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Background: The modern food supply is often dominated by a large variety of energy dense, softly tex-
tured foods that can be eaten quickly. Previous studies suggest that particular oral processing character-
istics such as large bite size and lack of chewing activity contribute to the low satiating efficiency of these
foods. To better design meals that promote greater feelings of satiation, we need an accurate picture of
the oral processing characteristics of a range of solid food items that could be used to replace softer tex-
tures during a normal hot meal. Aim: The primary aim of this study was to establish an accurate picture of

g?a/‘l/vorrgz;ssin behavior the oral processing characteristics of a set of solid savoury meal components. The secondary aim was to
Bite spize & determine the associations between oral processing characteristics, food composition, sensory properties,
Eating rate and expected satiation. Methods: In a within subjects design, 15 subjects consumed 50 g of 35 different

savoury food items over 5 sessions. The 35 foods represented various staples, vegetables and protein rich
foods such a meat and fish. Subjects were video-recorded during consumption and measures included
observed number of bites, number of chews, number of swallows and derived measures such as chewing
rate, eating rate, bite size, and oral exposure time. Subjects rated expected satiation for a standard 200 g
portion of each food using a 100 mm and the sensory differences between foods were quantified using
descriptive analysis with a trained sensory panel. Statistical analysis focussed on the oral processing
characteristics and associations between nutritional, sensory and expected satiation parameters of each
food. Results: Average number of chews for 50 g of food varied from 27 for mashed potatoes to 488 for
tortilla chips. Oral exposure time was highly correlated with the total number of chews, and varied from
27 s for canned tomatoes to 350 s for tortilla chips. Chewing rate was relatively constant with an overall
average chewing rate of approximately 1 chew/s. Differences in oral processing were not correlated with
any macronutrients specifically. Expected satiation was positively related to protein and the sensory
attributes chewiness and saltiness. Foods that consumed in smaller bites, were chewed more and for
longer and expected to impart a higher satiation. Discussion: This study shows a large and reliable vari-
ation in oral exposure time, number of required chews before swallowing and expected satiation across a
wide variety of foods. We conclude that bite size and oral-sensory exposure time could contribute to
higher satiation within a meal for equal calories.

Food oral residence duration
Expected satiation

© 2012 Elsevier Ltd. All rights reserved.

Introduction

The high prevalence of obesity in the industrialized world is
partly due to the available food supply. One of the characteristics
of our current food supply that contributes to the obesogenic food
environment is the large variety of energy dense, palatable and
softly textured foods that can be ingested quickly (de Graaf &
Kok, 2010; Rolls, 2009, 2010). In a large series of studies, it has
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been shown that foods that can be ingested quickly (e.g. sugar
sweetened beverages) have a low satiating efficiency (for a review
see de Graaf, 2011). This is due to oral processing characteristics
such as large bite size (Burger, Fisher, & Johnson, 2011; Fisher,
Rolls, & Birch, 2003; Spiegel, Kaplan, Tomassini, & Stellar, 1993;
Weijzen et al., 2009; Zijlstra, de Wijk, Mars, & de Graaf, 2009),
low chewing activity (Li et al., 2011; Smit, Kemsley, Tapp, & Henry,
2011), and a low overall oro-sensory exposure time (Bolhuis,
Lakemond, de Wijk, Luning, & de Graaf, 2011; Zijlstra, Mars, de
Wijk, Westerterp-Plantenga, & de Graaf, 2008; Zijlstra et al.,
2009). By contrast, smaller bite sizes (Weijzen, Zandstra, Alfieri,
& de Graaf, 2008; Weijzen et al., 2009; Zijlstra et al., 2009), and
more chewing activity (Li et al., 2011; Smit et al., 2011) can lead
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to longer oro-sensory exposure time (Bolhuis et al., 2011; Zijlstra
et al., 2009) and lead to a lower ad libitum food intake.

The inter-relationship between a foods composition and its oral
processing characteristics have predominantly been studied in
model foods, where the texture or oral processing characteristics
have been altered on purpose (e.g. Haber et al., 1977; Bolton,
Heaton, & Burroughs, 1981; DiMeglio & Mattes, 2000; Leidy,
Apolzan, Mattes, & Campbell, 2010; Mourao, Bressan, Campbell, &
Mattes, 2007). In most of these studies the texture of foods
varied from liquid to semi-solid or solid foods (e.g. Bolton et al.,
1981; DiMeglio & Mattes, 2000; Flood-Obbagy & Rolls, 2009; Haber,
Heaton, Murphy, & Burroughs, 1977; Hogenkamp, Mars, Stafleu, &
de Graaf, 2010; Mourao et al., 2007; Zijlstra et al., 2008). In a recent
study, Viskaal - Viskaal-van Dongen, Kok, and de Graaf (2011)
showed a positive relation (R? = 0.37) between the measured eating
rate of 50 g of 50 commonly consumed foods and the ad libitum in-
take of these foods. The eating rates in this study varied from less
than 10 g/min for rice cakes to up to more than 650 g/min for a diet
soft drink. The solid foods in this study were consumed up until an
eating rate of about 100 g/min. However, the range of textures used
in this and the other studies vary widely, and the experimental
foods were not considered as alternatives for each other in an eating
occasion. To date, no attention has been given to the eating rate of
hot meals components. The hot meal accounts for 30-40% of the
daily energy intake in the industrialized world (De Graaf, 2000;
Levitsky & Pacanowski, 2011).

Another sensory characteristic that has been implicated in the
acceleration of satiation is a higher perceived sensory intensity of
food. The effect of sensory intensity on satiation has been shown
both for sweet and savoury/salty foods (Bolhuis et al., 2011;
Weijzen, Zandstra, Alfieri, & de Graaf, 2008). Higher sensory inten-
sities may lead to lower ad libitum food intake through a lower bite
size (Bolhuis et al., 2011). One postulated mechanism behind this
effect may be that a higher sensory intensity signals a higher mac-
ronutrient density. Sweetness and savouriness/saltiness intensities
of foods have been shown to relate to the sugar and protein con-
tent in an array of 45 commonly consumed foods (Viskaal -
Viskaal-van Dongen, Kok, & de Graaf, 2012). Few studies, if any
have attempted to establish a formal link between the sensory
property of a food and the manner by which it is consumed (i.e.
orally processed).

One question that emerges from the results of the previous
studies is whether or not the relationship between composition,
sensory characteristics, and oral-processing characteristics and
satiation also hold in regular commercially available solid foods
that may potentially replace each other in a meal. A good under-
standing of these relationships may help extend the oral exposure
of a food in the mouth, increase the interaction with the sensory
systems and lead to satiation earlier in an eating event. Alterna-
tively, longer chewing activities could be used to slow the rate of
calorie intake within a meal and lead to lower overall calorie con-
sumption. This knowledge could be used to design foods or meals
that contribute to moderate energy intakes, while maintaining
satiety at adequate levels.

One of the prerequisites of establishing a relationship between
oral processing characteristics and other variables is the accurate
measurement of variables like chewing activity, swallows, and bite
size. Previous studies have used sensors put on the jaws or in the
mouth in order to record mouth and swallow movements (Bellisle,
Lucas, Amrani, & LeMagnen, 1984; Smit et al., 2011; Stellar & Shrag-
er, 1985). These invasive measures may bias or interfere with the
eating behavior itself (Ioakimidis et al., 2011). Recent studies have
validated video recordings of chewing using electrical recording
of muscle activity with electromyography (Hennequin, Allison,
Veyrune, Faye, & Peyron, 2005; loakimidis et al.,, 2011). In the
present study we focused on the accurate measurement of oral

processing characteristics with the help of a non-invasive behav-
ioral observation techniques that allowed us to code separate bites,
chews and swallows in an accurate and valid way, without interfer-
ing with the subjects’ natural eating behavior.

To measure ad libitum satiation for a wide range of savoury food
items could be cumbersome and the validity of asking consumers
to eat individual meal components to fullness may be question-
able. Previous researchers have developed comparisons of foods
satiating properties based on consumers’ expectations (De Graaf,
Stafleu, Staal, & Wijne, 1992; Green, Delargy, Joanes, & Blundell,
1997). In recent years researchers have demonstrated that con-
sumers are capable of discriminating between foods/meals based
on how filling they expect them to be, by rating expected satiation
or expected satiety (Brunstrom, Shakeshaft, & Scott-Samuel, 2008).
Consumers find this task easy to complete, and have been shown to
reproducibly discriminate between differences in how filling dif-
ferent foods are expected to be by using picture images of standard
food portions (Brunstrom et al., 2008). The current trial measured
expected satiation for food items as a proxy measure of partici-
pants learned associations between the food and the fullness they
would expect from a standard portion.

The primary objective of the current study was an adequate
characterization of the oral processing and sensory characteristics
of a comprehensive range of savoury tasting solid foods that may
be part of a realistic hot meal as consumed in a real life setting.
Secondary objectives were to assess inter-relationship among the
oral processing characteristics for the different foods, and the
assessment of the relationships between oral processing character-
istics on the one hand and food composition, sensory attributes
and expected satiation on the other hand.

Methods
Overall study design

Thirty-five food items were selected to represent a wide range
of savoury meal components including meats, vegetables and sev-
eral staples. All food items were solids, and were selected to repre-
sent differences in macronutrient content, degree of processing,
energy density, taste intensity and oral processing times. All food
items were commercially available and the full list of food items
is highlighted in Table 1. The oral processing behavior for 50 g of
the 35 food items was measured using a panel of 15 assessors in
a full within subjects design. Subjects were instructed to consume
the entire amount of 50 g for each of the food items. On a separate
test day, the same 15 member panel completed a measure of ex-
pected satiation for a 200 g portion of each food item using a com-
puter based task. A separate trained sensory panel (n = 11) profiled
the sensory differences between the 35 foods using descriptive
sensory analysis.

Subjects — oral processing and expected satiation measures

A power calculation indicated 15 people were necessary to de-
tect differences in eating rate of up to 30% between the 35 foods
products, using a within subject variation of 29% with 90% power
and o = 0.05 (Viskaal-van Dongen et al., 2012). The oral processing
panel consisted of a total of five male (N =5, age 29.6 + 15.3) and
ten female (N =10, age 25.1 + 3.6) volunteers that were recruited
from within the Nestle Research Centre. The study was assessed
and approved internally having met the ethical criteria required
for sensory studies of this nature. Participants were screened to en-
sure they were within the normal range for BMI of 18-25 kg/m?,
(Males =23.1 £ 1.9, Females = 20.9 £ 2.2), were not following a cal-
orie restricted diet and not currently pregnant or lactating. High



Table 1
Macro-nutrient content and mean sensory intensities for the 35 food items.*
Food products kcal/ Protein Carbohydrate Fat Salt Fibers Water Overall Saltiness Sweetness Savouriness Firmness Chewiness
100g (g/100g) (g/100g) (g/100 g) (g/100g) (g/100g) (g/100g) flavour

Boiled potatoes 62 15 14 0.5 0.004 1.6 78 334 288 14.2 241 114 22.0
Broccoli (cooked) 27 39 0.8 0.3 0.005 2.7 91.4 33.1 10.1 7.7 104 215 31.7
Broccoli (steamed) 27 3.9 0.8 0.3 0.005 2.7 914 38.7 17.5 17.3 204 56.0 53.6
Bulgour 339 11 66 12 0 10 77.8 184 43 8.5 3.6 13.2 321
Burger (homemade) 213 19 1 15 0.04 0 60 30.2 14.1 159 218 28.1 63.3
Burger (premade) 209 18 1 15 039 0 54.4 67.3 55.8 275 55.8 18.8 40.3
Carrots (boiled) 32 0.7 52 0.3 0.025 28 90.4 47.6 9.7 60.5 71 44.1 45.4
Carrots (mashed) 23 0.5 2.7 0.5 0.15 1.8 93 44.7 134 57.8 9.6 2.7 9.1
Carrots (raw) 33 0.6 55 0.3 0.027 27 90 40.5 38 53.0 4.5 874 66.9
Chicken breast 116 25 1 15 0.04 0 60.1 40.6 25.6 11.0 29.1 35.2 67.9
Chicken nuggets 177 16 12 7 0.5 0 54.3 51.7 44.6 242 41.0 32,6 54.4
Chicken sliced 100 21 1 1.5 0.8 0.5 64.2 57.8 66.3 10.1 42.2 10.5 26.8
Egg 155 13 1 11 0.15 0 76.2 323 149 13.6 9.6 149 319
Fish fingers 188 13 16 8 0.3 0.4 53.8 48.4 384 15.2 335 16.3 39.5
Fried potatoes 151 25 24 5 0.01 32 327 35.7 289 16.7 139 347 46.9
Garlic bread 318 8 42 12 0.44 22 43.1 55.9 42.0 11.2 40.9 45.0 55.9
Hotdog 201 13 5.5 14 0.69 0.5 67 69.1 66.7 209 61.6 25.6 434
Lasagne 173 10 13 9 0.44 04 68.1 61.1 49.2 183 427 19.8 36.8
Mashed potatoes 89 2 14 25 0.075 0.8 843 23.0 13.1 12.6 9.1 0.8 4.9
Minced beef 213 19 1 15 0.04 0 60 289 19.3 14.7 204 27.0 47.7
Mushroom (canned) 18 25 0.5 0.5 0.3 25 92 47.8 40.6 13.1 320 26.0 37.0
Pasta 356 15 67 25 0.21 14 63.7 15.4 3.6 16.5 38 19.8 358
Pizza 229 10 22 11 0.5 1.7 59.4 61.8 49.0 235 48.2 48.0 55.0
Quiche 246 9 16 16 0.36 11 66.8 68.7 65.2 188 40.1 29.8 376
Rice 343 7 77 0.5 0.01 1 63.4 14.4 42 8.7 4.3 19.0 374
Salmon canned 164 235 0 78 0.5 0 70 579 53.1 9.2 46.3 16.4 44.9
Salmon smoked 165 25 0.5 7 1.1 0 62.6 87.0 85.7 8.3 75.7 11.1 24.2
Salmon steak 167 237 0 8 0.08 0 68.3 66.7 55.3 104 46.0 18.0 42,5
Steak 139 26.7 0.7 33 0.062 0 70 40.6 25.7 12.0 30.6 52.5 90.9
Steak pieces 139 26.7 0.7 33 0.062 0 70 421 289 10.2 321 53.1 86.8
Tofu 145 16 2 8 0.19 0.3 77.6 28.7 10.2 135 6.2 17.5 47.2
Tomatoes (canned) 24 1.5 4.5 0.5 0.1 0.7 94.1 54.6 37.8 18.8 36.4 5.5 9.1
Tomatoes (raw) 20 0.7 29 0.4 0.002 14 95.4 38.1 109 14.7 13.9 274 295
Tortilla chips 482 7 62 22 0.59 43 26 722 64.0 16.3 51.0 53.0 54.0
White fish (cod) 81 19 0.5 1 0.16 0 76 45.0 271 6.2 258 16.3 41.8

2 Based on package information and the Dutch Food Composition Table (NEVO-online version 2011/3.0).

(1) %4
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dietary restraint was also excluded and participants were asked to
complete the restraint section of the Dutch Eating Behavior Ques-
tionnaire (Van Strien, Frijters, Roosen, Knuiman-Hijl, & Defares,
1985). Participants had no food allergies, intolerances or specific
food dislikes, and all were familiar with the 35 foods tested. Partic-
ipants gave their informed consent before being allowed to partic-
ipate in data collection. The same subjects completed the oral
processing measures and the expected satiation task.

Trained sensory panel

The sensory differences between the 35 food items were char-
acterized using a trained descriptive sensory panel of 11 trained fe-
male sensory assessors (aged =43.8 +6.1y) that had previously
been screened for normal sensory acuity and had broad experience
across a range of product categories.

Experimental procedure

Oral processing measures

The oral processing behavior measures were taken at lunch
time each day and participants were invited to consume a standard
50 g portion of each food item, with 7 food items served each test
day, across 5 consecutive test days. Participants received all 35
products and for practical reasons, the same 7 products were
served within each test session. The order of sample presentation
was randomized within each session to reduce order effects. Sub-
jects were instructed to consume their normal breakfast the morn-
ing of the test session and not to eat for the three hours before the
lunch-time session. All food items were served in individual sen-
sory booths and subjects had access to 150 ml of water and were
encouraged to rinse between foods during the session. Each lunch-
time session lasted approximately 45 min. Each test session began
with hunger and fullness ratings recorded on 100-mm line scales,
and on receiving each food item participants were asked to rate
their liking for the food on a 100 mm line scale.

Each individual sensory booth was fitted with a computer
equipped with a webcam that was positioned approximately
30 ¢cm from the participant below the monitor. When participants
were served the 50 g portion of each food item, they were in-
structed to eat at their usual rate while being video-recorded. Par-
ticipants were informed prior to the session that they would be
recorded on video, but were unable to see themselves on the video
display and were not informed which behaviors were measured
since this may have influenced their eating behavior. Several sub-
jects did not consume one or two individual foods items, such that
a total of 509 (out of 15 x 35 =525) video recordings were coded
for their oral processing behavior using specialized behavioral
observation software (Noldus Information Technology BV, “The
Observer XT”, The Netherlands). A coding scheme was developed
for the Noldus software to record the frequencies of three key point
events (bites, chews and swallows) and simultaneously coding the
duration and frequency of a state event (total oral exposure time).
An example of a coding scheme for approximately ten bites

highlighting the oral exposure time, bites, chews and swallows is
shown in Fig. 1. This approach enabled accurate oral exposure time
measures as only the time spent by the food in mouth was collated
to create a final figure. The average bite size was calculated by
dividing the total weight of food consumed by the number of bites
required to consume it. Relationships between original measures
enabled chew rate (chews/s), bite size (g/bite), chews/bite, and eat-
ing rate (g/time) to be calculated. Eating rate was calculated by
taking the weight of food consumed and dividing it by the total
oral exposure time required to consume it. All video coding was
completed by a single coder. The coding scheme and performance
was validated through standard reliability measures by a second
trained coder to achieve an acceptable range (min. 80% of
agreement).

Descriptive analyses of the 35 food items

The sensory panel were trained over three days during which
time products were tasted and sensory attributes were proposed
and defined. Reference standards were used during attribute defi-
nition and model taste solutions were prepared based on previ-
ously published levels for sweetness, saltiness and savouriness
(Viskaal-van Dongen et al., 2012). The panel received some of the
35 food items during training sessions to familiarize them with
the frame of reference for the evaluation. For the sensory assess-
ment, each assessor received 10 g of each food item that had been
prepared using the same cooking procedure as the oral processing
test. All samples were profiled in duplicate by all assessors and the
order of presentation was randomized within each test day to re-
duce first order and carryover effects. Between products assessors
were encouraged to cleanse their palates with water and bread
during the 3 min break between samples. All data collection was
completed using the Fizz program (Fizz, Biosystems, Couternon)
for computerized data collection and all sensory intensities were
captured on a 100 mm line scale anchored from “not at all” to “ex-
tremely” for each of the different sensory attributes rated. The six
sensory attributes profiled are defined in Table 2.

Expected satiation

In a separate session, the 15 volunteers from the oral processing
measures were invited to perform the expected satiation task, such
that differences in eating behaviors could be linked back to differ-
ences in expected satiation from the same group. A standard 200 g
portion of each of the 35 food items was photographed on a white
plate of diameter 255 cm. Camera angle, lighting and position
above the plate were standardized to minimise visual differences
between each image. The 35 food items were prepared using the
same standardized procedure as for the oral processing and sen-
sory measures to ensure consistency across all measures. All data
was collected using the data acquisition software Fizz and partici-
pant hunger and fullness were rated at the beginning of the session
to ensure all participants were in a similar hunger state when mak-
ing their judgements. Participants were presented with the food
item image on screen and asked to rate “how filing would you
expect this portion of this food to be?” Participants rated the
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Fig. 1. Illustration of coding scheme for the assessment of number of bites, swallows and chews with the help of video observation. In this study, 15 people consumed 50 g of

each of 35 foods, representing savoury solid component of the hot meal.
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Table 2

Sensory attributes, definitions and scale anchors for the 35 food items profiled.
Sensory attribute Definition Anchors
Overall flavour The overall flavour intensity associated with the taste & smell properties of the food Low to high
Sweetness The sweetness of the sample as associated with the sweetness of sucrose Low to high
Salt The saltiness of the sample as associated with NaCl Low to high
Savoury The savoury intensity of the sample as associated with mono-sodium-glutamate Low to high
Firmness The firmness of the sample defined by the force required for the first bite Low to high
Chewiness The chewiness associated with the work required to chew the sample before swallowing Low to high

expected satiation on a 100 mm line scale anchored from “not full
at all” to “extremely full”. This procedure was repeated for the 35
food items and image presentation order was randomized across
participants. Average expected satiation values were calculated
for all 35 food items by averaging across participants.

Data analyses

Oral processing behavior data was collected using a full cross
over design. To account for differences between subjects, a Linear
Mixed Model was constructed incorporating a random subject ef-
fect. This approach accounted for the differences between subjects
and with incomplete data sets from one or two subjects. Summary
values for each measurement were presented as estimated means
based on a Linear Mixed Model taking subjects as a random factor.
The reported F- and p-values denote the F-value associated with
the fixed product effect and the corresponding significance respec-
tively. A Fisher’s Least Significant Difference (LSD) was calculated
to indicate the minimum difference required between two prod-
ucts. Spearman’s rank correlations between each measure were
calculated based on the estimated means to obtain a robust esti-
mate of the relationship between the measures. Spearman’s rank
correlation coefficient has been used throughout as it is robust to
specific deviations from the center. All data analyses were carried
out using the software R 2.12.1 while the library “nlme” was used
to estimate the effects of the Linear Mixed Models.

The sensory data was analyzed using the Fizz software to pro-
duce estimated means for correlation against the other measures
in the study. The estimated means were calculated for each of
the sensory attributes using a General Linear Model with product
as a fixed effect, and a random subject effect. Differences between
the attributes were assessed by ANOVA and a summary plot of all
sensory differences was prepared using Principal Components
Analysis (PCA). Each assessor’'s expected satiation estimate for
the 35 foods was also analyzed by a Linear Model and the esti-
mated means, p-values and F-ratio’s for each product were sum-
marized to highlight the differences between products.

Results
Oral processing characteristics

Bites and swallows

Table 3 summarizes the main oral processing characteristics for
each of the 35 foods. The average observed number of bites to con-
sume 50 g of a product varied from 5 for raw tomatoes to 33 for
tortilla chips, which is a 6-fold difference between the two foods.
For most foods, the number of swallows coincided with the num-
ber of bites, with a high correlation (R? = 0.94, p < 0.001) between
the average number of bites and the average number of swallows
across the 35 foods. The average bite size varied reciprocally with
number of bites (negative correlation R? =0.68, p < 0.001), from
1.6 g per bite tortilla chips to about 10 g per bite for tomatoes, such
that foods consumed with small bite sizes required a larger

number of bites to be processed. Two thirds of the foods had a typ-
ical bite size of 5-8 g.

Chews eating rate and oro-sensory exposure time

The average observed number of chews was 155, and varied
from 27 for mashed potatoes to 488 for the tortilla chips, resem-
bling an 18-fold difference. Foods consumed with a smaller num-
ber of chews were also consumed with fewer bites (R?=0.69,
p <0.001). For most products the number of chews per bite was be-
tween 10 and 20 (Table 3). The mashed products and canned toma-
toes had a smaller number of chews (<7 chews/bite), whereas
some protein rich products had a higher number of chews
(>20 chews/bite). The average eating rate for the 35 food items is
summarized in Fig. 2. Eating rate varied from 12 and 101 g/min,
and was inversely related to the number of bites (R?=0.23,
p<0.001), chews (R*=0.59, p<0.001) and swallows (R*>=0.35,
p <0.001). Softer foods, like mashed carrots, lasagna, mashed pota-
toes, and canned tomatoes had the highest eating rates.

Oral exposure time co-varied with the number of bites
(R?=0.74, p<0.001) and number of chews (R*=0.98, p <0.001)
such that longer oral exposure times were associated with more
bites and chews. The lowest oral sensory exposure times were
about 28-30 s for canned tomatoes and mashed potatoes (=0.6 s
exposure/g food), whereas tortilla chips was an outlier with 349 s
(=7 s exposure/g food). Pieces of steak, raw carrots and fried pota-
toes had the longest oral exposure times of about 180 s, which is
equivalent of 3-4 s for each g of food (Table 3).

In most cases, food processing led to a decrease in oro-sensory
exposure time. For example, from raw to mashed carrots,
175 — 53 5/50 g; boiled potatoes — mashed potatoes, 59 — 29 s/
50 g; raw tomatoes — canned tomatoes, 47 — 28 s/50 g; steamed
broccoli — boiled broccoli, 131 — 79 s/50g. However, not all
food processing led to faster eating times as was seen when home-
made burger was compared to premade burger, chicken breast was
compared to chicken nuggets and salmon steak compared to
canned salmon all of which had approximately equal exposure
times.

Chewing rate

Whereas there were 6-18-fold differences between products in
terms of the number of chews, number of bites, eating rate and oral
sensory exposure times, the differences in chewing rates were
smaller between products. Chewing rate was lowest for the
mashed potatoes with about 31 chews/min, whereas raw carrots
required 86 chews/min. Overall, the chewing rate among the foods
was very consistent, with thirty of the 35 products having chewing
rates between 55 and 75 chews minute, i.e. around 1 chew/s.

Relation between food composition and oral processing characteristics

Figure 3a-f shows the relationship between macronutrient con-
tent, energy density, water content and total number of chews.
Water content was only measure that was significantly correlated
to the expected satiation ratings and this was found to be nega-
tively related to the number of chews (R, = —0.36). Energy density



Table 3

Summary of the oral processing behaviour and expected satiation ratings for 50g of the 35 food items (+Standard Error).

Product of bites Average no. Chews (n) Swallows (n) Chew rate (chew/min) Chews per bite Bite size (g/bite) Oral exposure time (s) Eating rate (g/min) Expected satiation®
Boiled potatoes 8(0.9) 78 (17.8) 8(0.9) 56 (4.1) 1(1.9) 6.8 (0.5) 59 (12.7) 53.3 (4) 67 (5.0)
Broccoli (cooked) 8(0.9) 116 (17.8) 8(0.9) 66 (4.1) 16 (1.9) 6.9 (0.5) 79 (12.7) 415 (4) 39 (5.0)
Broccoli (steamed) 10 (0.9) 196 (18) 10 (0.9) 68 (4.1) 20 (2) 5.4 (0.5) 131 (12.8) 26.5 (4) 48 (5.0)
Bulgour 11 (0.9) 182 (17.8) 12 (0.9) 68 (4.1) 16 (1.9) 4.8 (0.5) 127 (12.7) 28 (4) 74 (5.0)
Burger (homemade) 7(0.9) 147 (18.1) 9(0.9) 68 (4.1) 21(2) 7.3 (0.5) 105 (13) 322 (4.1) 79 (5.0)
Burger (premade) 8(0.9) 136 (17.8) 9(0.9) 66 (4.1) 18 (1.9) 6.8 (0.5) 94 (12.7) 35.6 (4) 79 (5.0)
Carrots (boiled) 6(0.9) 149 (18) 7(0.9) 75 (4.1) 24 (2) 8.2(0.5) 92 (12.8) 36 (4) 43 (5.0)
Carrots (mashed) 9(0.9) 68 (18) 9(0.9) 50 (4.1) 8(2) 6.2 (0.5) 53 (12.8) 64.6 (4) 46 (5.0)
Carrots (raw) 9(0.9) 290 (18) 10 (0.9) 86 (4.1) 32 (2) 5.9 (0.5) 175 (12.8) 19.3 (4) 37 (5.0)
Chicken breast 9(0.9) 190 (17.8) 11 (0.9) 68 (4.1) 22 (1.9) 6(0.5) 136 (12.7) 26.6 (4) 64 (5.0)
Chicken nuggets 9(0.9) 187 (17.8) 11 (0.9) 73 (4.1) 20(1.9) 5.5(0.5) 124 (12.7) 27.2 (4) 76 (5.0)
Chicken sliced 10 (0.9) 137 (18.1) 12 (0.9) 57 (4.1) 15(2) 5.4 (0.5) 95 (13) 333 (4.1) 77 (5.0)
Egg 6(0.9) 85 (18.1) 7(0.9) 57 (4.1) 17 (2) 9.5 (0.5) 68 (13) 47.7 (4.1) 76 (5.0)
Fish fingers 8(0.9) 108 (17.8) 8(0.9) 61 (4.1) 14 (1.9) 6.6 (0.5) 78 (12.7) 427 (4) 66 (5.0)
Fried potatoes 18 (0.9) 259 (17.8) 15 (0.9) 73 (4.1) 15 (1.9) 3.4 (0.5) 176 (12.7) 20.3 (4) 79 (5.0)
Garlic bread 8(0.9) 162 (17.8) 8(0.9) 66 (4.1) 21(1.9) 6.9 (0.5) 116 (12.7) 27.9 (4) 70 (5.0)
Hotdog 8(0.9) 141 (17.8) 8(0.9) 73 (4.1) 19 (1.9) 6.9 (0.5) 90 (12.7) 36.5 (4) 83 (5.0)
Lasagne 6(0.9) 63 (17.8) 6(0.9) 51 (4.1) 11(1.9) 8.9 (0.5) 48 (12.7) 66.1 (4) 63 (5.0)
Mashed potatoes 8(0.9) 27 (17.8) 8(0.9) 31 (4.1) 4(1.9) 6.7 (0.5) 29 (12.7) 93 (4) 50 (5.0)
Minced beef 13 (0.9) 199 (18.1) 12 (0.9) 70 (4.1) 15 (2) 41 (05) 138 (13) 242 (4.1) 79 (5.0)
Mushroom (canned) 9(0.9) 138 (18.1) 9(0.9) 73 (4.1) 16 (2) 6 (0.5) 86 (13) 39.7 (4.1) 43 (5.0)
Pasta 11 (0.9) 184 (17.8) 11 (0.9) 70 (4.1) 17 (1.9) 5(0.5) 127 (12.7) 27.6 (4) 63 (5.0)
Pizza 8(0.9) 144 (17.8) 9(0.9) 65 (4.1) 18 (1.9) 6.4 (0.5) 101 (12.7) 31.8 (4) 66 (5.0)
Quiche 7(0.9) 100 (17.8) 9(0.9) 55 (4.1) 15 (1.9) 7.4 (0.5) 79 (12.7) 38.6 (4) 80 (5.0)
Rice 10 (0.9) 132 (17.8) 10 (0.9) 62 (4.1) 13 (1.9) 5.3 (0.5) 93 (12.7) 34.8 (4) 67 (5.0)
Salmon canned 11 (0.9) 177 (18.1) 11 (0.9) 63 (4.1) 16 (2) 4.8 (0.5) 138 (13) 26 (4.1) 62 (5.0)
Salmon smoked 12 (0.9) 127 (18.1) 12 (0.9) 57 (4.1) 12(2) 4.9 (0.5) 89 (13) 36.7 (4.1) 60(5.0)
Salmon steak 9(0.9) 102 (18.1) 10 (0.9) 58 (4.1) 11(2) 5.8 (0.5) 79 (13) 406 (4.1) 65 (5.0)
Steak 9(0.9) 209 (17.8) 10 (0.9) 69 (4.1) 24 (1.9) 6.4 (0.5) 146 (12.7) 26.2 (4) 76 (5.0)
Steak pieces 16 (0.9) 282 (17.8) 16 (0.9) 73 (4.1) 18 (1.9) 3.3 (0.5) 192 (12.7) 18.2 (4) 79 (5.0)
Tofu 7 (0.9) 199 (18.6) 10 (1) 67 (4.1) 31(2) 7.9 (0.5) 145 (13.3) 27.7 (4.2) 64 (5.0))
Tomatoes (canned) 6(0.9) 36 (17.8) 6(0.9) 39 (4.1) 7(1.9) 9.1(0.5) 28 (12.7) 101.1 (4) 26 (5.0)
Tomatoes (raw) 5(0.9) 69 (17.8) 6(0.9) 62 (4.1) 14 (1.9) 10.2 (0.5) 47 (12.7) 63.2 (4) 33 (5.0)
Tortilla chips 33 (0.9) 488 (18.1) 25 (0.9) 74 (4.1) 15 (2) 1.6 (0.5) 349 (13) 12.4 (4.1) 72 (5.0)
White fish (Cod) 10 (0.9) 115 (18.1) 10 (0.9) 63 (4.1) 12(2) 5.5 (0.5) 85 (13) 40 (4.1) 55 (5.0)
F value 45.2 383 23.0 28.6 22,6 315 41.2 114

df 34 34 34 34 34 34 34 34

P value 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
LSD 20 38.1 2.0 5.5 1.0 288 8.4 1.2

¢ Rated on a 100 mm VAS scale.
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Fig. 2. Mean eating rate (g/min) for the 35 food items (+Standard Error).
Rsp = 0.25), protein (Rsp=0.29), carbohydrate (Rs,=0.01), fat boiled and mashed carrots were the only products with significant
p p p y p yp g

(Rp=0.11) and fiber content (Rs,=0.09) were not significantly
related to the number of chews. There was a positive though
non-significant relationship between total protein content and to-
tal chews which indicated that foods with higher protein content
perhaps had more structure and as such required more chews to
process before swallowing. It is interesting to note that for the
most part, chew rate was independent of the composition of the
foods, such that neither energy density, water content nor macro-
nutrient content significantly influenced the rate at which the dif-
ferent food items were chewed.

Relation between sensory profile and oral processing characteristics

Figure 4 shows a bi-plot summary of the sensory profile of the
35 tasted foods and indicates two main dimensions along which
the foods were separated. The first dimension related to differences
among products in overall taste/flavor intensity whereas the sec-
ond dimension related to differences in the texture properties.
Saltiness was highly correlated to savouriness (R?=0.92,
p <0.001) and overall flavor intensity (R*=0.81, p <0.001), but
not to sweetness (R?=0.04, p <0.23). As shown in Table 1, raw,

levels of sweetness. Premade burger, sliced chicken, quiche, tortilla
chips and smoked salmon were the product with the highest fla-
vour intensity (>6.8 on 100 mm scale).

The strongest relationships between the sensory profile and
oral processing characteristics were seen between the two texture
related attributes (chewiness, firmness), and not with the four
taste characteristics (overall flavor intensity, saltiness, savouriness
and sweetness). Chewiness was positively related to number of
chews (R?=0.40, p <0.001), chew rate (R*=0.52, p<0.001) and
oral exposure time (R?> = 0.37, p < 0.001), but negatively related to
eating rate (R? = 0.54, p < 0.001). Overall, the variation in each food
items taste intensity did not influence the way in which the food
was orally processed.

Expected satiation

Figure 5 shows the expected satiation scores in increasing va-
lue, from about 2.6 for canned tomatoes to about 8 for hotdogs.
Hotdogs, quiches, burgers and steak pieces were among the prod-
ucts expected to confer the most satiation, whereas cooked and
mashed vegetables and the fish product were expected to confer
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chews across 15 subjects for each product.
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Fig. 4. Principal Components Analysis (PCA) of the mean sensory intensities for the 35 foods items.

relatively poor satiation. It is interesting to note that raw, boiled
and mashed carrots had similar scores with respect to expected
satiation.

Expected satiation was related positively to energy density
(R>=0.40, p<0.001), the protein content (R*=0.33, p<0.001),

and the fat content (R?>=0.38, p <0.001), but negatively related
to the water content (R? = 0.46, p < 0.001). Carbohydrate and fiber
content were not significantly correlated to expected satiation
scores. With respect to the sensory attributes, there was a signifi-
cant positive association with saltiness intensity (R*>=0.12,
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Fig. 5. Average expected satiation scores on a 100-mm VAS scale, (+Standard Error) for 35 the food items.

p=0.04) and food chewiness (R*=0.15, p<0.01), whereas the
other sensory attributes were not related to expected satiation.
Four of the seven oral processing characteristics were significantly
related to expected satiation, the number of swallows (R? =0.14,
p=0.03), bite size (negative correlation R?=0.14, p = 0.03), oral
exposure time (R? = 0.11, p = 0.05) and eating rate (negative corre-
lation; R? = 0.27, p < 0.001). Therefore, foods that have a higher ex-
pected satiation were consumed with smaller bite sizes and were
chewed for longer, than foods that were not expected to be as
filling.

Relationship between oral processing and food liking

Participants in the oral processing task rated their liking for the
50 g portion of each food after they had consumed each food item.
Liking for each food was correlated with the sensory profile, mac-
ronutrient content and oral processing measures to explore rela-
tionships. The liking was positively correlated with the overall
flavour of the foods (R*=0.21, p=0.01), saltiness, (R?>=0.16,
p=0.02) and savouriness (R* = 0.17, p = 0.01) indicating that foods
with higher flavour tended to be rated higher in liking. There was a
negative relationship between liking and fiber content (R? = 0.36,

p=0.03) and a positive, non-significant, relationship with fat con-
tent (R>=0.11, p=0.05). We hypothesized that the more liked
foods would be eaten more quickly, in larger bites and would be
chewed differently than less liked food items. However, there were
no relationships between food liking and the oral processing char-
acteristics of the foods indicating that the hedonic properties of the
food did not influence the bites, chews, swallows or time in mouth
for any of the 35 foods. Liking was not correlated with the partic-
ipants rating of expected satiation for each food item (R? = 0.02,
p =0.42), indicating that the two measures differentiate the food
items independently.

Discussion

The current study builds on previous work on oral processing of
everyday foods and demonstrates that there are many important
differences in oral processing characteristics among solid savoury
meal components that are worth considering in the context of en-
ergy intake. The observed number of bites/chews/swallows varied
6-18-fold between softly textured foods that required little
chewing and harder textured foods that required many chews
before swallowing. The number of bites, chews, and swallows were
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highly correlated with derived measures such as bite size (2-10 g),
eating rate (12-101 g/min), chews/bite (3-31), and oro-sensory
exposure time (28-349 s/50 g). The high variability in number of
chews, bites and oro-sensory exposure time among the 35 foods,
indicates differences in the rate of energy intake when these foods
are consumed in a regular hot meal and may provide an opportu-
nity to design meals with lower or higher satiating efficiencies
through substitution of these components. The correlations be-
tween many of the measured variables were considerably lower
than those reported elsewhere, (Viskaal-van Dongen et al. 2011)
and this decrease can be explained by the much narrower range
of food textures (only solids) chosen compared to those previously
studied (liquids and solids). Nonetheless, many of the inter-rela-
tionships reported in the current paper were significant.

The current results are in line with other reported data on bite
size, number of chews, eating rate, and chews/bite of solid foods.
loakimidis et al. (2011) found an average bite size (mouthful
weight) for a chicken/vegetable meal of about 7-8 g/bite, whereas
we found typical bite sizes of 5-8 g. In the study of loakimidis et al.
(2011) it took the subjects about 800 chews for an average of 264 g
(=301 chews/100 g) of food, which is similar to the current average
of 160 chews/50 g food (=320 chews/100 g). Viskaal-van Dongen
et al. (2011) also found that eating rates of solid foods varied be-
tween 10 and 100 g/min, which is equivalent to the eating rates
in this study. loakimidis et al. (2011) observed that about 80% of
the bites consisted of a series of 8-20 chews/bite, whereas in this
study this is the case for 62% of the bites. The actual ranges for
number of chews/bite in the studies coincide. The similarity be-
tween the results of loakimidis et al. (2011) and this study is strik-
ing, as their study comprised one solid meal for 6 women, and the
current study comprised 35 single solid foods for 10 women and 5
men.

Whereas number of chews, bites and swallows were highly cor-
related, chewing rate stands out in its relative constancy between
various foods. Foods with a different required number of chews
and bites were chewed at a rate of approximately 1 chew/s. This
indicates that chewing follows a pattern that is more or less auto-
matic and is less dependent of the sensory or physical-chemical
characteristics of the foods. This value is in the range of values re-
ported in the literature, where values were reported from 1 to
1.8 chews/s (Bellisle & Le Magnen, 1981; Spiegel et al., 1993; Henne-
quin et al., 2005; Ioakimidis et al., 2011). This observation concurs
with the suggestion of loakimidis et al. (2011), that the “human
chewing pattern is relatively stereotyped”. In a recent paper, Loret
et al. (2011) demonstrated that subjects had their own mastication
strategy for food bolus formation across a range of different cereals
that had similar physical properties at the point of swallowing.

As expected, more softly textured foods required less chewing,
were consumed faster and resulted in less oro-sensory exposure
time. The mashed foods required less chewing and were consumed
very fast. Most processed foods had softer textures, but this was
not always the case. Tortilla chips, which are highly processed
food, had the lowest eating rate in this study. This finding indicates
that food processing per se does not always lead to faster eating
rates and lower oro-sensory exposure times.

The relationship between the nutritional/chemical composition
of the foods and the oral processing characteristics showed that
more energy dense products required more chews, and resulted
in a longer oro-sensory exposure times. By contrast, higher water
content led to the opposite trend and resulted in less chews and
a shorter oro-sensory exposure time. These results make sense as
a higher energy density will usually coincide with a lower water
content and relative more solid mass. A more solid mass will usu-
ally require more chewing. From this perspective it is somewhat
surprising that higher macronutrient contents and higher fiber
levels had no consistent relationship with number of chews and

oro-sensory exposure time. One explanation could be that the
way of processing or preparation is more important for variance
in oral processing characteristics than separate macronutrient con-
tents per se. Also, carbohydrates are easily dissolvable in water and
may have softer textures also with higher concentrations. A similar
notion applies for fat, which may be associated with creaminess
and smoothness (e.g. Kahkonen & Tuorila, 1999). There was also
a lack of correspondence between the taste properties of the foods
and the way in which they were orally processed. The current trial
did not control for the separate effects of oral processing behavior
and macro-nutrient content, choosing instead to use a wide selec-
tion of everyday food items. Further research should investigate
whether there is an optimum macronutrient profile, which
provides the composition to sustain satiety while simultaneously
providing a structure that leads to longer oral processing times.

With regard to differences in the physical-chemical composi-
tion of foods and the effort and time required for oral processing,
Hutchings and Lillford (1988) previously proposed the food oral
process model to explain the breakdown path for different food
types. This approach summarized food oral breakdown on three
dimensions of degree of structure, degree of lubrication needed
for swallow and the time required in mouth to process the bite into
a bolus that can be swallowed. More recently, Loret et al. (2011)
have studied food bolus consistency before swallowing and food
particles suspended in a large saliva fraction (approximately 50%)
at the point of swallow. The rate of saliva flow controlled the num-
ber of chewing cycles and the time in mouth required before an
individual chose to swallow. Taken together, these findings can
be applied to better explain the variation in oral processing time
we have observed across the 35 food items in the current study,
as a function of structure, lubrication and time required to form
a bolus for swallowing. A deeper understanding of the physical-
chemical processes involved in the trajectory of oral breakdown
may help in the design of foods with a longer oral exposure time
and a greater requirement for chewing that result in earlier satia-
tion and reduced energy intake. Focusing on a foods oral exposure
time as a function of its structure, may lead to a twofold effect of
increasing the oral exposure time to promote interaction with
the sensory systems while simultaneously slowing the rate at
which calories are consumed within a meal.

With respect to the association between sensory characteristics
of the foods and the oral processing characteristics, the texture
properties had more effect than taste properties. The perceived
chewiness was correlated to total number of chews and both
chewiness and firmness were related to the oro-sensory exposure
time. The perceived firmness refers to the force required for first
bite, whereas chewiness reflects the inherent structure within
the product and the length of time and amount of work required
to process the food to a bolus that can be swallowed safely (Loret
et al,, 2011).

Variation in expected satiation scores were observed for each
food with a threefold difference in the range between foods with
low expected satiation and highly filling foods and such as hotdogs,
quiches and other energy dense foods. It is not surprising that the
lowest expected satiation rating was for a softly textured foods
with a low amount of energy, (i.e. vegetables). Expected satiation
was positively related to energy density, fat and protein content
of the foods, but not to the carbohydrate or fiber content. This
may be related to the notion that within the 35 experimental
foods, there was a larger variation in protein and fat content than
in carbohydrate and fiber content (Table 1). Hot savoury meals
tend to have a higher percentage of fat and protein than the other
meals of the day. Expected satiation was also related to the per-
ceived saltiness and chewiness of the food products, and a number
of oral processing characteristics, such as oro-sensory exposure
time and eating rate. This indicates that subjects may have an
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intuitive knowledge that foods that have a higher sensory intensity
or require longer chewing have a higher satiating efficiency. This
idea is in-line with the results of the studies of (Weijzen, Zandstra,
Alfieri, & de Graaf, 2008) and Bolhuis et al. (2011) on the effect of
sensory intensity on ad libitum food intake, and with a large num-
ber of studies on negative association between oro-sensory expo-
sure time ad libitum food intake (see for review de Graaf, 2011).
Recent findings that correlate sensory properties to expected sati-
ation have also shown that higher thickness predicts higher ex-
pected satiation in both yogurts and soups (Hogenkamp et al.,
2010). These results indicate a key role for food texture in inform-
ing consumers expectations of satiation, and this likely a learned
association between the sensory properties and experiences of full-
ness post consumption. The measure of expected satiation in the
current trial is a rough proxy estimate for actual fullness, and as
such we exercise caution in drawing inferences in the absence of
actual fullness data.

The notion that a longer oro-sensory exposure time is related to
a higher satiating efficiency is congruent with the idea that the
taste system serves as a nutrient sensing system (Yarmolinsky, Zu-
ker, & Ryba, 2009). With liquids and with foods that are eaten
quickly this system is bypassed and is not capable of orally meter-
ing calorie intake. The taste system informs that brain and the GI
tract about the inflow of macronutrients through the cephalic
phase responses. The cephalic phase response requires a consider-
able amount of time for taste stimulation and/or chewing as shown
in the studies by Teff (2010). Liquids do not elicit the same cephalic
phase response as solids (Teff, 2010). This idea is also in line with a
recent number of studies that have shown that slower eating re-
sults in higher levels of satiety hormones such a GLP-1 and PYY,
and a stronger suppression of ghrelin levels, which is a hormone
that increases hunger (Kokkinos et al., 2010; Li et al., 2011).

If foods can be designed to give rise to earlier meal termination,
this may be an effective way to reduce total energy intake across a
day. Many studies have shown that people do not change their en-
ergy intake from meal to meal, i.e. a smaller or larger intake at
breakfast does not lead to compensation later in the day (e.g. de
Castro, 1988). This lack of compensation has been shown to occur
over a longer term basis (e.g. De Graaf, Hulshof, Weststrate, &
Hautvast, 1996; Kendall, Levitsky, Strupp, & Lissner, 1991). Rolls,
Roe, and Meengs, (2006), (2007) showed in two recent studies that
decreasing or increasing energy density and portion size led to sus-
tained decreases and increases in energy intake. Levitsky and
Pacanowski (2011) has demonstrated that total daily energy intake
could be lowered by replacing a lunch meal with a lower calorie
version of a lunch meal over a period of 10 days, without any sign
of caloric compensation. These results are encouraging and indi-
cate that achieving earlier satiation within meals could lead to
meaningful decreases in overall energy intake that are not com-
pensated for in the long term. By contrast, the findings from the
current study may potentially present an opportunity to optimise
the texture profile of foods for older consumers to encourage con-
sumption of food and improve energy and nutrient intakes in this
vulnerable population.

The concept of eating rate is not only a property of a food, but
can also be considered as a property of a person. There is evidence
that eating rate is involved in the development of obesity from
both perspectives. First, there is substantial evidence that adding
liquid calories (fast foods) leads to an higher energy intakes and
body weights (e.g. Chen et al., 2009; Malik, Popkin, & Bray, 2010;
Schulze et al., 2004), whereas there is also evidence that omitting
liquid calories from the diet leads to a lower energy intake and
body weights (Chen et al., 2009). This is not true for solid calories
(Chen et al., 2009), since most of daily energy intake comes from
solid savoury meals that cannot be removed as easily as unneces-
sary liquid calories. On the other person related side of eating rate,

there have been reports that eating faster can lead to obesity
(Otsuka et al., 2006; Sasaki, Katagiri, Tsuji, Shimoda, & Amano,
2003) and that slower eating rate can be used to reduce food intake
(Martin et al., 2007). In a recent study of Llewellyn, van Jaarsveld,
Boniface, Carnell, and Wardle (2008), it was suggested that already
in 5-10y old children that eating rate was a heritable phenotype
related to the body mass index. Within this context it is worth-
while to note a recent study of Ford, who trained obese children
to eat more slowly, which lead to sustained changes in behavior
and energy intake (Ford et al., 2010). Therefore, eating behaviors
may be heritable, but can be changed. These two perspectives
put eating rate and oro-sensory exposure at the heart of the
regulation of energy intake.

In summary, alternative components of a hot meal differ con-
siderably in their oral processing characteristics. These characteris-
tics such as number of chews, bites, and swallows can be measured
reliably using the current approach and there are clear differences
among everyday savoury meal components. A higher number of
chews and bites generally co-vary with longer oro-sensory expo-
sure times and lower eating rates. The oral processing characteris-
tics are primarily determined by texture related factors, where
softer textures result in less chewing activity and lower oro-sen-
sory exposure times. This implies a need to focus on the design
of foods with structures that lead to longer oral exposure and times
that cue satiation earlier to reduce calorie intake. The next ques-
tion is then whether or not alternative food structures with lower
or higher satiating efficiencies will lead to higher and lower ad libi-
tum food intake within a meal.
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