a bowl and subjects had to use a tablespoon to consume them.
Finally, chewable foods were served in 50g portions and presented on a plate with fork and
knife. Subjects were instructed to consume the solid foods as they would usually do, so
subjects were free to use knife and fork or not in order to keep behavior as natural as
possible. They were requested to consume three sips, three spoons or three bites of the
food from the portion offered as they would normally do and to indicate the swallowing
moment by raising their hand. Once the participants finished the three sips, spoons, or bites
and indicated the last swallowing moment, the recording was stopped. All video recordings
were done at 30 frames per second (fps). After the video recordings, samples were weighed
to calculate the amount of food consumed. The portion size offered to the participants was
considerably larger than the amount they consumed with the three sips, spoons, or bites.
3.2.5. Video analysis
A coding scheme was developed for the extraction of quantitative data using the software
Kinovea (v0.8.15), a motion analysis software that tracks changes in the spatial position of
specific markers in video recordings. Frequency of two key moments (bite and swallow)
were recorded and the stickers placed on the nose and chin were labelled accordingly. The
movement of those stickers relative to each other was extracted as X-Y coordinates over
time. The stickers on the forehead were used as a reference to draw a line to calibrate the
software with the number of pixels that represented 5 cm. Coding of the videos was divided
between three researchers. To standardize the coding procedures, the researchers coded
a set of 10 videos together. After analyses were done, approximately 10% of the videos
were randomly selected and codification was validated.
Average bite size was determined by dividing the total weight of food consumed in three
sips, spoons or bites by three. Consumption time of one sip, one spoon or one bite was
defined as the time period when participants placed the sample in the mouth until the last
swallow before the next bite or end of the video. Total consumption time was obtained by
adding the consumption times of three sips, spoons, or bites. Total consumption time thus
represents the time that foods were orally processed and excludes the time between sips,
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spoons and bites. Number of swallows were recorded by counting the number of times the
participant raised the hand. Eating rate was obtained by dividing the weight of food
consumed by the total consumption time. To obtain the number of chews, the jaws vertical
displacement was computed as the difference between the nose’s position and the chin
marker at each time point. The number of chews was calculated by implementing a first
derivative zero-crossing peak detection method of the jaw’s vertical displacement. Chewing
cycle duration was obtained by dividing the total consumption time by the number of
chews, and chewing rate represents the number of chews per second. These calculations
were processed using a custom-made Excel macro. Table 3.2 shows the parameters
describing oral processing behavior obtained for each product category.
Table 3.2. Parameters describing oral processing behavior of 18 foods belonging to three categories.
Variable

Drinkable

Spoonable

Chewable

Average bite/sip size (g)







Consumption time in (s)







Number of swallows







Eating rate (g/s)







Number of chews



Chewing cycle duration (s)



Chewing rate (chews/s)



3.2.6. Liking, familiarity and consumption frequency
Separately from the video coding session, frequency of consumption, familiarity, and liking
of all foods were rated by all participants. Frequency of consumption and familiarity were
assessed before the test sessions while liking was rated after the last sip, spoon or bite of
product consumption. Frequency of consumption was rated using a 6-point scale where 1
indicated never consumed, 2 once a year, 3 once every six months, 4 once a month, 5 once
a week, and 6 once a day. Familiarity was rated on a 5-point scale. 1 indicated not at all
familiar, 2 slightly familiar, 3 moderately familiar, 4 very familiar, and 5 extremely familiar.
Liking was assessed using a 9-point hedonic scale with 1 corresponding to dislike extremely,
2 dislike very much, 3 dislike moderately, 4 dislike slightly, 5 neither like nor dislike, 6 like
slightly, 7 like moderately, 8 like very much, and 9 like extremely.
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3.2.7. Statistical data analysis
All data analyses were done with SPSS (IBM SPSS statistics, version 24). Data is presented
as mean±SE. Normality of continuous variables was checked using Shapiro-Wilk tests. Nonnormally distributed data was log-transformed. A p-value lower than 0.05 was considered
statistically significant.
Analysis of covariance was conducted within each product category to determine the effect
of food product on each oral processing variable considering product as independent factor.
Liking, familiarity, frequency of consumption and participants age were used as covariates.
Partial eta squared (ηp2) was calculated to estimate effect sizes. Post hoc pairwise
comparisons were performed using Bonferroni’s adjustment. Additionally, an analysis of
variance within each product category was conducted to compare products liking,
familiarity and frequency of consumption.
Pearson correlation coefficients were computed to assess the relationships between oral
behavior variables and rheological and mechanical properties.

3.3. Results
3.3.1. Rheological and mechanical properties of foods
Consistency K corresponding to viscosity at a shear rate of 1 s-1 and flow behavior index n
indicating the magnitude of shear thinning behavior (0<n<1) of drinkable and spoonable
foods are shown in Table 3.3. Water and warm tea display Newtonian flow behavior (n=1),
and the difference in consistency K is caused by the temperature difference. All other
drinkable and spoonable foods displayed shear thinning behavior to various degrees
(0.06<n<0.45). Of all foods displaying shear thinning behavior, thin soup had the lowest and
mashed potatoes the highest consistency K. Mashed potatoes displayed the lowest
(strongest shear thinning behavior) and drinking yogurt the highest (weakest shear thinning
behavior) flow behavior index n.
The Young’s modulus and stress needed to compress to 15% strain (σ15%) for solid, chewable
foods are shown in Table 3.4. Young’s modulus ranged from 0.28 kPa for tofu to 50.31 kPa
for carrot. σ15% ranged from 4.42 kPa for tofu to 661.25 kPa for chocolate.
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Table 3.3. Consistency K corresponding to viscosity at a shear rate of 1 s-1and flow behavior index n indicating the
magnitude of shear thinning behavior (0<n<1) of drinkable and spoonable foods
Category

Liquid/Drinkable

Semi-solid/Spoonable

Food

Consistency K
(Pa·s)

Flow behavior index
n

Water

0.00095

1.00

Sparkling water

0.00095

1.00

Green tea

0.00050

1.00

Thin soup

0.164

0.42

Thick soup

3.530

0.25

Drinking yogurt

1.312

0.45

Custard

21.34

0.31

Skimmed yogurt

20.59

0.38

Skyr

55.20

0.28

Mashed potatoes

207.61

0.06

Note: Flow curves were determined at serving temperature. Water and tea viscosities were obtained from
Wagner & Kretzschmar, 2008.
Table 3.4. Mean and standard error of Young’s modulus and stress at 15% strain (σ15%) of solid, chewable foods.
Category

Food

Young’s modulus
(kPa)

Stress at 15% strain σ15%
(kPa)

Solid/Chewable

Old Gouda cheese

14.59±0.82

169.3±8.45

Young Gouda cheese

2.21±0.26

30.2±3.06

Beef

1.77±0.31

22.9±3.41

Raw carrots

50.31±3.18

607.0±33.41

Chocolate

47.35±8.34

661.3±88.91

Tofu

0.28±0.02

4.4±0.24

Processed cheese

1.02±0.63

13.2±0.06

3.3.2. Product differences on oral processing behavior
Means of all parameters describing oral processing behavior of the n=61 subjects for all
drinkable, spoonable, and chewable foods are presented in Table 3.5. Food products were
significantly different on most parameters describing oral processing behavior.
Ingestion size significantly differed in drinkable [F(5, 358)=10.21, p<.001, ηp2=.13],
spoonable [F(3, 238)=4.44, p=.005, ηp2=.05], and chewable [F(7, 478)=11.94, p<.001,
ηp2=.15] foods. Drinkable foods were eaten with an average sip size of 15.0 g, spoonable
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foods had an average bite size of 10.6g whereas chewable foods had an average bite size
4.8 g.
Consumption time significantly differed in drinkable, spoonable, and chewable foods [F(5,
359)=19.35, p<.001, ηp2=.21; F(3, 239)=32.30, p<.001, ηp2=.29; F(7, 478)=30.01, p<.001,
ηp2=.31 respectively]. Consumption time for drinkable foods was on average 3.7 s, for
spoonable foods 5.4 s, and for chewable foods 21.3 s.
Number of swallows significantly differed in drinkable [F(5, 360)=8.55, p<.001, ηp2=.11] and
spoonable foods [F(3, 240)=6.24, p<.001, ηp2=.07]. However, chewable products did not
differ on number of swallows. The number of swallows taken for drinkable foods was on
average 1.2, for spoonable foods 1.4, and for chewable foods 1.8.
Eating rate significantly differed in drinkable, spoonable, and chewable foods [F(5,
359)=24.59, p<.001, ηp2=.26; F(3, 238)=29.09, p<.001, ηp2=.27; F(7, 478)=36.76, p<.001,
ηp2=.35 respectively]. The average eating rate was 4.4 g/s for drinkable products, 2.2 g/s for
spoonable, and 0.2 g/s for chewable foods.
Number of chews significantly differed between products [F(7, 444)=42.58, p<.001, ηp2=.39]
for chewable foods, and ranged from 16.7 chews for processed cheese to 47.2 chews for
meat. Moreover, significant effects on chewing rate and cycle duration were observed [F(7,
479)=9.44, p<.001, ηp2=.12].
These results show an interrelationship between oral processing parameters. Chewable
foods that were eaten at the slowest rate also had the smallest bite size, greatest chews
per bite and longest consumption time (i.e. Gouda, carrots, beef). By contrast drinkable and
spoonable foods that were eaten the fastest, had the largest bite size, required no chewing
and had the shortest consumption time (i.e. water, skimmed yogurt).
3.3.3. Effect of liking, familiarity and frequency of consumption on oral
processing behavior
There were significant differences in liking, familiarity, and frequency of consumption
within product categories, as shown in Table 3.5. The univariate analyses of covariance
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showed significant effects of liking, frequency of consumption, and familiarity on some of
the parameters describing oral processing behavior.
Liking was significantly related to bite size of drinkable [F(1,358)=9.24, p=.003, ηp2=.02],
spoonable [F(1,238)=36.42, p<.001, ηp2=.13] and chewable foods [F(1,478)=23.80, p<.001,
ηp2=.05]. Bite size increased as the liking rating increased. Regarding the eating rate, liking
was significant in spoonable [F(1,238)=15.02, p<.001, ηp2=.06] and chewable foods
[F(1,478)=20.69, p<.001, ηp2=.04]. Participants consumed larger amounts per second as
liking increased.
Familiarity was also significant for consumption time [F(1,478)=5.51, p=.019, ηp2=.01] and
number of chews [F(1,477)=10.94, p<.001, ηp2=.02] of solid foods. Consumption time and
number of chews increased as familiarity rating increased.
Finally, frequency of consumption was significant for bite size of spoonable foods
[F(1,238)=8.35, p=.004, ηp2=.03] and number of chews of solids products [F(1,477)=5.06,
p=.025, ηp2=.01], bite size and number chews decreased with products that were consumed
less frequently.
Summarizing, for those variables that showed significant effects of liking, results were as
expected, liking leads to larger bite sizes and faster eating rates. Regarding familiarity and
frequency of consumption, there were no clear expectations, but the results suggests that
people tend to chew more for products that are less well known and less frequently
consumed. However, the effect sizes of familiarity and frequency of consumption are much
smaller compared to the effect size of liking.
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16.8±1.1c

15.5±1.1bc

12.7±1.1ab

11.2±1.1a

15.6±1.1bc

15.0

Sparkling water

Green tea

Thin soup

Thick soup

Drinking yogurt

Mean within category

12.6±1.1b

8.9±1.1

9.7±1.1a

10.6

Skimmed yogurt

Skyr

Mashed potatoes

Mean within category

a

11.0±1.1ab

Custard

Spoonable

18.0±1.1c

Water

Drinkable

Bite size (g)

1.6±1.0

5.4

7.2±1.1b
1.4

1.6±1.0bc

c

6.8±1.1
b

1.3±1.0ab

1.3±1.0a

1.2

1.3±1.0bc

1.5±1.0c

1.2±1.0ab

1.1±1.0a

1.2±1.0ab

1.1±1.0a

Number
of
swallows

3.8±1.1a

3.6±1.1a

3.7

3.9±1.1b

6.0±1.1c

3.3±1.1ab

2.9±1.1a

3.1±1.1ab

2.8±1.1a

Consumption
time (s)

2.2

1.4±1.1a

1.5±1.1
a

3.0±1.1b

3.0±1.1b

4.4

4.1±1.1b

2.0±1.1a

4.0±1.1b

5.0±1.1bc

5.3±1.1bc

6.3±1.1c

Eating
rate (g/s)

-

-

-

-

-

-

-

-

-

-

Number of
chews

-

-

-

-

-

-

-

-

-

-

Chewing
rate
(chews/s)

-

-

-

-

-

-

-

-

-

-

Cycle
duration
(s)

6.3

5.7±0.2a

5.9±0.2

a

6.4±0.2a

7.1±0.2b

6.3

7.1±0.2c

7.2±0.2c

7.0±0.2c

5.0±0.2a

5.4±0.2ab

5.9±0.2b

Liking

are reported as mean±SE. Superscripts indicate significant differences between means within each column within a product category (p<0.05).

3.6

4.0±0.1b

2.2±0.1

a

4.6±0.1c

3.8±0.1b

4.3

3.9±0.1a

4.2±0.1a

4.2±0.1a

4.7±0.1b

4.1±0.1a

4.9±0.1b

Familiarity

3.8

3.7±0.1b

2.1±0.1a

5.5±0.1c

3.8±0.1b

4.5

3.6±0.1a

3.9±0.1a

3.9±0.1a

5.7±0.1b

3.8±0.1a

6.0±0.1b

Frequency of
consumption

Table 3.5. Means of parameters describing oral processing behavior, liking, familiarity and frequency of consumption for all drinkable, spoonable, and chewable foods. Values
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4.0±1.1b

5.0±1.1bc

5.4±1.1c

4.0±1.1b

2.9±1.1a

6.0±1.1c

5.3±1.1bc

5.4±1.1c

4.8

Old Gouda cheese

Young Gouda cheese

Beef

Raw carrots

Chocolate

Noodles

Tofu

Processed cheese

Mean within category

Chewable

21.3

13.9±1.0a

17.6±1.1bc

17.3±1.0b

22.0±1.0cd

24.4±1.0d

33.2±1.0e

18.8±1.0bc

23.2±1.0cd

1.8

1.7±1.1

1.6±1.1

1.7±1.1

1.8±1.1

1.8±1.1

2.0±1.1

1.7±1.1

1.9±1.1

0.2

0.4±1.1c

0.3±1.1bc

0.3±1.1bc

0.1±1.1a

0.2±1.1a

0.2±1.1a

0.3±1.1b

0.2±1.1a

29.1

16.7±1.0a

23.4±1.1b

23.8±1.0b

29.7±1.0c

36.6±1.0d

47.2±1.0e

25.9±1.0bc

30.0±1.0cd

1.4

1.2±1.0a

1.4±1.0bcd

1.4±1.0bcd

1.3±1.0abc

1.5±1.0d

1.4±1.0cd

1.3±1.0bc

1.3±1.0ab

7.2±0.2d
6.8±0.2cd
5.8±0.2b
6.9±0.2cd
7.5±0.2d
5.6±0.2b
3.3±0.2a
6.3±0.2bc
6.2

0.8±1.0cd
0.7±1.0bc
0.7±1.0ab
0.7±1.0a
0.8±1.0bcd
0.7±1.0abc
0.7±1.0abc
0.8±1.0d
0.7

4.0

3.8±0.1b

2.9±0.1a

3.9±0.1b

4.6±0.1c

4.5±0.1c

4.3±0.1bc

4.3±0.1bc

4.1±0.1bc

4.3

3.6±0.1b

2.6±0.1a

3.9±0.1b

5.1±0.1d

4.7±0.1cd

4.7±0.1cd

4.9±0.1cd

4.5±0.1c
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3.3.4. Relationships between oral processing behavior and rheological and
mechanical properties of foods
Pearson correlation coefficients were calculated to assess the relationships between
parameters describing oral processing behavior and rheological and mechanical properties
of drinkable, spoonable, and chewable foods (Table 3.6). Bite size of liquid and semi-solid
foods was negatively correlated with product consistency K (r=-.880, n=10, p<.001) (Figure
3.1.A and Table 3.6) and positively correlated with flow behavior index n (r=.891, n=10,
p<.001). Bite size of chewable foods was negatively correlated with stress (σ15%) (r=-.912,
n=7, p=.004) and Young’s modulus (r=-.899, n=7, p=.006) (Figure 3.2.A and Table 3.6).
Table 3.6. Pearson correlation coefficient of rheological and mechanical properties of foods and parameters
describing oral processing behavior.
Bite size

Consumption
time

Number of
swallows

Eating
rate

Number of
Chews

Chewing
rate

Cycle
duration

Liquid and semi-solid foods
Consistency
Ka

-.880**

.750*

.853**

-.915**

-

-

-

Flow
behavior
index n

.891**

-.762*

-.848**

.921**

-

-

-

Stress (σ15%)a

-.912**

.307

.420

-.774*

.334

.234

-.224

Modulus

-.899**

.315

.440

-.771*

.341

.226

-.215

Solid foods

a

*Correlation is significant at p<0.05 level and **correlation is significant at p<0.01 level. Variables were
transformed into logaritmic scale.
a

Consumption time was positively correlated with consistency (r=.750, n=10, p=.012) and
negatively with flow behavior index (r=-.762, n=10, p=.010) (Figure 3.1.B and Table 3.6).
Figure 3.2.B shows that for chewable foods, with increasing σ15% or Young’s modulus
consumption time tended to increase. However, this correlation was not significant since
beef deviates from the trend line. When beef is removed from the data analysis, the
correlation between consumption time and Young’s modulus becomes significant (r=.846,
n=6, p=.034) (Figure 3.2.D). Likewise, a trend was observed with regards to number of
chews and σ15%. With increasing σ15% or Young’s modulus, the number of chews increased.
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However, this trend was not significant unless beef is removed from data, then the
correlation is r=.815, n=6, p=.048.

3

Figure 3.1. Correlations between consistency K and (A) bite size, (B) consumption time, (C) eating rate and (D)
number of swallows of liquid and semi-solid foods.

Eating rate was negatively correlated with product consistency for liquid and semi-solid
foods and σ15% for solid foods (r=-.915, n=10, p<.001; r=- .774, n=7, p=.041 respectively). It
can be observed that when consistency or stress increased eating rate decreased (Figure
3.1.C, Figure 3.2.C and Table 3.6). The number of swallows positively correlated with
consistency (r=.853, n=10, p=.002), therefore products that had a higher consistency K
needed more swallows than foods with lower consistency K. Other oral processing
parameters such as number of chews, chewing rate, and cycle duration did not significantly
correlate with the rheological and mechanical properties of solid, chewable foods.
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Figure 3.2. Correlations between Young’s modulus and (A) bite size, (B) consumption time of all products, (C)
Eating rate and (D) consumption time excluding beef meat.

3.4. Discussion
The primary objective of this study was to determine the influence of rheological and
mechanical properties of food on oral processing behavior of liquid (drinkable), semi-solid
(spoonable), and solid (chewable) foods. The secondary objective was to quantify the
influence of product, liking, frequency of consumption, and familiarity on oral processing.
The results demonstrate that there are differences in oral processing behavior within food
product categories. Furthermore, the effect sizes measured indicate that the parameters
describing oral processing are mainly influenced by the food product consumed and to a
lesser degree by liking, familiarity, and frequency of consumption. Thus, consumers
primarily adapt their bite size, consumption time and eating rate to the rheological and
mechanical properties of the foods being eaten.
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The present study showed that bite size has an inverse relationship with consistency K for
drinkable and spoonable foods and with stress needed to compress to 15% strain (σ15%) for
chewable foods. In line with our results are the results of de Wijk who investigated the
effect of viscosity on bite size of one liquid (milk) and one semi-solid food (custard) 116. He
showed that the more viscous semi-solid food was eaten with a significantly smaller bite
size than the less viscous liquid food. Both liquid and semi-solid foods were sipped through
a straw while in the present study liquid foods were drank from a cup and semi-solid foods
were consumed with a spoon. The effect of viscosity on bite size seems to be the same
independent of the ingestion procedure, as foods with a greater consistency were
consumed with a smaller sip/bite size. In addition, we observed that temperature appears
to influence the flow properties and bite size of drinkable foods, where warm foods were
consumed with smaller sips compared to cold foods. This effect may be a self-protection
reflex of the consumers to avoid damage to the soft tissues of the oral cavity caused by
warm foods or could reflect temperature related changes in product consistency. For
instance, we observed that warm thick soup was consumed with significantly smaller sips
than cold drinking yogurt. Likewise, warm tea tended to be consumed with smaller sips than
cold water, although this difference was not significant.
It is generally accepted that oral processing of liquids is mainly transportation of the bolus
from the front of the mouth to the pharynx. Therefore, it is not surprising that drinkable
foods have a shorter residence time in the oral cavity compared to spoonable and chewable
foods. However, differences in rheological and mechanical properties can also extend in
mouth residence time within a food category. We observed that within the category of
drinkable foods, consumption time increases with increasing consistency although sip size
decreases. In the category of spoonable foods we observed the same; consumption time
increases with increasing consistency although bite size decreases. In the category of
chewable foods, consumption time increases with increasing Young’s modulus or stress
needed to compress to 15% strain (σ15%) although bite size decreases. Engelen et al.
investigated oral processing behavior of solid foods 50. In contrast to our study, Engelen et
al. gave the subjects a predetermined and constant bite size. Their results showed that
tough solid foods needed longer consumption times and a higher number of chews than

3
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softer solid food. To summarize, the rheological and mechanical properties of liquid, semisolid and solid foods influence consumption time and sip/bite size in opposing manners.
With increasing consistency of liquid and semi-solid foods or Young’s modulus and σ15% of
solid foods consumption time increases although bite size decreases. This suggests that
consumption time of liquid, semi-solid and solid foods seems to be determined by
rheological and mechanical food properties.
The number of chews per bite were significantly different between solid foods. The
correlation between number of chews and mechanical properties of solid foods was not
significant. We observed that beef is a product that differed from the other foods tested,
probably due to its fibrous, anisotropic structure which strongly influences mechanical
properties. In our study, this effect has been neglected during the characterization of the
mechanical properties of beef. In order to form a bolus suitable to swallow, the beef meat
needs to be well mashed by teeth, and even in the swallowing point some intact fibers can
be observed in the bolus 58. Nevertheless, it is interesting to notice that the number of
chews observed in this study for beef are similar to the values found by Mioche 39. Another
possible factor by which beef might have contribute to the lack of a relation between the
number of chews and mechanical properties is the difference between the serving
temperature (70°C) and the temperature for the rheological measurements (22°C). With
the exception of beef, we observe that for the other solid foods the number of chews tends
to increase with increasing σ15%. A similar trend has been shown before for model gels
indicating that people unconsciously adapt the number of chews to the mechanical
properties of food 47.
Eating rate was also highly correlated with the rheological and mechanical properties of
food. In liquid and semi-solid foods when consistency increases eating rate decreases.
Furthermore, in solid foods, Young’s modulus and σ15% negatively correlated with eating
rate. These results show that more viscous liquid and semi-solid foods and stiffer solid foods
were consumed with lower eating rates. Four other studies assessed the eating rate of
commonly consumed foods and suggested that eating rate decreases as foods become
more solid and harder, though those studies did not characterize the rheological and
mechanical properties of the foods 51–53,115. Therefore, modifying food texture may be a way
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to nudge food ingestion, since it has been shown that decreasing eating rate using food
textures, can lead to lower food intake

125,126

. Therefore, these findings could be used to

objectively screen foods’ mechanical properties and identify those foods that are likely to
slow down eating rate and consequently support energy intake reduction.
It should be noted that the Young’s modulus represents a mechanical property determined
under small deformation, typically at strains below 5%. The 15% strain, which was used in
this study, represents also for many foods a deformation that can be considered relatively
small compared to the deformations occurring during oral processing of solid foods. While
the observed negative correlations between Young’s modulus or σ15% and eating rate are
significant, during mastication chewable foods are fractured repetitively, hence neither
Young’s modulus nor σ15% are mechanical properties which are determined under
conditions mimicking oral processing behavior. It is therefore surprising that these
measures yielded such strong correlations with oral processing behaviors, given they do not
accurately reflect the kind of mechanical stress and deformation food structure undergoes
during mastication. Since mastication of solid foods involves large deformations it would be
interesting to quantify the relationships between parameters describing oral processing
behavior and mechanical properties of solid foods determined under large deformation or
under repetitive compression such as Texture Profile Analysis (TPA).
Cycle duration and chewing rate remained considerably stable across chewable foods, with
an average of 0.7s and 1.4 chews/s, respectively. These values are in line with previously
reported results 127,128. Those studies reported a mean chewing rate of 1.3 and 1.5 chews/s.
The stability of chewing rate and cycle duration may be explained by the fact that
mastication is a rhythmic motor action originated in the central pattern generator in the
brainstem that keeps chewing movements constant and fairly independent of the
mechanical properties of the solid foods

129

. However, probably as consequence of the

sensory feedback provided by the food bolus

, some minor but significant differences

130

were observed between products.
Number of swallows per bite ranged from 1.1 to 2.0 across food categories. Drinkable
products required fewer swallows than spoonable foods, and the later required fewer
swallows than chewable foods. These results show that during oral processing of a single
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bite, multiple swallows can take place and that a complete feeding sequence normally
involves one or two swallows as has been indicated in previous researches 7,131. In drinkable
and spoonable foods, products that had a higher consistency needed more swallows to
finish the food bolus than products with a lower consistency probably because at higher
consistencies perceived difficulty to swallow increases 54. In the case of chewable foods,
multiple swallows occurred since some parts of the bolus may be ready to swallow earlier
than others 7.
Liking, familiarity, and frequency of consumption were significantly related to parameters
describing oral processing behavior such as bite size, consumption time, number of chews,
and eating rate. However, their effect on oral processing is smaller in comparison to the
product effect. In agreement with these results are those of Ferriday, who showed that
liking of solid foods had a small effect on bite size and eating rate

114

. Both studies show

that variations in liking do not impact oral processing as much as the variations in a product,
similar deductions can be extended to familiarity and frequency of consumption.
Nevertheless, it should be noted that liking was measured after the product was tasted and
not before or between bites. Therefore, from the results of this study we cannot assume
that the effect of liking on the oral processing parameters is strictly causal.

3.5. Conclusions
Mechanical and rheological properties of food within a product category (liquid/drinkable,
semi-solid/spoonable, solid/chewable) influence oral processing behavior. The effect of
rheological and mechanical properties on parameters describing oral processing behavior
of liquid, semi-solid, and solid foods is considerably larger than the effects of liking,
familiarity, and frequency of consumption on those parameters. We suggest that oral
processing of drinkable, spoonable, and chewable foods is a process mainly driven by the
rheological and mechanical food properties. We conclude that consumers adapt their oral
processing behavior (i.e. bite size, consumption time, eating rate, and number of chews in
solid foods) to the rheological and mechanical properties of foods even when they belong
to the same food category. Furthermore, oral processing descriptors like chewing rate and
cycle duration remain constant and independent of the mechanical properties of solid
foods.

Influence of food properties on oral behavior | 69

3

CHAPTER 4

4

Age, gender, ethnicity and eating
capability influence oral processing
behavior of liquid, semi-solid and
solid foods differently
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Abstract

Food oral processing depends on food properties and consumer characteristics. The aim of this study
was to determine the effect of age, gender, ethnicity and eating capability on oral processing behavior
of liquid, semisolid and solid foods. Oral processing behavior of 18 commercially available foods was
compared between Dutch-Caucasian adults (18-30 yrs), Chinese-Asian adults (18-30 yrs), DutchCaucasian elderly (60-80 yrs), and consumers with mild swallowing problems and/or low mastication
efficiency (18-80 yrs). Elderly consumed all foods with lower eating rates (g/s) than young adults by
increasing consumption time (s). Females consumed solid foods with lower eating rates (g/s) than
males by reducing bite size (g). Chinese-Asian consumers consumed liquid and solid foods with lower
eating rates (g/s) than Dutch-Caucasian consumers by reducing bites size (g). Chinese-Asian
consumers consumed semi-solid foods with lower eating rates (g/s) than Dutch-Caucasian consumers
by reducing bite size (g) and increasing consumption time (s). Consumers with decreased mastication
efficiency or mild swallowing problems showed similar oral processing behavior than healthy
consumers, probably because reduction in eating capability was limited in the group. This shows that
different consumer groups adapt eating rate (g/s) in different ways by modifying bite size (g),
consumption time (s) or both. To conclude, age, gender and ethnicity influence oral processing
behavior of liquid, semi-solid and solid foods differently. Understanding differences in oral processing
behavior of specific consumer groups can assist in steering sensory perception, food choice and
energy intake of specific consumer groups such as the elderly.
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4.1. Introduction
Oral processing behavior is the first stage of food digestion, which is affected by food
properties and consumer characteristics 1. Physical-chemical, rheological and mechanical
properties of foods strongly determine oral processing behavior

7,110

. Forde et al. found

large variations in number of bites, chews per bite and eating rate (g/s) for different solid,
savory meal components of European and Asian foods 51,52,132. Faster eating rates (g/s) have
been related to higher ad-libitum energy intakes and higher body mass index

133

. Eating

rates (g/s) and food intake have been demonstrated to depend on food texture
51,125,126,132,134

. The ability to orally process foods can affect food intake and food choices

among vulnerable populations, including elderly and consumers with decreased eating
capability 135,136. Changes in oral processing behavior, and especially eating rate (g/s), Have
been established to impact food intake and body mass index (BMI), and consequently
impact public health

137–140

. In comparison to solid foods, less is known about the oral

processing behavior of liquid and semi-solid foods. Liquids require different oral processing
behavior than solids, which consists mainly of transportation of the fluid from the front to
the back of the mouth. Aguayo-Mendoza et al. recently studied oral processing behavior of
liquid, semi-solid and solid foods 69. Rheological and mechanical properties of liquid, semisolid and solid foods were the main determinants for oral processing behavior. Instrumental
texture properties of a broad range of solid foods strongly correlated with eating rate (g/s)
and oral processing behavior 141. These studies highlight that rheological, mechanical and
texture properties of foods are important determinants of oral processing behavior,
especially eating rate (g/s), which strongly influence ad libitum food intake.
In addition to the influence of food properties on oral processing behavior and eating rate
(g/s), characteristics of the consumer such as age, gender and ethnicity, also alter oral
behavior. Most consumers follow individual chewing strategies when masticating 142. The
term ‘individual chewing strategies’ has been introduced by Yven et al. to describe different
adaptation strategies of consumers in oral processing behavior for different foods. Yven et
al. discovered 3 different adaptation strategies used by subjects to process foods. Subjects
changed a combination of the number of chewing cycles, consumption time (s) and
amplitude of muscle contraction in response to food product characteristics. Mastication

4
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behavior can influence sensory perception of foods. Chewing sausages for a shorter or
longer time gave rise to differences in bolus properties which led to differences in texture
perception

75

. These studies show that variation in oral processing behavior can explain

differences in sensory perception between individuals or consumer groups.
Ageing induces changes in oral physiology and anatomy causing changes in oral processing
behavior 32. Essential oral functionalities, such as dental status, jaw muscle activity, bite
force, tongue pressure and oral volume, decrease with age and affect oral processing 24,143–
147

. Changes in oral physiology and anatomy during ageing lead to adaptation of food oral

processing behavior. Elderly chew solid foods longer, with higher number of chews and with
lower mastication efficiency compared to young adults

148

. To compensate for declined

mastication efficiency, elderly increase the number of chews until swallowing. Similar
results were found for a variety of solid foods demonstrating that chewing duration and
number of chews increased with age while muscle activity per chew declined 27,31. Elderly
tend to have fewer teeth, influencing both the ease and comfort of chewing and the oral
health-related quality of life

136,149

. Few studies investigated oral processing behavior of

liquid foods either in young adults or elderly

150,151

. In contrast to numerous studies

investigating the influence of age on oral processing of solid foods, to the best of our
knowledge the influence of age on oral processing behavior of liquid and semi-solid foods
has not yet been compared. Understanding age related changes in oral processing behavior
of foods may provide new solutions to increase energy intake in elderly, vulnerable
populations, and hence might contribute to fighting risks of nutrition related noncommunicable diseases in elderly with poorer mastication ability.
In addition to age, gender affects oral processing behavior. Oral physiology was suggested
to partially explain differences in food oral processing behavior between females and
males. Males displayed higher maximum bite force, salivary flow and higher lip and cheek
strength compared to females, which can facilitate oral processing behavior

29,34,35,145

.

Males displayed higher muscle activities and masticatory frequency when chewing solid
foods than females 38,119,152. Males showed shorter chewing cycle durations, shorter meal
durations, lower number of chews, larger bite sizes (g) and higher eating rates (g/s) than
females for a variety of solid foods

37,38,152,153

. While numerous studies investigated the
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effect of gender on oral processing behavior of solid foods, the influence of gender on oral
processing behavior of liquid and semi-solid foods has not been studied yet.
Ethnicity was found to affect the oral volume 41. Chinese-Asian consumers were found to
have larger volumes of the oral cavity compared to Caucasian Americans and African
Americans. Differences in oral physiology and anatomy between consumers belonging to
different ethnicities might cause differences in food oral processing behavior. Very little is
known about the effect of ethnicity on oral processing behavior of liquid, semi-solid and
solid foods.
Physiological and anatomical differences may result in differences in eating capability.
According to Laguna & Chen, eating capability is an individual's capability to process foods
during consumption 65. Eating capability is a combination of one's physical, physiological
and mental-coordination capabilities in handling and consuming food. The physical
capabilities is often quantified with a mastication efficiency test, whereby a food or model
food is consumed for a number of chewing cycles, spit out and number and size of particles
quantified

65,143,154

. Another measure of eating capability is the ability to swallow foods

safely and painless. Belafsky et al. developed the Eating Assessment Tool (EAT-10), a 10item questionnaire assessing swallowing problems

124

. Both mastication efficiency and

swallowing problems contribute to eating capability, which might influence food oral
processing behavior. Strong reductions of eating and swallowing capabilities are known as
dysphagia 155. Dysphagia patients are considered to display unhealthy swallowing behavior
155

, and are outside the scope of our study. However, little is known about oral processing

behavior of healthy consumers with reduced mastication efficiencies.
To summarize, consumer characteristics such as age, gender, ethnicity and eating capability
and rheological, mechanical and texture properties of foods contribute to oral processing
behavior. The aim of this study was to determine the effect of age, gender, ethnicity and
eating capability on oral processing behavior of liquid, semi-solid and solid foods. Oral
processing behavior of 18 commercially available foods, ranging from liquids, semi-solids to
solids, was compared between Dutch-Caucasian adults; Chinese-Asian adults; DutchCaucasian elderly and consumers with mild, self-reported swallowing problems and/or low

4

76 | Chapter 4

mastication efficiency. The effect of rheological and mechanical properties of these foods
on oral processing behavior has been reported previously 69.

4.2. Materials & method
4.2.1. Participants
Four groups of consumers participated in this study, including n=32 healthy adults with
Dutch nationality and Caucasian ethnicity (9 males and 23 females, range 18–30 yrs., mean
21.3±1.5 yrs.), n=29 healthy elderly with Dutch nationality and Caucasian ethnicity (13
males and 16 females, range 60–80 yrs., mean 70.0±3.8 yrs), n=35 healthy adults with
Chinese nationality and Asian ethnicity (11 males and 24 females, range 18–30 yrs., mean
23.9±2.0 yrs) and n=39 participants with decreased eating capability (15 males and 24
females, range 18–80 yrs., mean 37.1±22.2 yrs). The fourth consumer group included both
Caucasian (n=32) and Asian (n=7) ethnicities. Dental status of all participants (n=135) was
checked visually by the researchers before the study. Elderly participants were included
only when 2 or less teeth were missing. Young participants were included only when no
teeth were missing. All participants did not have removable crowns, implants or dentures.
Other inclusion criteria were BMI between 18.5 and 25 kg/m2, normal taste and smell
capabilities and no beard (otherwise stickers for tracking oral behavior did not adhere).
Screening of participants was done during an information meeting to ensure participants
fulfil the selection criteria for the specific consumer groups. This was done through a
questionnaire and an assessment of the eating capability.
Eating capability was assessed by classifying all 135 participants as either ‘healthy
consumers’ (first three groups) or ‘consumers with mild mastication and/or swallowing
problems’ (fourth group). Mastication efficiency was determined by a mastication test using
an artificial test food (Optosil) as described previously 156. Participants chewed 14 cubes of
Optosil (5×5×5mm; total weight approximately 3.5 g) for 20 chews. Participants spat out
the test food. Fragments were filtered and dried in an oven at 80°C for 25 min. Once dried,
particles were separated in a petri-dish, scanned (Canon 9000F Mark ||) and number of
particles and particle size were determined using the imaging software ImageJ. Participants
were classified as ‘healthy consumers’ when>50% of particles had an average size
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of<3.5mm. Swallowing problems were self-assessed by the EAT-10, a questionnaire with 10
statements on swallowing problems 124. A score 0–2 was defined as having no swallowing
problems and participants were classified as “healthy consumers”. Thirty-nine participants
were included in the fourth group with decreased eating capability. This group consisted of
30 participants with low mastication efficiency; 7 participants with minor swallowing
problems; and 2 participants with both low mastication efficiency and minor swallowing
problems.
Participants gave written informed consent to join the study and received financial
reimbursement for their participation. The study was approved by the medical ethical
committee of Wageningen University (NL58762.081.16).
4.2.2. Foods
Participants consumed 18 commercially available foods covering a wide range of physical
properties, classified as liquid (drinkable), semisolid (spoonable) or solid (chewable) (Table
4.1). The 18 foods were selected to include foods differing in consistency and texture within
the categories of liquid, semi-solid and solid foods. Only foods that are commonly
consumed were included in the study. Hundred grams of drinkable foods were presented
in a cup. 50g of the spoonable and chewable foods were presented in a bowl or on a plate.
The three cheeses, tofu and chocolate were cut into rectangular or square shapes to ensure
easy consumption. Meat was cut into a piece of 50g and cutlery was given to the
participants to cut the meat in their preferred bite size (g). Three small carrots were
provided for the carrot sample. 50g of noodles were placed on a plate. Portion size of the
foods were chosen to provide enough foods for 3 sips/bites, taking into account the
variation in sip/bite size (g) of the three food categories. Standard serving materials were
used for the serving of the foods, including regular plastic cups (180 mL) and heat resistant
cups (180 mL) for the liquids; a small ceramic bowl (300 mL) and table spoon (15 mL) for
the semi-solids; and dinner plate (24 cm diameter), fork and knife for the solids. Cutlery was
provided for the consumption of the spoonable and chewable foods. Participants
consumed only the beef, noodles and spoonable foods with cutlery. All other chewable
foods, (chocolate, carrots, tofu and all cheeses) were consumed by most participants using
the fingers.

4
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Table 4.1. Overview of all 18 food products belonging to 3 food categories.
Category

Product

Brand

Serving
temperature

Presentation
form

Liquid/Drinkable

Water

Tap water

22°C

100g in a cup

Sparkling water

Spa Intense

22°C

Green tea

Lipton vitality classic

55°C

Thin tomato soup

Knorr Mix tomato

60°C

Thick tomato soup

Unox Creamy tomato

60°C

Strawberry drinking
yogurt

FrieslandCampina Vifit

10°C

Vanilla custard

FrieslandCampina Vanille vla

10°C

Strawberry yogurt

FrieslandCampina Magere
yoghurt

10°C

Skyr natural flavor*

Arla Skyr naturel

10°C

Mashed potatoes

Supermarket private label

55°C

Old Gouda cheese

Supermarket private label

22°C

Young Gouda cheese

Supermarket private label

22°C

Beef

Supermarket private label

70°C

Raw carrots

Supermarket private label

22°C

Dark chocolate

Lindt excellence 70% cacao

22°C

Noodles

Conimex wok noodles

22°C

Tofu

Supermarket private label

22°C

Processed cheese

Bel Group Kiri

22°C

Semi-solid/
Spoonable

Solid/Chewable

100g in a
bowl to be
consumed
with a spoon

50g on a plate
to be
consumed
with fork and
knife

* Icelandic dairy product having the consistency of strained yogurt.

All foods were commercially available and purchased in local supermarkets. The beef and
noodles were prepared following a standard cooking procedure to minimize variation
between samples. Beef was cooked in a pan for at least 15 min until a core temperature of
70°C was reached. Noodles were cooked for 5 min in boiling water. Preparation of the other
foods was done by following the instructions on the package. Rheological and mechanical
properties of all foods and the influence of those properties on oral processing behavior
have been reported previously 69.
4.2.3. Experimental procedure
Oral processing behavior was monitored by video recordings using a camera (Canon IXUS500HS) placed on a tripod. Video recordings were conducted individually in a test room
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without any distraction. Before the test session, participants were asked to not eat two
hours preceding the session. All 18 food products were consumed once in a randomized
order over 3 sessions of 30 min. Participants were instructed to take 3 bites or sips of each
food product but were free with respect to bite size (g), consumption time (s), number of
chews, number of swallows, etc. To indicate a swallow, participants raised their hand. Liking
of all foods was assessed on a 9-point hedonic scale after consumption.
4.2.4. Video analysis
Video recordings were analyzed to extract parameters describing oral processing behavior
of all participants for each food product. The oral processing movements were tracked by
two stickers on the face of the participants similar to previous studies

69,157

. Participants

were asked to not block the stickers with their hands while eating and to minimize head
movements during consumption. The sticker on the nose represents a reference point, and
the sticker on the chin a mobile point. The distance between mobile point and reference
point was used to extract 6 oral processing parameters: consumption time (s) defined as
average of consumption time (s) of three bites or sips until swallowing; number of swallows
obtained by counting number of times participant raised arm; chews per bite defined as the
number of chews per bite calculated from vertical jaw displacement; average bite size (g)
calculated by weighing food before and after consumption and dividing weight by three;
eating rate (g/s) by dividing total amount of food consumed by total consumption time (s);
chewing rate (chews/s) calculated by dividing total number of chews by total consumption
time (s). Chews per bite and chewing rate were only assessed for solid, chewable foods.
For quantification of chews per bite the vertical jaw displacement was determined using
Kinovea (v0.8.15) as the difference between the position of the stickers on nose and chin
over time. When plotting the jaw displacement over time, each peak indicates a single
chewing cycle. A first derivative zero crossing peak detection on the jaw's vertical
displacement was used to extract the chews per bite from the data. It was assumed that,
despite the instructions, small movements of the head of the subject during consumption
occurred, the distance between the sticker on the nose and the sticker on the chin was not
strongly affected. When the mouth is closed or fully opened, the distance between both
stickers was not affected by head movements. Consequently, no data transformation to
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correct for head movement was applied. Several of the oral processing parameters were
highly correlated, since several parameters are derived from other oral processing
parameters. Thirteen of the fifteen Pearson correlations were found be to significant (Table
4.2), including consumption time and chews per bite with a Pearson correlation of 0.943
(p<.001). Interrelationships between oral processing parameters were previously described
93

.
4.2.5. Statistical data analysis

Statistical data analysis was conducted with SPSS (IBM SPSS Statistics 23). Normality of
variables was checked, and non-normal distributed data was log-transformed. Each food
category, liquid, semisolid and solid foods, was analyzed separately. Mean and SE are
presented for the three food categories. All values are averaged over foods within a
category and compared between consumer groups. Repeated measures analyses of
variance (ANOVA) were performed with all six oral processing parameters (consumption
time (s), average bite size (g), chews per bite, number of swallows, eating rate (g/s), chewing
rate) as dependent variables. ANOVA's included age, gender, ethnicity, Optosil score, EAT10 score and product as between-subject factors and liking as covariate. Age, gender,
ethnicity, Optosil score and EAT-10 score were included as categorical variables. Categorical
variable age included a young (<30 yrs., n=93) and elderly group (>60 yrs., n=31). The young
group included young Dutch-Caucasian and young Chinese-Asian participants. A group of
consumers with good mastication efficiency (>50% of masticated particles had an average
size of <3.5mm, n=103) and a group with low mastication efficiency (≤50% of masticated
particles had an average size of <3.5mm, n=32) were compared. The EAT-10 score variable
included a group with no swallowing problems (score 3 or more, n=126) and a group with
mild-swallowing problems (score 0–2, n=9). Additional analyses of covariance (ANCOVA)
were conducted to predict the effect of consumer characteristics and average bite size (g)
of 18 food products on other oral processing parameters. Consumption time (s) for all three
food categories and chews per bite (only for solid foods) were included as dependent
variables; age, gender, ethnicity as between-subject factors; and average bite size (g) and
liking as covariates. Effect sizes were calculated with Cohen's d values. Pearson correlations
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of all 6 oral processing parameters were conducted to explore inter-relationships for all oral
processing parameters.

4.3. Results
4.3.1. Effect of age on oral processing behavior of liquid, semi-solid and solid
foods
Table 4.3 summarizes the results of the
effect of age on parameters describing oral
processing behavior. A significant effect of
age on consumption time (s) was found for
all

three

food

[F(1,113)=18.844,

categories,

drinkable

p<.001],

spoonable

[F(1,115)=16.778, p<.001] and chewable
foods

[F(1,110)=11.276,

p=.001].

Consumption time (s) was significantly
longer for elderly (>60 yrs) than young
consumers (<30 yrs). Elderly took on
average 7.0s longer for consumption of
chewable foods (Cohen's d=3.4), 1.3s longer
for

consumption

of

drinkable

foods

(Cohen's d=2.4) and 0.8s longer for
consumption of spoonable foods (Cohen's
d=0.8). A significant effect of age on
average bite size (g) was only found for
drinkable foods [F(1,113)=4.398, p=.038].
Figure 4.1. Eating rate (g/s) for the drinkable,

Elderly took on average 3.8g larger sips

spoonable and chewable food for the various

(Cohen's d=8.9) than young consumers. No

consumer groups, (A) Comparison between young (n =

significant effect of age on average bite size

93, 18-30 yrs) vs. elderly consumers (n = 31, > 60 yrs),

(g) of spoonable and chewable foods was

(B) female (n = 86) vs. male (n = 49) consumers and (C)
Dutch-Caucasian (n = 93) vs. Chinese-Asian (n = 42)
consumers.

found. A significant effect of age on eating
rate (g/s) was found (Figure 4.1.A and Table
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4.3) for drinkable [F(1.113)=6.704, p=.011], spoonable [F(1,115)=9.142, p=.003] and
chewable foods [F(1,110)=12.568, p=.001]. Elderly consumed drinkable foods with a 0.8 g/s
(Cohen's d=2.6) lower eating rate (g/s), spoonable foods with 0.1 g/s (Cohen's d=0.3) lower
eating rate (g/s) and chewable foods with 4.0 g/s (Cohen's d=4.0) lower eating rate (g/s).
For solid foods, the effect of age on chews per bite was significant [F(1,110)=10.385, p=.002]
with elderly needing on average 10 more chews before swallowing solid foods compared
to young consumers. Chewing rate and number of swallows were not significantly affected
by age.
4.3.2. Effect of gender on oral processing behavior of liquid, semi-solid and
solid foods
The results of the effect of gender on oral processing behavior are shown in Table 4.4. No
significant effect of gender on consumption time (s) was found for all three food categories.
A significant effect of gender on average bite size (g) was found for all three food categories,
drinkable [F(1,113)=6.434, p=.013], spoonable [F(1,115)=5.925, p=.016] and chewable
foods [F(1,110)=7.896, p=.006]. Males had an average 3.8g larger sip size for drinkable
foods (Cohen's d=9.5), 3.3g larger average bite size (g) for spoonable foods (Cohen's d=8.9)
and 1.3g larger average bite size (g) for chewable foods (Cohen's d=8.5). Gender
significantly affected eating rate (g/s) only for chewable foods [F(1,110)=6.859, p=.010],
with females consuming chewable foods with a 0.1 g/s lower eating rate (g/s) than males
(Figure 4.1.B and Table 4.4). Eating rate (g/s) did not differ significantly between females
and males for drinkable and spoonable foods. Chews per bite, chewing rate and number of
swallows were not significantly different between males and females in all three food
categories.
4.3.3. Effect of ethnicity on oral processing behavior of liquid, semi-solid and
solid foods
Table 4.5 summarizes the results of the effect of ethnicity on oral processing parameters.
No significant effect of ethnicity on consumption time (s) was observed for all three food
categories. Ethnicity significantly affected average bite size (g) for all three food categories,
drinkable [F(1,113)=12.322, p=.001], spoonable [F(1,115)=23.782, p<.001] and chewable
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foods [F(1,110)=10.150, p=.002]. Sip size of drinkable foods was 4.8g smaller for ChineseAsian compared to Dutch-Caucasian consumers (Cohen's d=11.2). Average bite size (g) of
spoonable foods was 3.8g smaller for Chinese-Asian compared to Dutch-Caucasian
consumers (Cohen's d=9.7) and average bite size (g) of chewable foods was 1.8g smaller for
Chinese-Asian compared to Dutch-Caucasian consumers (Cohen's d=10.7). Ethnicity
significantly affected eating rate (g/s) (Figure 4.1.C and Table 4.5) for drinkable
[F(1,113)=12.529, p=.001], spoonable [F(1,115)=15.349, p<.001] and chewable foods
[F(1,110)=7.590, p=.007]. Chinese-Asian consumers had a 1.4 g/s lower eating rate (g/s)
compared to Dutch-Caucasian consumers, for drinkable foods (Cohen's d=5.1), 1.5 g/s
lower eating rate (g/s) for spoonable foods (Cohen's d=6.7) and 0.1 g/s lower eating rate
(g/s) for chewable foods (Cohen's d=7.0). No significant effect of ethnicity on chews per
bite, chewing rate and number of swallows was observed.
4.3.4. Effect of mastication efficiency and mild swallowing problems on oral
processing behavior of liquid, semi-solid and solid foods
Table 4.6 and Table 4.7 summarize the results of the effect of mastication efficiency and
mild swallowing problems on oral processing parameters. No significant effect of
mastication efficiency and mild swallowing problems were found for any of the oral
processing parameters for any of the three food categories. The consumer groups with high
(>50% of masticated particles had an average size of <3.5mm, n=103) and low mastication
efficiency (≤50% of masticated particles had an average size of <3.5mm, n=32) and the
consumer groups without (EAT-10 score 0–2, n=126) and with mild swallowing problems
(EAT-10 score 3 or more, n=9) showed no significant differences in drinking and chewing
behavior.
4.3.5. Effect of average bite size (g) and consumer characteristics on
parameters describing oral processing behavior
Additional ANCOVA's were conducted to investigate the effect of average bite size (g) and
consumer characteristics (age, gender and ethnicity) on consumption time (s) and chews
per bite. For chewable foods, a significant effect of average bite size (g) [F(1,1062)=76.556,
p<.001], age [F(1,1062)=73.412, p<.001] and gender [F(1,1062)=4.655, p=.031] on
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consumption time (s) was found. Consumer with a larger average bite size (g), older age
and male consumers chewed solid foods with longer consumption time (s). No significant
effect of average bite size (g) on consumption time (s) and chews per bite was found for
drinkable and spoonable foods. A second ANCOVA model found a significant effect of
average bite size (g) [F(1,1054)=71.570, p<.001], age [F(1,1054)=56.304, p<.001] and
ethnicity [F(1,1054)=8.936, p<.001] on chews per bite for solid foods. Consumers with a
larger average bite size (g), older age and Caucasian consumers chewed solid foods with
more chews per bite.
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Table 4.3. Mean values and SE for parameters describing oral processing behavior of Young (<30 yrs, n=93) and Elderly (>60 yrs, n=31) consumers for all drinkable, spoonable
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Table 4.2. Pearson correlations of all 6 oral processing parameters.
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Table 4.5. Mean values and SE for parameters describing oral processing behavior of Dutch-Caucasian (n=93) and Chinese-Asian (n=42) consumers for all drinkable, spoonable

*Gender effect is significant at p<.05, ** at p<.01 and *** at p<.001.
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Table 4.4. Mean values and SE for parameters describing oral processing behavior of Female (n=86) and Male (n=49) consumers for all drinkable, spoonable and chewable
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Table 4.7. Mean values and SE for parameters describing oral processing behavior of consumers with mild (score 0-2, n=126) and without (score 3 or more, n=9) swallowing

3.1±0.7

Consumption time (s)

Low

F(Cohen’s d)

Low

High

Spoonable

Drinkable

and high (>50% of masticated particles had an average size of <3.5mm, n=103) mastication efficiency for all drinkable, spoonable and chewable foods.

Table 4.6. Mean values and SE for parameters describing oral processing behavior of consumers with low (≤50% of masticated particles had an average size of <3.5mm, n=32)
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4.4. Discussion
The aim of this study was to determine the effect of age, gender, ethnicity and eating
capability on oral processing behavior of liquid, semi-solid and solid foods. This study found
an effect of age, gender and ethnicity on multiple oral processing parameters for foods
ranging from liquids to solids.
Elderly consumers had longer consumption times (s) and lower eating rates (g/s) than
young consumers for liquid, semi-solid and solid foods. Elderly consumers displayed larger
average bite sizes (g) than young consumers only for liquid foods and masticated solid foods
with more chews per bite compared to young consumers. The increase in consumption time
(s) and chews per bite for elderly for solid foods is in line with multiple other studies 27,31,32.
The increase in consumption time (s) and reduction in eating rate (g/s) for liquid and semisolid foods in the elderly has not been reported yet but shows similar and consistent trends
as observed for the chewing behavior of solid foods. The elderly participating in the current
study had two or less missing teeth, no removable crowns, dentures or implants, thus the
dental status of the elderly can be considered good. Therefore, the effect of declining dental
status in the elderly on oral processing behavior is negligible in our study. We speculate that
the decline in muscle mass with ageing caused the observed changes in oral processing
behavior. During ageing physiological changes occur, including declining muscle strength
and increasing difficulty with complex motor activities 32. Elderly in this study might have
compensated for loss of muscle strength by increasing consumption time (s) and chews per
bite, which has been found in previous studies

27,31

. Due to longer consumption time (s),

eating rate (g/s) of elderly was significantly lower compared to eating rate (g/s) of young
consumers. Surprisingly, average bite size (g) of drinkable foods was larger for elderly
compared to young consumers whereas average bite size (g) of spoonable and chewable
foods did not differ between elderly and young consumers. We currently do not have a
thorough explanation for this observation. It would be interesting whether these findings
can be validated in a different population with similar selection criteria in a different study.
Oral volume has been reported to decrease during ageing

24

. Thus, if bite size (g) was

strongly related to oral volume, bite size (g) would have been expected to decrease for all
three food categories. We speculate that the effect of age on bite size (g) is not necessarily
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related to oral volume but might be associated with other physiological and anatomical
parameters. We conclude that drinking behavior of liquid foods and oral processing
behavior of spoonable foods are affected by age in a similar manner as chewing behavior
of solid foods.
With respect to the influence of gender on oral processing behavior of liquid, semi-solid
and solid foods, males had larger average bite size (g) for liquid, semi-solid and solid foods
and higher eating rate (g/s) for solid foods than females. Consumption time (s) did not differ
between males and females for any of the food categories. Significant larger average bite
sizes (g) for males compared to females for solid foods are in agreement with previous
studies on oral processing behavior of solid foods 37,38. Park and Shin found larger bite size
(g) and higher eating rate (g/s) for males than females 38. No previous studies have reported
yet the influence of gender on oral processing behavior of liquids and semi-solids, however
the current study shows similar behavior for liquids and semi-solids as for solid foods. The
largest differences in average bite size (g) between males and females were observed in
drinkable foods. Liquids were consumed in a cup, resulting in larger average bite size (g)
compared to semi-solid and solid foods which were consumed with a fork or spoon 69. Males
had a larger average bite size (g) than females for the three food categories, whereas
consumption time (s) did not differ. This suggest that compared to females, males increase
eating rate (g/s) by increasing bite size (g), while masticating for the same time. Park and
Shin found higher eating rates (g/s), larger bite size (g) and shorter meal duration for males
38

, indicating both bite size (g) and meal duration contribute to higher eating rate (g/s) of

males compared to females. However, in the current study we do not find a difference in
consumption time (s) between genders. Oral physiological and anatomical parameters
could also influence oral processing behavior. Muscle strength and salivary flow rate are
known to be larger in males compared to females 29,145. Muscle strength and salivary flow
rate can facilitate oral processing behavior and might reduce consumption time (s) and
increase eating rate (g/s). Maximum bite force has been shown to be larger in males than
females and exceeds for both genders the forces needed to chew even hard, solid foods
25,158

. In the current study we observe a different mechanism where eating rate (g/s) was

increased in males by increasing average bite size (g). It is questionable whether the
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maximum muscle strength is necessary for oral processing of the foods in the current study.
It is therefore interesting to study the importance of muscle strength and other
physiological parameters, including salivary flow rate, on the oral processing behavior of
males and females. Secondly, males have a higher energy need compared to females, which
can explain the higher eating rate (g/s) for males 159. Henry et al. found a positive association
between eating rate (g/s) and basal metabolic rate (BMR)

159

, indicating different energy

requirements of both genders impact eating behavior. We conclude that gender affects oral
processing behavior of liquid and semi-solid foods in a similar manner as solid foods.
Oral processing behavior of liquid, semi-solid and solid foods by consumers belonging to
different ethnicities has not been compared yet. Average bite size (g) and eating rate (g/s)
were lower for Chinese-Asian than Dutch-Caucasian consumers for liquid, semi-solid and
solid foods. Consumption time (s) was higher for Chinese-Asian than Dutch-Caucasian
consumers for semi-solid foods and did not differ for liquid and solid foods. Similar to the
effect of gender on eating rate (g/s), the difference in eating rate (g/s) between the two
ethnicities is realized mainly by changing bite size (g) rather than consumption time (s).
Since the oral processing behavior of consumers with different ethnicity has not been
studied before, it is not clear whether the physical ability to adapt bite size (g) and/or
consumption time (s) drives oral processing behavior. Difference in eating behavior
between Chinese-Asian and Dutch-Caucasian consumers might be explained by differences
in oral physiology and anatomy, such as differences in volume of oral cavity. Xue and Hao
found that Chinese-Asian consumer have a larger oral cavity compared to CaucasianAmerican consumers 41. This could suggest an inverse relationship between volume of oral
cavity and bite size (g), with a smaller bite size (g) for consumers with a larger oral cavity.
However, the link between volume of oral cavity with oral processing behavior has not been
studied yet and different ethnicities which is recommended as future studies. In addition,
differences in culture and eating habits may contribute to differences in oral processing
behavior between Chinese-Asian and Dutch-Caucasian consumers. The consumers in the
current study were selected by a combination of ethnicity, either Asian or Caucasian, and
nationality, either Chinese or Dutch. Ethnicity might be linked to physiology and anatomy,
whereas nationality might be linked more to culture, eating habits and consumption
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context. Consumers might adapt their eating behavior to the culture, while the physiology
might not adapt. Consumption in company of other people for instance, is known to
increase food intake compared to consumption alone due to a longer consumption time 160.
As Asian cultures are known to be more group-focused compared to the individual-focused
Western cultures 161, this might affect their oral processing behavior for instance by a longer
consumption time and lower eating rate (g/s). The use of different utensils could also affect
the oral processing behavior. Consumption with chopsticks is known to result in lower
eating rates (g/s) compared to consumption with a spoon

162

. In the current study,

spoonable foods were consumed using spoons and chewable foods where consumed by
most participants using their hands (chocolate, carrots, tofu and all cheeses) of using fork
and knife (beef, noodles). Drinking from a cup and eating with a spoon is as common for
Chinese-Asian as for Dutch-Caucasian. This suggests that the lower eating rate (g/s)
observed in this study is unlikely to be explained by differences in the skill of using cutlery.
In general, cultural differences in cutlery familiarity might influence oral processing
behavior of foods, but this would need further research. We conclude that for liquid, semisolid and solid foods Chinese-Asian consumer orally process foods with smaller average bite
sizes (g) and lower eating rate (g/s) than Dutch-Caucasian consumers.
Mastication efficiency and mild swallowing problems did not significantly affect oral
processing parameters in this study. This group of consumers consisted of healthy
consumers with no major mastication or swallowing issues, only subjects with mild selfreported mastication and swallowing issues participated in the study, and all subjects had
good dental status. This might explain the lack of difference in oral processing behavior
between the groups with low and high mastication efficiency and between the groups
without and with mild, self-reported swallowing problems. Mastication efficiency of all
groups was assessed during one session but might have varied day-to-day. Nevertheless,
we did not observe significant differences in eating behavior between the groups with low
and high mastication efficiency. Other studies that included a decreased eating capability
group, selected either consumers with more severe mastication or swallowing problems
(i.e. dental patients) or limited the selection criteria to dental status (i.e. denture wearers
and natural dentition). Both were excluded for this study. The selection of relatively healthy
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participants in this study was done on purpose to compare only healthy participants. The
participants with decreased eating capability in this study also include a large variation in
age and ethnicity, resulting in a heterogeneous group with decreased eating capability. This
could explain the lack of differences observed between the group with decreased eating
capabilities and the ‘healthy’ consumers in oral processing behavior in our study. Future
studies on the effect of eating capability should keep this in mind when defining inclusion
criteria.
It is important to acknowledge the limitations of the study. First, the sample size of the four
consumer groups is relatively small. In total, n=135 subjects participated in the study. Those
subjects were divided into four groups, so that each group consisted of <40 subjects. Groups
also differed in number of subjects. Therefore, the comparisons of the different consumer
groups are not necessarily balanced. It would be interesting to validate the findings of this
study in future studies with larger and balanced consumer groups. Secondly, only n=35
adults with Chinese nationality and Asian ethnicity participated in this study. We emphasize
that this group is by no means representative for Asians. Findings of this study cannot be
extrapolated to a generalized, Asian population since sample size of this study is too small
and excluded Asians of different nationality, e.g. Indian Asians and Indonesian Asians.
Future studies should include larger groups of Asian consumers, with a variety of
nationalities. Thirdly, the number of foods in this study was limited to 18 drinkable,
spoonable and chewable foods. While foods varying in consistency were included in the
study, the foods do not cover the full range of complete food structures that are commonly
consumed foods and its structures and textures. Future studies should include more foods
to cover all commonly consumed products. Since this is a first explorative study on oral
processing behavior of spoonable, drinkable and chewable foods in different consumers
groups, only a selection of foods were studied in n=135 subjects. The current study showed
that age, gender and ethnicity effect oral processing behavior of liquid, semi-solid and solid
foods. These consumers groups might have generated different food bolus during oral
processing. This might possibly lead to differences in sensory and texture perception
between the consumer groups. Future studies should explore further how differences in
oral processing behavior between consumer groups can be used to explain differences in
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sensory perception between groups. Eating rate (g/s) is well known to impact food intake,
energy intake and subsequently body weight, therefore impacting public health.
Understanding differences in oral processing behavior between consumer groups may
provide new solutions to regulate food intake in vulnerable populations, for example
contribute to increased food intake in the elderly or decreased food intake in the
overweight.

4.5. Conclusions
Age, gender and ethnicity affected oral processing behavior of various liquid (drinkable),
semi-solid (spoonable) and solid (chewable) foods differently. Elderly consumed all foods
with longer consumption time (s), liquid foods with larger average bite size (g) and all foods
with lower eating rates (g/s) than young consumers. Males consumed all foods with the
same consumption time (s), all foods with larger average bite sizes (g) and solid foods with
higher eating rate (g/s) than females. Chinese-Asian consumers consumed semi-solid foods
with longer consumption time (s), all foods with smaller bites sizes and all foods with lower
eating rates (g/s) than Dutch-Caucasian consumers. Eating rate (g/s) was generally modified
by changing consumption time (s) or average bite size (g) or both. Eating rate (g/s) of elderly
compared to young adults seems to be reduced mainly by increasing consumption time (s)
while average bite size (g) remains constant, with the exception of semi-solid foods.
Females in comparison to males seem to reduce eating rate (g/s) of solid foods mainly by
taking smaller bites while keeping consumption time (s) constant. Chinese-Asian in
comparison to Dutch-Caucasian consumers seem to realize lower eating rates (g/s) mainly
by decreasing bite size (g) while keeping consumption time (s) constant with the exception
of semi-solid foods. These differences in oral processing behavior might be explained by
differences in oral physiology, anatomy and nutritional needs between consumer groups.
To further understand oral processing behavior of different consumers, it is important to
further compare oral physiology and anatomy between consumer groups and link this with
the oral processing behavior. It should also be explored in future studies how differences in
oral processing behavior between larger consumers groups influence sensory perception,
acceptance and food intake of a broader range of foods.
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Adaptation in oral processing
behavior of consumers differing in
age, gender and ethnicity leads to
differences in bolus properties but
not in dynamic texture perception of
sausages

This chapter has been submitted as:
Aguayo-Mendoza, M. G., Martinez-Almaguer, E. F., Piqueras-Fiszman, B. & Stieger, M.
Differences in oral processing behavior of consumers varying in age, gender and ethnicity
lead to changes in bolus properties but only to small differences in dynamic texture
perception of sausages.
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Abstract

Consumer characteristics such as age, gender and ethnicity influence food oral processing behavior.
The aim of this study was to determine the effect of age, gender and ethnicity on consumption time,
bolus properties and dynamic sensory perception of sausages. Consumption time, bolus properties
(saliva incorporation, particle size distribution and rheological properties) and dynamic texture
perception (Temporal Dominance of Sensations, TDS) were compared between young DutchCaucasian (n=21; 22±2.8 yrs), young Chinese-Asian (n=21; 23±1.6 yrs), and older Dutch-Caucasian
(n=22; 70±4.3 yrs) adults. Older adults (25.6s) masticated the sausage sample 22% longer than young
adults (21.0s). Older adults produced sausage boli that were softer, more adhesive, less cohesive and
consisting of more particles than young adults. Older females produced more adhesive and less
cohesive sausage bolus than older males. Chinese females had 75.6% longer consumption time (29.5s)
than Dutch females (16.8s). Chinese males masticated the sausages in less time (18.8s) than Chinese
females (29.5s). Chinese adults produced softer and less cohesive bolus with slightly smaller and more
particles than Dutch adults. Saliva incorporation and bolus particle size were not affected by age,
gender and ethnicity. The effect of consumer characteristics on bolus properties was mediated by
consumption time. At the beginning and end of consumption time, dynamic texture perception of
sausages was similar for all consumer groups and strongly correlated with bolus properties.
Differences in dynamic texture perception between consumer groups were observed only during the
middle stages of mastication. We conclude that consumers differing in age, gender and ethnicity
adapt oral processing time to safely swallow bolus with textural properties optimized for their needs.
Thus, consumption time is the underlying mechanism that explains the differences in bolus properties
between the consumer groups. While adaptation in consumption time of sausages leads to
differences in bolus properties, it does not lead to considerable differences in dynamic texture
perception.
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5.1. Introduction
In order to form a swallowable bolus, oral processing behavior is adapted to the rheological
and mechanical properties of foods by modifying bite size, consumption time, number of
chews

69,113

and/or muscle activity

142

. Food oral processing behavior also depends on

consumer characteristics such as age, gender and ethnicity. Several studies demonstrated
that older adults masticate foods with more chewing cycles, longer chewing times and
lower eating rates than young adults 27,31,68,163. Females chew foods longer than males and
take smaller bites leading to lower eating rates than males 31,37,38,68. While the influence of
age and gender on food oral processing behavior has been studied extensively, little is
known about the effect of ethnicity on food oral processing behavior. Recent studies
indicated that bite size and eating rate are lower in Asians than Caucasians 68. Differences
in oral processing behavior may impact the structural transitions of the bolus during
mastication and in turn might impact sensory perception 164.
The goal of oral processing is to achieve a ready and safe to swallow bolus 165,166. Solid foods
are broken down into many small particles during oral processing and lubricated with saliva
and serum released from the food 3. The swallowing threshold depends mainly on the level
of structure breakdown and the lubrication properties of the bolus. Bolus formation and
properties may be impacted by oral processing behavior, so that differences in oral
processing behavior contribute to differences in bolus properties. How bolus properties
evolve during mastication and when the bolus is sensed as safe to swallow may depend on
individual characteristics of the consumer and may vary between groups of consumers.
During bolus formation in the oral cavity the sensory properties of the food are constantly
evaluated. Dynamic perception of texture attributes may be linked to dynamic structural
transformations of the bolus. Differences in sensory perception upon changes in oral
behavior have been reported previously for various foods 75,167. Currently, there is a lack of
understanding how differences in oral processing behavior between consumer groups lead
to differences in bolus properties and consequently differences in sensory perception. Such
knowledge could provide insights to tailor foods towards specific consumer groups based
on consumer characteristics. The aim of this study was to determine the influence of age,
gender and ethnicity on consumption time, bolus properties and dynamic texture
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perception of sausages. Consumption time was chosen as the variable to quantify oral
processing behavior based on previous findings that show that consumption time and bite
size are the most relevant parameters for oral processing

68,69

. Bolus properties (saliva

incorporation, particle size distribution and rheological properties) were analyzed and
compared between consumer groups varying in age, gender and ethnicity. Temporal
dominance of sensations (TDS) was used to compare dynamic texture perception of
sausages between consumer groups and to link bolus properties to dynamic sensory
perception.

5.2. Materials and methods
5.2.1. Subjects
Sixty-four subjects were recruited through social media and printed advertisements: n=21
young Dutch-Caucasian adults (eleven females and ten males, 22 ± 2.8 yrs); n=21 young
Chinese-Asian adults (twelve female and nine males, 23 ± 1.6 yrs) living in The Netherlands
and outside China for less than one year; and n=22 older Dutch-Caucasian adults (eleven
females and eleven males, 70 ± 4.3 yrs). All participants were healthy (self-reported),
without swallowing or mastication disorders and had no missing teeth (except for third
molars or wisdom teeth). All subjects gave written informed consent prior to the study and
were compensated for their participation. The study was conducted in line with the
Declaration of Helsinki.
5.2.2. Test food and serving size
Commercially available canned hotdog sausages (Unox® Hotdogs, Unilever, The
Netherlands) were used. For bolus collection and sensory evaluations, hotdog sausages
were cut into cylinders of 20mm diameter and 30mm height with a constant weight of 7g
and served at room temperature without further preparation.
5.2.3. Consumption time
Consumption time was measured per subject in triplicate to determine consumption time
corresponding to 100% of mastication of one sample. Participants were asked to chew it
normally and to indicate the main swallowing moment by raising a hand. The time needed
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to consume each sausage sample was recorded by the researcher and the average time of
three replicates per participant determined. This average was considered 100% of
mastication time of the participant.
5.2.4. Bolus collection and characterization
Collection of sausage boli was done in two sessions of 30 min each. During each session,
participants were instructed to place the sausage sample (7 g) in their mouth, chew it as
they would normally do for their individual 33, 66 or 100% of mastication time, and
expectorate the bolus in a coded container. To provide participants with a comfortable
atmosphere, bolus collection sessions were held individually. The expectorated sausage
boli collected in the first session were used to determine particle size distribution and saliva
incorporation. Expectorated boli collected in the second session were used to quantify
rheological bolus properties.
Particle number and size analysis
Participants expectorated the sausage bolus directly into a petri dish, then a glycerol-water
(1:2) solution was added to the bolus allowing the separation of bolus particles. To improve
separation of particles further, they were gently manually separated with a spatula. Petri
dishes were placed on a scanner (CanonScan 9000F markII) and images obtained in
greyscale (8 bit) with a resolution of 1200 dpi. Images were analyzed using ImageJ (National
Institutes of Health, Version 1.51g) and the median particle size in µm (d50) and number of
particles determined. This procedure was done in duplicate per participant for each
expectoration time point (33, 66 and 100% mastication time).
Moisture content and bolus saliva incorporation
Boli were expectorated into aluminum plates and wet bolus weight was determined. Boli
were dried for 16 h at 105oC in an atmospheric oven (Venti-line line, VWR®). After drying,
samples were weighed again. This procedure was done in duplicate per participant and for
each expectoration time point (33, 66 and 100% mastication time). Saliva content was
calculated following the method described by Drago et al 57 which takes into account the
amount of food that remains in the mouth after oral processing. The mass ratio of saliva
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incorporated into the bolus (mg) per gram of food masticated was calculated (hw) as
follows:
ℎ𝑤𝑤𝑤𝑤 =

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 1000
− 1000
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠

Mechanical bolus properties determined by two cycle penetration tests
To obtain boli with cylindrical shapes of similar dimensions, participants expectorated bolus
into a 35mm diameter cup with a line marked at 25mm height. Boli surfaces were gently
evened with the flat side of the plunger of a 50 mL syringe. Immediately after expectoration,
boli were analyzed by a two-cycle penetration test using a Texture Analyzer (TA. XT plus)
equipped with a load cell of 5 kg and a cylindrical steel probe of 20mm diameter. Two
successive penetration cycles were performed at a constant speed of 5mm/s up to 50%
strain with a resting time of 5s between both penetration cycles. Three replicates were
performed for all boli expectorated after 33, 66 and 100% of mastication time of each
participant. From the two cycle penetration tests, maximum force (N) of first penetration
(firmness), negative area under force-time curve (N*s) between the moment that the probe
is retrieved after first penetration until second penetration (adhesiveness) and ratio
between area under the force-time curve of the second and first compression cycle
(cohesiveness) were extracted.
5.2.5. Sensory evaluation
Texture attribute generation
A preliminary list of 13 attributes describing texture perception of sausages was obtained
from literature 75,168–175. To generate the list of attributes used for Temporal Dominance of
Sensation (TDS), these 13 attributes were evaluated by n=43 subjects from the consumer
groups using a Check-All-That-Apply evaluation of the sausage. The eight most frequently
checked texture attributes (Table 5.1) were selected to be used in the TDS evaluation.
TDS evaluation
A 60 min familiarization session was performed to introduce the concept of temporality of
sensations and to explain the dominant sensation as “the attribute associated with the
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sensation catching the attention at a given time, and not necessarily the attribute with the
highest intensity” 88. Afterwards, texture attributes were presented to the subjects together
with their definitions. In addition, subjects performed a TDS test with a dummy sausage
sample to familiarize themselves with the sensory methodology and software used
(EyeQuestion v3.9.7). Subjects were encouraged to ask questions at any time during this
familiarization session. No further training was done in order to avoid biasing the oral
processing behavior of subjects 176.
Table 5.1. Texture attributes and definitions used for TDS evaluation of hotdog sausages.
Attribute

Definition

Firmness

Force needed to bite through the sausage

Chewiness

Amount of work required to chew the sausage into a state that is ready to swallow

Juiciness

Water release from sausage perceived during mastication

Graininess

From crumbly to granular particles in the mouth

Smoothness

Homogeneity of the sausage in the mouth

Fattiness

Perception of fat

Slippery

Easiness to move the sausage in the mouth

Dryness

Rough feeling in the mouth

5
Sensory evaluation was performed in a well-lit room with a portable separator used to
create sensory booths. During one session of 30 min participants (n=21 young DutchCaucasian; n=21 young Chinese-Asian adults; n=22 older Dutch-Caucasian adults) received
a dummy sausage sample and the hotdog sausage sample in triplicate (6 samples per
session per subject). A dummy sample was included for randomization and blinding
purposes since we were interested only in the texture evaluation of one type of sausage.
Hotdog sausage samples were presented one by one on a plate labeled with three-digit
codes following a counterbalanced design. Participants were instructed to put the sausage
sample (7 g) into their mouth and click the start button to begin the evaluation. The texture
attributes were presented simultaneously on a computer screen. Subjects were free to
select an attribute several times or to not select it at all throughout the evaluation. To
facilitate the assessment and to avoid confusion, attributes were presented in random
order across the panel but remained in the same position for a given panelist during the
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whole session. Finally, participants pressed the stop button to indicate the swallowing
moment. Between samples participants were asked to neutralize their palate by eating an
unsalted cracker and rinsing their mouth with water.
5.2.6. Data analysis
A two-way ANOVA was performed to determine the effect of gender and age and their
interaction on consumption time and bolus properties at the swallowing point (100%
mastication time). Another two-way ANOVA was performed to determine the effect of
gender and ethnicity and their interaction on consumption time and bolus properties at the
swallowing point (100% mastication time). Effects were considered statistically significant
at p<0.05. When applicable, post-hoc analyses were performed with Bonferroni
adjustment.
Mediation analyses were performed to determine the effect of age, gender and ethnicity
on bolus properties (saliva incorporation, median particle size, particle number, hardness,
cohesiveness, adhesiveness) using consumption time as mediator (Figure 5.1).

Figure 5.1. Mediation model of age, gender and ethnicity as predictors for the outcome variables of bolus
properties, mediated by the consumption time. The regression coefficients a, b, and c’ estimate the effect of the
predictor on the mediator, the effect of the mediator on the outcome variable, and the direct effect of the
predictor on the outcome variable, respectively.

The effect of age and gender on bolus properties was determined between the groups of
young Dutch (n=21) and older Dutch (n=22) adults. To determine the effect of ethnicity on
bolus properties, young Dutch (n=21) adults were compared to young Chinese adults
(n=21). Indirect effects were estimated by bootstrapping using 5000 bootstrap samples and
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reported with bias corrected confidence intervals. When the confidence intervals did not
include zero, mediation was considered existent. Data are presented as mean±SE.
To illustrate the evolution of sensory perception, TDS curves were built by plotting
dominance rate (proportion of subjects who scored each attribute at each point of time as
dominant sensation) against consumption time. In order to take into account differences in
consumption time between subjects, data used to build the curves were time standardized
on a scale from 0 (starting point) to 100 (swallowing moment). Chance and significance level
were calculated as described by Pineau 88.
To investigate the relationships between bolus properties at three expectoration times and
dynamic texture perception from TDS, a Multiple Factor Analysis (MFA) was performed with
two data matrices as active datasets. Bolus properties collected at the different
expectoration time points (33, 66 and 100% mastication time; see Appendix 5.1) formed
one data matrix. The second matrix included the values of the cumulative dominance rate
for each attribute at during three time periods 33 (T0 – T33), 66 (T34 – T66) and 100 (T67 –
T100) of standardized consumption time. Cumulative dominance rate was calculated by
summing the significant dominance rates of each attribute per period. Individuals graphs
and correlations circles were plotted for dimensions one and two.
Data analyses were performed in R v3.6.3. Two-way ANOVA analyses were performed using
rstatix package v0.4.0. TDS curves and sensory trajectories were constructed using tempR
package v0.9.9.16. MFA analysis were performed with packages FactoMineR v2.3 and
factoextra v1.0.7. Mediation analysis was performed using SPSS v24.0 and the PROCESS
macro v3.00.

5.3. Results
5.3.1. Effect of age, gender and ethnicity on consumption time
Age had a significant effect [F(1,125)=27.37, p<0.001] on consumption time among Dutch
consumers, with older adults having longer consumption time (25.6±1.4s) than young
adults (21.0±0.9s) (Table 5.2). Gender had a significant effect on consumption time only for
Chinese consumers [F(1,122)=28.2, p<0.001] with males (18.8±1.1s) having a shorter
consumption time than females (29.5±1.8s). Ethnicity had a significant effect on
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consumption time only within females [F(1,122)=44.4, p<0.001], with Chinese females
having longer consumption time (29.5±1.8s) than Dutch females (16.8±1.1s) (Table 5.2).
5.3.2. Effect of age, gender and ethnicity on bolus properties at the
swallowing point
Table 5.2 shows descriptive data of all consumer groups for the measured bolus properties
at swallowing point. Age had a significant effect on bolus hardness [F(1,125)=5.79, p=0.018]
among Dutch consumers with older adults producing softer bolus (1.95N) than young adults
(2.3N). Age had a significant effect in Dutch females on bolus adhesiveness [F(1,122)=6.09,
p=0.015], cohesiveness [F(1,125)=4.32, p=0.040], and number of bolus particles
[F(1,82)=4.27, p=0.042]. Older Dutch females produced a more adhesive (0.05N*s) and less
cohesive (0.37) bolus containing more particles (561) than young Dutch females (0.03N*s,
0.41 and 381 respectively). Age did not have a significant effect on saliva ratio hw and bolus
particle size d50.
Table 5.2. Descriptive data (Mean±SE) of consumption time and bolus properties of consumers differing in age
(n=22 older adults Dutch, n=21 young Dutch), ethnicity (n=21 young Dutch, n=21 young Chinese), and gender
(n=34 females, n=30 males). Bolus data was collected at the swallowing point (100% mastication time).
Young adults

Older adults

Chinese

Dutch

Females

Males

Females

Males

Females

Males

Consumption
time (s)

29.5±1.8

18.8±1.1

16.8±1.1

17.2±1.4

27.6±2.3

23.5±1.5

Hardness (N)

1.79±0.1

2.12±0.13

2.35±0.13

2.27±0.21

2.04±0.1

1.86±0.14

Adhesiveness
(N*s)

0.04±0.005

0.04±0.006

0.03±0.005

0.03±0.005

0.05±0.006

0.03±0.005

Cohesiveness ()

0.36± 0.01

0.39±0.01

0.41±0.01

0.40±0.01

0.37±0.01

0.39±0.01

Particle size d50
(μm)

1935±28

1944±27

2008±25

1968±19

1936±20

1961±16

Number of
particles

623±32

555±27

381±31

526±40

561±37

538±51

Saliva ratio hw
(-)

0.2±0.02

0.2±0.01

0.1±0.02

0.2±0.01

0.2±0.02

0.2±0.04

Consumption time mediates bolus properties | 105

Ethnicity had a significant effect on bolus hardness [F(1,125)=6.79, p=0.010], bolus
cohesiveness [F(1,122)=9.93, p=0.002], and particle size d50 [F(1,80)=3.99, p=0.049].
Chinese consumers produced softer (1.95N), less cohesive (0.38) bolus with slightly smaller
particles (1940μm) than Dutch (2.31N, 0.41, 1988μm). Ethnicity had a significant effect in
females on number of particles [F(1,80)=10.17, p<0.001]. Chinese females produced bolus
with more particles (623) than Dutch females (381). Ethnicity did not have a significant
effect on bolus adhesiveness and saliva incorporation.
Gender had a significant effect in older Dutch adults on bolus adhesiveness [F(1,122)=6.09,
p=0.015] and cohesiveness [F(1,125)=4.32, p=0.040], and in young Dutch adults on number
of particles [F(1, 125)=4.32, p=0.040]. Older females produced more adhesive (0.05N*s)
and less cohesive (0.37) bolus than older males (0.03N*s and 0.39, respectively). Young
Dutch females produced fewer particles (381) than young Dutch males (525). Gender did
not have an effect on saliva ratio hw and particle size d50.
5.3.3. Mediation effect of consumption time on bolus properties of

consumers varying in age, gender and ethnicity.
Table 5.3 shows the mediation coefficients that represent the effects of age, gender and
ethnicity on the different bolus properties at the swallowing point. Age indirectly influenced
saliva ratio, bolus hardness, cohesiveness, adhesiveness, particle size and number of
particles through its effect on consumption time but did not influence bolus particle size.
Older adults had a longer consumption time than young adults, and longer consumption
time increased saliva ratio and number of particles in the bolus, but decreased hardness,
cohesiveness, adhesiveness and particle size. The results of the mediation analysis did not
provide evidence that age influenced bolus properties independent of its effect on
consumption time.
The results of the mediation analysis did not provide evidence that gender had an indirect
effect on bolus properties through consumption time in Dutch consumers. This means that
gender did not have any effect on bolus properties that was mediated by consumption time.
Ethnicity had an indirect effect on saliva ratio, bolus hardness, adhesiveness, cohesiveness,
and number of particles mediated by consumption time. Chinese participants had a longer
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consumption time than Dutch participants, and participants with a longer consumption
time increased saliva ratio and number of particles in the bolus, but decreased hardness,
cohesiveness, adhesiveness. The results of the mediation analysis did not provide evidence
that ethnicity influenced bolus properties independent of its effect on consumption time.

5.3.4. Dynamic texture perception of consumers differing in age,
gender and ethnicity
The TDS curves of the hotdog sausage for the consumer groups differing in age, gender and
ethnicity are shown in Figure 5.2. Three to four texture attributes were selected as
dominant sensations throughout the sensory evaluation by all consumer groups. The
dominant texture attributes showed a clear dynamic evolution over consumption time.
Figure 5.2.A-F shows that all consumer groups perceived the texture of the sausage similar
during the beginning (first third of normalized consumption time) and end of mastication
(last third of normalized consumption time). The dominant texture sensation of the hotdog
sausage perceived by all consumer groups at the beginning of mastication was firmness and
at the end of mastication it was graininess. Only in the middle of mastication (second third
of normalized consumption time) differences in dominant texture sensations were found
between consumer groups. It should be noted that dominant texture sensation perceived
in the second third of normalized consumption time were significant but displayed low
dominance rates for all consumer groups suggesting a low level of panel agreement.
For young Dutch adults (Figure 5.2.A/F) the dominant texture sensation perceived during
the second third of consumption time was fattiness. For older Dutch adults the dominant
texture sensation perceived during the second third of consumption time was dryness
followed by juiciness (Figure 5.2.B). When comparing the dominant texture sensations
between females and males (Figure 5.2.C and D, respectively), differences are neglectable.
Only during the second third of consumption time small differences are perceived but
attributes barely reach significance level. Figure 5.2.E and F show that Chinese consumers
selected chewiness and dryness as dominant texture sensation during the second third of
consumption time, whereas Dutch consumers selected fattiness.
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Figure 5.2. TDS curves showing texture attribute dominance rates of hotdog sausages in consumers differing in
age (n=22 older adults Dutch, n=21 young Dutch), ethnicity (n=21 young Dutch, n=21 young Chinese), and gender
(n=34 females, n=30 males) by triplicate. A and F) show Young Dutch; B) Older Dutch; C) Females; D) Males; E)
Young Chinese.
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111.57

0.01

-0.90

-0.14

-13.25

0.08

ULCI

or not a predictor variable had an effect on the outcome variable mediated by the consumption time. When the confidence intervals did not include zero, mediation was

effect of the mediator on the outcome variable, and the direct effect of the predictor on the outcome variable, respectively (see Figure 5.1). Indirect effect indicates whether

Table 5.3. Path regression coefficients and indirect effects for mediation models. Regression coefficients a, b, and c’ estimate the effect of the predictor on the mediator, the
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7.91

7.91

7.91

7.78

7.91

7.91

Saliva ratio hw

Hardness

Cohesiveness

Adhesiveness

Particle size d50

Number of particles

Ethnicity

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

6.70

0.00

-0.11

0.00

-3.57

0.00

0.00
-10.12
-0.01
-0.12
-0.04
90.75

<0.001
<0.001
<0.001
<0.001
0.68
0.00

0.02

0.12

0.83

0.36

0.50

0.92

53.01

-0.01

-0.84

-0.02

-28.28

0.03

12.86

-0.03

-1.39

-0.03

-44.73

0.01

99.91

0.02

-0.39

-0.01

-14.37

0.05

Consumption time mediates bolus properties | 109

5

110 | Chapter 5

5.3.5. Relationships between dynamic bolus properties and dynamic texture
perception
Multiple Factor Analysis (MFA) was used to explore the relationships between dynamic
bolus properties and dynamic texture perception. Figure 5.3 displays the first two
dimensions of the MFA, both dimensions together explain 59.1% of the variance in the data.
Both groups of data contributed almost equally to Dimension 1, while Dimension 2 was
almost exclusively explained by the sensory attributes data. Figure 5.3.A shows that
consumer characteristics (age, gender and ethnicity) are close to the origin of the MFA plot
indicating that their contribution to the variance in the data is low. In contrast, the two
extreme mastication time points (33 and 100% mastication times) at which bolus properties
and texture perception were determined (TDS data was split into three time periods 33 (T0
– T33), 66 (T34 – T66) and 100 (T67 – T100) of standardized consumption time, (see section
5.2.6) are the main contributors to the variance in the data. Figure 5.3.B shows the
correlation between dynamic bolus properties and dynamic texture perception.
Overall, MFA shows that at 33% of mastication time, bolus properties had high values of
hardness, cohesiveness and d50. These bolus properties were positively correlated among
them and with perception of texture attributes firmness and chewiness. At 66% of
mastication time perception of fattiness and smoothness were positively correlated with
each other and negatively correlated with dryness (as seen also in Figure 5.2). Relative to
other attributes, fattiness and smoothness were the attributes mostly reported within
young Dutch consumers at that point in time, whereas dryness was mainly reported by
older (Dutch) consumers. At 100% of mastication time, boli were characterized by high
amounts of saliva, high adhesiveness and large number of bolus particles. These bolus
properties were positively correlated between them and with the perception of graininess
and juiciness.
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Figure 5.3. A. MFA space (first two components) from all consumer groups and mastication times 33, 66 and 100%.
B. Correlation circle displaying the relationships between variables of bolus properties (blue) and texture
perception determined by TDS (yellow).

5.4. Discussion
The present study shows that for a fixed bite size of a hotdog sausage, consumers differing
in age, gender and ethnicity varied in consumption time. Differences in bolus properties
were influenced by age and ethnicity but these effects were mediated by consumption
time. This demonstrates that adaptation in consumption time is the underlying mechanism
that explains the differences in bolus properties between consumer groups.
We observed that older adults masticated the hotdog sausage samples for longer
consumption times than young consumers, which is in line with several previous studies
showing that among healthy subjects an increment in age is accompanied by an increment
in consumption time regardless of the food characteristics

27,33,68,163

. This effect has been

attributed to a decline of bite 25,26 and tongue strength with ageing 28 as well as a reduction
in muscle activity and density

29,177

. Older adults produced a more degraded bolus than

young adults. Thus, consumers differing in age, modify their consumption time and
therefore the bolus properties at swallowing point differ considerably in order to reach a
bolus with an optimal state for safe and comfortable swallowing. An age related
prolongation of consumption time can be an adaptative mechanism not only to overcome

5
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the oral decline but also to compensate for a less efficient digestion 178. We note that in our
study bite size was fixed to 7g of hotdog sausage; however, under natural eating conditions,
consumers might also adapt their bite size to compensate for a decline in oral capabilities,
for example by taking smaller bites leading to shorter consumption times. Our results differ
from previous studies by Mioche and colleagues. They observed that older populations
swallow a bolus with lower degree of food structural breakdown

32

. There is a major

difference between our study and the study by Mioche et al. regarding the selection criteria
for the dental status of the older adults. In our study only older adults with full denture
participated whereas in the study by Mioche et al. older adults with at least six pairs of postcanine teeth participated. The worse dental status of the older adults participating in the
Mioche et al. study might have contributed to the lower degree of structural breakdown of
the foods at the moment of swallowing.
Despite the observed changes in bolus properties between young and older adults, dynamic
texture perception of the sausage was similar between both groups. Both consumer groups
perceived firmness as the first dominant sensation for the first third of consumption time,
and with similar dominance rate. The second third of consumption time showed minor
differences between young and older adults in dynamic texture perception. In this period,
older adults mainly perceived dryness as dominant sensation, whereas for the young group
fattiness was dominant sensation. This period may provide important sensory input to
decide if longer mastication is needed in order to reach the bolus lubrication threshold
needed for swallowing. Older adults have decreased saliva flow and lower amounts of
mucins (salivary proteins that contribute to bolus formation) than younger adults

179,180

.

This means that to reach the same amount of saliva incorporated in a bolus, older adults
would need to process the bolus for a longer period of time. This explains why despite
significant differences in consumption time, the amount of saliva incorporated into the
bolus at the swallowing point was not different between both age groups. During the last
third of consumption time graininess was dominant sensation until the swallowing
moment. Graininess is an attribute that reflects the increased number of fragments
generated during mastication, where particles’ size and shape are perceived assessing if
they are small enough to be swallow 181. The size of bolus particles is another factor that

Consumption time mediates bolus properties | 113

has been suggested to influence the swallowing moment. However, in our study size of
bolus particles at the moment of swallowing did not differ between the two age groups.
Gender influenced consumption time but only in Chinese consumers, with males having
shorter consumption time than females. Consumption time differed between Dutch and
Chinese but only in females with Chinese having longer consumption time than Dutch.
Despite the often reported oral physiological differences between males and females and
between ethnic groups, 25,29,34,40,182,183, differences in food oral processing behavior related
to gender and ethnicity frequently show contrasting results with some studies showing
differences in food oral processing behavior

38,68,152,153,182

and others not

31,184

. Our study

found an interaction effect between gender and ethnicity which may help to explain why
conflicting results are found in literature. It is probable that (oral) physiological variations
between genders and ethnicities combined with cultural or environmental differences
contribute to adaptation of consumption time. For example, females are frequently taught
to slow down their eating rate and chew thoroughly, behavior that might not be
encouraged in males as often 37,38,185,186. Nevertheless, this behavior might be encouraged
more often in traditional cultures. Based on the observations made in this study, in order
to find more consistent results, investigations about oral behavior should balance the
selection of subjects by gender and report or homogenize ethnicity in order to avoid
confounding effects.
The comparison between the bolus properties of Dutch and Chinese showed that Chinese
expectorated bolus that were softer, less cohesive and contained more particles of slightly
smaller size than Dutch whereas the amount of saliva incorporated into the bolus did not
differed between both groups. The differences found in bolus texture and bolus particle
characteristics might be related to lower mastication efficiency of Chinese compared to
Dutch 187. Thus, the elongation of consumption time can be a strategy to adapt for lower
mastication efficiency.
Dynamic texture perception differed between ethnic groups, only during the second third
of consumption time. Dutch consumers perceived the sausage as fatty and Chinese as dry.
The difference in texture perception between the ethnicities may be related to
physiological factors and cultural expectations. The first factor refers to differences in saliva

5
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flow rate between these groups which have been reported previously with Chinese having
lower saliva flow rates than Dutch consumers

187

. Perception of dryness by Chinese,

similarly to what was observed in older consumers, might contribute to prolongation of
consumption time to compensate for low saliva production. in a way that at the swallowing
point both ethnicities reach a bolus with the same amount of saliva. The second factor,
cultural expectation, may be related to differences in sensory properties between sausages
consumed in China and The Netherlands. Many sausages available in China might contain a
broad range of fat contents and fat particles might be visible and large. Many sausages
available in The Netherlands tend to have lower fat content and typically contain finely
ground meat and emulsified fats

188

. Thus, the expectation of sensory properties of the

sausage may be different between the Chinese and Dutch and may drive the attention of
both consumers towards different texture attributes.
Gender was the consumer characteristic that had the weakest influence on bolus properties
in this study. When gender influenced bolus properties, the effect was always interacting
with age or ethnicity. For example, older females produced a more adhesive and cohesive
bolus than older males. Furthermore, among young Dutch consumers, females produced
fewer bolus particles than young Dutch males. Similarly to age and ethnicity, gender did not
influence the amount of saliva incorporated into the bolus and bolus particle size. It is
possible that both saliva incorporation and bolus particle size are key determinants to
trigger a swallow. Furthermore, dynamic texture perception did not differ considerably
between females and males.
Overall, for all consumer groups, relationships between bolus properties and texture
perception were found especially at the beginning and end of consumption time (33 and
100% mastication time). The first third of consumption time was associated with bolus
hardness, cohesiveness, bolus particle size (d50) and with perception of firmness and
chewiness. The bolus properties observed at the beginning of consumption time mainly
represent the response of the food structure to mechanical disruption imposed upon
chewing 181. The positive correlation between instrumental bolus hardness and perception
of firmness is in agreement with previous studies

189,190

. Moreover, large particle sizes in

foods have been associated with an increment in perception of firmness and chewiness 191.
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The end of consumption time was associated with bolus properties such as saliva ratio,
adhesiveness, number of bolus particles and with perception of graininess and juiciness.
The increased presence of saliva in the bolus is accompanied by mucins and water, which
together can increase the adhesiveness of the bolus contributing to agglomeration of bolus
particles

. The large number of bolus particles produced during the mastication

192,193

process can lead to a grainy perception as shown in the present study. To summarize, at
the beginning and end of consumption time dynamic texture perception of sausages was
similar for all consumer groups and strongly correlated with bolus properties. Minor
differences in dynamic texture perception between consumers groups were observed only
during the middle stages of mastication with low dominance rates. Consumers differing in
age, gender and ethnicity adapt oral processing time of sausages to safely swallow bolus
with textural properties optimized for their needs.

5.5. Conclusion
We conclude that consumers differing in age, gender or ethnicity differ in consumption time
and that consumption time is adapted in order to reach a bolus with optimized textural
properties that guarantee a safe and comfortable swallow. The effect of consumer
characteristics such as age, gender and ethnicity on bolus properties is mediated by
consumption time. While adaptation in consumption time of sausages leads to differences
in bolus properties, it does not lead to large differences in dynamic texture perception.
Bolus properties and texture perception were mainly correlated at the beginning and end
of consumption time. We suggest that the information provided in this study, showing the
bolus properties that are needed to enable a safe and comfortable swallow in different
consumer groups, helps to optimize foods by tailoring food texture properties towards the
needs of specific target groups.
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0.012±0.002
0.48±0.01
2146±45
325±48
0.1±0.01

Adhesiveness (N*s)

Cohesiveness (-)

Particle size d50 (μm)

Number of particles (-)

Saliva ratio hw (-)

2.14±0.18
0.024±0.004
0.40±0.01
1960±23
494±35
0.1±0.01

Hardness (N)

Adhesiveness (N*s)

Cohesiveness (-)

Particle size d50 (μm)

Number of particles (-)

Saliva ratio hw (-)

66% of consumption time

3.08±0.19

29.5±1.8

Hardness (N)

33% of consumption time

Consumption time (s)

Females

Chinese

0.1±0.01

396±49

1958±27

0.42±0.01

0.028±0.006

2.65±0.15

0.1±0.01

302.5±48

1994±31

0.50±0.01

0.018±0.003

3.59±0.26

18.8±1.1

Males

0.1±0.02

316±31

2034±33

0.45±0.01

0.021±0.004

3.0±0.19

0.1±0.01

172±19

2142±40

0.52±0.01

0.012±0.004

3.65±0.26

16.8±1.1

Females

Young adults

older adults Dutch, n=21 young Dutch), and gender (n=34 females, n=30 males).

0.1±0.01

427±45

1981±32

0.45±0.01

0.02±0.003

2.89±0.23

0.1±0.01

287±37

2025±19

0.52±0.01

0.011±0.002

3.63±0.23

17.2±1.4

Males

0.1±0.01

510±22

1946±27

0.40±0.01

0.037±0.004

2.51±0.13

0.1±0.01

323±32

2103±42

0.48±0.01

0.013±0.002

3.24±0.18

27.6±2.3

Females

Dutch

0.2±0.03

489±49

2027±28

0.44±0.01

0.02±0.003

2.54±0.17

0.1±0.01

292±34

2122±41

0.50±0.01

0.013±0.004

3.22±0.19

23.5±1.5

Males

Older adults

Appendix 5.1. Descriptive data (Mean±SE) of consumption time and bolus properties of consumers differing in age (n=21 young Dutch, n=21 young Chinese), ethnicity (n=22
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1.79±0.1
0.04±0.005
0.36±0.01
1935±28
623±32
0.2±0.02

Hardness (N)

Adhesiveness (N*s)

Cohesiveness (-)

Particle size d50 (μm)

Number of particles (-)

Saliva ratio hw (-)

100% of consumption time

0.2±0.01

555±27

1944±27

0.39±0.01

0.04±0.006

2.12±0.13

2.27±0.21
0.03±0.005
0.40±0.01
1968±19
526±40
0.2±0.01

2.35±0.13
0.03±0.005
0.41±0.01
2008±25
381±31
0.1±0.02

0.2±0.02

561±37

1936±20

0.37±0.01

0.05±0.006

2.04±0.1

0.2±0.04

538±51

1961±16

0.39±0.01

0.03±0.005

1.86±0.14
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How addition of peach gel particles
to yogurt affects oral behavior,
sensory perception and liking of
consumers differing in age

This chapter has been published as:
Aguayo-Mendoza M. *, Santagiuliana M. *, Ong X., Piqueras-Fiszman B., Scholten E.,
Stieger M. How addition of peach gel particles to yogurt affects oral behavior, sensory
perception and liking of consumers differing in age. Food Research International
1;134:109213 (2020).(*The authors contributed equally to this work)
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Abstract

Addition of particles to foods, such as fruit pieces to dairy products or vegetable pieces to soup, is a
convenient approach to alter nutritional composition, appearance, perception and acceptance. This
study aimed to investigate the effect of addition of peach gel particles to yogurt on oral behavior,
sensory perception and liking of consumers differing in age. One homogeneous yogurt and seven
yogurts with peach gel particles were prepared. The added peach gel particles varied in size, fracture
stress, or concentration. Oral behavior of healthy participants was characterized by video recordings
(young adults, n=62, 21±2 years; elderly, n=62, 70±5 years). Yogurts’ sensory properties and liking
were scored on nine-point scales. Elderly consumed yogurts with more chews and longer
consumption time leading to lower eating rate than young adults. Addition of particles, regardless of
characteristics, increased number of chews, consumption time, and decreased eating rate up to 60%
for both consumer groups, with an average decrement of 110 g/min for young and of 63 g/min for
elderly consumers. With increasing peach gel hardness and concentration, the number of chews and
consumption time increased while eating rate decreased. Sensory properties and liking of yogurts
with added peach gel particles were similar for healthy young adult and healthy elderly. Thus, healthy
ageing seems to affect sensory perception of semi-solid foods to a limited extent only. We conclude
that changes in food texture by addition of particles can be used as a strategy to steer eating rate and
potentially impact food intake of young adult and elderly consumers while maintaining or enhancing
food palatability. Additionally, particle characteristics can be modified to target specific consumer
groups that might differ in eating capabilities.
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6.1. Introduction
The principal role of oral processing is to transform food into a bolus that can be safely
swallowed to continue through the digestive system. It involves food structural changes
and physiological actions, making oral processing considerably different between foods and
subjects 194. Several studies investigated how physical differences between homogeneous
foods and differences in consumer physiology related to aging affect oral processing. For
instance, Koç et al. showed for food gels that an increment in fracture stress of 6.5 folds
can double consumption time and number of chews 47. Similarly, Lasschuijt observed that
an increment in fracture stress of seven folds yielded a 42% decrement of eating rate 195.
Wee et al stated that an increment of the physical characteristics associated with food
elasticity i.e. springiness, cohesiveness, chewiness and resilience (derivate from Texture
Profile Analysis) can reduce eating rate of a broad range of solid foods

, however,

141

measurements obtained by TPA should be interpreted with caution as suggested by
Nishinary

196

. For fluid foods, Aguayo-Mendoza et al. observed that bite size of yogurts

decreased by 20% when the consistency K (Pa·s) increased by 16 folds

69

. These

observations indicate that large variations in rheological and mechanical properties of foods
have a significant impact on oral behavior. The studies of Ketel, Kohyama, and Mioche
reported that elderly chewed foods such as rice, cheese, bread and meat, for longer time
and with more chews than young adult consumers 27,58,68. Aging might have an impact on
oral physiology as muscle activity can decrease and dental status can deteriorate with age.
These changes have several consequences on eating capability, sensory perception, and
food enjoyment 65, potentially leading to a reduced food intake and a weakened nutritional
status of the elderly population. Food developers aiming to boost satisfaction and to
increase food intake in elderly need to find new strategies to provide products that are
more pleasant and easier to consume; thus, better understanding the ability of elderly
consumers to orally process foods and gaining further insights into their sensory perception
is of critical importance.
The addition of food particles into macroscopically homogeneous food matrices, such as
fruit pieces in yogurt or vegetable pieces in soups, is a convenient approach to alter
nutritional composition, sensory perception, acceptance and food intake. Depending on the

6
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properties of the particles, this addition might lead to the perception of texture contrast.
Such texture contrast has been suggested to be the main reason for the high palatability of
many composite foods

. Recent studies have shown that addition of particles can

197,198

largely affect consumer expectations, sensory perception, and liking of soups and processed
cheeses 191,199,200. When considering a liquid matrix, the addition of carrot pieces to chicken
soups moved the sensory profile closer to the ideal product profile compared with chicken
soups without particles

200

. Thus, particle addition can be a valuable approach to change

sensory perception, while enhancing consumer appreciation.
However, consumers’ response to the addition of particles in foods may have a different
effect for consumers differing in age. For macroscopically homogeneous products (e.g.
soups, yogurts, beverages), differences between young and elderly consumers were found
in terms of sensory properties and preferences 201–203. For instance, Forde and Delahunty
demonstrated that the discriminability of chemical and textural stimuli in liquid, semi-solid
and solid foods was reduced for old consumers (>65 years) in comparison to young
consumers (20-35 years)

203

. The same study showed that the two consumer groups had

comparable preferences for the majority of food products tested. Nevertheless, taking
orange juice as example, Forde and Delahunty described that the product characteristics
(i.e. taste, smell, texture) responsible for the determination of preferences can vary across
groups of different age cohorts

201

. Laguna studied the relationships between eating

capability and difficulty to orally process model foods varying in hardness and homogeneity
in elderly 154. Calcium alginate beads differing in size were added to flavorless k-carrageenan
gels. Consumption time of gels increased upon addition of beads in the elderly. Bead size
did not influence number of chews and consumption time. However, the authors reported
that elderly consumers struggled to consume the model foods due to their unfamiliarity
and low acceptability. Although these conclusions are expected to be valid also for
heterogeneous foods, little information is currently available about sensory properties and
preferences of foods with added particles for consumers differing in age.
Several studies have demonstrated that addition of particles to homogeneous foods can
affect expected satiation

204

and reduce food and energy intake of a later meal

205,206

.

Reduction of energy intake within a meal can be achieved by product texture modifications

Food heterogeneity affects oral behavior | 123
125,126,132,207

. These studies have demonstrated that increasing the hardness or thickness or

reducing the size of particles added to yogurt can alter sensory stimulation and/or longer
oro-sensory exposure time, which reduces energy intake. Addition of particles to a product
might also be used as a means to introduce texture modification to provide a prolonged
oral processing and induce earlier satiation and hence potentially reduce energy intake
within a meal. However, when differences in texture are too subtle or when consumers are
distracted while eating, intake may remain unaffected 208.
To summarize, adding particles to foods seems to be a promising and convenient way to
steer eating behavior, improve palatability, and influence energy intake. Yet, the
applicability of this approach of texture modification by particle addition to foods has not
been investigated yet for elderly consumers. Therefore, the aim of this study was to
investigate the effect of the addition of peach gel particles varying in size, fracture stress
and concentration to yogurt on oral processing behavior, sensory properties and liking of
consumers differing in age. We hypothesize that oral processing is influenced by size,
fracture stress, and concentration of added particles. Elderly consumers are expected to
display longer oral processing time than young, adult consumers. We also hypothesize that
sensory perception and liking of heterogeneous yogurts might differ between young adults
and elderly.

6.2. Material and methods
6.2.1. Materials
Optimel Greek style peach yogurt was provided by FrieslandCampina (Amersfoort, The
Netherlands). Agar was purchased from Caldic Ingredients B.V. (Rotterdam, The
Netherlands). Holland Ingredients B.V. (Meppel, The Netherlands) kindly provided annatto
(orange food colorant, WS 2.5%, E160b). Titanium dioxide (TiO2, E171), riboflavin (yellow
food colorant, 10% PWS, E101) and peach aroma were purchased from Pomona Aroma B.V.
(Hedel, The Netherlands). Canned peaches (PLUS, Utrecht, The Netherlands) and crackers
without salt (Bayman Barendrecht, The Netherlands) were purchased from a local
supermarket. All ingredients were food safe and samples were prepared under food safe
conditions.

6

124 | Chapter 6

6.2.2. Sample preparation
Peach gel preparation
Peach gel particles varying in size and fracture stress (σF) were prepared using agar as
gelling agent and peach extract to provide flavor. Canned peaches were used to prepare
the peach extract. Canned peaches were drained from the syrup and rinsed with tap water.
Peaches were then blended using a hand blender (Braun MQ 745, Kronberg im Taunus,
Germany) and the obtained puree was centrifuged at 3900g for 20 min (Beckman Coulter
Allegra X-30R, Fullerton, USA). The supernatant (peach extract) was collected and sieved
(mesh size 63µm). The peach extract was stored at -20ºC for a maximum period of 4 weeks.
Peach gels were prepared by combining the peach extract with agar in different
concentrations as shown in Table 6.1. The concentration of agar was varied to obtain gels
with different target fracture stresses (σF: 20, 60, and 100 kPa). Peach aroma, TiO2,
riboflavin and annatto were added to resemble the appearance and flavor of real peach
pieces. The concentrations used are provided in Table 6.1. To prepare the gels, solutions
were heated under continuous stirring in a water bath at 95ºC for 45 min. The heated
solutions were poured either in disposable plastic containers to obtain samples for the
sensory evaluation or in 30 ml syringes (Terumo, Leuven, Belgium) for instrumental sample
characterization. Solutions were placed on ice for 1 h to initiate gel formation. After cooling,
gels for the sensory evaluation were cut in cubes of 3x3x3, 7x7x7, and 10x10x10mm using
a mandolin (Michel BRAS, Laguiole, France) (Figure 6.1). The gels for instrumental
characterization were cut into cylinders with a diameter of 23mm and a height of 15mm
and measured ~24 hrs after preparation. Gels for the sensory evaluation were stored at 4ºC
for a maximum of one week.
Table 6.1. Composition of the model peach gels varying in fracture stress. All concentrations are given in weight
percentage (% w/w).
Target fracture
stress (kPa)

Peach
extract

Agar

Peach
aroma

TiO2

Riboflavin

Annatto

20

98.5

1.4

0.049

0.039

0.025

0.024

60

97.3

2.5

0.049

0.039

0.024

0.023

100

96.3

3.6

0.048

0.039

0.024

0.023
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Figure 6.1. Peach gels varying in size; (a) small 3x3x3mm, (b) medium 7x7x7mm and (c) large 10x10x10mm peach
gel particles.

6
Figure 6.2. Pictures of yogurts provided during the sensory study. A. Homogeneous yogurt without peach gel
particles (HO). B. Yogurt with low concentration (10% w/w) of peach gel particles of medium size (7x7x7mm; Me10). C. Yogurt with medium concentration (15% w/w) of peach gel particles of medium size (7x7x7mm; Me-15). D.
Yogurt with high concentration (20% w/w) of peach gel particles of medium size (7x7x7mm; Me-20). E. Yogurt with
medium concentration (15% w/w) of large peach gel particles (10x10x10mm; La-15). F. Yogurt with medium
concentration (15% w/w) of small peach gel particles (3x3x3mm; Sm-15).

Yogurt preparation
Optimel Greek style peach flavored yogurt was sieved to remove the peach pieces present
in the commercially available yogurt and then stored at 4ºC for a maximum of one week.
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Eight yogurts were obtained by adding peach gel particles to the yogurt matrix in different
concentration and with different size and hardness (Figure 6.2). The properties of the
different samples and the corresponding codes are depicted in Table 6.2. The sample codes
consist of four letters and one number. The first two letters indicate particle size, Sm(-),
Me(-), and La(-) for small, medium, and large particles respectively, the next two letters
indicate the fracture stress, (-)So, (-)Me, and (-)Ha for soft, medium, and hard particles,
whereas the subscript number indicates the particle concentration, 10, 15, and 20 for low
(10%), medium (15%), and high (20%). The sample code for the homogeneous yogurt
without particles is HO.
Table 6.2. Samples codes for homogeneous yogurt without particles (HO) and heterogeneous yogurts with added
particles. The first two letters indicate particle size, Sm(-), Me(-) and La(-) for small, medium and large particles
respectively, the second letter indicates the fracture stress, (-)So, (-)Me and (-)Ha for soft, medium and hard
particles, whereas the subscript number indicates the particle concentration, 10, 15 and 20 for low, medium and
high.
Sample code

Particle size

Fracture stress σF

Particle concentration

(mm)

(kPa)

(% w/w)

HO

-

-

-

SmMe15

3x3x3

60

15

MeSo15

7x7x7

20

15

MeMe15

7x7x7

60

15

MeMe10

7x7x7

60

10

MeMe20

7x7x7

60

20

MeHa15

7x7x7

100

15

LaMe15

10x10x10

60

15

This incomplete factorial experimental design was chosen to reduce the number of
evaluated samples yet allowing for an investigation of the different variables considered.
By comparing (HO), SmMe15, MeMe15, and LaMe15 the effect of particle size on oral
behavior and perception was studied while keeping peach gel particle fracture stress and
concentration constant; by comparing (HO), MeSo15, MeMe15, and MeHa15 the effect of
particle hardness (fracture stress) on oral behavior and perception was studied while
particle size and concentration were constant; and finally by comparing (HO), MeMe10,
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MeMe15, and MeMe20 the effect of particle concentration on oral behavior and perception
was studied while particle size and fracture stress were constant.
Peach gel particles at 4ºC were added to the yogurt less than 5 min before serving to
prevent changes in mechanical properties. The serving temperature of the yogurt with
particles was 4ºC.
6.2.3. Sample characterization
Uniaxial compression tests of model peach gels
To determine the mechanical properties of the model peach gel particles, uniaxial
compression tests were performed with a Texture Analyzer (TA. XT plus, Stable Micro
Systems-SMS). A compression plate with a diameter of 100mm combined with a load cell
of 50 kg was used. Measurements were performed with a crosshead velocity of 1mm/s and
a compression strain of 70%. Gels varying in target fracture stress (σF: 20, 60, 100 kPa) were
cut in a cylindrical form (diameter of 23mm and a height of 15mm) and measured at 20°C.
To prevent friction between the sample and the compression plate, the top of the sample
surface was lubricated with paraffin oil. Average real fracture stress and strain of each gel
type were obtained from the measurements of at least four replicates. Fracture stress (σF)
of model peach gels increased significantly [F(2,14)=4645.4, p<0.001] with increasing
concentration of gelling agent. Fracture stress of soft (-So), medium (-Me) and hard (-Ha)
model peach gels were 21±1 kPa, 63±1 kPa and 99±2 kPa, respectively. True fracture strain
(-) differed significantly [F(2,14)=18.60, p<0.01] but only little between soft (-So), medium
(-Me) and hard (-Ha) model peach gels and were determined as 0.30±0.01, 0.33±0.01 and
0.34±0.01, respectively.
Viscosity measurements of yogurt
Rheological properties of yogurt were determined using a rheometer (MCR 302, Anton Paar
GmbH, Graz, Austria) with a C-CC17/T200/TI cup (diameter of 18.08mm) and a CC17/TI
cylinder (diameter of 16.66mm and length of 24.95mm). The rheometer was set in a
rotational mode with shear rates increasing from 1-1000 s-1 and then decreasing from 10001 s-1 in a time period of 2.5 min. After pouring the yogurt into the cup, a waiting time of 2
min was applied to reach equilibrium prior to measuring. The yogurt was measured in
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triplicate at 4°C (storage/serving temperature) and 20°C (room temperature). Flow curves
were obtained by measuring viscosity as a function of the shear rate. The obtained results
at a shear rate from 1 to 1000 were then fitted using the Ostwald-de Waele model:
η = kγ̇n−1

where η is the viscosity (Pa·s), k the consistency (Pa·s), γ̇ the shear rate (s-1) and n the flow

behavior index (-). The yogurt measured at 4ºC displayed a consistency k of 3.45±0.03 Pa·s
and had a power law index n=0.38. At 20ºC, the consistency significantly decreased
(p<0.001) to k=2.92±0.05 Pa·s, while power law index remained unchanged as n=0.38.
6.2.4. Characterization of oral processing behavior and sensory evaluation

Participants
For this study, 62 young, adult Dutch participants (n=62, 9 male/53 female, average age
21±2 years) and 62 elderly Dutch participants (n=62, 24 male/38 female, average age 70±5
years) were recruited. Before participation, the subjects were asked to fill in a screening
questionnaire to check whether they met the selection criteria. The selection criteria were
based on nationality and ethnicity (Dutch with Caucasian ethnicity), age (between 18-25
years or above 60 years), BMI (18-30 kg/m2), good general health (self-reported) and good
dental status (a maximum of two dental implants or missing teeth). Participants were
allowed to join the study if they had no braces or piercings in the mouth, did not use any
medication that influences the chewing behavior, were not pregnant or lactating, had
general normal taste and smell functions, were non-smokers, and did not have allergies or
intolerances to the food products used in this study. The subjects that met all the
requirements were invited to an information session, where they received an explanation
of the study set up and signed an informed consent form. After completion of the study,
participants received financial compensation for their participation. The study was
conducted in line with the Declaration of Helsinki.
Oral processing behavior characterization
To determine the oral processing behavior, each participant was individually video recorded
in a well-lit room while consuming yogurts at a serving temperature of 4ºC. Before starting
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the video recording, the researcher placed four circular stickers on the participant’s face,
serving as markers, to perform the analysis of the video recordings. Two stickers were
placed on the forehead spaced 5 cm apart horizontally, one on the tip of the nose (reference
point), and one on the center of the chin (mobile point).
Participants were seated in a chair in front of a table with a video camera (Logitech c270,
Apples, Switzerland). The camera was set approximately 50 cm from the participant’s face
to ensure a complete picture of the face without distracting or discomforting the
participants. They were instructed to hold their head straight by looking at an indicated
point on a computer screen and not to block their mouth or face while eating. They received
a fixed bite size of 10g of yogurt sample (Table 6.2), served on a 6 ml tablespoon
(dimensions: 10.3x4x0.7 cm). Yogurts were provided in randomized order and in monadic
sequence. Participants were asked to ingest the entire content of the spoon at once,
consume it as they would normally do, and to indicate the swallowing moments by raising
a hand. After the last swallowing moment, the video recording was stopped.
From the video recording, consumption time (s), number of chews (-), number of swallows
(-), chewing rate (chews/s) and eating rate (g/min) were extracted. Changes in position of
the stickers placed on each participant’s face over time were extracted as X-Y coordinates
using Kinovea software (version 0.8.12) as described previously 68,69. Coding of the videos,
i.e. placing a digital marker in each sticker and indicating with a label at each swallow and
at the beginning and end of consumption time in the videos, was divided between two
researchers. To standardize the coding procedures, the researchers coded a set of 10 videos
together. After all videos of the study were coded, approximately 10% of the videos were
randomly selected and codification was validated by the other researcher. Jaw’s vertical
displacement was computed as the Y-coordinate difference between the nose and chin
markers at each time point. The number of chews was calculated by detecting the zerocrossing of peaks using a smoothed first derivative of the jaw’s vertical displacement.
Consumption time was defined as the time period when participants placed the sample in
the mouth until the last swallow. Number of swallows were recorded by counting the
number of times the participant raised their hand. Chewing rate indicates the number of
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chews per second whereas eating rate indicates the amount of food consumed per time
unit (g/min). These calculations were processed using a custom-made Excel macro.
Sensory evaluation of heterogeneous yogurts
The sensory evaluation was divided into two separate sessions of 45 min each with a break
of one week between sessions. Participants indicated perceived intensities of 13 attributes
using a nine-point scale ranging from “not” to “very” after tasting the yogurts samples at a
serving temperature of 4°C. The list of sensory attributes, which were selected and tested
during feasibility tests (data not shown), and their definitions are reported in Table 6.3.
Table 6.3. Sensory descriptors and definitions used for quantification of sensory profile.
Descriptor

Definition

Texture
Chewiness

The amount of work required to masticate the sample (or its components) into a state
ready for swallowing.

Creaminess

Sensation of a thick, smooth and velvety texture in the mouth.

Crumbliness

The extent to which the sample breaks into smaller pieces or fragments.

Dryness

Perception of a dry feeling in the mouth.

Hardness

Force required to compress and/or break the sample (or its components) between the
teeth.

Juiciness

The amount of juice/moist released during consumption.

Particle size

Perception of the particle dimension in the mouth prior to the chewing process, on a
scale from small to large.

Smoothness

A uniform perception of the product in the mouth during mastication.

Thickness

Force required to deform the sample and the perceived resistance to flow.

Flavor
Dairy flavor

Perception of milky aroma.

Peach flavor

Perception of peach aroma.

Sourness

Perception of a sour flavor in the mouth.

Sweetness

Perception of a sweet flavor in the mouth (sugar like).

Participants also evaluated all samples on liking (overall liking, flavor liking, texture liking)
using a nine-point hedonic scale. Participants were asked not to eat for one hour prior to
the sensory sessions. In each session, they were provided with four different samples of
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40g and a spoon similar to the one used during characterization of oral processing behavior.
Samples were presented in a monadic sequence with a randomized order. Participants were
instructed to collect a spoonful of the sample containing an equal number of particles each
time, to rinse their mouth with water and to eat unsalted crackers between the evaluation
of different samples while waiting for at least 1.5 min.
6.2.5. Data analysis
Oral processing behavior data were analyzed conducting factorial ANOVA analyses using
IBM® SPSS® Statistics (version 24.0). The effect of age on oral behavior (consumption time,
number of chews, number of swallows, chewing rate, and eating rate) was determined
using all samples. The effect of particle size, particle fracture stress and particle
concentration on oral behavior was determined using only the samples differing in the
parameter of interest, while maintaining the other parameters constant (e.g. effect of
particle fracture stress at 20, 60, and 100 kPa, with a constant particle size of 7x7x7mm and
particle concentration of 15% w/w). Main effects were considered statistically significant at
p<0.05. When effects were significant, post hoc pairwise comparisons were performed
using Bonferroni’s adjustment.
Results with respect to sensory perception were analyzed using R language (version 3.2.3).
First the data were analyzed separately by ANOVA considering young and elderly
participants independently. Such analysis was performed to allow a comparison between
all products, and when effects were significant, post-hoc pairwise comparisons were
conducted with Tukey’s HSD test (p<0.05). Two separate approaches were used to compare
perception between participant groups. As a multivariate approach, sensory perception
data were analyzed by Multiple Factor Analysis (MFA) to assess the configurational
similarity of product spaces obtained from the young adult and elderly participants
separately. As a univariate approach, t-tests between the two participant groups were
performed on the intensity scores of each product. This approach allowed to identify the
effect of participant age on specific sensory attributes per product type.
To check for similarities between the heterogeneous yogurt samples and to investigate the
relationship between oral behavior, sensory perception and liking, data from both
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consumer groups were pooled and MFA was performed with the three data matrices (oral
behavior data, sensory data, and liking). The data regarding mechanical properties were
analyzed using Analysis of Variance (ANOVA) with p<0.05 and Tukey’s HSD as post-hoc test.
Two-tailed paired sample t-tests were used to compare viscosity measurements of each
yogurt at different temperatures.

6.3. Results and discussion
6.3.1. Oral processing behavior
Effect of age on oral processing behavior of yogurts
Oral processing behavior was characterized and compared between healthy young adult
(n=62, age 21±2 years) and healthy elderly (n=62, age 70±5 years) participants. Age had a
significant effect on consumption time [F(1,911)=54.60, p<0.001], number of chews
[F(1,911)=50.95, p<0.001] and eating rate [F(1,911)=29.31, p<0.001]. Figure 6.3 shows that
elderly required significantly longer time (11.2s±5.2) and more chews (15.3±7.6) than young
adults (consumption time: 9.0s±4.1; number of chews: 12.3s±6.1). Moreover, elderly
consumed yogurts with a lower eating rate (68.0g/min±0.6) than young adults
(90.4g/min±87). These differences between young adults and elderly in oral processing
behavior may be explained by physiological changes related to aging such as the decrease
of density of the mastication muscles and consequently the weakening of bite force. This
reduction of bite force induces the subject to increase the number of chews and the
consumption time until the bolus reaches a swallowable consistency 33,68,209,210. It should be
noted that the young adult and elderly consumers were healthy and had good dental status
with a maximum of two missing teeth or implants. Hence, the observed differences in
eating behavior between the two groups are probably not caused by differences in dental
status between groups. The number of swallows significantly differed between groups
[F(1,911)=24.61, p<0.001]. It was observed that young adults swallowed more times than
elderly, probably because the threshold volume to trigger a swallow is lower in young adults
than in elderly 211. In contrast, chewing rate did not differ significantly between young adults
and elderly [F(1,911)=.59, p=0.442] suggesting that the central pattern generator in the
brain, that controls chewing frequency, might not have been affected by aging 212.
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Figure 6.3. Different parameters relevant to oral processing behavior of young adults (n=62, age 21±2 years) and
elderly (n=62, age 70±5 years) masticating yogurts. Mean±SD values averaged over all yogurts (Table 6.2) are
shown for A) consumption time, B) number of chews, C) number of swallows, and D) eating rate. Different
superscript letters indicate significant differences between consumer groups.

Effect of particle size on oral processing behavior of young adults and elderly
To investigate the effect of peach gel particle size added to yogurts, we compared the
homogeneous yogurt, the yogurts with peach gel particles of 3x3x3mm (small), 7x7x7mm
(medium), and 10x10x10mm (large), while keeping the fracture stress and concentration
constant at 60kPa and 15% (w/w), respectively. The addition of peach gel particles to yogurt
had a significant effect on consumption time [F(3,451)=55.28, p<0.001], number of chews
[F(3,451)=55.78, p<0.001], number of swallows [F(3,451)=11.65, p<0.001], eating rate
[F(3,451)=41.71, p<0.001], and chewing rate [F(3,451)=9.62, p<0.001] (Figure 6.4). The
addition of peach gel particles more than doubled the number of chews and consumption
time, and decreased eating rate by up to 60% compared to yogurts without particles, with
an average decrement of 110 g/min for young adults and of 63 g/min for elderly consumers.
We suggest that addition of particles to yogurts is a feasible and convenient strategy that
can potentially be used to manipulate food and energy intake within a meal since changes
in oral behavior caused by modification of food texture have been related to satiation
responses 126,204.
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Although the presence of peach gel particles affected oral behavior, changes in particle size
did not significantly affect any of the parameters describing oral processing behavior.
Similarly, Laguna et al. reported that addition of alginate beads to k-carrageenan gels
increased consumption time in the elderly. Size of alginate beads did not influence number
of chews and consumption time 154. In our study, all yogurts had a constant particle weight
concentration (15% w/w). Therefore, increasing the size of the particle was accompanied
by a decrease in the number of particles in the yogurt. Consequently, yogurts with the
largest particle size (10x10x10mm) had fewer particles whereas yogurts with the smallest
particles (3x3x3mm) had more particles present. Size and number could have induced
counteracting effects in this study, and therefore no overall changes might have been
observed.

Figure 6.4. Parameters related to Oral processing behavior of yogurts without and with peach gel particles differing
in particle size: (HO) yogurt without particles, (Sm) yogurt with particles of 3x3x3mm, (Me) yogurt with particles
of 7x7x7mm and (La) yogurt with particles of 10x10x10mm. All particles had a fracture stress of 60kPa and were
added at a concentration of 15% (w/w). Mean±SD values are shown for A) consumption time, B) number of chews,
C) number of swallows and D) eating rate. Different superscript letters indicate significant differences between
samples within each oral behavior descriptor (p<0.05). Dark bars indicate young adult consumers (n=62, age 21±2
years) whereas light bars depict elderly consumers (n=62, age 70±5 years).
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Effect of particle fracture stress on oral processing behavior of young adults and elderly
To investigate the effect of particles hardness on oral processing behavior, the three
samples with particles that varied in fracture stress (20, 60, and 100 kPa) with constant
particle size of 7x7x7mm at concentration of 15% w/w, were compared to each other
together with the HO sample. The addition of peach gel particles significantly influenced all
oral processing parameters. Between the yogurts with particles differing in fracture stress,
a significant effect was found on consumption time [F(3,452)=62.05, p<0.001], number of
chews [F(3,452)=66.96, p<0.001], and eating rate [F(3,452)=38.59, p<0.001] (Figure 6.5).
We observed in average for both consumer groups, an increment of 80 kPa (from 20 to 100
kPa) in fracture stress of the particles increased consumption time and number of chews by
approximately 40% whereas eating rate decreased by 30%. These findings demonstrate
that oral behavior adapted to fracture stress of the particles. These results are in line with
other studies that demonstrated that with increasing food hardness, consumption time and
number of chews increase and eating rate decreases

50,69

. Furthermore, the results show

that between groups elderly consumers are slightly less affected by the increments in
particle fracture stress than young adults.
For number of swallows and chewing rate, the results are slightly different. Although
particle fracture stress had a significant effect on the number of swallows [F(3,452)=11.15,
p<0.001], this effect was present only when medium or hard particles were added to the
yogurt, but not when soft particles were added. Soft particles may be easier to deform and
compress between the tongue and palate, and therefore fewer chews are required.
Subjects are therefore not required to increase the number of swallows since these
particles may directly be swallowed without the need to remain in the mouth for further
chewing. Medium and hard particles needed a longer oral processing time due to a
mechanism that involves continuous chewing of large particles until they are softened and
reducing in size to the point that they are ready to be swallowed. This long process of
chewing leads to several swallows. Chewing rate was least influenced by particle hardness.
While the addition of particles had a significant influence [F(3,452)=11.26 p<0.001], there
was no difference between yogurts containing particles varying in particle hardness. This is
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consistent with other literature that shows that chewing rate is relatively constant and
independent of the food properties 69,213.

Figure 6.5. Oral processing behavior of yogurts without and with added peach gel particles differing in particle
fracture stress (kPa): (HO) yogurt without particles, (So) yogurt with particles with fracture stress of 20kPa, (Me)
yogurt with particles with fracture stress of 60kPa and (Ha) yogurt with particles with fracture stress of 100kPa. All
particles had a size of 7x7x7mm and were present at a concentration of 15%(w/w). Mean±SD values are shown
for A) consumption time, B) number of chews, C) number of swallows and D) eating rate. Different superscript
letters indicate significant differences between samples within each oral behavior descriptor (p<0.05). Dark bars
indicate young adult consumers (n=62, age 21±2 years) whereas light bars depict elderly consumers (n=62, age
70±5 years).

Effect of particle concentration on oral processing behavior of young adults and elderly
Particle concentration had a significant effect on consumption time [F(3,451)=56.48,
p<0.001] and number of chews [F(3,451)=61.06, p<0.001]. Figure 6.6 shows that in yogurts
with peach gel particles, an increment in concentration (w/w) by 10% from 10 to 20%
caused an increment of the number of chews and consumption time of 20%. From 11.8 to
14.3 chews and 8.8s to 10.6s for young adults and from 14.6 to 17.7 chews and 11.0s to
12.8s for elderly. However, smaller increments on particle concentration of 5% (w/w) (e.g.
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10 – 15% or 15 – 20%) did not cause significant differences in number of chews nor
consumption time. Eating rate [F(3,451)=34.44, p<0.001], number of swallows
[F(3,451)=12.01, p<0.001] and chewing rate [F(3,451)=9.72, p<0.001] significantly differed
between the homogeneous yogurt and the heterogeneous yogurts with peach gel particles,
but not between yogurts with particles differing in concentration.

Figure 6.6. Oral processing behavior of yogurts without and with peach gel particles differing in particle
concentration: (HO) yogurt without particles, (10) yogurt with a particle concentration of 10%, (15) yogurt with a
particle concentration of 15%, and (20) yogurt with a particle concentration of 20%% (w/w). All particles had a size
of 7x7x7mm and fracture stress of 60 kPa. Mean±SD values are shown for A) consumption time, B) number of
chews, C) number of swallows and D) eating rate. Different superscript letters indicate significant differences
between samples within each oral behavior descriptor (p<0.05). Dark bars indicate young adult consumers (n=62,
age 21±2 years) whereas light bars depict elderly consumers (n=62, age 70±5 years).

6.3.2. Sensory properties and liking
Sensory properties of yogurts without and with added peach gel particles by young adults
and elderly
Multiple Factor Analysis (MFA) was used to compare the perceived sensory properties of
all products for the two consumer groups. The consensus MFA map considering the first
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two dimensions (explaining 68.70% of the total variance) is depicted in Figure 6.7.A, while
the correlation plot of the two groups is reported in Figure 6.7.B. Overall, in both Figure
6.7.A and B, very similar sensory profiles can be observed for the two consumer groups as
both product locations and sensory attributes showed only a few and small differences
between the two consumer groups.

Figure 6.7. Consensus MFA sample space (first two components) with superimposed partial points from perceived
sensory properties for young adult (n=62, age 21±2 years) and elderly (n=62, age 70±5 years) consumers. B.
Loading plot of perceived attributes for young adults (continuous, black) and elderly (dashed, grey).

The minor discrepancies across all products between healthy young adults and elderly can
be further examined by looking at the comparison between averaged values of perceived
attributes intensities (across-attribute comparison; Appendix 6.1). Consumer groups
varying in age differed in sweetness and sourness perception, as elderly perceived most of
the yogurts as less sweet and sour than the young adults. Regarding textural attributes,
differences between groups in the averaged scored intensities across products were only
observed for crumbliness and particle size, for which elderly participants gave significantly
lower scores than young participants. This might suggest that the aging of healthy
participants mainly affects taste perception but influences texture perception only
marginally.
The mean values of the different sensory attributes (Appendix 6.2 and Appendix 6.3) show
that a variation in particle size influenced perception of creaminess, thickness, and particle
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size for young adults, while for elderly, such a variation only significantly affected
crumbliness and particle size. No significant effects of particle size on chewiness, dryness,
hardness, juiciness, smoothness, sourness, sweetness, dairy and peach flavor were
observed in either group. For both consumer groups, increasing the particle fracture stress
from 20 to 60 to 100 kPa (MeSo15, MeMe15, MeHa15) resulted in a significant increase in
perceived chewiness and hardness, while it significantly decreased smoothness. Yogurts
containing soft particles were perceived as smoother, less chewy and hard compared to the
yogurts containing hard particles (MeHa15) for both young and elderly participants. For both
consumer groups, a variation in particle concentration (10, 15 or 20% w/w) did not yield
any significant difference in product perception.
We conclude that healthy aging has only a very limited effect on perceived sensory
properties of yogurts without and with added peach gel particles. For both healthy young
adults and elderly, an increase in particle size led to a decrease in creaminess and thickness
perception, while higher hardness and chewiness were perceived with an increase in
particle hardness and concentration, respectively. We conclude that aging marginally
affected texture perception of semi-solid heterogeneous products (i.e. lower crumbliness
and particle size for elderly), whereas somewhat larger effects were found for taste
perception (e.g. perceived sourness and sweetness). As described in section 6.2.4, we
emphasize that the young adults as well as the elderly had good general health (selfreported) and good dental status (a maximum of two dental implants or missing teeth)
which might explain that only a few and minor differences were found in sensory
perception of the yogurts with and without added peach gel pieces.
Liking of yogurts without and with added peach gel particles by young adults and elderly
Table 6.4 reports the averaged values for overall liking, flavor liking, and texture liking for
young adults and elderly. The results of each consumer group were analyzed separately to
determine the effect of particle addition, particle size, particle hardness and concentration
on liking. Considering the similar perception of the yogurts with and without added peach
gel pieces observed in the previous sections, we expected small differences between the
age groups also in terms of preferences.
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Table 6.4. Mean liking scores per sample for young adults (n=62, age 21±2 years) and elderly (n=62, age 70±5 years) separately. Superscript letters indicate significant differences
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From Table 6.4, it can be seen that homogeneous yogurts were preferred over yogurts with
hard particles in terms of overall liking, flavor and texture by both consumer groups. Young
adults liked the texture of homogeneous yogurts more than yogurts containing soft,
medium and hard peach gel particles and evaluated the texture of yogurts containing small
particles as the least liked in texture.
Also for the elderly, yogurts containing small (SmMe15) or hard particles (MeHa15) were
significant less liked than the homogeneous yogurt and the yogurts with medium or soft
particles. For the young adults, variation in particle size affected significantly the hedonic
response as yogurt with medium-sized particles was liked more than products containing
small and large particles. Such effect of particle size was not observed for the elderly group.
In this group, the effect of particles hardness was more prominent; an increase in particle
hardness (MeHa15) decreased overall liking significantly. Interestingly, for elderly
consumers, addition of medium or soft gel particles to yogurt did not decrease liking in
comparison to the homogeneous version of the product. For both consumer groups,
particle concentration did not affect hedonic responses. We conclude that for young
consumers, liking was mainly affected by variation in particle size, whereas for elderly, liking
was mostly affected by particle hardness.
Overall, we conclude that these minor differences in preferences between the groups
differing in age were probably due to the fact that both groups were in good health and had
good dental status. Larger differences may be observed for elderly with a different health
status. This suggests that the assumption for which age-related declines always impair
sensory and preferences might be not always true. Therefore, this research suggests that
other factors than age might be more suitable to identify clusters of consumers and the
related drivers of liking.
6.3.3. Relationships between mechanical properties, oral behavior, sensory
perception and liking of yogurts with added peach gel particles
MFA was performed to understand the relation between oral behavior, sensory perception
and liking of the heterogeneous yogurts with added peach gel pieces. Figure 6.8.A shows
the position of the heterogeneous yogurts relatively to each other within a two-dimensional
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space (explaining 77.5% of the total variance) whereas Figure 6.8.B depicts the variables.
The oral behavior data, sensory data and liking data was pooled over the young adults and
elderly consumers in order to show only the yogurts’ effect.

Figure 6.8. A. MFA sample space (first two components) from pooled data of both consumer groups. B. Correlation
circle displaying the relationship between variables from oral behavior (gray), sensory perception (blue) and liking
(yellow).

From Figure 6.8.B, it can be observed that consumption time and number of chews are
positively correlated and that both are correlated with sensory attributes hardness,
chewiness, dryness (upper left quadrant) and crumbliness (lower left quadrant). The
observed relationships between perceived hardness, chewiness and a prolonged
consumption time are in line with previous studies 125,132. The aforementioned attributes
describe, in the upper left quadrant, yogurt containing peach gel particles with high fracture
stress, and yogurt containing peach gel particles with high concentration; whereas in the
lower left quadrant, crumbliness describes yogurt with small peach gel particles. Hardness,
chewiness and dryness have been associated with a greater expected fullness 52, which is
one of the contributors in determining portion size selection due to learned associations by
previous experiences
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. Thus, it could potentially be possible to achieve a reduction in

energy intake through a combination of food texture modifications that decrease eating
rate and increase satiation.
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Furthermore, consumption time and number of chews were negatively correlated with
eating rate, which in turn was positively correlated to liking and sensory attributes such as
smoothness, creaminess, dairy flavor, juiciness and peach flavor. These characteristics
describe the yogurts that contained peach gel particles with a low fracture stress. The
observed increment in overall liking might be explained by the high scores of creaminess
and smoothness which have previously been reported to be drivers for consumer
acceptance of dairy products
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. Both attributes, creaminess and smoothness, are

attributes that may resemble a more bolus like structure. Thus, it might be possible that in
the presence of these sensory cues, consumers perceive these foods as easy to orally
process and consequently reduce consumption time affecting eating rate accordingly.
6.3.4. Practical implications
Particle addition to yogurt is a convenient approach that can be applied in different
manners depending on the targeted consumer group. Consumers aiming to reduce energy
intake can benefit from the reduction of eating rate generated upon particle addition and
an increase in particle fracture stress. A reduced eating rate has been demonstrated to
decrease meal portion size and ad libitum food intake within a meal 125,126,132,139. In order to
benefit from the aforesaid approach, the particles added should not increase the food
energy density and should preferable be low caloric.
The approach of adding particles to foods can also be used to improve nutritional value of
the product while maintaining consumers’ acceptance and intake. This may especially be
relevant for the elderly population. The elderly consumers equally liked yogurts containing
soft-medium size particles, hard-medium size particles and homogeneous yogurts with no
added particles. Pleasantness of food is an important determinant of food choice and food
intake
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. Thus, manufacturing yogurts containing nutrient-rich particles that meet the

preferred particle characteristics may be an appropriate strategy to increase elderly’s food
enjoyment and boost nutrient intake.

6.4. Conclusions
This study highlights that particle addition to macroscopically homogeneous products such
as yogurt prolongs oral processing time and decreases eating rate in healthy young adult
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and elderly consumers. The present study showed that in heterogeneous yogurts, elderly
had a lower eating rate and higher number of chews than young participants. Particularly,
increasing particle concentration and particle fracture stress increased consumption time
and number of chews. Only few and small differences in perceived sensory properties of
heterogeneous yogurts were found between young adults and elderly consumers. Liking of
the heterogeneous products differed slightly between the two age groups as for young
consumers, liking was mainly affected by variation in particle size, whereas for elderly, liking
was mainly affected by particle hardness.
We conclude that addition of soft-solid particles to yogurts can be used as an effective
strategy to change oral processing behavior and possibly impact food and energy intake
within a meal. This approach can be used to tune sensory perception and enhance product
palatability especially in products directed to the elderly population.

Appendix 6.1. Comparison between perceived intensities of different descriptors between young adults and elderly consumers. The presence of arrows shows a significant difference between the two
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groups. ↓ indicate that perception of that attribute was significantly higher for young adults, whereas ↑ indicate that perception of that attribute was significantly higher for elderly consumers. The
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Appendix 6.2. Mean perceived intensities of different descriptors per sample for young Dutch adults. Superscript letters indicate significant differences between samples within a column with (p<0.05).
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Appendix 6.3. Mean perceived intensities of different descriptors per sample for elderly Dutch. Superscript letters indicate significant differences between samples within a column with (p<0.05).
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Linking oral processing behavior
to bolus properties and dynamic
sensory perception of processed
cheeses with bell pepper pieces

This chapter has been published as:
Aguayo-Mendoza, M. G., Chatonidi, G., Piqueras-Fiszman, B., Stieger, M. Linking oral
processing behavior to bolus properties and dynamic sensory perception of processed
cheeses with bell pepper pieces. Food Quality and Preference 104084 (2020).
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Abstract

The addition of food particles to food matrices is a convenient approach that allows to steer oral
behavior, sensory perception and satiation of heterogeneous foods. The aim of this study was to
determine the influence of physical-chemical properties of heterogenous foods on oral processing
behavior, bolus properties and dynamic sensory perception. Bell pepper gel pieces varying in fracture
stress and concentration were added to processed cream cheese matrices differing in texture.
Addition of bell pepper gel pieces to processed cheeses increased consumption time, decreased
eating rate and led to harder and less adhesive bolus with more saliva incorporated. Addition of bell
pepper gel pieces to processed cheeses decreased dominance rate and duration of creaminess,
smoothness, melting and dairy flavor and increased graininess and bell pepper flavor. Increasing
fracture stress of bell pepper gel pieces from 100 to 300 kPa resulted in longer consumption time,
lower eating rate, and for hard/non-adhesive processed cheese matrices in formation of boli with
larger particles and more saliva. These changes were accompanied by decreased perception of
dominance of creaminess and bell pepper flavor and increased dominance of graininess. Increasing
the concentration of bell pepper gel pieces from 15 to 30% did not affect oral behavior but led to the
formation of harder and less adhesive bolus with larger particles and less saliva that were perceived
with reduced dominance of creaminess, melting and dairy flavor while dominance of graininess and
bell pepper flavor increased. Changing the texture of the cheese matrix from soft/adhesive to
hard/non-adhesive decreased consumption time, increased eating rate, did not influence bolus
properties and decreased dominance rate of creaminess, smoothness and melting sensations.
Number of chews and total consumption time were positively correlated with saliva content of the
bolus, number of bolus particles, bolus hardness, dominance of firmness, chewiness and graininess.
We conclude that the modification of physical-chemical properties of processed cheeses and
embedded bell pepper gel pieces can be a strategy to steer oral behavior and bolus properties which
consequently determine dynamic sensory perception.
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7.1. Introduction
Throughout oral processing the bolus structure changes continuously as a result of food
comminution, hydration and agglomeration

217

. These changes in bolus structure during

oral processing cause dynamic changes in sensory perception and ultimately determine
food liking 5. A detailed mechanistic understanding of how structural transitions of food
bolus are perceived, so how structural transitions contribute to sensory properties, is still
missing. It is important to understand how oral processing behavior, bolus properties and
sensory perception change depending on structural and physical-chemical properties of
foods. Based on this understanding foods with specific structural and physical-chemical
properties might be designed with enhanced eating experiences.
Numerous studies demonstrated that consumers adapt oral behavior to the texture and
mechanical properties of homogeneous foods. Positive relationships have been reported
between viscosity of a broad range of liquid and semi-solid foods and consumption time.
For a broad range of solid foods, consumption time and number of chews have been
positively correlated with mechanical food properties such as fracture stress, fracture strain
and other food texture properties 39,45–47,49,50,69,113,167,218–220. Altering texture and mechanical
properties of foods not only changes oral behavior but also leads to changes in bolus
properties. Bolus particles of hard foods are smaller compared to those of soft foods 56.
Reduction of bolus particle size facilitates incorporation of saliva into the bolus often
leading to an increase in bolus cohesiveness, holding bolus fragments together and enabling
a safe swallow. During bolus formation structural changes can be continuously sensed by
the consumer providing dynamics to texture and flavor perception. Thus, food structure
can be modified to control mechanical, texture and physical-chemical properties which
impact oral behavior and bolus properties, and consequently sensory perception 75.
The majority of studies so far focused on understanding relationships between structure
and physical-chemical food properties and oral behavior, bolus properties and sensory
perception of homogeneous foods. Limited knowledge is available about these
relationships for heterogeneous foods. Here, heterogeneous foods refer to foods that are
composed of two food components that differ considerably in texture or mechanical
properties, like foods that are composed of a matrix in which particles are embedded, such
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as chocolates with nuts, yogurts with granola pieces and cheeses with pieces of herbs or
vegetables. Although heterogeneous foods are commonly consumed, since the contrast in
texture and flavor can lead to high palatability 221, the effect of food heterogeneity on oral
behavior, bolus properties and sensory perception is less well documented. The first of only
few studies done with solid, heterogeneous foods investigated oral processing behavior and
bolus properties of chocolate and gelatin gels with embedded peanuts differing in moisture
content 55. The matrix in which peanuts were embedded was responsible for differences in
oral behavior whereas moisture content of peanuts did not influence oral behavior.

Differences in particle size distribution of bolus peanut fragments were explained by
differences in peanut moisture content rather than matrix type. It is possible that the
peanuts characteristics might not have affected oral behavior because the contrast in
mechanical properties between matrices and peanuts might have been not large enough.
The study did not explore how addition of peanuts to chocolate and gelatin gels effects oral
behavior since these matrices without peanuts were not investigated nor was sensory
perception of the heterogeneous foods quantified. Several other studies focused on the
effect of particle addition on sensory perception and liking of heterogeneous foods. The
influence of size and fracture stress of dispersed К-carrageenan particles added to model
soups and protein-based model gels on sensory perception and hedonic responses has been
described
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. It has been shown that sensory properties of soups can be optimized by

addition of congruent and familiar particles such as carrot pieces that match consumer’
expectations 200. These studies did not investigate how addition of particles to the matrix
change oral behavior and consequently bolus properties and sensory perception, thus a
comprehensive understanding of these relationships is lacking.
The addition of food particles to a food matrix is a convenient approach that allows to steer
oral behavior, sensory perception and satiation of heterogeneous foods. The properties of
particles can be varied independently from properties of the matrix. Previously, it was
demonstrated that oral behavior of yogurts can be modified considerably by addition of
peach gel particles 222. The addition of peach gel particles to yogurt was sufficient to double
consumption time and number of chews and thereby decreasing eating rate up to 60%.
Another study indicated that addition of lyophilized pineapple cubes to yogurts changed
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oral behavior by lengthening consumption time, leading to an increase of expected satiating
capacity 204. Furthermore, Mosca et al. showed that decreasing the size of granola particles
added to yogurts, decreased eating rate and ad libitum food intake 207. The differences in
eating rate and ad libitum intake between yogurts containing many small and fewer large
granola particles (constant weight concentration) were 5 g/min (7%) and 17g (5%),
respectively. These studies highlight that in liquid foods addition of solid food particles can
largely modify oral processing behavior and consequently impact expected satiety and ad
libitum food intake.
To summarize, a comprehensive understanding of the influence of particle addition to foods
on the relationships between oral behavior, bolus properties and dynamic sensory
perception is lacking. The aim of this study was to determine the influence of physicalchemical properties of processed cream cheeses with bell pepper gel pieces on oral
processing behavior, bolus properties and dynamic sensory perception. We hypothesize
that the magnitude of the difference in mechanical properties between processed cheese
matrix and added particles determines oral behavior and bolus properties.

7.2. Materials and methods
7.2.1. Participants
Thirty-four participants (11 male / 23 females) with an average age of 23±3 years were
recruited via social media and printed advertisements at Wageningen University. Inclusion
criteria were Europeans, age between 18 - 30 years, BMI (18.5 - 25 kg/m2), good general
health and full denture. Exclusion criteria were dental braces, mouth piercings, use of
medication, food allergies or intolerances, pregnancy, breastfeeding and smoking. Before
taking part in the study, all participants signed an informed consent form. After completion
of the study participants received a financial reimbursement.
7.2.2. Samples
Eight processed cream cheeses with bell pepper gel pieces were prepared following a 2x2x2
full factorial design. Two processed cream cheeses varying in texture were prepared
(soft/adhesive and hard/non-adhesive). Bell pepper gel pieces differing in fracture stress
(low and high) were added at different concentrations (low and high) to processed cream
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cheeses. In addition, two processed cream cheeses without bell pepper gel pieces were
prepared. Table 7.1 provides a summary of all samples.
Materials
Processed cream cheese (Kiri®) was kindly provided by Bel Group (Fromageries Bel,
Suresnes, France), κ-carrageenan (GENUGEL type CHP-2) and low acyl gellan gum
(KELCOGEL® gellan gum) were purchased from CP Kelco (Rotterdam, The Netherlands).
Food colorant (Paprika Oleoresin WS, E160c) was purchased from Holland Ingredients
(Meppel, The Netherlands). Red bell peppers, salt, sunflower oil, white bread and sparkling
water were purchased from a local supermarket. All ingredients were food grade and
samples were prepared under food safe conditions.
Preparation of processed cream cheeses and instrumental texture characterization
Soft processed cream cheese matrices with high adhesiveness were prepared by placing
100g of cream cheese into a vacuum sealed bag in a water bath at 65○C for 30 min to allow
the cream cheese to melt. Molten cream cheeses were poured into a vessel kept at 65○C.
To obtain hard processed cream cheese matrices with low adhesiveness, 12.5g of κcarrageenan gel was added to cream cheese. Molten cream cheese κ-carrageenan mixtures
were poured into a vessel kept at 65○C and manually mixed avoiding incorporation of air.
κ-carrageenan gel was prepared by dissolving κ-carrageenan with tap water at 2% (w/v).
The κ-carrageenan solution was heated in a water bath at 90○C for 30 min under continuous
stirring. Subsequently, the solution was placed in an ice bath for 20 min to cool and set. To
produce heterogeneous cheeses, bell pepper gel pieces were added at 15% or 30% (w/w).

6.9±0.7
13.7±0.5
6.9±0.7
6.9±0.7
6.9±0.7
6.9±0.7
13.7±0.5
13.7±0.5
13.7±0.5
13.7±0.5

Soft/adhesive cheese without bell pepper gel pieces

Hard/non-adhesive cheese without bell pepper gel
pieces

Soft/adhesive cheese with soft bell pepper gel
pieces embedded at 15%

Soft/adhesive cheese with soft bell pepper gel
pieces embedded at 30%

Soft/adhesive cheese with hard bell pepper gel
pieces embedded at 15%

Soft/adhesive cheese with hard bell pepper gel
pieces embedded at 30%

Hard/non-adhesive cheese with soft bell pepper gel
pieces embedded at 15%

Hard/non-adhesive cheese with soft bell pepper gel
pieces embedded at 30%

Hard/non-adhesive cheese with hard bell pepper gel
pieces embedded at 15%

Hard/non-adhesive cheese with hard bell pepper gel
pieces embedded at 30%

Sa (-)

Hn (-)

SaSo15

SaSo30

SaHa15

SaHa30

HnSo15

HnSo30

HnHa15

HnHa30

0.8±0.1

0.8±0.1

0.8±0.1

0.8±0.1

2.3±0.2

2.3±0.2

2.3±0.2

2.3±0.2

0.8±0.1

2.3±0.2

Adhesiveness
(N*s)

300

300

100

100

300

300

100

100

-

-

Target fracture
stress (kPa)

Hardness
(N)

Description

Sample
code

Bell pepper gel pieces

Processed cream cheese matrix

pieces (15 and 30% w/w for low and high respectively). Data are reported as mean±SE.

295±11

295±11

106±1

106±1

295±11

295±11

106±1

106±1

-

-

Measured
fracture stress
(kPa)

30

15

30

15

30

15

30

15

-

-

Bell pepper gel
concentration (%
w/w)

of embedded bell pepper gel pieces (So, soft and Ha hard bell pepper gel pieces) and subscript numbers of the sample codes indicate concentration of added bell pepper gel

cheeses. First two letters of the sample codes indicate cheese matrix (Sa, soft/adhesive; Hn, hard/non-adhesive), second two letters of the sample codes indicate fracture stress

Table 7.1. Sample codes, texture properties of processed cream cheese matrices and mechanical properties and concentration of bell pepper gel pieces of eight heterogeneous
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The mixture was subsequently poured into a squared petri plate coated with a thin layer of
sunflower oil and stored in a fridge at 4°C for 16-18 hours. Cheeses were removed from
petri dishes and cut with a custom-made cutting frame to obtain 20x20x12mm cubes
weighing approx. 5g which were used for determination of oral behavior and sensory
evaluations. Cheese cubes were stored at 4°C.
Spreadability tests were performed on both homogenous processed cream cheese matrices
(Sa and Hn) using a Texture Analyzer (TA. XT plus, Stable Micro Systems‐SMS) equipped
with a 5 kg load cell and a 90° conical stainless-steel probe of 26mm diameter and 12mm
height of the conical trunk. Processed cream cheeses were removed from the petri dish in
which they were prepared and placed on a flat surface. A stainless-steel cylindrical mold
(30mm internal diameter and 10mm height) was put on top of the cheese surface and
slowly inserted in the cheese. Excess cheese was gently removed with a knife to obtain a
flat surface. The sample was placed in the fridge at 5°C for 10 minutes. After that, the filled
mold was fixed in the middle of the plate of the Texture Analyzer underneath the cone. The
cheeses were penetrated at 0.5mm/s to a target depth of 9mm. Then the probe was
retracted from the cheese speed of 0.5mm/s until the starting position was reached. Forcetime curves were recorded. Force (N) at maximum penetration depth (9mm) was taken as
hardness and negative area under the force-time curve (N*s) as adhesiveness. Seven
replicates were performed, and hardness and adhesiveness calculated by averaging over
replicates. Hardness between the hard/non-adhesive cheese matrix and the soft/adhesive
matrix differed by a factor of 2x (Table 7.1). With regards to adhesiveness, as the hardness
of the cheese increased, adhesiveness decreased.
Preparation of bell pepper gel pieces and characterization of mechanical properties
Bell pepper gel pieces varying in fracture stress (σF) were prepared following the
methodology described by Santagiuliana et al. 191. Gel pieces were prepared using low acyl
gellan gum and two bell pepper concentrates to provide a realistic bell pepper flavor. For
the first concentrate, bell peppers were roasted for 13 min at 270ºC in an oven and then
cooled down to room temperature for about 1h. After removal of skin and seeds, bell
peppers were pureed using a hand blender (Braun Multiquick 7, MQ 745) for 5 min and
then centrifuged (Allegra X-30R Centrifuge) for 15 min at 4500 rpm. The supernatant was
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passed through a sieve (64 μm mesh size) and stored at -18 º C. For the second concentrate,
bell peppers were cut, deseeded, juiced (Philips HR 1861, Eindhoven, The Netherlands) and
poured in an open pan reducing to 66% of its initial weight by heating in a stove. The
concentrate was sieved (64 μm mesh size) and cooled down in an ice bath for 20 min and
stored at -18ºC. 50:50 (v/v) solutions of both concentrates were prepared and mixed with
0.5% colorant (E160c paprika oleoresin), 0.2% salt and either 1.5 or 3.6% low acyl gellan
gum (Kelcogel F) to obtain soft and hard gel pieces (target fracture stress σF: 100 and 300
kPa, respectively). Solutions were placed in a water bath at 95 º C for 45 min under
continuous stirring which then were poured in either 500 ml squared plastic containers and
placed in an ice bath for 20 min to cool and set. Gels were cut into slices using a mandolin
(Ernesto, The Netherlands) and then with a custom-made cutter frame into cubes of
4x4x4mm. These bell pepper gel cubes were added to the processed cream cheese as
described in section 7.2.2.
To characterize the fracture behavior, gels were prepared in 30 ml syringes (Terumo,
Leuven, Belgium). Cylindrical pieces of gels were cut with a diameter of 23mm and height
of 15mm. A Texture Analyzer (TA.XT. plus, Stable Micro Systems-SMS) equipped with a load
cell of 50 kg and a compression plate of 100mm diameter was used to perform uniaxial
compression tests on the bell pepper gels (-So and -Ha). Samples were lubricated with
paraffin oil to prevent friction with the plate during compression. Four replicates per sample
were measured at 20°C at constant compression speed of 1mm/s up to a strain of 30%.
Average true fracture stress (kPa) and true fracture strain were calculated by averaging over
replicate measurements. Low and high fracture stress gels exhibited a true fracture stress

of 106±1 kPa and 295±11 kPa and a true fracture strain (-) of 0.13±0.01 and 0.14±0.01,
respectively (Table 7.1).
7.2.3. Oral behavior characterization

Oral behavior was characterized by video recording the 34 participants while consuming
the cheeses as previously described by Aguayo-Mendoza et al. 69 and Ketel et al. 68. In short,
four round stickers were placed on the participant’s face, two on the forehead spaced
horizontally 5 cm, one on the tip of the nose, and one on the center of the chin. Participants
were seated in a chair in front of a table with a video camera (Canon IXUS-500HS),
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approximately 50 cm from the participant’s face. Videos were recorded, in a well-lit room,
isolated from external noise or any other distractions. Cheese cubes (20x20x12mm; 5g)
were served on a spoon and subjects were instructed to consume the samples as they
would normally do, while being video recorded. Subjects were instructed to indicate every
moment of swallowing by raising their hand. All 10 cheeses were presented in a randomized
order and in monadic sequence at a serving temperature of 8ºC and consumed over two
test sessions of 60 min each. Videos were analyzed using Kinovea software (version 0.8.15).
The parameters extracted from the videos were consumption time (s), number of chews,
number of swallows, and eating rate (g/min).
7.2.4. Bolus collection and analyses at moment of swallowing
Boli were collected from the 34 participants during six sessions of 30 min each. In all
sessions, participants received samples in a monadic sequence and randomized order.
Overall, participants were asked to chew every sample as they would normally do and
expectorate the bolus when they hear the alarm of a timer. The timer was set at 100% of
the average total consumption time of all 34 subjects.
Particle size and number of bell pepper gel pieces in expectorated bolus
Participants chewed and expectorated bolus of the 8 heterogeneous cheeses in a 120 ml
cup. To collect particles that might be left in the mouth, participants took a sip of water and
expectorate it in the same cup. Gel fragments in bolus were separated from the cheese
matrix by rinsing the bolus for one minute under running lukewarm water and then dried
with cold air and gently spread in a plastic petri dish (120x120x17mm, Greiner Bio). Petri
dishes were scanned (CanonScan 9000F markII) to obtain images in greyscale (8 bit) with a
resolution of 1200 dpi which were analyzed using ImageJ software (National Institutes of
Health, Version 1.51). The total number of particles and their median diameter (d50) were
quantified.
Saliva incorporation in expectorated bolus
Boli from all 10 cheeses were directly expectorated in aluminum plates and immediately
weight was determined. Boli samples were dried for 16 h at 105oC in an atmospheric oven
(Venti-line line, VWR®). After drying, samples were weighed. Dry matter of cheeses
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(DMsample) and the dry matter of spit-out bolus (DMspit_bolus) were determined and used to
calculate saliva content of expectorated boli following the procedure described by Drago 57.
The ratio of milligrams of saliva incorporated in the bolus per gram of food masticated (hw)
was calculated as:
ℎ𝑤𝑤𝑤𝑤 =

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∗ 1000
− 1000
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠_𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠𝑏𝑏𝑏𝑏𝑠𝑠𝑠𝑠

Instrumental hardness and adhesiveness of expectorated bolus
Bolus from the 10 cheeses were collected in a cup in triplicate. Immediately after
expectoration the bolus was transferred to a stainless-steel cylindrical mold (30mm internal
diameter and 10mm height) where the bolus was gently pressed to avoid air incorporation
and product above the mold’s height was removed with a spatula to obtain a flat surface.
The mold containing the bolus was fixed to the plate of the texture analyzer (TA. XT plus,
Stable Micro Systems-SMS). The latter was equipped with a 5 kg load cell and a cylindrical
aluminum probe of 20mm diameter. The probe penetrated the bolus (back extrusion) with
a test speed of 0.5mm/s to a target distance of 9mm, then the probe was retracted from
the bolus at a speed of 0.5mm/s until the starting position was reached. From force distance
curves, bolus hardness and adhesiveness were obtained as described in section 7.2.2.
Sensory evaluation using Temporal Dominance of Sensations
All 10 cheeses were evaluated by the n=34 subjects in duplicate using Temporal Dominance
of Sensations (TDS). Before the evaluation sessions took place, all participants underwent
a familiarization session of 90 min where participants were introduced to the TDS
methodology, sensory attributes, definitions and the software used to collect their
responses. Dominance was defined as: “Attribute that is catching the attention at a given
time, not necessarily the attribute with the highest intensity”. Attributes and definition
were obtained from literature using similar foods
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and by discussion between the

researchers (Table 7.2). TDS data was collected over 3 sessions of 60 min each using
EyeQuestion (Version 3.9.7, Logic 8 BV, Elst, The Netherlands). Subjects were instructed to
put the cheese cube in their mouth and click the “start” button as soon as they began to
chew. Participants could only select one attribute at a time. Participants were instructed to
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click on a new dominant attribute each time that their perception changed, and that it was
possible to repeat attributes or not to select an attribute at all. Finally, when participants
swallowed, the “stop” button was pressed. After each sample, participants neutralized their
mouth with sparkling water and a piece of white bread. Samples were presented in a
randomized order according to a Latin square scheme. The attribute list was randomized
across participants but was kept constant for all samples and for an individual panelist.
Table 7.2. Sensory attributes and definitions used during Temporal Dominance of Sensations analysis (TDS) of
processed cream cheeses with and without bell pepper gel pieces.
Attribute

Definition

Creamy

Thick, velvety texture

Sticky

Adhesive sensation on tongue, palate and teeth

Firm

Amount of force required by the tongue to flatten the sample

Grainy

Perception of large irregularities in the sample. Mass of solid matter of no particular
shape

Melty

Loss of structure in the mouth

Smooth

Uniform perception of the product during consumption

Chewy

The degree of elasticity of the sample

Powdery

The sensation of small particles like flour

Bell pepper flavor

Perception of bell pepper aroma and taste

Dairy flavor

Aroma and taste associated with cream/milk

7.2.5. Data analysis
To determine the effect of addition of bell pepper gel pieces to each cheese matrix (Hn or
Sa) on oral behavior (consumption time, number of chews, number of swallows, eating
rate), one-way analysis of variance (ANOVA) was performed comparing the homogeneous
cheese with their respective heterogenous cheeses. Furthermore, three-way repeated
measures ANOVA was performed to determine the effects of cheese matrix type, fracture
stress, and concentration of gel pieces on oral behavior (consumption time, number of
chews, number of swallows, eating rate) and bolus properties (particle size, particle
number, saliva incorporation, bolus hardness and adhesiveness). Effects were considered
statistically significant at p<0.05. When applicable, post-hoc analyses were performed with
Bonferroni adjustment.
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TDS curves were constructed by plotting the dominance rate (proportion of subjects who
scored each attribute at each point of time) against consumption time. In order to take into
account differences in consumption time between subjects, consumption time was
standardized on a scale from 0 (starting point) to 100 (swallowing moment). Chance and
significance level were calculated as described by Pineau 88.
To investigate the relationships between oral behavior, bolus properties at the moment of
swallowing, and sensory perception a Multiple Factor Analysis (MFA) was performed with
three data matrices as active datasets (oral behavior, bolus properties, sensory perception)
including only cheeses with bell pepper gel pieces. Individuals graphs and correlations
circles were plotted for dimensions one and two, and dimensions one and three.
All data analyses were performed in R (v3.6.3; R Core Team, 2019). One-way ANOVA and
three-way repeated measures ANOVA analyses were performed using rstatix package
(v0.4.0). TDS curves and sensory trajectories were constructed using tempR package
(v0.9.9.16). MFA analysis and graphs were performed with packages FactoMineR (v2.3) and
factoextra (v1.0.7)

7.3. Results
7.3.1. Oral behavior
Table 7.3 shows descriptive data of all parameters characterizing oral processing behavior
of the processed cream cheeses with and without bell pepper gel pieces. Upon
incorporation of gel pieces into soft/adhesive cheese matrices consumption time
[F(4,128)=5.45, p<0.001], number of chews [F(4,128)=13.59, p<0.001] and number of
swallows [F(4,128)=3.02, p=0.02] increased significantly, and eating rate [F(4,128)=7.14,
p<0.001] decreased significantly. Incorporation of bell pepper gel pieces into hard/nonadhesive cheese matrices significantly increased consumption time [F(4,128)=5.91,
p<0.001] and number of chews [F(4,128)=11.62, p<0.001] and significantly decreased
eating rate [F(4,128)=3.84, p=0.006]. In average, the addition of bell pepper gel pieces to
soft/adhesive cheeses increased consumption time by 20.6% (from 10.9 to 13.2 s) and
number of chews by 41.7% (from 13.3 to 18.9). Addition of bell pepper gel pieces to
hard/non-adhesive cheeses increased consumption time by 12.0% (from 11.2 to 12.6 s) and
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number of chews by 28.7% (from 14.1 to 18.2). Addition of bell pepper gel pieces decreased
average eating rate by 14.5% (4.4 g/min) for soft/adhesive cheeses and by 8.9% (2.7 g/min)
for hard/non-adhesive cheeses.
Regarding the effect of matrix type, particle fracture stress and particle concentration, the
results showed that, among the heterogenous cheeses, those with soft/adhesive matrix
were consumed for significantly longer time (13.2 s) [F(1,32)=5.98, p=0.02] and with lower
eating rate (25.8 g/min) [F(1,32)=7.38, p=0.011] than cheeses with hard/non-adhesive
matrix (12.6s and 27.6 g/min, respectively). A similar effect was seen in cheeses that had
bell pepper gel pieces with high fracture stress which were consumed for longer time (13.2
s) [F(1,32)=6.04, p=0.02] and with lower eating rate (25.9 g/min) [F(1,32)=4.88, p=0.034]
than cheeses with gel pieces with low fracture stress (12.5s and 27.5 g/min, respectively).
The relative difference in consumption time between the matrices was 4.5%, and 5.3%
between fracture stress of bell pepper gels. Cheeses with high fracture stress gel pieces had
significantly higher number of chews (19.4) than cheeses with gel pieces with low fracture
stress (17.4) [F(1,32)=21.26, p<0.001]. Fracture stress of bell pepper gel pieces had also a
significant effect on number of swallows [F(1,32)=4.86, p=0.035] but only in cheeses with
soft/adhesive matrix. The concentration of gel pieces did not have a significant effect on
any oral processing behavior parameters.
7.3.2. Bolus properties at moment of swallowing
Table 7.4 shows descriptive data of bolus properties of cheeses expectorated after 100%
mastication time. Upon incorporation of gel pieces into soft/adhesive cheese matrices
saliva incorporation increased significantly from 182 to 285 mg/g [F(4,124)=13.50,
p<0.001], and bolus hardness increased significantly from 2.9 to 5.9 N [F(4,92)=20.73,
p<0.001], whereas bolus adhesiveness decreased significantly from 14.7 to 8.2 N*s
[F(4,92)=34.14, p<0.001]. Same trends were found after incorporation of bell pepper gel
pieces into hard/non-adhesive cheese matrices where saliva incorporation increased from
202 to 227.5 mg/g [F(4,120)=5.41, p<0.001], bolus hardness increased from 2.0 to 4.15 N
[F(4,112)=21.15, p<0.001], and bolus adhesiveness decreased from 13.7 to7.7 N*s
[F(4,112)=44.42, p<0.001].
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Cheeses with soft/adhesive matrix and high concentration of gel pieces (Sa--30) produced
boli with significantly more particles than cheeses with hard/non-adhesive matrix and low
concentration of bell pepper gel pieces (Hn--15) [F(1,28)=17.2, p<0.001]. Gel pieces fracture
stress had a significant effect on d50 [F(1,28)=5.71, p=0.024]. Cheeses with hard/nonadhesive matrix and gel pieces of high fracture stress (HnHa--) had larger d50 compared to
cheeses with similar matrix but with gel pieces of low fracture stress (HnSo--). On the other
hand, concentration of gel pieces had a significant effect on d50 [F(1,28)=6.77, p=0.015] with
cheeses with high concentration of gel pieces having larger d50.
For the mass ratio of saliva incorporated in the bolus (hw), it was found that high
concentration of soft gel pieces caused a higher saliva incorporation in the bolus of cheeses
with hard/non-adhesive matrix [F(1,30)=9.27, p=0.02). On the other hand, there was
significantly higher saliva incorporation in the bolus of cheeses with a hard/non-adhesive
matrix, high fracture stress, and bell pepper gel pieces present in low concentration
(HnHa15) than in similar cheeses but with low fracture stress bell pepper gel pieces (HnSo15)
[F(1,31)=12.31, p=0.004].
Bolus hardness significantly increased when gel pieces fracture stress and concentration
increased [F(1,22)=12.73, p=0.002]. Cheeses with hard/non-adhesive matrices produced
bolus with significantly lower hardness [F(1,22)=18.02, p<0.001] than cheeses with
soft/adhesive matrices. Cheeses with high concentration of particles (30%) had significantly
lower bolus adhesiveness [F(1,22)=87.29, p<0.001] than cheeses with low concentration of
particles (15%).
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Table 7.3. Descriptive data of oral processing behavior parameters of all processed cheeses varying in cheese
matrix texture, bell pepper gel piece fracture stress and concentration (Mean ± SE). Sample codes are explained
in Table 7.1.
Processed cheese

Consumption time (s)

Number of chews

Number of swallows (-)

(-)

Eating rate
(g/min)

Sa (-)

10.9 ± 0.4

13.3 ± 0.8

2.2 ± 0.2

30.1 ± 1.3

SaSo15

13.0 ± 0.5

17.3 ± 1.0

2.0 ± 0.1

25.7 ± 1.0

SaSo30

13.0 ± 0.8

18.8 ± 1.4

2.0 ± 0.2

26.9 ± 1.9

SaHa15

13.1 ± 0.5

19.3 ± 1.0

1.8 ± 0.1

25.4 ± 1.3

SaHa30

13.5 ± 0.7

20.0 ± 1.4

1.8 ± 0.1

25.0 ± 1.5

Hn (-)

11.2 ± 0.5

14.1± 0.1

1.9 ± 0.1

30.3 ± 1.5

HnSo15

11.9 ± 0.5

16.7 ± 1.0

1.9 ± 0.1

28.6 ± 1.4

HnSo30

12.0 ± 0.5

17.7 ± 1.1

1.8 ± 0.1

28.9 ± 1.6

HnHa15

12.9 ± 0.6

18.9 ± 1.0

1.9 ± 0.1

27.2 ± 1.6

HnHa30

13.4 ± 0.7

19.3 ± 1.3

1.9 ± 0.1

25.6 ± 1.7

Table 7.4. Descriptive data of bolus properties at the moment of swallowing of heterogeneous cheeses varying in
cheese texture, bell pepper gel pieces fracture stress and concentration on bolus properties (Mean ± SE). Sample
codes are explained in Table 7.1.
Processed
cheese

Number of
particles
(-)

d50
(µm)

Saliva incorporation

Bolus
hardness
(N)

Bolus adhesiveness
(N·s)

Sa

-

-

182±26

2.9±0.2

14.7±1.0

SaSo15

266±18

SaSo30

478±18

2533±50

303±27

3.9±0.2

9.7±1.0

2538±41

263±23

4.9±0.7

5.9±1.0

SaHa15

272±19

2477±36

274±27

4.9±0. 6

10.3±1.0

SaHa30

488±18

2540±46

302±25

9.8±1.0

6.7±1.0

Hn

-

-

202±27

2.0±0.2

13.7±1.0

HnSo15

192±15

2878±68

185±25

2.9±0.2

9.2±1.0

HnSo30

320±27

2994±77

231±23

2.9±0.3

6.9±1.0

HnHa15

203±16

2977±91

245±30

3.9±0.4

8.8±1.0

HnHa30

336±29

3139±109

249±23

6.9±1.0

6.0±0.5

(mg of saliva/g of
food)
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7.3.3. Temporal Dominance of Sensations (TDS)
Normalized TDS curves of all cheeses are shown in Figure 7.1. The dominant sensation of
the homogeneous, soft/adhesive cheese was sticky for the first half of consumption time.
Simultaneously present dominant sensations after 20% of consumption time were creamy
and smooth. Dairy flavor and melting sensation became dominant in the second half of
consumption time and remained dominant sensations until swallowing. The homogeneous,
hard/non-adhesive cheese was perceived as firm during the first 25% of consumption time.
Then the dominant sensation became dairy flavor and around 50% of consumption time
melting and smooth sensations became dominant together with dairy flavor. Close to
swallowing sticky became dominant but at low dominance rate.
For heterogeneous cheeses, the number of attributes reaching significance decreased with
increasing fracture stress and concentration of gel pieces. Processed cream cheeses with
soft/adhesive matrices showed higher dominance rates and longer dominance durations
for creaminess, dairy flavor, smoothness and melting compared with processed cream
cheeses with hard/non-adhesive matrices. Increasing fracture stress of bell pepper gel
pieces decreased dominance rate and duration of creaminess and bell pepper flavor while
dominance rate and duration of graininess increased. Incorporation of gel pieces at high
concentration (30% w/w) reduced dominance rate and duration of creaminess, melting and
dairy flavor while dominance rate and duration of graininess and bell pepper flavor
increased and remained dominant during the entire consumption time.
7.3.4. Relationships between oral behavior, bolus properties and dynamic
sensory perception
Figure 7.2 displays the first three dimensions of the MFA which together explain 86.2% of
the variance in the data. Figure 7.2.A shows the position of the eight cream cheeses with
gel pieces relative to each other in the first two dimensions. Figure 7.2.B shows the
correlations between the variables. The first dimension shows that number of chews and
total consumption time were positively correlated, and both were negatively correlated
with eating rate.
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Figure 7.1. Temporal Dominance of Sensations (TDS) curves (n=34, duplicate) of processed cheeses without and
with bell pepper gel pieces. Sample codes are explained in Table 7.1.
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Figure 7.2. A) MFA sample space depicting dimension one and two. B) Correlation circle displaying relationships
between variables describing oral behavior (gray), bolus properties (blue) and sensory perception (yellow) of
dimension one and two. C) MFA sample space depicting dimension one and three. D) Correlation circle displaying
relationships between the variables describing oral behavior (gray), bolus properties (blue), and sensory
perception (yellow) of dimension one and three.

Consumption time and number of chews were correlated with bolus properties such as
saliva content, number of bolus particles and bolus hardness as well as with sensory
perception of firmness, chewiness and graininess. Cheeses that were masticated for longer
time and with more chews incorporated more saliva and were broken down into more
fragments which corresponds to cheeses that contain gel pieces with high fracture stress at
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high concentration. In the second dimension, the sensory attributes creaminess,
smoothness, stickiness, melting and dairy flavor were positively correlated with each other
and with adhesiveness of bolus. These variables described cheeses with soft/adhesive
matrices and gel pieces at low concentration (--15) with soft and hard gel pieces. Besides,
bolus particles size was positively correlated with sensory attributes powdery and bell
pepper flavor and negatively correlated with creaminess, smoothness, stickiness, melting
and dairy flavor. The later attributes were also negatively correlated with grainy and chewy
attributes in the first dimension.
The third dimension (Figure 7.2.C and D) shows a positive correlation between total number
of bolus particles, bell pepper flavor and number of swallows; variables that describe a
cheese with soft/adhesive matrix, soft gel particles at high concentration (SaSo30). Similar
to dimension two, dimension three shows that bolus adhesiveness, and dairy flavor were
positively correlated. Lastly, adding the third dimension shows that there was a positive
correlation between eating rate and melting, creamy and smoothness in the first dimension
that describes cheeses with embedded soft gel pieces.

7.4. Discussion
7.4.1. Effect of addition of bell pepper gel pieces into homogeneous
processed cream cheeses on oral behavior, bolus properties and
sensory perception
We hypothesized that the extent to which oral behavior is affected by the addition of
particles to foods depends on the magnitude of the difference in mechanical properties
between particles and matrix. Our results showed that, independently of the gel
characteristics, the mere addition of particles into cream cheeses, showed a similar
influence on oral behavior than the one previously observed in another study of yogurts
where addition of peach gel particles increased number of chews and consumption time
and consequently reduced eating rate 222. However, the impact of addition of bell pepper
gel pieces to processed cream cheeses on oral behavior was smaller than the impact
previously reported for addition of peach gel pieces to yogurt, since mechanical contrast
between food matrix and embedded particles was smaller. Thus, the mere addition of solid
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particles is a favorable strategy to steer oral behavior not only when incorporated into liquid
foods but also when added to semi-solid foods. This strategy can be especially relevant
since subtle food texture modifications are more easily sustained, implemented and
accepted by consumers and can be used to potentially moderate food intake
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.

Nevertheless, the magnitude by which oral processing behavior was modified depended on
the texture of the cheese matrix. In soft/adhesive cheese matrices the effect of addition of
particles on oral processing behavior was almost twice as large than in hard/non-adhesive
cheese matrices. When gel pieces were incorporated into soft/adhesive cheese matrices,
eating rate decreased from 30.1 g/min for the homogeneous cheese to an average of 25.7
g/min (-14.5%) for the heterogeneous soft/adhesive cheeses, while for homogeneous
hard/non-adhesive cheese matrices eating rate decreased from 30.3 g/min to 27.6 g/min (8.9%). Therefore, when designing heterogeneous food structures with the desire to
influence oral behavior, the characteristics of the matrix and the mechanical contrast
between particles and matrix need to be considered.
The properties of the bolus at the swallowing point were also affected by the incorporation
of gel pieces. Upon addition of gel pieces to the cheeses, the amount of saliva incorporated
in the bolus and bolus hardness increased whereas bolus adhesiveness decreased.
Surprisingly, hardness and adhesiveness showed very similar increments in both cheese
matrices. Whereas the increment in saliva was greater when the cheese matrix was
soft/adhesive than hard/non-adhesive (increment of 56.8 and 12.62% respectively); this
discrepancy in the increment of saliva between the matrices could be connected to the
relative changes in consumption time and number of chews.
With regards to dynamic sensory perception, as expected the addition of particles reduced
the dominance rate and duration of attributes that mainly describe the cheese matrices
(creaminess, smoothness, melting and dairy flavor) while dominance rate and duration of
attributes describing the bell pepper gel pieces (graininess and bell pepper flavor)
increased.
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7.4.2. Influence of cheese matrix and gel pieces characteristics on oral
behavior of heterogeneous cheeses
Cheeses with soft/adhesive matrix were consumed slightly longer than cheeses with
hard/non-adhesive matrix (difference of 0.6 sec). It would be expected that cheeses with
hard matrices would be processed orally for longer time. Slight elongation on consumption
time of the soft/adhesive cheese matrices might be attributed to its higher adhesiveness
rather than its lower hardness most likely because of additional mouth clearance. The
number of chews was not affected by cheese matrix type but by fracture stress of
embedded bell pepper gel pieces which also prolonged consumption time. We conclude
that not only food hardness but also other texture characteristics such as adhesiveness
contribute to consumption time 223.
7.4.3. Influence of cheese matrix and gel pieces characteristics on bolus
properties of heterogeneous cheeses
Bolus properties at the swallowing point were influenced by the properties of the cheese
matrix and the bell pepper gel piece characteristics. Number of bolus particles was higher
when concentration of bell pepper gels pieces was high (30% w/w) in soft/adhesive cheese
matrices. We speculate that oral detection of gel piece fragments might be more evident
when fragments are embedded in a soft matrix than when they are embedded in a hard
matrix. Gel fragments in soft/adhesive matrices may be selectively moved towards the
molars to be comminuted, which might also explain why bolus particles from soft/adhesive
matrices were in smaller (2522 µm) than particles from hard/non-adhesive matrices (2997
µm). Another interesting fact is that the bolus particle size of the gels in these
heterogeneous cheeses is larger than the size previously reported for homogeneous foods.
A previous study suggested that homogeneous foods such as peanuts, mushrooms, carrots
or ham should reach a particle size smaller than 2000 µm before being swallowed unless
particles are soft enough to avoid injury of the upper digestive mucosa 9. In our study, gel
pieces were embedded in a cheese matrix which upon chewing could serve as coating layer
decreasing the friction between the bolus particles and the oral mucosa facilitating
swallowing.
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Saliva incorporation in the bolus increased in cheeses with hard/non-adhesive matrices and
low concentration of particles (15% w/w/) when fracture stress of the bell pepper gel pieces
was increased from 100 to 300kPa. This increase in saliva incorporation might be caused by
higher mechanical stimulation subsequent to the increment in the hardness of the gel
pieces, which in turn increases the salivary flow 224.
Bolus hardness and adhesiveness were predominantly influenced by the characteristics of
the gel pieces. During compression, the presence of particles influenced the force necessary
to deform the bolus so that an increase in gel fracture stress or gel pieces concentration
increased bolus hardness. On the contrary, increasing the concentration of gel pieces
decreased bolus adhesiveness by limiting the contact surface of the cheese structure.
7.4.4. Influence of cheese matrix and gel pieces characteristics on dynamic
sensory perception of heterogeneous cheeses
The dynamic sensory perception of heterogeneous cheeses was influenced by the cheese
matrix texture and bell pepper gel pieces properties. Cheese matrices with hard/nonadhesive texture displayed lower dominance durations and dominance rates for
creaminess, smoothness and melting sensations than cheese matrices with soft/adhesive
texture. The differences in sensory properties between the cheeses may be explained by
the presence of k-carrageenan in the hard/non-adhesive cheese matrices. Previous studies
have shown that the addition of k-carrageenan increased cheese hardness producing a
negative effect on meltability

225–227

. Melting perception might therefore have been

reduced contributing to a decline in smoothness and creaminess 45,228.
With increasing concentration of gel pieces, dominance rate and duration of bell pepper
flavor increased. Increasing the concentration of particles expands the contact area
between the gel pieces and the tongue which might have contributed to a higher
dominance of bell pepper flavor. Higher concentrations of gel pieces led to a lower
dominance rate and duration of creaminess, melting and dairy flavor while graininess
increased and remained significantly dominant during the entire consumption time.
Graininess perception has been related to the detectability of particles in the mouth, so
adding particles or increasing their concentration is expected to rise graininess perception.
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When in addition to the concentration of gel pieces, these were of low fracture stress, then
bell pepper flavor showed higher dominance rate. Taste and aroma perception are
influenced by fracture stress of foods. Increasing fracture stress leads to decreasing taste
and aroma perception 229,230.
An unexpected result was that several attributes were dominant for long periods resulting
in little temporal dynamics among the attributes for several cheeses. Only firmness and
melting showed some dynamics over the consumption time. Firmness was only perceived
at the beginning of consumption time, but this sensation was only dominant in the
homogeneous hard/non-adhesive cheese. Whereas melting was a sensation always
perceived after some degree of oral manipulation, which may be needed to bring the food
to mouth temperature before the meltiness is perceived. On the other hand, attributes that
show the lowest dynamics were graininess and bell pepper flavor, both attributes are
dependent on the presence of bell pepper gel pieces. Upon mastication, bell pepper pieces
become more numerous but with smaller size, so the perception of graininess and bell
pepper flavor remains. Thus, there seem to be attributes that need certain transformation
of the food structure during oral processing in order to be perceived whereas other
attributes may be more stable over time with changes just in their intensity.
7.4.5. Relationships between oral processing, bolus properties and sensory
perception
Oral behavior (consumption time and number of chews) was positively correlated with
several bolus properties (saliva incorporation, number of bolus particles and bolus
hardness) and with perception of several sensory attributes (firmness, graininess,
chewiness). These relationships were found in heterogeneous cheeses with bell pepper gel
pieces of high fracture stress and high concentration independent of the cheese matrix. The
addition of bell pepper gel pieces with high fracture stress prolonged consumption time
compared to the softer counterpart. This is in agreement with several other studies that
demonstrated that mastication time increases when hardness or stiffness of foods increase
properties 39,46,47,49,50,69,167,218,220. Furthermore, increments in consumption time caused by
presence of bell pepper gel pieces with high fracture stress on both cheese matrices gave
rise to more saliva incorporation into the bolus. It is known that increments in mastication
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time will in turn increase salivation, so the increase in saliva incorporation in the bolus might
be caused by the prolonged consumption time. Moreover, the increased number of chews
increment the number of bolus particles which clearly relates with attributes such as
graininess. Graininess perception has been linked to the presence of food particles and their
oral selection for further bolus degradation in order to reduce particle size 181. Firmness and
chewiness of foods have been correlated with expected satiation 52. Therefore, we suggest
that incorporating particles to foods that increase perceived firmness and chewiness
without increasing energy content could aid in regulating energy intake. This approach
should be considered carefully though, since the presence of chewiness and/or graininess
in foods where these sensations are not expected, can reduce acceptability, however when
these perceptions are congruent with the product palatability can be maintained 200.
Consumption time and number of chews were negatively correlated with faster eating rate.
Faster eating rate was positively correlated with smoothness, creaminess and meltiness
sensations. This was specially observed in heterogeneous cheeses that contained soft
particles independently of the matrix characteristics (Figure 7.2.D). Smoothness,
creaminess and meltiness are sensations that are commonly found after some degree of
oral processing and are related to the absence of large particles in the bolus 66,181, thus it is
probable that faster eating rates are connected to attributes that resemble a more bolus
like structure.
Overall, the magnitude of the effect by which oral behavior is affected, may depend on the
food combination used and on whether a texture contrast is perceived or not. Therefore,
further studies should make a systematic variation on the combination of food items across
different food categories to observe how the different combinations behave and to define
how big should be the texture contrast in order to impact oral behavior.

7.5. Conclusions
The present research studied the effect of heterogeneous food components, processed
cheese matrix and embedded bell pepper gel pieces, on oral processing, bolus properties
and dynamic sensory perception. Both matrix and gel pieces characteristics effected
consumption time, eating rate, number of chews, bolus particle size distribution, saliva
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incorporation, bolus hardness and adhesiveness, as well as perception of sensory
attributes. The magnitude of the effect depended on the specific combination of the
mechanical properties of both food items (i.e. matrix and gel pieces). Therefore, we
conclude that when two homogeneous foods are combined, the physicochemical
properties of the foods may elicit a sensory contrast that lead to a different oral behavior,
bolus breakdown and sensory perception that would not be anticipated on the basis of the
separate homogeneous components. We suggest that the modification of food properties
by manipulation of one of the food components can be a convenient strategy to steer oral
behavior which could potentially influence on food intake.
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8.1. Aim and summary of the main findings
The aim of this thesis was to determine the effect of food properties and consumer
characteristics on oral processing behavior, bolus properties and sensory perception of
foods. Different groups of consumers and different foods varying in physical properties
were used across the six studies of this thesis as shown in Figure 8.1. Table 8.1 summarizes
the main findings and the rest of this chapter discusses them and provides practical
implications and outlook for future research.
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4

3

2

Chapter

To
investigate
the
influence of age, gender,
ethnicity
and
eating
capability
on
oral
processing behavior of
liquid, semi-solid and solid
foods.

To determine the influence
of
rheological
and
mechanical properties of
foods on oral processing
behavior of liquid, semisolid and solid foods.

To understand how oral
processing
behavior
influences
dynamic
sensory perception of ice
creams.

Classification of oral behaviors
(n=103) based on questionnaire
and video recordings

To compare self-reported
and
video
recording
methodologies
to
characterize oral behavior
applied
during
consumption of ice cream.

•
•
•

Young Dutch-Caucasian n=32
Elderly Dutch-Caucasian n=29
Young Chinese-Asian n=35
Decrease eating capability n=39

•

Chinese-Asian consume liquid, semi-solid and solid foods with smaller bite size and
lower eating rate than Dutch-Caucasian.

Males consume solid foods with larger bite size and higher eating rate than females.

Consumption time increases and eating rate decreases with age.

Age, gender and ethnicity impact oral processing behavior differently. Effects are
consistent for all three food groups.

Stress at 15% strain and Young’s modulus are negatively related with bite size and
eating rate for solid foods.

•

Characterization oral behavior
of consumers

Consistency is negatively related to bite size and eating rate and positively to
consumption time for liquid and semi-solid foods.

Texture attributes were perceived as dominant sensations at the beginning of
consumption whereas taste and aroma attributes were dominant towards the end
of consumption.

•

•

Increasing hardness influenced dominance rate and duration of fruity aroma (↓),
coldness (↑) and sweetness (↓).

•

Mechanical and rheological
properties quantification of test
foods by either uniaxial
compression tests or flow
curves.

Oral processing behavior influence dominance rate and duration of aroma and
taste attributes (chewing protocol ↑fruity aroma and coldness; melting protocol ↑
sweetness, firmness and smoothness).

•

Consumers strongly adapt oral processing behavior with respect to bite size,
consumption time, and eating rate to rheological and mechanical properties of
liquid, semi-solid and solid foods.

Often self-reported behavior did not agree with the categorization of oral behavior
captured by video recordings.

•

•

Different types of oral behavior were detected.

•

Main findings

Characterization
of
oral
behavior (n=61) of 18 foods
varying in physical properties

TDS (n=22) evaluations while
applying
specific
oral
processing protocols

Approach

Aim(s)

Table 8.1. Overview of main findings presented in this thesis.
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6

5

To determine the influence
of
physical-chemical
properties of processed
cream cheeses with bell
pepper gel pieces on oral
processing behavior, bolus
properties and dynamic
sensory perception.

To investigate the effect of
the addition of peach gel
particles varying in size,
fracture
stress
and
concentration to yogurt on
oral processing behavior,
sensory perception and
liking
of
consumers
differing in age.

To determine the effect of
age, gender and ethnicity
on consumption time,
bolus
properties
and
dynamic
sensory
perception of sausages.

of

oral

bolus

of

Characterization
properties
TDS evaluation

of

Sensory

Characterization
behavior

Liking and
analysis

bolus

oral

profile

Elderly Dutch-Caucasian n=62

Young Dutch-Caucasian n=62

Characterization
of
behavior of consumers

TDS evaluations

Characterization
properties

Young Chinese-Asian n=22

Elderly Dutch-Caucasian n=21

Young Dutch-Caucasian n=21

Quantification of consumption
time of a hotdog sausage bite
(7g)

Addition of particles to soft/adhesive or hard/non adhesive cheese decreased
eating rate by 14.5% and 9% respectively, regardless of particle characteristics.
However, the size of the effect depends on the characteristics of the matrix.
Among heterogeneous cheeses increasing particle fracture stress by 3 folds
decreased eating rate 5.3%.
Sensory perception is dominated by the hardest component of the heterogeneous
food.

•

•
•

Oral processing behavior can be steered by modifications of either food matrix or
embedded particle properties (fracture stress, concentration).

Aging had a marginal effect on sensory perception.

•

•

Increasing particle fracture stress or particle concentration prolongs consumption
time by 40 and 30%, respectively.

Addition of particles to yogurt increased consumption time and decreased eating
rate up to 60%.

•

•

Differences in dynamic texture perception between consumer groups were only
observed during the middle stages of oral processing.

•

Chinese females have longer consumption time than Dutch females. Chinese
consumers produced more broken down boli than Dutch.

•

Effect of age, gender and ethnicity on bolus properties was mediated by
consumption time.

Effect of gender interact with Ethnicity and Age, where Chinese males have shorter
consumption time than Chinese females. Elderly females produced more adhesive
and less cohesive boli than elderly males.

•

•

Elderly have longer consumption times than young consumers. Elderly produced
more broken down boli than young consumers.

•
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Figure 8.1. Schematic overview of the different methodological approaches taken across the different studies in this thesis.
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8.2. Influence of consumer characteristics on oral processing
behavior, bolus properties and sensory perception
Chapter 2 showed that changes in oral behavior during ice cream consumption influences
dynamic sensory perception (attribute selection, dominance rate, and dominance
duration). Besides, the majority of consumers combined more than one “eating style”
during consumption of ice cream, demonstrating that the suggestion of having one
preferred mouth behavior while eating does not hold. It is known that oral processing
behavior differs considerably between consumers

74,142

, and that inter-individual

differences in oral processing behavior are often related to differences in oral physiology
13,20,36

and possibly to differences in cultural factors. Therefore, a practical approach to

understand the variability across consumers on oral behavior is to group them based on
specific characteristics such as age, gender and ethnicity. The research presented in this
thesis focuses on understanding key factors contributing to differences in oral processing
behavior, bolus properties and sensory perception of consumer groups differing in age,
gender and ethnicity (chapters 4-6).
8.2.1. Effect of aging
Chapters 4-6 show that, among healthy older adults, the ability to produce a bolus, that is
broken down enough and sufficiently lubricated so that it can be swallowed safely, is still
achieved. This was observed in old healthy adults (70±5 years) with good dental status. The
findings of this thesis showed that the underlying mechanism that explains the differences
in bolus properties between young healthy adults (21±2 years) and older healthy adults was
the prolongation of consumption time by the healthy older adults while keeping a fixed bite
size (Figure 8.2).
This age-related prolongation of consumption time might be an adaptative mechanism to
compensate age-related physiological changes, such as less efficient digestion, and to avoid
choking

178

. However, it is important to note that ageing is often accompanied by

deterioration in dental status, reduction of oral muscle mass and force and decreased
salivary flow

179,180,231

. These factors are likely to induce changes in oral behavior;

consequently, with deterioration in health status, the achievement of a safe to swallow

8
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bolus may be compromised. Mishellany-Dutour showed that among elderly, denture
wearers needed more chewing time than fully dentate but produced bolus with more and
larger particles 33. This may indicate that declined oral health impede the accomplishment
of a safe to swallow bolus. Nevertheless, in chapter 4, we showed that, within a relatively
healthy population of older adults with full denture, mild mastication or swallowing
problems do not yield significant differences in oral behavior of liquids, semi-solids or solid
foods. Despite, changes in the bolus properties that deviate from those found among the
bolus of healthy older population should be a sign of concern; this may indicate the starting
point of impaired oral processing which could in turn produce further deterioration of the
older individual health 135,232,233.
On the other hand, although healthy aging affected oral processing behavior and bolus
properties, sensory perception seems to be affected to a limited extent since only few
differences were observed between healthy young and older consumers in perceived
intensity and attribute dominance rate (chapters 5-6) of yogurts with peach particles and
sausage. We observed that taste intensity perception decreased with age whereas
differences in texture perception were more attribute specific (lubrication and particle size
related) rather than consistent decrements across all studied texture attributes. This seems
to be contradictory to other studies that report losses of acuity in sensory perception as
age progresses 234,235. However, not all sensory modalities are impacted to the same degree
236

. Smell and taste perception sharply decrease with age 237,238 whereas tactile sensitivity

also deteriorates but it may be at slower rate 239,240. A possible explanation for the limited
differences between age groups is that the participants selected in this thesis studies were
generally healthy and with full denture. Nevertheless, it is worth mentioning that elderly
consumers are a very heterogeneous group since they are known to vary significantly in
health status and sensory acuity

143,241

. Consequently, the small variations observed in

perception may be enhanced later in life, in the presence of denture loss, medication or
disease 242,243.
Similar to texture perception, in chapter 6, liking followed comparable trends between age
groups with small differences in the factors that contributed to determine liking of yogurts
with particles. In contrast to young consumers, elderly found the hardness of the peach
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particle important to determine liking. A possible explanation is that elderly prefer soft
particles in order to reduce muscle effort during mastication 244. Another explanation is that
their preference for softer particles served as a compensatory mechanism to a decreased
taste intensity perception since taste-texture interactions shows that taste intensity
increases with decreasing food fracture stress 245.
8.2.2. Effect of ethnicity
Understanding how Westerns and Asians differ in terms of oral processing behavior, and
how this impact sensory perception could be a competitive advantage for European food
companies that aim to grow in Asian markets. To date, very little is known about the effect
of ethnicity on oral processing behavior. This thesis, in chapters 4-5, is one of the first to
show differences in oral behavior between Dutch-Caucasian and Chinese-Asian and that
these differences are consistent between food categories. Overall, Chinese-Asian
consumed foods with longer consumption time and smaller bite size than Dutch-Caucasian.
The variations in oral behavior between these two ethnicities may partly be explained by
physiological differences and cultural factors.
There have been studies that reported physiological differences between Dutch-Caucasian
and Chinese-Asian consumers, mainly in oral volume, salivary flow, protein concentration
in saliva, mastication performance and facial anthropometry 40,182,187,246. However, a recent
study showed that differences in oral physiology between Dutch-Caucasian and ChineseAsian explained differences in oral behavior only to a very limited extent 182. Therefore, it is
not possible to fully explain the differences in oral processing behavior found in chapters 45 based only on differences in oral physiology between different ethnic groups. Cultural
habits may also contribute to the observed differences in oral behavior. For instance, the
observed differences in consumption time between females belonging to different
ethnicities may be associated to learnt customs of certain traditional cultures that
encourage slowing eating pace in order to enhance femininity 37,185,247,248. On top of that, a
recent study showed that Chinese consumers enjoy eating soft foods that can be
manipulated between tongue and palate and held in the mouth for a long period compared
to Danish consumers that enjoy to use their teeth to rapidly breakdown foods 249. The latter
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behavior may be similar in Dutch consumers. Thus, physiological variations combined with
cultural differences might contribute to adaptation of oral processing behavior.
The previous mentioned differences in consumption time mediated bolus properties of
consumers varying in ethnicity (Figure 8.2), giving as a result significantly different bolus
properties between them at the swallowing point (chapter 5). Overall, Chinese-Asian
produced more broken down boli than Dutch consumers. Despite this, there were no
differences in dynamic texture perception at the beginning or final stages of mastication,
but only during the middle stages of consumption time, where Dutch-Caucasian consumers
perceived the test product (sausage) as fatty whereas Chinese-Asian perceived it as dry.
Although this stage represents only a third of the consumption time, it may have an impact
on the direction that oral behavior may take and the final bolus that it is being produced,
e.g. consumers perceiving the product as dry will continue chewing it, prolonging
consumption time to increase lubrication through saliva addition and possibly having a
more degraded bolus (Figure 1.1). Moreover, the differences in fatty/dry sensations may
relate to saliva differences as Chinese-Asian have lower salivary flow and higher protein
concentration in saliva than Dutch-Caucasian

187,246

, the latter have showed negative

correlations with slippery lip-tooth feel and fatty mouth feeling 250. Furthermore, cultural
expectations related to the food may direct the attention of both consumers groups
towards different attributes where for consumers that are used to high fat sausages, as the
Chinese-Asian, may perceive a product as being dry whereas consumers that are used to
lower fat contents in sausages may perceive it as fatty 188.
As far as we know, these are some of the first studies investigating the differences between
ethnicities on oral processing, bolus properties and texture perception. Therefore, in order
to corroborate and broaden the understanding on the effect of ethnicity in oral behavior,
bolus properties and sensory perception, further studies should investigate more
ethnicities, include larger sample sizes and also investigate foods with distinct texture
characteristics than the ones observed in sausages.
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8.2.3. Effect of gender
Chapters 4-5 demonstrated that gender influenced some parameters of oral processing
behavior. Chapter 4 showed that males exhibited larger bite sizes, lower number of chews
and higher eating rates than females. Similar results have been reported in previous studies
for solid foods 37,38,152,153. New insights were gathered in chapter 4 for lesser explored foods,
i.e. semi-solid and liquids foods, for which only bite size was influenced by gender.
Together, bite size and consumption time, contribute to modulate eating rate. Chapter 4
confirmed previous studies that eating rate is higher for males than females 38. Although
eating rate showed similar trends for liquid and semi-solid foods, males and females
exhibited significant differences in eating rate only in solid foods. The observed variation in
oral behavior between genders could be explained by physiological, metabolic and social
differences. Physiologically, males have higher muscle strength in lips and cheeks as well as
a more powerful bite force and higher salivary flow than females 25,29,34, these factors can
contribute to facilitate bolus formation and consequently increase eating rate.
Furthermore, males have higher basal metabolic rate than females which have been
associated with higher eating rate

159

. Lastly, gender stereotypes regarding mealtime

etiquette, where females are taught to take smaller bites and chew thoroughly, may also
contribute to the variations in oral behavior 37,185,247,248.
In chapter 5, the effect of gender on oral processing is explored further and bolus properties
are quantified. Interestingly, in this study, it was not found a direct effect of gender on oral
processing or bolus properties; the effects of gender were significant only when it
interacted with other consumer factors like age and ethnicity (Figure 8.2). The results
showed that when the bite size was fixed, Chinese males have a shorter consumption time
compared to Chinese females. As stated before, differences in oral behavior between
genders may be more pronounced in some cultures than in others, thus gender differences
observed in one ethnicity may not occur in another. Bolus properties, on the other hand,
were also affected only when gender interacted with age, where elderly females produced
more adhesive and less cohesive boli than elderly males. Dynamic texture perception did
not differ considerably between these groups, a result that is in line with previous studies
that report no influence of gender on tactile acuity 251,252.

8
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Figure 8.2. Integration of the effects of age, gender and ethnicity on oral behavior, bolus properties and sensory
perception.

8.3. Influence of product properties on oral processing behavior,
bolus properties and sensory perception
Apart from consumer characteristics, another element that influences oral processing
behavior and that is important to consider are food properties. There are well known
differences in oral behavior between liquid, semi-solid and solid foods

7,110

. Within each

food category the rheological properties of foods cause large differences in oral behavior.
Several studies investigating solid model foods have shown that changes in rheological
properties affect oral behavior 45,223. However, model foods may not fully reflect the variety
of oral behaviors displayed during consumption of real foods from all different categories
that are part of our diet. Yet apart from solid foods, limited knowledge on the effect of food
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rheology on oral behavior is available for commercially available semi-solids and liquid
foods; and even less information is available about the behavior of heterogeneous foods
(i.e. two different food components combined). The combined results from chapters 2, 3,
6 and 7 present new knowledge in these aspects and the integration of the effects of food
properties on oral processing, bolus properties and sensory perception can be seen in
Figure 8.3.
First, homogeneous foods were explored in chapters 2 and 3. The results confirmed that
there are large differences in oral behavior within each food category. Even when the oral
behavior of liquids is mainly transportation of the bolus to the back of the oral cavity and
the pharynx, changes in the consistency of the liquids can have a significant effect on oral
behavior parameters such as bite (sip) size, consumption time and eating rate. Among solid
foods, a similar effect was seen when changes in hardness in the food product affected
consumption time. Conversely, chewing rate or cycle duration remained relatively stable
independently of the products characteristics.
Overall, in chapter 3, we found that physical properties such as consistency (K which
corresponds to viscosity at shear rate of 1s-1) for liquid and semi-solid foods, and the stress
needed to compress to 15% strain and Young’s modulus for solids have a positive
relationship with consumption time and a negative relationship with bite size. These
findings helped to obtain logarithmic equations (see Figure 8.3) that estimate the eating
rate of a specific food based on the values for consistency or Young’s modulus according to
the type of product. Together, these variables influence eating rate, a behavioral parameter
that gained relevance in recent years as an adjustable risk parameter for obesity and
association with food and energy intake 93,253. Besides, it was shown that when consumers
are presented with a large food portion, they adapt their bite size, consumption time and
eating rate to the rheological properties of the food (chapter 3). Thus collectively, these
studies highlight the fact that oral behavior can be steered by modifications of rheological
and mechanical food properties. It is, however, still debatable whether the mechanical
properties previously mentioned are the best ones to predict oral behavior. It is important
to mention that Young’s modulus represents a mechanical property determined under
small deformation which can be considered relatively small compared to the deformations
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occurring during oral processing. Besides, during mastication solid foods are fractured
repetitively, something that neither the measurement of stress needed to compress to 15%
strain nor the Young’s modulus can represent. Further measurements could help to refine
these equations to increase their accuracy. Nevertheless, it should be pointed out that in
the case of solid foods, not all food products may follow the same trends as was the case
of meat, probably due to its anisotropic structure. Therefore, future studies should explore
how other physical properties such as adhesiveness affect oral behavior.
In addition to changes in oral behavior, chapter 2 showed that variations in ice cream
hardness can also influence sensory perception. Hardness of ice cream defined the
perception of mainly texture attributes as dominant during the consumption time.
Fruitiness was the only aroma attribute that was dominant in soft ice creams and only at
the end of consumption time in hard ice creams. This suggests again that aroma compounds
are only perceived after being released from the food matrix and that food hardness limits
aroma release 6.
Despite the effects seen among homogeneous foods, it is known that foods consumed in
daily life are often heterogeneous, i.e. combination of two food components that differ
considerably in texture or mechanical properties. Nevertheless, there is still little
information about how heterogeneous foods are orally processed and how the bolus
transformation of heterogeneous foods affects sensory perception. The contrast in texture
found in heterogenous foods has been suggested to increase food palatability

221

.

Therefore, chapters 6 and 7 contribute to understanding of oral processing of
heterogenous foods.
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Figure 8.3. Integration of the effects of food product properties on oral processing, bolus properties and sensory
perception.

Both chapters 6 and 7, demonstrated that oral processing behavior can be steered by
modification in either food matrix or the embedded particle. The results showed that the
mere addition of particles to food matrices can slow down eating rate. Moreover, not only
the mere addition of particles but also the physical properties of the embedded particle
influence oral behavior. However, the degree that oral behavior will be affected depends
also on the characteristics of the matrix. Changes in eating rate were more pronounced
when particles were added to yogurt than when added to soft cheese. This may be due to
the fact that heterogeneity is more easily perceived in liquid foods than in semi-solids 254.
These results suggest that the bigger the perception of texture contrast between the matrix
and the added particles is, the greater the impact on oral processing behavior.
In addition, chapter 7 showed that inclusion of particles into a matrix also influenced bolus
properties at the swallowing point. It was observed that between the heterogenous
cheeses, the particles had a strong influence on the bolus formation probably because it
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requires a higher degree of structural breakdown and because the presence of particles
may increase the perception of eating difficulty as suggested by Laguna and Sarkar

255

.

Moreover, the incorporation of particles into the cheese had a negative impact on the
dominance perception and duration of the cheese related attributes, smoothness and
meltiness, whereas the dominance rate and duration of attributes related to the particles’
graininess increased. Thus, it seems that sensory perception is dominated by the hardest
component in the heterogeneous food. Comparable tendencies were observed when
combining granola with yogurt, bread with mayonnaise and carrots with mayonnaise,
where the perception of the solid component overruled the sensations related to the
softest component

256,257

. Thus, when designing heterogeneous foods, special attention

should be given to the hardest component since it will likely dominate perception of the
product and might overrule the influence of the softest component on perception.

8.4. Temporal order of sensory attributes during oral processing
Once in the mouth, the physical properties of the food continuously change, and at each
stage of oral processing, those structural changes might give rise to changes in sensory
perception. Consequently, sensory perception shows dynamic changes throughout
mastication 21,66. Chapter 2 showed that in a homogeneous food such as ice cream, textural
attributes (coldness and firmness and smoothness) were perceived as dominant sensations
in the early stages of oral processing whereas taste and aroma attributes (sweetness and
fruitiness) dominated more towards the swallowing point. Chapter 5 showed also a
chronological order between textural attributes in sausages, where firmness was the
sensation that dominated the perception during the early stages of mastication. In the
middle stage of mastication, the dominant attributes were related to (lack of) lubrication
(fattiness, dryness, juiciness). Finally, towards the swallowing point, graininess dominated
the perception. These results support the idea that bulk texture attributes can be assessed
as soon as the food is in contact with oral surfaces and/or subjected to stress; whereas
other texture, aroma and taste attributes require more oral processing time, addition of
saliva and complex moments before they become dominant

. Nevertheless, in

21,61,181

heterogeneous foods, the chronological order of attributes may not be as evident as in

General discussion | 193

homogeneous foods. For instance, in chapter 7, the perception of heterogeneous cheeses
showed an unexpected low attribute dynamicity since several attributes remain dominant
for long periods. Firmness and meltiness were the exception, both attributes showed a clear
chronology were firmness was always perceived at the beginning of mastication and then
cease; whereas, meltiness sensation became dominant from the middle stage of
mastication and towards the swallowing point. In summary, these results prove that the
chronological order of attribute perception may be dependent of the food properties.
Furthermore, within the chronological appearance of attributes, variations in oral behavior
may impact the selection or duration of sensory attributes at any stage of oral processing
as shown in chapter 2 and 5.

8.5. Practical implications
This thesis demonstrated that food oral processing can be regulated through modifications
of food structure. One behavioral parameter of special interest is eating rate as it impacts
energy intake 43,139,253. Contributors to modulate food intake are relevant since obesity in
the general population and undernutrition in the growing elderly population are big public
health challenges. Creating textural differences through controlling food hardness and
consistency (Figure 8.3) can help to either slow down or increase eating rate according to
the need of the target population. Providing foods with texture contrast by adding particles
can also be used to change oral behavior in order to slow down eating rate and
consequently impact food intake within a meal. Upon addition of particles that do not
increase food energy density (e.g. made from food components such as fiber) and that have
a higher fracture stress than the food matrix, it is possible to reduce eating rate.
On the other hand, addition of particles with high energy density can be used as a strategy
to combat undernutrition among vulnerable populations such as elderly consumers. This
consumer group shows low eating rates which can contribute to lower food intake and
might in turn negatively affect their nutrient intake. Besides, elderly often report missing
texture diversity which can impact enjoyment of food
important determinant of food choice and food intake

216
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. Pleasantness of food is an

. Thus, the addition of high energy

dense particles that initially provide texture contrast, but that are relatively soft, and that
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upon oral processing melt in the mouth providing extra lubrication, can contribute to
increase liking of foods in elderly consumers. This strategy could be especially useful in soft
solids since the addition of particles seems to affect eating rate to a lower extent than in
fluid foods. In Chinese consumers, a similar strategy could be used to increase pleasantness
of foods by creating products that can be held in the mouth for longer times but that at the
same time may be manipulated with tongue and palate.
Additionally, consideration of bolus properties variation between consumers segments can
be useful for new product development. Consumer groups that need to form a more
broken-down bolus before swallowing is initiated, such as elderly and people from specific
background like Chinese-Asian consumers, can be product-specific targeted. Through this,
food products (texture and nutrient content) can be tailored according to the consumers
oral behavior and typical bolus formation. Therefore, new product development of foods
that are not only rich in nutrients but also that reduce their chewing effort and follow a
breakdown path that generates rapidly a soft and moist bolus that leaves low residue after
swallowing can boost eating rate.
Along with the previous recommendations, it is suggested that when designing sensory
evaluations, the scientist should reflect upon the oral behavior protocol used during
sensory evaluations, for example whether it is natural or an imposed oral behavior protocol.
Because when participants apply different oral behaviors in the same food product,
dynamic sensory perception might be considerably affected.

8.6. Outlook of future research
Likewise, the knowledge generated in this thesis provides some practical recommendations
for further research. When aiming to cluster consumer groups, we warn that simple
classifications of consumers into mouth behavior groups (crunchers, suckers, smooshers
etc.) can be erroneous. Consumers typically display combinations of different oral
processing behaviors, not only across foods but also within one food. We suggest that a
more objective classification can be based on measured oral processing parameters such as
consumption time or eating rate and they might be more useful to cluster consumers and
to compare results across studies. For this, video recordings of people during food
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consumption is an inexpensive and precise method that can effectively help in the
characterization oral behavior. The main parameters that can be obtained are number of
bites, consumption time, number of chews and number of swallows, as well as derived
measurements such as eating rate (g/min), chewing rate (chews/min) and bite size (initial
food amount/number of bites). However, in order to make advances in this area, additional
studies should dedicate time to develop a common methodology, based on open access
software such as Kinovea, that uses standard protocol, coding scheme and software. This
could benefit the field by allowing a better comparison across studies.
Finally, the studies presented in this thesis showed that consumption time is one of the
main oral behavior characteristics reflecting differences in oral processing. We
demonstrated that consumption time determines to a large extend bolus properties. It has
been demonstrated that fast eaters swallow bolus that contain fewer and larger particles
than slow eaters 75. These physical differences in bolus properties may lead to variations in
digestive properties and disintegration rates of macronutrients, absorption and feelings of
satiation

259

digestibility

. Therefore, oral behavior is an important factor in understanding food

260

. Up to date a large body of literature studied the effect of food structure and

mechanical properties on oral processing behavior and digestion of carbohydrates 261–266.
These studies demonstrated that in vitro digestion of starch depends on the breakdown of
foods during oral processing. Furthermore, these studies show mounting evidence that
variations in oral behavior lead to differences in digestion rates of carbohydrates which
cause differences in postprandial metabolic responses. In comparison to carbohydrates,
little is known about the impact of oral processing behavior on digestion of other
macronutrients such proteins and lipids. Thus, in order to get a better understanding on the
impact that oral processing has on digestion and nutrient uptake, further research should
investigate the impact of oral behavior and bolus properties on protein and lipid digestion.

8.7. Conclusion
The series of studies presented in this thesis aimed to investigate the effect of food and
consumer characteristics on oral processing behavior, bolus properties and dynamic
sensory perception. Food properties and consumer characteristics contribute to the
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variability observed in food oral processing behavior between consumer groups differing in
age gender and ethnicity. Variations in oral processing behavior affect bolus properties and
in consequence dynamic sensory perception. Therefore, through modification of the food
structure, oral behavior might be tuned guiding the breakdown path and perception.
Tailoring food products targeted towards specific consumers should consider the
differences observed between consumer segments in the bolus properties at the
swallowing point in order to facilitate oral processing of vulnerable consumer groups.
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Food oral processing refers to the oral manipulations of food upon ingestion (i.e. oral
behavior), the production of a bolus safe to swallow and simultaneously the sensory
responses evoked from the structural transformation of the bolus. Deeper understanding
of the factors involved in oral processing can facilitate the creations of food products that
are goal-specific (e.g. controlling eating rate) and population-specific (e.g. elderly
consumers) besides being nutritive and palatable. The main factors determining oral
processing are the consumer and food being eaten. Therefore, in this thesis both factors
were explored and their contribution to oral behavior, bolus properties and sensory
perception determined.
Chapter 2 explored whether or not consumers exhibit different oral behaviors for a specific
food product and how these differences in behavior might impact sensory perception. The
results confirmed that consumers used different oral behaviors which differed in
consumption time. Vigorous protocols (chewing and natural style) required shorter
consumption time than passive protocols (melting). Furthermore, changes in oral behavior
also influence dynamic sensory perception. For instance, changing oral behavior influenced
significantly aroma and taste attributes, where upon applying an active oral behavior aroma
attributes were detected earlier and for longer time than when a passive protocol was
applied. On the other hand, if a passive protocol was applied, taste perception was
perceived earlier and for longer time whereas aroma perception was delayed. Additionally,
this chapter highlighted the existence of attribute chronology during oral processing and
that consumers adopt an oral processing behavior that is optimized in terms of oral
efficiency and sensory perception.
Chapter 3 explored a broad range of commercial foods and the effect of their rheological
and mechanical properties on oral behavior parameters. The results showed that
consumers adapted their bite size, consumption time and eating rate to food properties
and that this adaptation was consistent within each food category. Overall, consistency (K)
of liquids and semi-solids and stress at 15% strain of solid foods have a negative relationship
with bite size, and positive relationship with consumption time. Together, these variables
contribute to modulate eating rate. Thus, this chapter highlighted that oral behavior can be
steered by modifications on food properties.
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Chapters 4 demonstrated that not only food properties but also consumers characteristics
can influence oral behavior. For instance, elderly exhibited longer consumption times and
lower eating rates than their younger counterparts. Amongst genders, females took smaller
bite sizes, and had lower eating rates than males. Finally, between ethnicities, DutchCaucasian exhibited larger bite sizes and faster eating rates than Asian-Chinese. Generally,
the observed differences between consumer groups was relatively constant across food
categories.
Chapter 5 investigated how the changes in oral behavior between consumer groups
affected bolus properties and dynamic sensory perception. The results showed that
consumers differing in age, gender or ethnicity adjust their consumption time in a way that
allows them to form a bolus with optimized textural properties that guarantee them a safe
and comfortable swallow. Also, these results show that the swallowing threshold is not
universal but that it differs between consumers. Possibly due to the inherent physiological
and cultural differences. Additionally, this chapter showed that dynamic sensory perception
varied only in middle stages of oral processing maybe providing input to determine if
further bolus degradation or saliva incorporation was needed.
Finally, chapters 6 and 7, demonstrated that when eating heterogeneous foods, oral
processing behavior can be steered by modification in either food matrix or the embedded
particle and that these results may be applicable to different consumer groups. The results
of chapter 6 showed that the mere addition of peach particles to yogurts slowed down
eating rate up to 60%, regardless of the particles’ characteristics (size, fracture stress or
concentration). Similarly, in chapter 7 the addition of bell pepper pieces to cream cheeses
also showed an impact on oral processing behavior although this was to a lower extent.
Hence, we suggest that the bigger is the perception of contrast, between the disperse
matrix and the added particle, the grater the impact on oral processing behavior. Moreover,
not only the mere addition of particles but also the fracture stress of the embedded particle
can influence oral behavior. For instance, embedding particles of high fracture stress, leads
to longer consumption times and lower eating rates than when the particles have low
fracture stress. Furthermore, it was observed that the perception of the solid component
overruled the sensations arouse from the softest component. Thus, when designing
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heterogeneous foods, attention should be given to the hardest component since it will likely
overrule the influence of the softest component.
In conclusion, consumer and food characteristics shape oral behavior which in turn affects
bolus properties and consequently sensory perception. Therefore, new product
development aiming for a more tailored sensory experience should take not only food
characteristics into account but also the fact that consumer groups differ in oral processing
behavior.
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