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Oral processing behaviours of liquid, solid and
composite foods are primarily driven by texture,
mechanical and lubrication properties rather than
by taste intensity
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The aim of this study was to understand the influence of saltiness and sweetness intensity on oral proces-
sing behaviours of liquid, solid and composite foods. As salty foods, tomato sauce (liquid), penne pasta
(solid) and their combination (composite food) were used at two levels of saltiness intensity (low/high). As
sweet foods, strawberry sauce (liquid), milk gels (solid) and their combination (composite foods) were
used at two levels of sweetness intensity (low/high). Saltiness, sweetness, hardness, chewiness, and liking
were quantified using generalized labelled magnitude scales (gLMS). Oral processing behaviours were
determined using video recordings (n = 39, mean age 25 + 3 years) in a home-use-test (HUT) providing
fixed bite sizes for all foods. As expected, taste intensity differed significantly between samples within the
same food category. No significant effects of taste intensity on oral processing behaviours were found for
sweet and salty foods. As expected, consistency strongly affected the consumption time per bite, number
of chews per bite, number of chews per gram and eating rate. Solid foods were masticated for the longest
time with the highest number of chews per bite, followed by composite foods as the liquid added to the
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solid foods enhanced lubrication. Liquid foods were masticated for the shortest time. We conclude that
large differences in saltiness and sweetness intensity of liquid, solid and composite foods cause no differ-
ences in oral processing behaviours. We suggest that oral processing behaviours are primarily driven by
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1. Introduction

Food oral processing behaviour plays an important role in
taste and texture perception of foods."” The combined action
of mastication and salivation leads to breakdown of foods and
bolus formation allowing a safe swallow.>* During oral proces-
sing of many solid foods, the total surface area of food par-
ticles increases, which facilitates the release of taste com-
pounds from the food matrix into saliva, enhancing taste
perception.”” Differences in oral processing behaviours can
cause changes in sensory perception of foods. Doyennette
et al. (2019) showed that dynamic texture and flavour percep-
tion of ice creams depends on consumption style.® Similarly,
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texture, mechanical and lubrication properties of foods rather than by their taste intensity.

Devezeaux de Lavergne et al. showed that dynamic sensory per-
ception of sausages differs between consumers varying in
eating speed.”

Oral processing behaviours not only depend on anatomical
and physiological consumer characteristics®' but also depend
on physicochemical, rheological, mechanical and tribological
properties of foods.""'* Wee et al. (2018) determined instru-
mental texture properties and oral processing behaviours of a
wide range of solid foods (n = 59). They reported that less
adhesive, more springy, chewy and resilient solid foods require
a greater number of chews.”® Aguayo-Mendoza et al. (2018)
showed that for liquid and semi-solid foods, oral behaviours
were driven by rheological food properties. Consumption time
of liquid and semi-solid foods correlated positively with con-
sistency (viscosity at shear rate of 1 s7*), while for solid foods,
positive correlations between oral behaviours such as number
of chews and eating rate and Young’s modulus were found."
Other authors found positive relationships between hardness
of solid foods and oral behavioural parameters such as masti-
catory force, jaw muscle activity, movement of the lower jaw
and chewing cycle duration.’"'*'> It was also shown that dry
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foods require more chewing cycles compared to moist foods,
since incorporation of saliva into the bolus is needed to
prepare a food bolus that is sufficiently lubricated to be swal-
lowed safely.""'® Mechanical properties of foods do not only
impact oral behaviours, but also sensory properties. For a
variety of foods, increasing food hardness resulted in
decreased flavour intensity."’ > While it is well known that
rheological, mechanical, texture and lubrication properties of
foods strongly affect oral behaviours and sensory perception,
less attention has been paid to the effect of taste properties on
oral processing behaviours. It has been shown that mild bitter-
ness of model gels does not affect chewing muscle activity and
chewing frequency.”® In a follow up study, Neyraud et al.
(2005) used viscoelastic gels with varying concentration of
quinine and measured masticatory muscle activities. A shorter
mastication time (fewer bites, less muscle effort) and longer
clearance time was observed with increasing bitterness.”*
Using salted chewing gums, Neyraud et al. (2003) observed
that with incrementing saltiness intensity, chewing activity
and salivation increased.”” De Wijk et al. (2006) used M-mode
ultrasound imaging to characterize oral movements during the
consumption of custards differing in viscosity and sweetness.
A higher sweetness intensity resulted in an increased oral pro-
cessing time and oral movements. However, oral movements
were quantified as the relative change in the ultrasound
images from one moment to the next and were not reported in
terms of numbers of chews or eating rate.*® Bolhuis et al.
(2011) showed that oro-sensory exposure time was not influ-
enced by saltiness intensity of soups.”” More recently,
Lasschuijt et al. (2017) demonstrated that neither number of
chews, chewing duration, chewing rate nor eating rate were
affected by sweetness intensity of model gels.*® The afore sum-
marized literature shows that the mechanisms underlying the
influence of taste intensity on oral processing behaviours are
not fully understood and largely depend on the food studied,
stressing the complexity of the phenomena involved. When
modifications of the taste properties are accompanied by
changes in the texture or mechanical properties of the foods,
then an increase in muscular activity or changes in oral proces-
sing behaviour can be caused by an adaptation of oral behav-
iour to the changes in food texture. When modifications of the
taste properties are realized while maintaining texture or
mechanical properties of the foods, then peripheral infor-
mation originating from temperature and taste receptors
might be signalled in the brain which could affect mastication
behaviour.>® Thus, it has been suggested that cognitive pro-
cesses, in addition to reflex control, can influence oral proces-
sing and mastication behaviour of foods with similar texture
and mechanical properties but differing in taste
properties.>®?%?! Nevertheless, only few studies accounted for
food liking and/or familiarity when assessing oral processing
behaviours. Results have been inconsistent and largely depend
on the food that was studied. Forde et al. (2017) and Bellisle
and Le Magnen (1980) showed that for solid foods, liking was
negatively correlated with chews per bite and chewing
time.*>** However, other studies showed no relationships

5012 | Food Funct, 2022, 13, 5011-5022

View Article Online

Food & Function

between liking and oral processing behaviours.***> Brown and
Braxton (2000) identified that individuals use different mecha-
nisms for the oral breakdown of food, and thus suggested that
individual differences in the ability to manipulate and manage
the product in the mouth may influence individual preferences
of food.*® Bellisle et al. (2000) showed that highly palatable
foods were swallowed after minimal chewing, although the
meal duration was longer with more palatable foods.>” More
recently, Aguayo-Mendoza et al. (2018) showed that liking, fam-
iliarity, and consumption frequency had little impact on oral
processing behaviours in comparison to rheological and
mechanical properties of foods."?

Most studies investigating the relations between oral pro-
cessing behaviours and sensory properties of foods have been
conducted with model foods or single foods. However, in
reality, foods are most commonly consumed in combination
with other foods, thus studying heterogeneous foods, compo-
site foods and meals and their impact on oral processing beha-
viours resembles closer the natural consumption context.*®
Composite foods are usually characterized by a product com-
posed of various single foods which differ in composition,
mechanical properties and sensory characteristics.>® Oral pro-
cessing behaviours of composite foods differ from those of
single foods.*” Differences are attributed to the influence that
one food component can have on the breakdown and lubrica-
tion properties of the accompanying food during oral
processing.*>*" For example, the addition of spreads such as
butter, cheese spread and mayonnaise to a dry carrier such as
bread, toast or cracker, decreased number of chewing cycles
and increased eating rate compared to the dry carriers
alone.?>** It was also shown that an increase in hardness and
viscosity of composite foods reduced eating rate.*®3%*

To the best of our knowledge, oral processing behaviours of
liquid, solid and composite foods varying in taste intensity
have not been studied systematically yet. The aim of this study
was to understand the influence of saltiness and sweetness
intensity on oral processing behaviours of liquid, solid and
composite foods. In addition, potential differences in oral pro-
cessing behaviours between composite foods and solid foods
and the effect of liking on oral processing behaviours were
explored in a home-use-test (HUT). We hypothesize that (i)
taste intensity influences oral behaviours of liquid foods as
texture properties are less dominant in liquid foods, and that
(ii) taste intensity has no effect on oral behaviours of solid and
composite foods as their mechanical properties are the main
driver of oral behaviour. Lastly, we hypothesize that (iii) solid
foods require longer chewing time per bite and greater
number of chews per bite compared to composite foods, as the
liquid food assists in lubricating the bolus.

2. Materials and methods
2.1 Samples

An overview of all foods and their bite sizes is provided in
Table 1. Two sets of foods differing in taste modality (sweet,

This journal is © The Royal Society of Chemistry 2022
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Table 1 Overview of salty and sweet foods together with sample codes and size of one bite/sip

Taste modality ~Consistency Food Taste intensity Code Bite/sip size
Salty foods Liquid Tomato sauce Low T_LS 10 mL
High T_HS 10 mL
Solid Pasta penne Low P_LS Three pieces of penne (9 g in total)
High P_HS Three pieces of penne (9 g in total)
Composite  Pasta penne + tomato sauce Low PT_LS  Three pieces of penne + 10 mL of sauce (19 g in total)
High PT_HS  Three pieces of penne + 10 mL of sauce (19 g in total)
Sweet foods Liquid Strawberry sauce Low S_LSW 10 mL
High S_HSW 10 mL
Solid Milk gel Low M_LSW One milk gel cube (8 g)
High M_HSW One milk gel cube (8 g)
Composite  Milk gel + strawberry sauce Low MS_LSW One milk gel cube + 10 mL of sauce (18 g in total)
High MS_HSW One milk gel cube + 10 mL of sauce (18 g in total)

salty) were investigated. Within each set, foods varying in con-
sistency (3 levels: liquid, solid, composite) and tastant concen-
tration (2 levels: low, high) were prepared. As salty foods,
tomato sauce (liquid), penne pasta (solid) and their combi-
nation (composite food) were used at two levels of saltiness
intensity (low, high). As sweet foods, strawberry sauce (liquid),
milk gels (solid) and their combination (composite foods) were
used at two levels of sweetness intensity (low, high). Fig. 1 dis-
plays how foods were provided for the home-use-test (HUT).
Commercially available tomato sauce was used (Albert
Heijn, Tomaten Passata). For the low salt condition, the orig-
inal tomato sauce was used (0.5 w/w% NaCl). For the high salt
condition, table salt was added to the tomato sauce (3.0 w/w%
NacCl). Both tomato sauces were cooked in a pot until boiling,
after which they were left at room temperature to cool down,
then refrigerated overnight (4 °C) and poured into serving
cups (10 mL) for the evaluations. Commercially available pasta
penne were used (Albert Heijn, Penne). 500 g of pasta penne

A)

(4.5 x 1.4 cm (length x diameter); 3 g per piece) were cooked
for 11 minutes in 2 L of boiling water (100 °C) and sieved. For
the low salt condition, 250 g of the cooked pasta penne were
put in 62.5 mL of salted water (1% w/w NaCl), cooled to room
temperature, refrigerated overnight (4 °C), sieved and put in
serving containers (9 pieces, 27 g in total) for HUT evaluations.
For the high salt condition, 250 g of the cooked pasta was put
in 62.5 mL of salted water (10% w/w NacCl), let cool at room
temperature, refrigerated overnight (4 °C), sieved and put in
serving containers (9 pieces, 27 g in total) for HUT evaluations.

To prepare the salty composite foods, 9 pieces of penne
(27 g) were combined with 30 mL of tomato sauce. Pasta
penne were always combined with tomato sauce of the same
saltiness intensity condition, so low/low or high/high. To avoid
changes in the consistency of the pasta during storage caused
by addition of tomato sauce, composite foods were placed in
separate containers and were only mixed right before tasting
by the participant at their home.

B)

Low High Low High
4 o
Tomato sauce p E Ui a .
‘ Q Liquid \‘/ 6 Strawberry sauce
= food
Penne pasta Solid \l Milk gel
food )/ :
Penne pasta A\ Milk gel
+ Composite J Q’ \ +g
food
Tomato sauce p/ Strawberry sauce

Fig. 1 Visualization of all salty (A) and sweet (B) foods used in the home-use-test (HUT).
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To prepare liquid strawberry sauces differing in sweetness,
an aqueous solution of 0.5 w/w% (low sweetness condition) or
3.5 w/w% (high sweetness condition) sweetener (Stevia, Albert
Heijn, The Netherlands) was added to commercially available
strawberry jam (Céréal, Glucoregul) in a 1:1 ratio and mixed
with an electric mixer (Bourgini, 500 W) for 10 s. The straw-
berry sauce was poured into containers (10 mL) for HUT evalu-
ations. As sweet solid foods, milk gel cubes (2 x 2 x 2 cm
(length x width x height); 8 g per cube) were prepared. Full fat
milk (Albert Heijn, The Netherlands) was boiled with 4 w/w%
granulated sugar (Albert Heijn, The Netherlands) and 5 w/w%
gelatine (Dr Oetker, The Netherlands) in a pot. Low sweetness
milk gel cubes were prepared by adding 0.3 w/w% stevia
(Albert Heijn, The Netherlands) and high sweetness milk gel
cubes by adding 3.5 w/w% stevia to the hot liquid. The hot,
liquid mixture was poured into cubic moulds, solidified in the
refrigerator (4 °C) overnight and put in the evaluation contain-
ers (3 cubes, 24 g in total). Composite foods were prepared by
adding 30 mL of strawberry sauce to three milk gel cubes (24 g
in total) of similar sweetness intensity (low/low; high/high). To
avoid any changes in consistency of solid foods, composite
foods were kept separately and were only mixed by the partici-
pants at home immediately before tasting.

All salty and sweet foods were placed in separate closed con-
tainers and kept in the refrigerator (4 °C) until the testing
session. The bite size for the evaluation of each sample was
fixed (Table 1) and determined in a preliminary study with a
focus group who was not taking part in the main study (n = 10,
60% female). In the preliminary study participants were served
with larger amounts of all foods and were asked to consume
the solid and composite foods with a fork as they would nor-
mally do and to consume the liquid foods by drinking from a
cup as they would normally do. The weight balance before and
after consumption was determined to obtain the natural bite
size for each food in the preliminary study which was then
fixed for the main study (Table 1).

2.2 Participants

Fifty-five naive participants were recruited for this study via
social media and posters. After recruitment, participants filled
in an online screening questionnaire (Qualtrics, USA,
September 2020). Inclusion criteria included to be non-
smoker, good dental health, no missing teeth (except wisdom
teeth), no piercings or braces in the mouth, no dental surgery
in the last six months, no food allergies to the products of the
study (i.e. no lactose intolerance) and not being pregnant nor
lactating. Participants should not have a history of olfactory,
gustatory, swallowing or chewing disorders (self-reported).
After inclusion, participants gave written informed consent
before the start of the study and received financial compen-
sation for their participation. From the fifty-five recruited par-
ticipants, six were not eligible. From the forty-nine eligible, n =
39 naive and untrained participants completed the HUT study
(25 + 3 years; 28 females). Most of the participants were stu-
dents of Wageningen University.
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2.3 Experimental design

The study consisted of two HUT sessions: one for the sensory
assessment (section 2.3.1) and one for the characterization of
oral processing behaviours (section 2.3.2). The order of both
HUT sessions was counterbalanced across participants and
there was a wash out period of one week in between HUT
sessions.

On the day of each HUT session, participants were asked to
collect the samples at Wageningen University campus and to
perform the test within 2 hours at their home. In each HUT
session, participants evaluated all samples (six salty foods, six
sweet foods). Participants were randomly assigned to start
either with the salty or the sweet foods and were instructed to
take a 10 min break between the two sets. Within each set, the
order of samples was randomised across food consistency
(liquid, solid and composite food) and tastant concentration
(high and low). All samples were coded with random three-
digit codes.

2.3.1 Sensory evaluation. To confirm whether the modifi-
cations in salt and sweetener concentration led to perceivable
differences in saltiness and sweetness with no differences in
texture, a HUT sensory test was performed using Qualtrics
survey software (version September 2020, Qualtrics, USA). At
the beginning of the evaluation, participants had to indicate
their level of hunger using a general labelled magnitude scale
(gLMS) with the anchor words from “not at all” to “extremely
high”. Participants were then instructed to take the sample in
their mouth and eat it as they would naturally do. Participants
were asked to rate the intensity of saltiness, sweetness, hard-
ness and chewiness on a gLMS with anchor words from
“barely detectable” to “strongest imaginable”.** Then liking
was assessed using a labelled magnitude scale (LMS) for
hedonic rating® anchored with the words ‘greatest imaginable
dislike’ to ‘greatest imaginable like’. No specific instructions
were given on the amount of food that the participants could
taste for the HUT sensory evaluations. Table 1 lists the amount
of foods offered for the sensory evaluations. In between
samples participants were instructed to wait one minute, rinse
their mouth with water and eat a piece of cracker.

2.3.2 Oral processing behaviour characterization. Oral pro-
cessing behaviours were characterized by video recordings
(Pipe software, available at: https:/addpipe.com/), which were
done by the participants (n = 39) in their homes (HUT). Precise
instructions were given how to record videos when consuming
the samples. Before starting, participants had to place two
stickers on their face, one on the chin and one on the tip of
the nose. These points were used as reference points for post
hoc video analysis. Participants were told to sit still in front of
the camera and to not cover their face with their hands while
eating. Participants were instructed to put the whole sample in
their mouth which corresponded to the bite/sip size shown in
Table 1, to start chewing according to their natural eating
behaviour and to raise their hand the moment they swallowed
the food. This was repeated three times for each food (n = 39,
triplicate). After the three bites were recorded, participants

This journal is © The Royal Society of Chemistry 2022
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were instructed to wait one minute, rinse their mouth with
water and eat a piece of cracker. This procedure was done until
all products were masticated. At the end of the HUT session
participants had to close the software window to stop the
video recording. Video recordings were analysed by a
researcher using Kinovea software (version 0.8.15) to extract
parameters describing oral processing behaviour of all partici-
pants (n = 39, triplicate) for each food product. Oral processing
movements were tracked by the two stickers on the face of the
participants similar as previously reported.'®'® The sticker on
the nose was used as a reference point and the sticker on the
chin as a mobile point. Consumption time per bite (s), defined
as average time period from putting the sample in the mouth
until swallowing, consumption time per gram (s g~'), number
of chews per bite (-) defined as the number of chews per bite
calculated from vertical jaw displacement, chewing rate (chews
per s), number of chews per gram (chews per g) and eating rate
(g min™") were extracted from the video recordings. Number of
chews per bite was calculated by plotting the jaw
displacement over time, where each peak indicated a
single chewing cycle. When peaks were not clear, visual inspec-
tion of the video recording was used for clarification.
Consumption time per bite and per gram, and eating rate were
obtained for all food consistencies (liquid, solid and compo-
site), while number of chews per bite, chewing rate and chews
per gram were only obtained for solid and composite
foods. Vvalidation of the video analysis was done with six
videos which were analysed separately by two researchers,
after which they compared their findings until agreement was
met. When participants took multiple swallows during masti-
cation, only the moment of the main swallow was used for
analysis.

2.4 Data analysis

Normality of all dependent variables was checked, and non-
normal distributed data was subjected to either square or
log10 transformation for data analysis.’® All results are
reported as mean and standard deviation on the original data
as they are considered more representative than the trans-
formed data used for the statistical data analysis. All analyses
were done separately for salty and sweet foods. Unless stated
otherwise, statistical analysis was done using R software (R
Core Team, 2020). A level of significance of p < 0.05 was
chosen. Data were checked for the effect of presentation order
in which the sensory or oral behaviour characterization HUT
session was done and for hunger level before evaluations and
neither had a significant effect on any of the sensory attributes
(p > 0.05). To determine whether saltiness and sweetness
manipulations affected taste and perceived texture, mean
intensity scores of each of the sensory attributes (saltiness,
sweetness, hardness, chewiness) were calculated and a linear
mixed model (LMM)*®*” was performed for each attribute indi-
vidually for salty and sweet foods. Food consistency (liquid,
solid, composite foods), gender (female, male), level of tastant
concentration (high, low), liking scores and the interaction
between food consistency and tastant concentration, were con-
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sidered as fixed effects while participant was treated as
random effect. Pairwise comparisons were conducted using
Tukey post hoc tests when significant differences were present.
To determine whether liking scores were affected by perceived
taste and consistency, mean liking scores of each sample were
calculated. LMM was performed individually for salty and
sweet foods. Food consistency (liquid, solid, composite foods),
gender (female, male), level of tastant concentration (high,
low), and the interaction between food consistency and tastant
concentration were considered as fixed effects while partici-
pant was treated as random effect. Pairwise comparisons were
conducted using Tukey post hoc tests when significant differ-
ences were present.

To determine whether tastant intensity manipulation
affected oral behaviours, means of consumption time per bite
(s), consumption time per gram (s g~'), chewing rate (chews
per s), number of chews per bite (-), number of chews per
gram (chews per g) and eating rate (g min~") were calculated
and analysed individually using LMM. For each model,
tastant concentration (high, low), food consistency (liquid,
solid, composite), gender (female, male), liking scores and
the interaction between tastant intensity and food consist-
ency were set as fixed effects and participants as random
effect. Pairwise comparisons were conducted using Tukey
post hoc tests when significant differences were present.
Pearson correlation coefficients were calculated to assess
inter-relationships between all oral processing behaviour
variables.

3. Results

3.1 Sensory evaluation

Saltiness intensity was significantly and considerably higher
for the high salt liquid, solid and composite foods compared
to their low salt counterparts (Fig. 2A) (F(1200.84) = 513.06, p <
0.001). The interaction between sweetness intensity and con-
sistency was significant (£(2186.09) = 12.42, p < 0.001). High
sweet liquid and solid foods were perceived significantly (p <
0.05) sweeter than their low sweet counterparts (Fig. 2C)
whereas sweetness did not differ significantly (p > 0.05)
between high and low sweet composite foods. Sweet foods
differed to a lesser extent in taste intensity compared to salty
foods (Fig. 2A and C).

For salty foods, the interaction between liking scores and
consistency was significant (F(2190) = 6.40, p = 0.002). For
liquid and composite foods, liking was significantly higher
(p < 0.001) for the low salt foods compared to their high salt
counterparts. For solid salty foods, no significant difference in
liking was found between the high and low salty foods (p =
0.47) (Fig. 2B). For sweet food, the interaction between sweet-
ness intensity and consistency did not significantly affect
liking so that the high and low sweet foods were liked similarly
(F(2190) = 0.8324, p = 0.43) (Fig. 2D).

No significant differences were found for hardness and che-
winess intensity between the high and low taste intensity of
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Fig. 2 Mean scores and standard deviations of taste intensity and liking
scores for salty (A and B) and sweet (C and D) foods. Data analysis was
conducted on the squared transformed data. Means and standard devi-
ations are reported on original data. N.S. — means are not significantly
different according to linear mixed model (p > 0.05). * means are signifi-
cantly different according to linear mixed model (p < 0.05).
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Fig. 3 Mean scores and standard deviations of hardness (A) and chewi-
ness (B) intensity for salty and sweet foods. Data analysis was conducted
on the squared transformed data. Means and standard deviations are
reported on original data. N.S. — means are not significantly different
according to linear mixed model (p > 0.05). * means are significantly
different according to linear mixed model (p < 0.05).

salty (hardness: F(2190.815) = 0.67, p = 0.93; chewiness:
F(2190.27) = 0.247, p = 0.78) and sweet foods (hardness:
F(2189.80) = 0.06, p = 0.94; chewiness: F(2189.76) = 0.41, p =
0.66) across all food consistencies (Fig. 3A and B).
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These results confirm that samples differed in taste inten-
sity between the low and high tastant concentration condition
as intended apart from the sweet composite foods (milk gel
cubes with strawberry sauce). As intended, texture perception
was not affected by the taste manipulations. As food texture is
known to modulate food oral processing behaviours, it was
important to demonstrate that sensory texture was not affected
by taste manipulations.

3.2 Oral processing behaviours

3.2.1 Effect of taste intensity and food consistency on
number of chews per bite. The bite/sip sizes used for quantifi-
cation of oral processing behaviours was fixed for all foods
(Table 1). Fig. 4A shows the number of chews per bite for salty
foods. The interaction between salt intensity and food consist-
ency showed no significant effect (F(1107.90) = 0.12, p = 0.72).
When looking at the main effects, taste intensity revealed a sig-
nificant difference (F(1108.39) = 7.35, p = 0.007). Food consist-
ency had a significant effect on number of chews per bite
(F(1108.12) = 43.46, p < 0.001), with composite foods requiring
12% (3.2 chews) fewer chews per bite compared to solid foods.

Fig. 4G displays the number of chews per bite for sweet
foods. No significant interaction effect between sweetness
intensity and food consistency on number of chews per bite
was found (F(1108.167) = 0.1233, p = 0.73), nor was the main
effect of taste intensity significant (F(1109.45) = 0.4946, p =
0.48). Food consistency displayed a significant effect on
number of chews per bite (F(1108.77) = 18.41, p < 0.001) with
composite foods requiring 10% (2.9 chews) fewer chews per
bite than solid foods.

3.2.2 Effect of taste intensity and consistency on chewing
rate. Fig. 4B and H display the chewing rate (chews per s) of
salty and sweet foods, respectively. For salty foods, neither the
interaction between taste intensity and food consistency
(F(1108.471) = 0.015, p = 0.90), nor the main effects of tastant
intensity (F(1109.37) = 3.26, p = 0.07) and consistency
(F(1108.871) = 0.002, p = 0.96) were significant. On the con-
trary, for the sweet foods, the interaction between sweetness
intensity and consistency displayed a significant effect on
chewing rate (F(1108.474) = 6.018, p = 0.01). No significant
effects were found for the main effects of sweetness intensity
(F(1110.582) = 0.8438, p = 0.36) and food consistency
(F(1109.483) = 0.531, p = 0.47).

3.2.3 Effect of taste intensity on number of chews per
gram. Fig. 4C and I show the number of chews per gram for
salty and sweet foods, respectively. For salty foods, the inter-
action between tastant concentration and consistency showed
no significant effect (£(1107.9) = 0.12, p = 0.73). However, there
were significant main effects of tastant intensity (£(1108.4) =
7.35, p = 0.007) and consistency (F(1108.12) = 1576.7, p <
0.001) with salty composite foods being masticated with 58%
(1.8 chews per g) fewer chews per gram compared to salty solid
foods.

As for the sweet foods, neither the interaction between
tastant concentration and consistency (F(1108.17) = 0.12, p =
0.72) nor the main effect of tastant concentration (F(1109.45) =

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Mean scores and standard deviations of number of chews per
bite, chewing rate, number of chews per gram, eating rate, consumption
time per bite and consumption time per gram for salty (A—F) and sweet
(G-L) foods. Data analysis was conducted on the logl0 transformed
data. Means and standard deviations are reported on original data.
Means and standard deviations are reported on original data. N.S. —
means are not significantly different according to linear mixed model
(p > 0.05). * means are significantly different according to linear mixed
model (p < 0.05).

0.49, p = 0.48) were significant. Nevertheless, consistency had
a significant effect (F(1108.77) = 1690.44, p < 0.001) on
number of chews per gram, with sweet composite foods being
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masticated with 60% (2.2 chews per g) fewer chews per gram
than solid sweet foods.

3.2.4 Effect of taste intensity and consistency on eating
rate. Fig. 4D and J display the eating rate (g min™") for salty
and sweet foods, respectively. For the salty foods, neither the
interaction between taste intensity and consistency (F(2181.48) = 0.032, p =
0.96) nor the main effect of taste intensity (F(1186.23) = 0.835,
p = 0.36) were significant. However, there was a significant
effect of consistency on eating rate (F(2182.64) = 258.65, p <
0.001). Eating rate of salty composite foods was 139% (41.7 g
min~") higher than for salty solid foods. Eating rate of salty
liquid foods was 269% (80.6 ¢ min™"') and 54% (39 g min™")
higher compared to salty solid and composite foods,
respectively.

For sweet foods there was no significant effect of the inter-
action between taste intensity and consistency (F(2178.17) =
0.16, p = 0.85) nor the main effect of taste intensity (F(1179.36) =
0.002, p = 0.96). The main effect of consistency on eating
rate was significant (F(2181.96) = 484.44, p < 0.001). Eating
rate of sweet composite foods was 151% (40.8 g min™") higher
compared to sweet solid foods. Eating rate of sweet liquid
foods was 456% (123.3 g min~") and 122% (82.5 g min™")
higher compared to sweet solid and composite foods,
respectively.

3.2.5 Effect of taste intensity and food consistency on con-
sumption time per bite. Fig. 4E and K illustrate the consump-
tion time per bite/sip for salty and sweet foods, respectively.
There was no significant effect of the interaction between salty
intensity and consistency (F(2182.418) = 0.047, p = 0.95) nor
the main effect of taste intensity (F(1187.24) = 0.761, p =
0.383). On the contrary, the main effect of consistency was sig-
nificant (F(2183.59) = 324.97, p < 0.001). Composite salty foods
required 10% (2.0 s) less consumption time per bite than salty
solid foods. Salty liquid foods were consumed the fastest with
65% (13.5 s) and 61% (11.5 s) less time per bite/sip than salty
solid and composite foods, respectively. For the sweet foods,
there was no significant effect of the interaction between taste
intensity and consistency (F(2177.85) = 0.236, p = 0.79) nor
taste intensity (F(1178.89) = 0.018, p = 0.89). Comparable to
salty foods, there was a significant effect of consistency on con-
sumption time per bite (F(2181.19) = 524.51 p < 0.001). Sweet
composite foods were consumed in 11% (2.3 s) less time com-
pared per bite than sweet solid foods and sweet liquid foods
were consumed with 76% (15.5 s) and 72% (13.2 s) less time
per bite than sweet solid and composite foods, respectively.

3.2.6 Effect of taste intensity and food consistency on con-
sumption time per gram. Fig. 4F and L display the consump-
tion time per gram for salty and sweet foods, respectively. For
salty foods, there was no significant effect of taste intensity on
consumption time per gram (F(1187.24) = 0.76, p = 0.38). On
the contrary, there was a significant effect of consistency on
consumption time per gram (F(2183.6) = 343.71, p < 0.001).
Composite foods required 57% (1.3 s g') and liquid foods
68% (1.6 s g ') less time per gram compared to solid foods.
Composite foods required 35% more time per gram (0.3 s g ')
compared to liquid foods (Fig. 4F).
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A similar trend was observed for sweet foods. No significant
effect of taste intensity on consumption time per gram was
observed (F(1178.9) = 0.019, p = 0.89). Consistency of the foods
had a significant effect on consumption time per gram
(F(2181.19) = 574.08, p < 0.001). Solid sweet foods required the
longest time per gram to be consumed. Sweet composite and
liquid foods required 61% (1.6 s g~ ') and 80% (2.1 s g ') less
time per gram than solid foods, respectively. Liquids required
50% (0.5 s g ') less time per grams to be consumed than com-
posite foods (Fig. 4L).

3.2.7 Inter-relationships between oral processing behav-
iour parameters. Pearson correlation coefficients were calcu-
lated to assess the relationships between parameters describ-
ing oral processing behaviors (Fig. 5). Interrelationships
between oral processing parameters have been previously
described in detail."** All oral processing parameters were sig-
nificantly and strongly correlated with each other (p < 0.05)
since several parameters are derived from other oral processing
parameters and bite size was fixed in this study. Eating rate
was significantly and negatively correlated with consumption
time per bite (r = —0.95, p < 0.05), number of chews per bite
(r=-0.92, p < 0.05), chewing rate (r = —0.88, p < 0.05), number
of chews per gram (r = —0.94, p < 0.05), and consumption time
per grams (r = — 0.89, p < 0.05). Consumption time per bite,
number of chews per bite, chewing rate, number of chews
per gram and consumption time per grams were all signifi-
cantly and positively correlated with each other (0.66 <
r <0.99, p < 0.05).

3.2.8 Oral processing behaviours and liking. When looking
at the relationships between liking scores and oral processing
behaviour, liking did not have a significant effect on neither
salty nor sweet foods on number of chews per bite (salty foods:
F(1112.06) = 0.444, p = 0.50; sweet foods: F(1126.33) = 1.36, p =
0.24), chewing rate (salty foods: F(1116.18) = 0.49, p = 0.48;
sweet foods: F(1137.84) = 0.248, p = 0.61), eating rate (salty

N
5 &
gl Q ° 'o‘(\%\
o S &2 <
o & & &
= s & @ «©
G o & 5
o ¥ o‘a‘o @‘\Q" ‘(\be‘ & ¢
o &® W o ;
Eating rate (g/min) -0.95 -0.92 -0.88 -0.94 -0.89 0.8
0.6
Consumption time per bite(s) 0.99 0.98 0.87 0.76 0.4
0.2
Number of chews per bite (-) 0.99 0.86 0.73 0.0
-0.2
Chewing rate (-/s)  0.81 0.66 04
-0.6
Number per chews per gram (-/g) 0.97 -0.8
S|

Fig. 5 Pearson correlation coefficients for the parameters describing
oral processing behaviors. All correlations are significant at p < 0.05.
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foods: F(1202.81) = 0.517, p = 0.47; sweet foods: F(1206.43) =
0.374, p = 0.54) and consumption time per bite (salty foods:
F(1203.95) = 0.646, p = 0.42; sweet foods: F(1213.134) = 0.0005,
p=0.98).

4. Discussion

Many studies investigated the effect of food texture on oral pro-
cessing behaviours while little attention has been paid on how
taste could impact oral processing behaviours. The aim of this
study was to understand the influence of saltiness and sweet-
ness intensity on oral processing behaviours of liquid, solid
and composite foods. In addition, potential differences in oral
processing behaviours between composite foods and solid
foods and the effect of liking on oral processing behaviours
were explored in a home-use-test (HUT).

We hypothesized that (i) taste intensity influences oral
behaviours of liquid foods as texture properties are less domi-
nant in liquid foods. For both, liquid salty and sweet foods,
consumption time per bite and eating rate were not affected by
taste intensity, thus our first hypothesis is rejected. This
finding is in line with a study of Bolhuis et al. in which oro-
sensory exposure time was not influenced by saltiness intensity
of soups.”” As for solid and composite foods, we hypothesized
that (ii) taste intensity has no effect on oral processing beha-
viours since their mechanical, texture and lubrication pro-
perties are the main drivers of oral behaviour. We did not find
differences in number of chews per bite, chewing rate, chews
per gram, eating rate nor consumption time per bite between
high and low taste intensities of solid and composite sweet
and salty foods. This is in accordance with a study of
Lasschuijt et al. where neither number of chews, chewing dur-
ation, chewing rate nor eating rate, were significantly affected
by sweetness intensity of model gels.”® On the contrary, food
consistency displayed a large effect on oral processing beha-
viours. As expected, liquid foods were consumed with the
shortest consumption time per bite, as oral processing behav-
iour of liquid foods requires minimal effort, consisting mainly
of moving the fluid from the front to the back of the
mouth.'®"**149 In contrast, an increase in consumption time
per bite for solid foods was expected as solid foods require to
be fragmented into smaller particles during mastication and
to be lubricated with saliva until a bolus is formed that is safe
to be swallowed."® As expected, there was no effect of food con-
sistency on chewing rate (chews per s) in agreement with pre-
vious studies."®?*” Our results clearly demonstrate that mainly
rheological, mechanical, texture and lubrication properties of
foods determine oral behaviours rather than taste properties,
thus our second hypothesis is accepted.

Furthermore, it was hypothesized (iii) that oral behaviours
of solid foods require longer chewing time per bite and greater
number of chews per bite compared to composite foods, as the
liquid foods assist in bolus formation. Indeed, our findings
showed a decrease of 11% and 10% in consumption time per
bite of sweet and salty composite foods compared to the solid
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foods. A similar trend was also observed for number of chews
per bite. Lastly, chews needed per gram of composite foods
decreased by more than 50% for salty and sweet foods com-
pared to solid foods. This implies that liquids influenced the
mastication behaviour of solid foods. These results are in line
with those of Gavido et al. (2004) and Engelen e¢ al. (2005) who
showed that spreading butter on toast decreased the time and
number of chewing cycles until swallowing. Similarly, van Eck
et al. (2019), showed that bread and crackers, when combined
with cheese spread and mayonnaise, were chewed shorter and
with fewer chews than single bread and crackers as these top-
pings contributed to a faster bolus formation by providing
moisture, so that less saliva was incorporated into the bolus
during mastication. In those studies, it was hypothesized that
toppings facilitated saliva in the bolus formation of carriers
leading to boli that are broken down and lubricated enough to
be safely swallowed after shorter mastication times and less
chews.?>*>*° This is confirmed by the results of our current
study. Our results show that the liquid component in the com-
posite foods assists in lubrication and bolus formulation, and
consequently less time had to be spent on reducing structure
and increasing lubrication to reach the swallowing threshold.

It is interesting to note that the bite size of the solid foods
was 9 g for the salty and 8 g for the sweet foods while the bite
size of the composite foods was roughly twice the weight (19 g
for the salty and 18 g for the sweet composite foods) (Table 1).
Thus, even though addition of the liquid to the solid foods
doubled the weight-based bite size, sweet and salty composite
foods were masticated with fewer chews per bite and shorter
consumption time per bite than solid foods. Eating rate of
sweet and salty composite foods also increased by more than
two-fold compared to solid foods (salty foods 139%, sweet
foods 151%) demonstrating the strong effect that addition of a
liquid lubricant has on oral processing behaviours.

It is well known that food texture and degree of lubrication
affect eating rate.*®?*>*>°13% Foods that require more chewing
and lubrication will take more time to be orally processed and
therefore will have a lower eating rate, since liquid foods facili-
tate lubrication of solid foods. It is reasonable that eating rate
increases for composite foods compared with solid foods,
which is in line with the reduction of number of chews per
bite and consumption time per bite even though weight of the
bite size was doubled. For the relationships between taste
intensity and eating rate, some studies have shown that taste
intensity is inversely associated with eating rate. Bolhuis et al.
(2011) showed that longer oro-sensory exposure and higher
saltiness intensity both decreased food intake, although oro-
sensory exposure had more impact than taste intensity. In the
current study taste intensity had no effect on eating rate, as
described by Lasschuijt et al. (2017) where it was demonstrated
that oral behaviour was not affected by sweetness intensity of
model gels.>”*8:33:33

For the concentrations considered in our study, differences
in saltiness intensity between salty foods were larger than
differences in sweetness intensity between sweet foods.
However, not even a rather strong dislike of the high saltiness

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

tomato sauce influenced oral processing behaviours. While we
observed significant differences in liking between the low and
high saltiness foods, we acknowledge that the study might
have lacked power to find smaller differences in liking
between the low and high sweetness stimuli to be significant.
Forde et al. (2017) and Bellisle and Le Magnen (1980) reported
that as liking increased, chewing time decreased and fewer
chews were needed for mastication of solid foods.**** Bellisle
et al., (2000) and Aguayo-Mendoza et al., (2018) showed a
similar behaviour."*?” However, other studies reported no
relation between food liking and oral processing
behaviours.>*** It should be acknowledged that we did not
measure mechanical and rheological properties of the foods,
so we cannot exclude with certainty that foods differing in
taste intensity differed in rheological and mechanical pro-
perties. However, our sensory data strongly suggests that
potential differences in mechanical properties were not percei-
vable, thus we assume they can be neglected.

In our study, sensory data and the oral processing data were
collected in a home use test (HUT). To the best of our knowl-
edge, it is the first time that a HUT approach was used to
collect oral processing behaviours of foods. Our data demon-
strates that differences in oral processing behaviours between
liquid, solid and composite foods were observed in the HUT
study (n = 39, triplicate) in agreement with previous studies
that determined oral processing behaviours in research facili-
ties. This suggests that HUT is a valid approach to characterize
oral processing behaviours of consumers. The HUT approach
allows to study oral processing behaviours in a somewhat more
realistic setting than sensory booths or laboratory settings,
since consumers eat the foods at home while sitting in front of
a computer with a camera. A limitation of the HUT approach
in our study was that the dropout rate was fairly high (20%)
mainly because participants felt the task was very long and
lost motivation in the course of the study. Furthermore, par-
ticipants were instructed to taste three times samples of a
fixed bite size. This was done to avoid that participants had to
weigh the samples at home to determine bite size, which
might have provide stronger cues towards the aim of the study.
Bite size can vary across consumers, depending on liking, fam-
iliarity and satiation as well as across food type, sensory
stimuli and digestive responses.’ In our study, these interindi-
vidual variations in bite size were excluded as bite size was
fixed. Future studies should explore the potential of HUT
approaches to quantify oral processing and eating behaviours
further.

5. Conclusions

We investigated oral processing behaviours with real foods and
composite foods in a HUT and demonstrated that oral proces-
sing behaviours are determined primarily by rheological,
mechanical, texture and lubrication properties of foods rather
than by taste intensity. We showed that large differences in
saltiness and sweetness intensity of liquid, solid and compo-
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site foods cause no or very small differences in oral processing
behaviours. Differences in oral processing behaviours between
solid and composite foods were highlighted, validating that
consumption time per bite and number of chews per bite of
composite foods is shorter compared to solid foods as the
added liquid foods provide lubrication and reduce mastication
time needed to form a safe to swallow bolus. The results
suggest that texture manipulations or combining different
foods to composite foods can be an efficient strategy to modu-
late oral processing behaviours while modulations of taste pro-
perties have a negligible effect on oral processing behaviours.
It is well-known that oral processing behaviours impact satia-
tion and food intake, so future research should focus on
understanding the role that each single food plays in a hetero-
genous food or a meal context in oral processing behaviour.
This will further help to capture the complex nature of the
mastication process and support the design of foods that can
lead to lower overall energy intake while maintaining good
sensory characteristics, fullness and satiety.
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