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The eating rate of bread predicted from its sensory
texture and physical properties†

Lise A. J. Heuven,a,b Matthijs Dekker,a Stefano Renzettic and
Dieuwerke P. Bolhuis *a,c

Eating rate (ER) can moderate energy intake and ER can be modified by the texture and physical properties

of food. However, the magnitude of the effects is not well known. The aim of this study was to investigate

how bread texture and physical properties determine ER. In a randomised crossover study, 36 healthy par-

ticipants (age: 25 ± 6 years, BMI: 22 ± 2 kg m−2) consumed nine different bread types. Video coding was

used to characterise oral processing behaviour. Sensory texture was evaluated on visual analogue scales.

Physical properties were measured using texture profile analysis, puncture tests, geometrical and water-

related measures. Two models were developed using response surface methodology (RSM) that predict

the ER based on sensory and physical properties. The results showed from slow to fast ER: bread slices <

hard buns < soft buns. The slowest bread type (wholemeal bread slice) was consumed 40% slower than

the fastest bread type (soft white bun) (P < 0.001), explained by smaller bite sizes and more chews. For the

sensory texture, ER was positively correlated with crumb adhesiveness and negatively correlated with

crumb dryness. For the physical properties, ER was positively correlated with height and volume, and

negatively with crumb cohesiveness and crust hardness. The models based on physical properties (R2 =

0.91) and sensory texture (R2 = 0.89) were both able to estimate ER, but the model based on physical pro-

perties performed slightly better. The insights from the relationships from the sensory and physical

measures can both be used to modify the texture of breads, to effectively decrease ER and eventually

help to prevent overconsumption.

1. Introduction

Global overweight and obesity rates are high and still increas-
ing.1 It has consistently been shown that energy intake is
decreased by a slower eating speed.2–4 The speed of eating is
often called eating rate (ER) and is defined as the amount of
grams consumed per unit of time (g min−1). A foods’ texture is
the major determinant of ER5–7 next to minor effects of flavour
intensity,8 eating environment and individual characteristics
such as preference, familiarity, oral physiology, age, and
gender.9,10 Textures that are well known to decrease ER are
elasticity and hardness,7,11–17 whereas effects of some other
food texture properties like lubrication, cohesiveness and
adhesiveness are not systemically researched.18

Bread is a staple food and is consumed in almost all
countries,19 providing a substantial contributor to the total
energy intake of the diet.20,21 For instance, in the Netherlands
3.5 of bread slices are consumed on average per day
(126 grams per day).20 Bread products are around for a long
time and have evolved to take many forms, leading them to
have different and distinctive characteristics.19 By changing
their formulation or processing, for example by changing the
ingredients, mixing, shaping, proofing, baking, or cooling, the
texture of bread can be modified and consequently the oral
processing behaviour.22–25 The effect of texture on oral proces-
sing is dominant for the bread crust over the effect of the
bread crumb.25,26 For example, a baguette with a thick and dry
crust has a larger chewing duration than a steamed bread with
a moist and soft skin.27 Crust hardness and the dryness of
bread are seen as two of the most important factors determin-
ing the chewing duration of bread.25 Nevertheless, it is not
known how other texture properties modify the ER of bread
and which properties have the largest effect.

To get an understanding of the quantitative relationships
between food texture and ER, mathematical modelling is a
promising technique as it can give valuable insights in the
relevance of measures. Mathematical modelling is amongst
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others used in food flavour analysis, sensory profiling, and
hedonic testing,28 but its use in eating behaviour analysis is
very limited. To model the effect of texture on eating behav-
iour, sensory texture evaluations or physical measurements of
bread properties could be used.29 Instrumental or physical
measurements are considered to be less costly and more
precise, however the translation to oral processing character-
istics is not always clear.30 On the other hand, sensory evalu-
ation is subjective with large individual differences and are
generally expensive and time consuming.29,31 Overall, it is
unclear how accurate sensory texture and physical properties
of bread can predict the ER of bread and which method is
most reliable to predict ER. If the models predicting ER are
accurate, they could be useful for the design of food products
for special needs of low or high ER.

The aim of the research was to assess how various bread
textures and physical properties affect ER and to investigate
how well they can predict ER. Insights in relevant texture and
physical properties that determine ER may help to develop
breads that promote or limit intake.

2. Materials and methods
2.1 Experimental design

In this study instrumental texture (i.e. TPA), geometrical pro-
perties, water content and absorption, sensory texture, oral
processing behaviour and saliva incorporation of commercially
available breads were assessed. This was used to develop
models that predict the ER of the breads. The study was
approved by the Social Sciences Ethical Committee of
Wageningen University and was registered at Clinical Trial reg-
istry: NCT05185765.

2.2 Bread samples

Participants consumed and evaluated in total sixteen different
bread types of which nine are included in this analysis. Seven
different breads slices were excluded from analysis since they
had minimal differences in textural properties (all wholemeal
bread slices). The nine included bread types were commer-
cially available (all Albert Heijn private label, except for cia-
batta [Jan Linders private label]). The bread slices and soft
buns were frozen at −20 °C and thawed 2–5 hours before
usage at room temperature while wrapped in plastic foil to
avoid staling. The hard buns, ciabatta and croissant were
bought on the morning of the measurements. All the bread
types were cut to obtain half a unit of bread (e.g. half a bread
slice or half a bread bun) for oral processing and sensory
measurements. Pilot tests indicated that this amount of bread
was enough to allow for several bites but prevented the partici-
pants for becoming full.

For studying the saliva uptake, breads were cut in bite size
pieces. The bite size pieces of the bread slices were made by
cutting the lower half of the bread slices in four pieces and the
bite size pieces of soft buns by cutting them in eight pieces.
The bite size pieces of the hard buns, ciabatta and croissant

were obtained by cutting one slice of 1 cm thickness in half.
The pictures and weights of the samples can be found in
Table 1.

2.3 Participants

Participants were recruited from Wageningen and surround-
ings using an e-mailing list, social media and flyers. Healthy
(self-reported), normal weight (18.5–30 kg m−2) men and
women with Dutch nationality and between 18–55 years old
were included. Additionally, they had to consume bread at
least once a week. Exclusion criteria were: dislike bread pro-
ducts, smoking, following a vegan diet, allergies or intolerance
to any ingredient of the breads, suffering from diabetes,
having taste or smell disorders, difficulties with swallowing,
chewing and/or eating in general, use of medication that may
influence study outcomes, pregnant or lactating women, men
having facial hair such as a beard as facial movements cannot
be analysed, braces (not including a dental wire) or oral pier-
cing, consuming on average more than 21 glasses of alcohol
per week, and not willing to stop using drugs during the study
period (from inclusion till last test session). Participants were
informed that the study aimed to investigate the effect of struc-
tural properties on the sensorial characteristics of bread.
Participants received a monetary incentive for their
participation.

After screening and giving their written consent, 36 partici-
pants (12 males; 33%) were included and completed the whole
study. The participants were 25 ± 6 years old and had an
average BMI of 22 ± 2 kg m−2 (mean ± SD).

2.4 Procedure

Participants came once a week for a test session during lunch
time to the Wageningen University. Participants could choose
between three time slots (starting at 11 AM, 12 PM or 13 PM)
applicable to all four test sessions. During the whole study
period, participants were instructed to not use drugs and to
report medication use and illness. To standardize appetite,
participants were instructed to refrain from eating and drink-
ing—except for water—after 10 PM on the day before the test
session. In the mornings of the test sessions, participants were
instructed to refrain from intensive exercise and to have the
same breakfast and morning snack around the same time (not
provided). Additionally, participants were not allowed to eat or
drink two hours prior the test session, except for water. The
participants were seated visually separated from each other.
They were provided with a paper instruction form describing
the procedure and explaining the sensory attributes (Table 2),
two 200 mL cups of water, and a laptop with an integrated
webcam and online questionnaire (Qualtrics XM, version
September 2021, London, England).

At the start of each session, an oral explanation of the pro-
cedure of the test session was given. Thereafter, the evaluation
of oral processing behaviour and sensory properties were
measured in two steps. In the first part, participants consumed
half a unit of four different bread types in randomized order.
Participants were instructed to consume the whole sample and
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to eat as they would normally do, without taking breaks or sips
of water. The oral processing behaviour during consumption
was determined using video recordings. After each sample,

participants rated liking, and the sensory properties (explained
in 2.6) of the bread. In between samples, participants had to
wait for one minute during which they were asked to take a sip

Table 1 Pictures and sample weights of the nine bread types. Values are means ± SD

Bread types Picture of half a unit Weight of half a unit (g) Picture of bite size piece Weight of bite size piece (g)

Wholemeal bread slice 18.5 ± 1.1 5.9 ± 0.3

Brown bread slice 18.1 ± 1.1 5.5 ± 0.2

White bread slice 17.1 ± 1.1 4.9 ± 0.2

Hard brown bun 38.1 ± 1.9 6.0 ± 0.7

Hard white bun 38.7 ± 2.3 6.4 ± 0.6

Soft brown bun 25.7 ± 1.4 7.2 ± 1.1

Soft white bun 25.9 ± 1.6 6.5 ± 0.6

Ciabatta 41.0 ± 3.8 7.4 ± 1.0

Croissant 24.8 ± 1.8 5.6 ± 0.9
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of water to clean their mouth and to neutralize their palate. In
the second part, participants were provided with four times
two bite sized pieces of bread. These were the same bread
types as those consumed in the first part. Participants were
instructed to chew on one sample at a time until they feel the
urge to swallow. At this point the participants expectorated the
sample into an aluminium cup. The boli of two pieces of each
bread were separately collected to obtain duplicate measure-
ments. The participants were instructed to rinse their mouth
after each chew-spit cycle.

2.5 Oral processing behaviour

During the whole test session participants were video recorded
using the integrated webcam of the laptops and Open
Broadcaster Software (OBS studio, version 28.1.2). Participants
were instructed to look straight into the webcam during the
consumption of the samples and not to make excessive head
movements. Oral processing behaviour was manually anno-
tated by trained video coders using a coding scheme developed
previously32 using the software ELAN version 6.2 (Max Planck
Institute for Psycholinguistics, The Language Archive,
Nijmegen, The Netherlands). Beforehand defined indicators
were number of bites, number of chews, duration per bite, and
total sample consumption time. One session of every partici-
pant (four samples) was coded by three experimenters to
determine coding consistency (25% of the videos). The intra-
class correlation coefficient (ICC) between the three coders
was between 0.986 and 1.000 across all oral processing beha-
viours. This indicated excellent consistency (ICC >0.90).33 The
experimenters divided the rest of the videos and coded them
independently. The ER (g min−1) was calculated by dividing
the total sample weight by the total consumption duration of
the sample. The average bite weight (g) was calculated by
dividing the weight of the sample by the total number of bites
of the sample; average bite volume (cm3) by dividing the
volume of the sample (explained in 2.7) by the total number of
bites of the sample; the number of chews per gram (chews per
g) by dividing the number of chews by the weight of the

samples; the number of chews per bite (–) by dividing the
number of chews by the number of bites; the oro-sensory
exposure (OSE) time (s g−1) by dividing the summation of the
bite durations by the weight of the samples; and the chewing
frequency (chews per s) by the number of chews by the OSE
time.

Saliva incorporation of the bite size pieces at time of swal-
lowing was measured by dry matter content analysis.
Participants expectorated the boli on aluminium dishes. These
aluminium dishes were weighed pre and post drying for 20 h
at 110 °C. Non-masticated bite size reference pieces were
weighed and dried to calibrate for the initial water content of
the bread types. The saliva incorporation was calculated using
SI = (mb − m0)/m0 where SI is the saliva incorporation (g saliva/
g bread), m0 is the weight of the bite sized bread sample (g),
mb the weight of the bolus before drying (g). In this case m0

was calculated as m0 = mbd/(1 − xw), where mbd is the weight of
the bolus after drying and xw the water fraction of the bread
before mastication, to correct for the unintentionally swal-
lowed bread and the bread which might have stayed in the
mouth after expectoration. As saliva consists of approximately
99% water,34 the solid content of the saliva was neglected.

2.6 Sensory texture and liking ratings

Participants rated the liking and texture of each bread after
consumption on a 100 mm anchored line scale ranging from
‘not at all’ (0) to ‘extremely’ (100). Descriptions of the included
texture properties were provided to the participants (Table 2).

2.7 Measurements of physical properties

The measurements of the physical properties included texture
profile analyses (TPA), puncture tests, geometrical measures,
density measures, moisture content and water absorption
capacity.

TPA with the TA.XT Plus Texture Analyser (Stable Micro
Systems Ltd., Surrey, UK) was used to determine the hardness
(g), springiness (–), cohesiveness (–), chewiness (g), resilience
(–), and adhesiveness (g s) of the bread crumb.7 The bread
buns, ciabatta and croissants were cut into slices of 2 cm. The
crumb was cut into cylinders with a diameter of 3 cm. The
bread cylinders were analysed using double compression with
a flat, circular compression plate probe (∅◙ 75 mm) and a
load cell of 5 kg. The samples were compressed up to 80%
strain at a compression speed of 2 mm s−1. A strain of 80%
was used as it better correlates to sensory perception compared
to the more generally used 40% strain.35 The measurement
was repeated to obtain ten replicates. Crust hardness (g) was
assessed with the Puncture Test using the TA.XT Plus Texture
Analyser (Stable Micro Systems Ltd., Surrey, UK). A 2 mm dia-
meter cylindrical probe was used at a descending speed of
40 mm s−1. Probe size and speed were chosen to simulate the
puncturing and closing speed of the front teeth.36 Ten repli-
cates for the bottom crust and ten replicates for the top crust
were performed for each bread type.

The maximum height of half a portion of bread was deter-
mined four times using a ruler. The volume (cm3) and density

Table 2 Descriptions of the sensory texture properties (translated from
Dutch to English)

Texture Description

Crumb
Hardness How much force is required to deform the bread?
Dryness How dry feels the sample in your mouth?
Chewiness How much do you need to masticate before you can

swallow the bread?
Adhesiveness How much force is required to remove the bread that

adheres to your palate/lips/teeth?
Denseness How compact feels the bread after chewing it with your

molars? Is the bread very firm or feels the bread very
airy?

Crust
Hardness How much force is required to deform the bread?
Crispiness How easily does the crust break if you bite?
Crumbliness To what degree crumbles the bread upon biting and

chewing?
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(g cm−3) of the half portion samples were measured in dupli-
cate using rapeseed displacement according to the AACC
method 10-05.01.37 The crust to crumb ratio of the different
bread types was determined by manually separating the crust
from the crumb. Crumb that could not be separated from the
crust was considered to be part of the crust. The initial weight
of the bread samples was measured before separation and the
weight of the crust was measured after separation. Thereafter,
the crust to crumb ratio was calculated as crust : crumb =
mcrust/(minitial weight − mcrust). The measurement was performed
in triplicate.

The moisture content (MC) was measured of the bite size
pieces. The pieces were placed on aluminium dishes and were
weighed pre and post drying at 110 °C for 20 h. The MC (wt%)
was calculated based on a wet weight basis using MC = (m0 −
m1)/m0, where m0 is the weight before drying and m1 is the
weight after drying. Six replicates were measured. An indi-
cation of the water absorptive capacity (WAC) was measured by
weighing bite size pieces of bread, submerging the samples in
water for ten seconds, removing excess water by gently squeez-
ing the sample by hand, and weighing again. The WAC (g
water/g bread) was calculated using WAC = (m1 − m0)/m0,
where m0 is the weight before submerging and m1 is the
weight after submerging in water. Four replicates were
measured.

2.8 Model development

Two models predicting ER were developed using response
surface methodology (RSM). The first model was based on
sensory texture and the second model was based on the physi-
cal properties of the bread. Before modelling was performed,
the data was checked for outliers using the 1.5x interquartile
range (IQR) method, but no outliers were observed.
Bootstrapping was performed for the replicate instrumental
measurements of the TPA and puncture test to generate mul-
tiple means (36) needed to give good parameter estimations
during modelling. This was done for the ER and sensory data
as well to obtain multiple means. As little replicate data was
present on WAC, density, and crust to crumb ratio, bootstrap-
ping would not yield an improved estimation of the mean and
it was thus decided to use the average values. The RSM models
included linear, interaction and quadratic terms. Parameter
reduction of the models was done using stepwise removal of
terms based on P values with αin = 0.01 and αout = 0.15. A stric-
ter αin than the usual 0.15 was used and non-hierarchal
models were accepted to decrease the number of insignificant
terms in the models38 and to reduce multicollinearity of terms
(assessed by the variance inflation factor (VIF)). To investigate
how well the models predict the measured ER of the breads,
the observed versus the predicted ER were plotted based on
leave-one-out cross validation (LOOCV) and a residual plot was
made. Moreover, R2, adequate precision, residual sum of
squares (rSS), predicted residual sum of squares (PRESS),
Bayesian information critirion (BIC), and Akaike’s information
criterion (AICc) were calculated.

2.9 Statistical analysis

One video recording of one of the participants failed.
Therefore, the oral processing behaviour of two samples (cia-
batta and brown bread) from one participant were not
obtained. These missing values (bites, chews and duration)
were imputed with multivariate imputation by chained
equations using the package “mice” in R.39 The oral processing
characteristics, sensory texture, and physical properties of the
breads were compared using repeated-measures ANOVA and
Tukey post-hoc analyses. Multiple factor analysis (MFA) for oral
processing characteristics, sensory texture and physical pro-
perties was performed for visual interpretation. Pearson’s cor-
relations were used to determine relationships between ER
and the oral processing characteristics, sensory texture and
physical properties. R version 4.1.1 (R Core Team, R
Foundation for Statistical Computing, Vienna, Austria) and the
packages “rstatix”, “emmeans”, “FactoMineR”, and “factoex-
tra”40 were used to perform all statistical tests. P values of
<0.05 were considered as statistically significant.

3. Results
3.1 Oral processing behaviour

The slices of bread were consumed the slowest, followed by the
hard buns (Fig. 1). The croissant and the soft white buns were
consumed the fastest. The bread type consumed with the
lowest ER (whole meal bread) was 40% slower than the bread
type consumed with the fastest ER (soft white bun) (P < 0.001).
The oral processing characteristics can be found in Table 3.
The bread slices were consumed with more chews per gram,
and longer OSE than the soft buns, ciabatta and croissant (all
P < 0.05). In addition, the slices were consumed with smaller
bites sizes expressed in grams compared to the other breads

Fig. 1 Eating rate (g min−1) of the bread types. Error bars represent the
standard error of the mean. Different lower-case letters indicate signifi-
cant differences between the means (p < 0.05).
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(3.8–3.9 g vs. 5.2–5.8 g, P < 0.001). Bite size expressed in
volume was smaller for the bread slices and hard buns com-
pared to the soft buns and croissant (21–24 cm3 vs. 31–35 cm3,
P < 0.001). The saliva incorporation per gram was higher for
the harder breads (hard buns and ciabatta) compared to the
slices and soft buns (P < 0.05), with an exception for the crois-
sant. The chewing frequency by which bread was consumed
was quite similar for all the bread types. The liking of the
breads can be found in Table 1 of the ESI.†

3.2 Relationships between eating rate, oral processing,
sensory texture and physical properties

The relationships between oral processing behaviour, sensory
texture and the physical properties were visualized using MFA
(Fig. 2). The first two dimensions explain together 70.9% of
the variance. Visual inspection of the MFA showed that ER was
positively related with bite weight, sensory measured crumb
adhesiveness, maximum height, and volume. ER was nega-
tively related with chews per gram, chews per bite, OSE,
sensory measured crumb dryness, and the physical properties
WAC, moisture content, crust hardness, crumb cohesiveness
and springiness. The individual plot of the MFA shows that
the bread types can be clustered into three groups: bread
slices, hard buns and soft buns (Fig. 2B). The bread slices were
characterized by lower ER, high OSE, high chews per gram,
high sensory ratings for crumb dryness, and low height. The
hard buns were characterized by high density, high crumb
hardness and low adhesiveness from the physical measure-
ments. The soft bun had high ER, bite volume and low sensory
rated and physical measured hardness (crust and crumb) and

chewiness. Pearson correlation coefficients for ER (Table 2 of
the ESI†) had similar results as the MFA.

The correlations between sensory and physical measure-
ment of the hardness of crust, sensory and physical hardness
of the crumb, and sensory dryness of the crumb and WAC were
high (ρ ≥ 0.69, P < 0.05; Table 4). For chewiness, adhesiveness
and compactness of the crumb the correlations between
sensory and TPA measurements were low (ρ ≤ 0.49, P ≥ 0.18).

3.3 Prediction modelling

The sensory texture model as well as the model based on
physical properties were able to predict ER. The coefficient
estimates of the models indicate the magnitude of effect of the
model terms on the predicted ER in the model (Table 5). The
fit statistics and model comparison statistics of the sensory
texture model and the model based on physical properties
model are presented in Table 6. For both models the predicted

Fig. 2 Plots of multiple factorial analysis (MFA). In the correlation circle (a) the correlation of eating rate (black), oral processing characteristics
(green), sensory texture (sens; red), and physical properties (blue) with the first two dimension of the MFA is showed. In the individual factor map (b)
the projections of bread types are showed with 95% confidence ellipses for the grouped bread slices (green), hard buns (orange) and soft buns
(purple). OSE oro-sensory exposure time, TPA texture profile analysis, WAC water absorptive capacity.

Table 4 Pearson correlations coefficients of average values of sensory
texture and physical properties

Sensory texture Physical properties
Pearson correlation
coefficient P

Hardness crumb Hardness crumb (g) 0.80 0.01
Dryness crumb WAC (gwater/gbread) 0.69 0.04
Chewiness crumb Chewiness crumb (g) 0.49 0.18
Adhesiveness crumb Adhesiveness crumb (g s) −0.19 0.62
Compactness crumb Density (g cm−3) 0.45 0.23
Hardness crust Hardness crust (g) 0.89 0.001

WAC: water absorptive capacity. Bold values denote statistical significance at
the p < 0.05 level
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R2 is in reasonable agreement (Δ <0.2) with the adjusted R2. In
addition, the adequate precision indicates an adequate signal
to noise ratio (>4). The model based on physical properties
had slightly better fit and model comparison statistics than
the sensory texture model. The visualization of the internal
validation can be found in Fig. 1 of the ESI.† The equations of
the model terms related to the actual factors can be found in
Table 3 of the ESI.†

The sensory model included seven model terms, of which
two linear, two quadratic and three interactions. The largest
coefficient estimate of the sensory texture model was the inter-
action term crispiness crust × crumbliness crust (negative esti-
mate). Hardness crust and dryness crumb were both in the
model as negative linear term and as positive quadratic term.
When adding measured range of hardness crust and dryness
crumb (0 to 100) in the equations of the actual factors (Table 3

of the ESI†), the effect of hardness crust and dryness crumb
on ER is overall negative.

The model of the physical properties of the bread included
five model terms which were all interactions. The largest coeffi-
cient estimates of the model with the physical properties were
springiness crumb × WAC (negative estimate), followed by
cohesiveness crumb × WAC (negative estimate). The surface
plots of the interactions can be found in Fig. 2 and 3 of the
ESI.†

4. Discussion
In this study, bread slices had the lowest ER, followed by hard
buns, while soft buns and croissants had the highest ER. For
the sensory texture, ER was positively correlated with crumb
adhesiveness and negatively correlated with crumb dryness.
For the physical properties, ER was positively correlated with
height and volume, and ER negatively correlated with crumb
cohesiveness and crust hardness. The ER of bread could be
predicted from its sensory texture and from its physical pro-
perties. The model based on the physical properties had a
slightly higher accuracy compared to the model based on
sensory texture.

Relevant differences in ER were found in this study, where
bread slices had ER of 11 g min−1 and soft buns and croissants
had the highest ER of 15–18 g min−1. Similar trends were
found by Van den Boer et al. (2017) who observed the lowest
ER for brown bread slices and the highest ER for croissants.41

Texture induced reductions of ER by 20% can lead to a
10–15% reduction in ad libitum energy intake.18,42 The study of
Bolhuis et al. (2014) showed that a lunch consisting out of
hamburgers with hard buns and hard rice salad had a 32%
lower ER and 13% lower energy intake compared to the lunch
with hamburgers with soft buns and soft rice salad.12 In the
present study, a decrease in ER up to 40% between breads was
found. This is likely to affect energy intake and satiety in realis-
tic settings. Therefore, switching to breads with low ERs could
be an effective strategy to modify energy intake.

Table 5 Coefficient estimates of the factors in the sensory texture model and model of the physical properties developed with response surface
methodology. The coefficient estimates indicate the magnitude of effect of the model terms on the predicted ER in the model. The coefficients are
based on the normalised factor values (coded). Values are means ± SEM

Sensory texture model Physical properties model

Model terms
Coefficient
estimate Model terms

Coefficient
estimate

Linear terms Dryness crumb −2.27 ± 0.18
Hardness crust −1.76 ± 0.18

Exponential terms Crispiness crust × Crumbliness crust −2.88 ± 0.36 Springiness crumb × WAC −44.40 ± 2.06
Hardness crumb × Hardness crust 1.40 ± 0.38 Cohesiveness crumb × WAC −29.38 ± 1.77
Adhesiveness crumb × Crumbliness crust −1.46 ± 0.31 Cohesiveness crumb × MC 9.97 ± 2.21

Maximum height × Adhesiveness crumb 5.88 ± 0.19
Crust : crumb ratio × Adhesiveness crumb −4.29 ± 0.41

Quadratic terms Hardness crust × Hardness crust 2.41 ± 0.34
Dryness crumb × Dryness crumb 1.91 ± 0.32

WAC: water absorptive capacity; MC: moisture content

Table 6 Fit and model comparison statistics of the sensory texture
model and model of the physical properties developed using response
surface methodology. For all terms in the sensory texture model and the
model based on physical properties the VIF was between 2.0 and 6.1,
indicating the presence of multi-collinearity at a tolerable level (VIF < 10)

Sensory texture
model

Physical properties
model

Fit
R2 0.89 0.91
Adjusted R2 0.89 0.91
Predicted R2 0.89 0.91
Adeq precision 66 75
RSS 239 195
Model comparison
Number of model terms 7 5
PRESS 252 203
−2 log Likelihood 821 755
BIC 868 790
AICc 838 768

Adeq precision: adequate precision, RSS: residual sum of squares,
PRESS: predicted residual sum of squares, BIC: Bayesian information
critirion, AICc: Akaike’s information criterion
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The ER of bread is the result of the interplay between crust
texture (i.e. hardness), crumb properties (i.e. dryness, adhesive-
ness and cohesiveness) and bread dimensions (i.e. height and
volume).25 A clear distinction in ER was seen between the
slices, soft buns and hard buns. The differences between the
slices and buns are most likely explained by the automatically
smaller bite sizes consumed due to the dimensions of the
slices. Previous research also showed that geometrical pro-
perties have a relevant effect on ER.43–48 Individuals adjust
their bite sizes to a maximal but comfortable length of the
food in their oral cavity.49 Therefore, a shape with increased
height is automatically consumed with larger bite sizes in
many cases.18 Besides the smaller bite sizes by which slices are
consumed, the lower ER of the slices compared to other
breads is also characterized by the high rated dryness of the
bread slices’ crumb and lower moisture content. Dryer foods
with lower moisture contents need to be lubricated to a larger
extend to form a swallowable bolus.50 Saliva is needed to
migrate into the food where it moistens and softens, helping
to agglomerate particles to form a compact bolus. With lower
initial lubrication, this process takes longer and thereby
decreasing the ER.51,52

The bread slices had a lower crust to crumb ratio compared
to the buns. This means that characteristics of the crumb will
have a relatively high impact on the ER of slices, whereas the
crust has a relatively high impact on the ER of buns. Indeed,
the differences between hard and soft buns in ER was mainly
based on the hardness of the crust and less on their crumb
characteristics. With the presence of thick, hard and dry crust,
the number of chews, chewing time and muscle activities
increases considerably.53,54 It takes a longer time for a harder
and dry crust to be fractured into smaller particle sizes to
facilitate sufficient particle softening, structure breakdown,
and bolus lubrication leading to a lower ER.50,55

RSM modelling was performed to determine which sensory
textures and physical properties are most influential in deter-
mining the ER. With modelling, it can be found which factors
have the most influence on ER, it includes interactions and
non-linear relations, and the method filters out the measures
that have multicollinearity.56 The model based on physical pro-
perties performed better than the sensory model as illustrated
by the lower AICc value (it gives a better fit with less model
terms). This is beneficial for its application since sensory
evaluation is more expensive and time consuming,29,31 while
instrumental/physical measurements are less costly and more
precise.30 A model including both sensory and physical data to
predict ER was developed, but not presented in this paper. The
combined model included more model terms (n = 8) than the
separate models and only had a slightly better fit (e.g.,
adjusted R2 and predicted R2 were both 0.92 compared to 0.91
of the physical properties model). Three of the model terms
were interactions between sensory texture and physical pro-
perties, and the other model terms provided little additional
information as most of these terms were already included in
the separate models. Therefore, we reported two separate
models—one based on sensory texture and one on physical

properties—as these provide the most relevant and clear
insights.

The predictions included different model terms in the two
models, where dryness, hardness and crumbliness were most
prominent in the sensory model, and adhesiveness, cohesive-
ness and WAC were most prominent in the model based on
physical properties. A possible explanation why different terms
are included in the two models, might be that the physical pro-
perties do not always well represent the associated sensory
evaluations57 as shown in the correlations between physical
and sensory measurements in the results. This study showed
that related terms measured using sensory and physical
methods are related for a few attributes, including hardness
and dryness/water absorption, but not for adhesiveness, chewi-
ness, and compactness/density. The physical properties partly
cover the sensory evaluations but also included two additional
properties: density and dimensional measures. This could
explain the different selection of terms that are included in
both models.

Most of the included model terms in the models were inter-
actions. This might be because texture properties are inter-
twined and cannot be modified in isolation. An example of a
strong interaction is the interaction between crumb springi-
ness and WAC. A more springy and elastic food decreases
ER.7,58,59 Higher WAC might lead to more absorption of saliva
into the food. Therefore, more saliva and time might be
needed for softening and agglomeration of the food particles
to form a compact bolus, and thereby decreasing the ER.51,52

In the interaction, the lowest ER is reached with both a low
WAC and low springiness of the crumb, while the highest ER
is reached with a low springiness and high WAC (see Fig. 3 in
ESI†). The interaction between WAC and springiness might
have contributed to the hard buns to have a higher ER than
the bread slices. Due to the high impact of these interactions
on predicting ER, more research is needed to better under-
stand the meaning of these interactions on oral processing
and ER of various food textures.

Since breads are often consumed as a composite food,52 for
future research investigating the oral processing, ER, energy
intake and satiety of composite bread products should be con-
sidered. The condiments or fillings added to the breads can
increase initial lubrication and might be compensating for the
dryness of the bread.52 A recent study showed that addition of
margarine on bread slices made the bread samples perceived
as less dry and speeded up ER in general. However, texture
differences between different types of bread samples were
largely retained in perceived hardness, denseness, and chewi-
ness.48 A recent study showed that the total ER of a meal or
composite food is usually an add up of ER of the separate food
items.13 This indicates that changing ER by texture modifi-
cations of the breads is expected to change the ER of the total
composite foods and thereby the food intake. However more
research is needed for meals and composite foods and its
effect on ER, energy intake and satiety.

The results provide guidance on how to modify the physical
properties to reduce the ER of bread. However, for practical
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application, hedonics must be considered. Maintaining com-
parable levels of acceptability and liking when modifying
texture can be challenging. Therefore, the intertwined effects
of liking (assessed by a larger group of consumers) in relation
to texture and ER should be investigated further.

To conclude, bread slices had the lowest ER, followed by
hard buns, whereas soft buns had the highest ER. Buns have
larger crust to crumb ratio and modifications on crusts will
have relatively high impact on ER, whereas crumb modifi-
cations will contribute more to ER of slices. The ER of bread
can be predicted from both sensory measured texture and its
physically properties. Most of the sensory measured textures
and physical properties showed interaction effects in the RSM
models, which highlights the complexity of the intertwined
textural model terms on oral processing characteristics. The
model based on the physical properties was slightly more accu-
rate in predicting ER in this study, where products from the
same food category were compared. This means that for pre-
dicting the ER of breads, using only physical measures is
sufficient and saves time and costs compared to more labor-
ious sensory evaluations. However, the outcomes of both RSM
models and the correlations can be used to modify bread
texture to steer ER. The insights from the relationships from
both the sensory texture and physical measures can be used to
modify the texture of breads, to effectively decrease ER and
eventually help to prevent overconsumption.
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