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Consuming almonds with chocolate or lettuce
influences oral processing behaviour, bolus
properties and consequently predicted lipid
release from almonds

Yao Chen, a Markus Stieger,a,b Floor Tonies,a Anki Tielensa and
Edoardo Capuano *a

Lipids in almonds are naturally encapsulated by cell walls which may reduce the actual metabolizable

energy content of almonds. Oral processing increases the accessibility of lipids to digestive enzymes by

grinding the almond matrix. This study aimed to investigate the effect of adding accompanying foods

(chocolate and iceberg lettuce) to almonds on oral processing behaviour, bolus properties and predicted

lipid release. Natural chewing times of four almond model foods including one almond (1.3 g), four

almonds (4.6 g), one almond with chocolate (4.3 g) and one almond with iceberg lettuce (4.3 g) were col-

lected from n = 59 participants in duplicate. Expectorated boli at the moment of swallowing were charac-

terized for number and mean area of almond bolus particles. Predicted lipid bioaccessibility was estimated

using a previously validated model. At similar bite size (4.3–4.6 g), the addition of chocolate and iceberg

lettuce to almonds significantly decreased (p < 0.05) chewing time and significantly increased (p < 0.05)

eating rate compared to consumption of almonds alone. Almond bolus particle sizes were similar for

almonds consumed alone (one and four almonds) and with chocolate, while consuming almonds with

lettuce generated significantly fewer and larger almond bolus particles (p < 0.05). Predicted lipid bioac-

cessibility of almonds consumed with iceberg lettuce was significantly lower (p < 0.05) than for almonds

consumed alone (one and four almonds) and almonds consumed with chocolate. Eating rate correlated

significantly and positively with the mean area of bolus particles and significantly and negatively with pre-

dicted lipid release. In conclusion, combining almonds with other foods such as chocolate and lettuce

influences oral processing behaviour and bolus properties and consequently predicted lipid bioaccessibil-

ity of almonds, highlighting the impact of food matrix and consumption context on these aspects.

1. Introduction

Almonds (Prunus dulcis) are nuts containing fibers, polyphe-
nols and unsaturated fatty acids1,2 which are known for their
beneficial effects on satiety and cardiovascular and gut
health.3–9 The high lipid content of almonds is responsible for
their high energy content when this is calculated using the
general Atwater factors.8,10 However, the metabolizable energy
of almonds is substantially lower than that calculated by the
Atwater factors because of the cell walls hindering the accessi-
bility of intracellular lipids to digestive enzymes and fluids in
the human gastrointestinal tract.8,11–16 Therefore, it has been
argued that the actual energy content of almonds is predomi-

nantly determined by the degree of breakdown of the almond
matrix as the more cells walls are ruptured, the more lipids are
released from the almond tissues and digested.17,18

Oral processing leads to the mechanical breakdown of the
almond matrix generating smaller and more almond bolus
particles with larger total bolus surface area which increases
the release of lipids from almonds,7,8,11,13,19,20 Oral processing
behaviour depends on food properties.21–25 Differences in oral
processing behaviour contribute to differences in bioaccessi-
bility of nutrients.8,14,18,24,26–28 Cassady et al.17 reported that
chewing almonds 40 times per bite resulted in higher lipid
digestibility than chewing almonds 10 times per bite.

Almonds are consumed in different contexts in real life.
Almonds are frequently consumed alone or in combination
with other foods like in chocolates or as part of meals like
salads. However, the effect of combining almonds with other
foods on oral processing behaviour and bolus properties has
been underexplored and the potential effects of combining
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almonds with other foods on lipid digestibility has not been
studied.

For instance, Hutchings et al.29 studied the oral processing
behaviour and bolus properties of peanuts embedded in two
food matrixes, chocolates and gelatin gels. The different
matrixes led to differences in oral processing behaviour and
peanut bolus particle size distributions. McArthur et al.7 exam-
ined bolus properties of different nuts (walnuts, almonds, pista-
chios) under different contexts including consumption with
water, juice, and yoghurt. A higher proportion of larger nut
bolus particles was found when nuts were consumed with
water, juice and yogurt compared to consumption of nuts
alone. Capuano et al.30 reported that incorporation of hazelnuts
into breads modestly increased hazelnut bolus particle size.

The aim of the study was therefore to further investigate the
effect of combining almonds with other foods on oral proces-
sing behaviour and bolus properties by expanding the type of
accompanying foods previously investigated.29,30 Next to this,
we aim at investigating how the changes in bolus properties
would affect the amount of predicted lipid release which has
never been assessed so far. We hypothesize that the addition of
“softer” foods to almonds leads to shorter chewing time, fewer
and larger almond bolus particles and lower predicted lipid
bioaccessibility compared to consumption of almonds alone.

2. Materials and methods
2.1 Materials

Roasted, blanched and peeled almonds (Smits Specialiteiten,
Rhenen, the Netherlands), milk chocolate (AH milk chocolate
bar, Albert Heijn BV, the Netherlands) and precut, packed
iceberg lettuce (Jumbo iceberg lettuce 200 g, Jumbo BV, the
Netherlands) were bought at local supermarkets. Almonds and
milk chocolate were stored at room temperature and iceberg
lettuce in the refrigerator at 4 °C and used within 3 days.

2.2 Participants

A previous study by Grundy et al.14 measured predicted lipid
release from masticated almond particles by using the theore-
tical model (8.5% for natural almonds and 11.3% for roasted
almonds). Considering the low percentage of predicted lipid
bioaccessibility, a power calculation was performed for this
study with an effect size of 2.8, a Sigma of 5, a significance
level of 0.05 and power of 0.8 (https://hedwig.mgh.harvard.
edu/sample_size/js/js_crossover_quant.html) which yielded 53
participants. Considering potential withdrawal, 60 partici-
pants, were enrolled in our study. This is a larger cohort com-
pared to similar studies previously published.14,29 Oral proces-
sing behaviour and bolus collection were studied with n = 60
participants (33 females, 27 males; 27 ± 4 years; 15 national-
ities) in duplicate. Food intolerances, dental status (self-
reported), chewing or swallowing status (self-reported) and
smoking condition were collected from all participants using
questionnaires and were used as selection criteria. Only par-
ticipants with normal ability to chew and swallow, without

history or undergoing treatment for chronic medical illness,
no smoking, alcohol or drug use, and no self-reported food
allergies or intolerances to the tested foods participated in the
study.23,31 Participants had the ability to chew and swallow
normally, without history or undergoing treatment for chronic
medical illness, no smoking, alcohol or drug use, and no self-
reported food allergies or intolerances to the tested foods. All
participants (n = 60) completed the study but one participant
was excluded from the dataset as data analysis could not be
performed for that participant. The data of n = 59 participants
(33 females, 26 males; 27 ± 4 years; 15 nationalities) in dupli-
cate was analyzed for this study. All participants gave written
informed consent prior to the study and received financial
compensation for their participation. The study does not meet
the requirements of the ‘Medical Research Involving Human
Subjects Act’ of The Netherlands (WMO in Dutch) for assess-
ment by the Medical Research Ethical Committee of The
Netherlands. This study was conducted in agreement with the
WMA Declaration of Helsinki about Ethical Principles for
Medical Research Involving Human Subjects.

2.3 Sample preparation

An overview of the food samples is shown in Table 1. Single-
component samples containing of one or four almonds (here-
after referred to as 1A and 4A) and multi-component samples
containing of one almond and chocolate (hereafter referred to
as 1A + C) or one almond and iceberg lettuce (hereafter
referred to as 1A + I) were included in the study. All samples
were prepared in duplicate freshly in the morning before the
sessions. The total weight of the samples corresponds to the
bite size and was approximately equivalent for 4A, 1A + C and
1A + I while 1A had a smaller bite size. The ratio between
almond and chocolate of 1A + C was based on the ratio of com-
mercially available milk chocolate bar with almonds
(Rittersport Whole Almond chocolate bar which contains 25%
almond, i.e., ratio of almond : chocolate of 1 : 3). The ratio
between almond and iceberg lettuce of 1A + I was based on the
average ratio between nuts and salad vegetables in a commer-
cially available meal salad (AH Meal salad mango hazelnuts
which contains 7.5% roasted hazelnuts and 28.8% curly
lettuce and red cabbage, i.e., ratio of nuts : salad vegetables of
1 : 3.8). It was decided to use the same almond : food ratio for
1A + C and 1A + I to allow for better comparison between
samples. The 1A sample (one almond) was intended to provide
information about the effect of bite size of almonds on oral
processing behaviour and bolus properties by comparison to
the 4A sample (four almonds).

2.4 Characterization of oral processing behaviour of almond
model food samples

The study consisted of one session with two parts. During the
first part of the session of 15 min oral processing behaviour of
participants (n = 59) were determined in duplicate for all
samples. During the second part of the session of 15 min,
expectorated bolus of all samples were collected from partici-
pants (n = 59) in duplicate. Chewing time of each sample
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(1A, 4A, 1A + C, 1A + I) was determined in duplicate, so eight
randomized test samples were served to each participant
during the first session. Additionally, there was one practice
sample to facilitate the participants’ understanding of the
tasks. Participants were offered one sample at a time and
asked to take the whole sample in their mouth. Participants
were instructed to chew naturally on the sample and to raise
their hand to indicate the moments of beginning of chewing
and swallowing. A stopwatch was used by the researcher to
collect the chewing time of participants. The chewing time of
the duplicate measurements was directly filled in into an excel
spreadsheet and the average normal chewing time (s) for each
sample calculated. Eating rate (g min−1) of each almond
model food sample was calculated by dividing sample weight
(g) by the average chewing time (min).

2.5 Almond bolus collection

Expectorated boli of almond model food samples at the
moment of swallowing were collected from the n = 59 partici-
pants in duplicate after the determination of chewing time in
the second part of the session. Eight randomized test samples
including duplicates of 4 samples (1A, 4A, 1A + C, 1A + I) were
served to each participant. An additional sample for the prac-
tice of expectorating bolus was provided at the beginning.
Participants were instructed to chew the samples for the their
own individual normal chewing time of each sample based on
the results collected from the first part of the session. The
effect of chewing frequency (chews per s) was excluded in the
present study based on a previous pilot study that indicated
interindividual differences in chewing frequency for these four
samples were negligible (1.6 ± 0.1 chews per s, p > 0.05). After
chewing, the almond bolus was expectorated into labelled con-
tainers (Greiner tube). Participants were instructed to spit out
as much bolus as possible from their mouths, including any
food particles that may have been trapped in the buccal
pouches. Collected duplicate almond boli were divided into
two parts. One part of the bolus was used for quantification of

bolus particle number and size, and the other part of the
bolus was used for the determinations of dry matter content
and chewing loss.

2.6 Dry matter content

Dry matter content was determined for the individual foods
before oral processing (almond, chocolate, and iceberg lettuce)
and for the expectorated bolus of the four samples (Table 1)
after oral processing. Dry matter content (%) was determined
by drying a known amount of wet sample overnight in an oven
at 105 °C to constant weight.

2.7 Chewing loss determination

Chewing loss is defined here as the amount of food bolus that
is not expectorated during bolus collection as parts of the food
bolus remained stuck in the oral cavity or were accidentally
swallowed by the participant. Chewing loss was determined to
standardize the number of almond particles in the bolus by
weight to ensure this parameter is comparable among all
samples. A preliminary trial (n = 3) showed considerable inter-
individual differences regarding chewing loss whereas intra-
individual differences were negligible (data not shown). We
therefore assumed that chewing loss was similar in the two
parts of the session. We assumed that the same relative pro-
portion of almond and either chocolate or lettuce was lost (i.e.,
ratio of almond : additional food remains 1 : 3).

Chewing loss (%) was calculated with the following
equation.

Chewing lossð%Þ ¼ 100%� mdry bolus

mdrymatrix
� 100%

with: mdry bolus, weight of dry matter in expectorated bolus (g);
mdry matrix, weight of dry matter in unchewed food sample (g).

2.8 Characterization of bolus properties of almond bolus
particles

Number of almond bolus particles and mean area of almond
bolus fragments were determined using image analysis as pre-

Table 1 Overview of the composition and weights of the four almond model food samples. Total weight of samples corresponds to bite size. Data
are reported as mean ± SD (n = 59, duplicate)

Sample description One almond Four almonds One almond with chocolate
One almond with iceberg
lettuce

Sample name 1A 4A 1A + C 1A + I
Sample picture

Almonds (pcs.) 1 4 1 1
Weight almond (g) 1.29 ± 0.16 4.62 ± 0.24 1.29 ± 0.16 1.29 ± 0.16
Weight additional food (g) N.A. N.A. 3.03 ± 0.06 3.02 ± 0.05
Total weight sample (g) 1.29 ± 0.16 4.62 ± 0.24 4.32 ± 0.22 4.31 ± 0.21
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viously described24 with slight modification of the method-
ology. Maximally 3 g of expectorated almond bolus were
spread on a Petri dish to ensure that bolus fragments did not
overlap or agglomerate on the Petri dish. Expectorated bolus
was placed in a large Petri dish (203 × 305 mm) and appropri-
ate amount of water was added to separate the almond bolus
fragments manually. Individual bolus fragments were gently
separated by shaking and using a spatula. Petri dishes were
placed on a flatbed scanner (Canon CanoScan 9000F mark II),
and a 600 dpi colour picture was taken with a black back-
ground in duplicate.

The current study focused on the effect of adding foods
(chocolate and iceberg lettuce) to almonds on bolus properties
of the almonds. To quantify the bolus properties of the
almond fragments only (number and size of almond bolus
fragments), chocolate and iceberg lettuce bolus fragments
were removed from the expectorated bolus before scanning.
For the 1A + C sample, the bolus parts were separated and
weighed into 50 mL Greiner tubes. To dissolve the chocolate,
50 mL hot water (approx. 60 °C) was added to the boli where-
after the Greiner tube was shaken and emptied in the large
Petri dish. A pilot study was performed in which it was estab-
lished that adding 300 mL hot water to 3 g food bolus (1A + C),
was enough to dissolve the chocolate to the extent that choco-
late did not interfere with the scanning. Then, the Greiner
tube was rinsed with hot water for six times (approximately
40 mL per rinse) and merged in the Petri dish. To separate
clustered almond bolus fragments, the dish was shaken and a
spatula was used to gently separate the particles. For the 1A + I
sample, iceberg lettuce fragments were removed manually
from the expectorated bolus before scanning using a pincer.

The scans were imported into ImageJ (version 1.52a,
National Institute of Health, USA) to conduct image analysis. A
macro was used to obtain a binary image by applying a conver-
sion to an 8-bit image, a brightness/contrast adjustment and a
black and white threshold adjustment. Brightness/contrast
was set to make sure that the translucent or green fragments
from iceberg lettuce were excluded. Particles smaller than
0.07 mm2 or circularity smaller than 0.15 were discarded to
prevent interference with the background. The projected area
is calculated as the center segment of a sphere. For each
image, the number of almond bolus particles and bolus mean
area (mm2) were obtained and the number of almond bolus
particles was standardized by bolus weight (no. per g).

2.9 Predicted lipid release

Lipid release from almonds was predicted using a theoretical
model which was developed and previously validated for pre-
dicting lipid bioaccessibility of almonds12,14,26 with a modifi-
cation of bolus particle area transformation. In the current
study, the modified model calculated the predicted lipid bioac-
cessibility of almonds based on the mean area of almond
bolus particles. In the original model,12 it was assumed that
the almond bolus particles were cubes, but in the current
study the almond bolus particles were assumed as spherical.
Therefore, the current spherical almond bolus particle was

transformed into a cubic particle with an identical surface area
(4πr2 = 6 × side area). It is acknowledged that the volume of the
transformed cube is smaller than the original sphere (Vcube ≈
0.72 Vsphere) which could lead consistently to an overestimation
of predicted lipid release. Predicted lipid release was calcu-
lated with the equation:

Predicted lipid release ð%Þ ¼ 1
2

64
π2

d
p

� �
� 8

d
p

� �2�

þ 4
3
π

d
p

� �3�
� 100%

with, d = mean diameter of almond cells determined in the
original study12 (36 µm); p = side length of the cubic particle
which has equivalent surface area as the spherical almond
bolus particle (µm).

2.10 Statistical data analysis

Data are expressed as mean ± standard deviation (SD) unless
otherwise stated. A significance level of p < 0.05 was chosen.
IBM SPSS Statistics (version 25.0) was used to perform all stat-
istical analysis.

Descriptive statistics were applied to explore the character-
istics of chewing time (s), eating rate (g min−1), bolus
properties (number of particles (no. per g) and mean area
(mm2)), predicted lipid release (%), and chewing loss (%) of
the four almond model food samples. Normality was checked
using Shapiro–Wilk tests and variances were checked using
Levene’s test.

Kruskal–Wallis H tests and post hoc Bonferroni tests were
used to investigate the influence of sample on chewing time
(s), eating rate (g min−1), and bolus properties (number of par-
ticles (no. per g) and mean area (mm2)) of almonds.

Bivariate Spearman correlation tests (two-tailed) were used
to examine relationships between individual chewing time (s),
and/or individual eating rate (g min−1), with bolus properties
(number of particles (no. per g) and mean area (mm2)), and
predicted lipid release (%) in almond for all samples merged
by almond model food sample types.

3. Results

Fig. 1 shows chewing time (A) and eating rate (B) of four
almond model food samples, i.e., one almond (1A), four
almonds (4A), one almond with chocolate (1A + C) and one
almond with iceberg lettuce (1A + I).

Increasing the bite size resulted in significantly longer
(Fig. 1(A), p < 0.05) chewing times and higher (Fig. 1(B), p <
0.001) eating rate by comparing 1A (bite size 1.3 g) and the
other samples (4A, 1A + C, and 1A + I; bite size 4.3–4.6 g).
Among the three similar bite size almond samples, 4A showed
the longest chewing time (p < 0.05) and lowest (p < 0.001)
eating rate. The addition of chocolate and iceberg lettuce
reduced the chewing time and increased the eating rate com-
pared to 4A. No significant differences in chewing time and
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eating rate were observed between the addition of chocolate
and iceberg lettuce to one almond (1A + C and 1A + I).

Fig. 2 shows chewing loss (%) of four almond model food
samples (1A, 4A, 1A + C, and 1A + I). All four food samples
showed a considerable chewing loss during the study ranging
from 23.4 ± 11.1% for 4A to 40.3 ± 17.0% for 1A +
C. Significant and large differences among the almond food
samples were observed and large interindividual variation
between participants for each model food. Almond bolus pro-
perties were therefore standardized by the corresponding
remaining weight of wet almond bolus considering the
chewing loss (see section 2.7 and 2.8).

In Fig. 3, representative pictures of different almond model
food samples before oral processing, expectorated boli and
scans of separated almond boli particles of 1A, 4A, 1A + C, and
1A + I, as well as bolus properties (number and mean area of
almond bolus particles) are shown. Although one almond (1A)
and four almonds (4A) were significantly different in bite size
(1.3 and 4.6 g) and chewing behaviour, they displayed very
similar bolus properties in terms of almond bolus particle
numbers and mean area (Fig. 3, p > 0.05). Combining one
almond with an additional food like chocolate or iceberg
lettuce (1A + C and 1A + I) had a significant effect on almond
bolus numbers (Fig. 3, p < 0.05) compared to the samples with
only almonds (1A and 4A). However, 1A + C showed signifi-
cantly more and smaller (Fig. 3, p < 0.05) almond bolus par-
ticles, 1A + I showed significantly larger (Fig. 3, p < 0.05) mean
area of almond bolus fragments compared to other samples.

Fig. 4 shows the predicted lipid release (%) from the four
almond food samples (1A, 4A, 1A + C, and 1A + I). One
almond, four almonds and one almond with chocolate showed
similar predicted lipid release (Fig. 4, p > 0.05) as a conse-
quence of the similarity in the almond bolus particle size. One
almond with iceberg lettuce (1A + I) showed significantly lower
predicted lipid release compared to the other samples (1A, 4A
and 1A + C) (Fig. 4, p < 0.001). Adding iceberg lettuce signifi-
cantly reduced the predicted lipid release by approximately
3–4% (in absolute terms) compared to the other three
samples.

Furthermore, we investigated the correlations between
chewing time (s) or eating rate (g min−1) with bolus properties
(mean area, mm2), and predicted lipid release (%). A positive
and significant correlation was found between eating rate (g
min−1) and the mean area of bolus particles (mm2) (r = 0.324,
p < 0.01). A negative and significant correlation between eating
rate (g min−1) and predicted lipid release (%) (r = −0.322, p <
0.01) was found. There were no significant correlations

Fig. 1 Chewing time (s) (A) and eating rate (g min−1) (B) of four almond model food samples. 1A: one almond (bite size 1.3 g); 4A: four almonds (bite
size 4.6 g); 1A + C: one almond with chocolate (bite size 4.3 g); 1A + I: one almond with iceberg lettuce (bite size 4.3 g). Data are reported as mean
± SD (n = 59, duplicate). Different letters indicate significant differences among samples (p < 0.05).

Fig. 2 Chewing loss (%) of the four almond model food samples. 1A:
one almond (bite size 1.3 g); 4A: four almonds (bite size 4.6 g); 1A + C:
one almond with chocolate (bite size 4.3 g); 1A + I: one almond with
iceberg lettuce (bite size 4.3 g). Data are reported as mean ± SD (n = 59,
duplicate). Different letters indicate significant differences among
samples (p < 0.05).
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Fig. 3 Bolus properties of the four almond model food samples. 1A: one almond (bite size 1.3 g); 4A: four almonds (bite size 4.6 g); 1A + C: one
almond with chocolate (bite size 4.3 g); 1A + I: one almond with iceberg lettuce (bite size 4.3 g). (a) Representative pictures of almond samples
before oral processing; (b) representative pictures of expectorated almond boli; (c) representative scans of almond bolus fragments; (d) number of
almond bolus particles (no. per g); (e) mean area of almond bolus particles (mm2). Data for (d) and (e) are shown as mean ± SD (n = 59, duplicate).
Different letters indicate significant differences among samples (p < 0.05).
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between chewing time and mean area of almond bolus par-
ticles and between chewing time and predicted lipid release.

4. Discussion

In this study, we investigated the effects of almond bite size
and the addition of two accompanying foods, chocolate and
iceberg lettuce, to almonds on oral processing behaviour
(chewing time, eating rate), almond bolus properties and pre-
dicted almond lipid release. Our results demonstrate that the
differences in bite size and combinations of almond with an
additional food led to alterations in oral processing behaviour
(chewing time and eating rate), surface area of almond bolus,
and predicted almond lipid release. For the almond consumed
with iceberg lettuce, the predicted almond lipid release was
significantly lower than for other samples due to the formation
of larger almond bolus surface area during oral processing.

Bite size and the combination of almonds with chocolate
and lettuce had significant effects on chewing time and eating
rate. As expected, chewing time and eating rate were closely
related with each other.32 The sample with only one single
piece of almond (1A) showed the shortest chewing time while
also the lowest eating rate. The effect of bite size on chewing
time was very straightforward and was in line with previous
findings that chewing time is prolonged by increasing bite
size.33–35 Here we found that chewing time of one almond (1A)
was 54% shorter and eating rate 39% slower (in relative terms)
compared to four almonds per bite (4A). The effect of bite size
on eating rate was also observed in previous studies.36 As one
almond contained the smallest bite size (1.3 g) compared to
the other 3 samples with almonds (4.3–4.6 g), it required less
mastication effort, thereby resulting in a shorter chewing time
and lower eating rate. The addition of chocolate and iceberg

lettuce (1A + C and 1A + I) significantly reduced chewing time
and increased eating rate of the single-component sample
with similar bite size (4A) while there were no differences
between 1A + C and 1A + I. Chewing time and eating rate could
be influenced by multiple factors including food textural and
mechanical properties of the food matrix such as hardness, or
moisture content, etc.23,35,37–41It has been repeatedly proven
that the harder a solid food matrix, the longer the chewing
time,42,43 4A contained a much harder matrix (four almonds),
than 1A + C and 1A + I (one almond with chocolate or iceberg
lettuce) with chocolate and iceberg lettuce which could
increase the chewing time and naturally lower the eating rate
as these three samples were similar in bite size. Moreover, the
moisture content of iceberg lettuce (97%) was much higher
than almonds (3%), and previous findings reported that a high
moisture content could help to lubricate almond bolus and
accelerate the bolus formation.44,45 In addition, for 1A + C, the
chocolate started to melt during mastication,29,45,46 which could
also enhance the lubrication of the bolus shortening the
chewing time and increasing eating rate compared to 4A.

The almond samples (1A and 4A) exhibited similar almond
bolus sizes although they produced significantly different oral
processing behaviours. This confirms that prolonged chewing
time for 4A compared to 1A might have compensated for the
difference in bite size so that a safe-to-swallow bolus with
similar properties was formed independent of bite size,25,45,48

Moreover, our results showed that bolus properties of almonds
were determined not only by oral processing behaviour but
also by the mechanical properties of the additional foods.
Addition of chocolate and lettuce affected the bolus properties
of almonds, though the effect was product-specific. The
almond with chocolate (1A + C) displayed similar almond
bolus particle size to the 4A sample whereas the almond with
iceberg lettuce sample (1A + I) showed significantly larger
almond bolus particle size than other samples. This discre-
pancy in almond bolus properties suggests that the properties
of the additional food may influence the breakage function
and the selection function of almonds during the oral proces-
sing of the composite food.29,47 The main reason for the larger
almond particle size of 1A + I was very straightforward as
shorter chewing time reduced the extent of breakage of the
almond matrix which generated less and larger almond bolus
particles.7,25,44 However, 1A + C displayed a much smaller
almond bolus particle size than 1A + I even though they were
similar in chewing time and eating rate. Possible explanations
for this result might be different mechanical properties of the
chocolate compared to iceberg lettuce. The presence of fat in
chocolate can affect lubrication in the mouth and might create
a smoother texture by melting in the oral cavity and coating
the almond particles which could increase the selection func-
tion of almonds, known as the probability that almond par-
ticles presenting to the occlusal plane.29,47 The mouth-coating
effect of chocolate facilitated the formation of smaller, more
consistent almond bolus particles. In contrast, water-rich
iceberg lettuce would instead create a more crunchy texture
and the presence of fibre in iceberg lettuce could possibly

Fig. 4 Predicted lipid release (%) from the four almond model food
samples. 1A: one almond (bite size 1.3 g); 4A: four almonds (bite size
4.6 g); 1A + C: one almond with chocolate (bite size 4.3 g); 1A + I: one
almond with iceberg lettuce (bite size 4.3 g). Data are reported as mean
± SD (n = 59, duplicate). Different letters indicate significant differences
among samples (p < 0.001).
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restrict the selection function of almonds so the molars were
less easy to access to the almonds. Iceberg lettuce was less
effective in binding almond pieces during chewing, leading to
larger, less uniform bolus particles. These differences illustrate
how texture properties of the food matrix influence oral proces-
sing behaviour and impact bolus particle formation.

Lipids in almonds are present in the form of lipid droplets
within the intact almond cells.8 Although almonds are rich
in lipids, the actual release of the intracellular lipids is rela-
tively low due to the encapsulation of lipids in the cell
walls.10 The human digestive system lacks the necessary
enzymes to break down the cell walls and release the lipids
for digestion so the particle size distribution ultimately deter-
mines the accessibility of lipids to lipases.8,13,14 In the
current study, the predicted lipid release of almonds ranged
from 15.4% to 19.5% based on the theoretical model.12 The
predicted values are higher than the predicted value (8.5%)
derived from the same model which was reported by Grassby
et al.12 as we assumed a sphere instead of a cube for the
shape of almond bolus particles, and hence our data is an
overestimation. The relatively low predicted lipid release is in
line with previous findings that the extent of the disinte-
gration of intact almonds due to oral processing is quite
limited.8,12–14,17 Prolonged chewing time could significantly
help with the release of lipids from almonds by rupturing the
cell walls but this is less effective than grinding the almond
matrix directly into powder.13,14,26,27,49–51Our study showed
there was no effect of bite size on predicted lipid release in
samples consisting of almonds alone (1A and 4A) because
oral processing behaviour of different almond bite size
“adapt” to the bite size leading to almond bolus with similar
bolus particle sizes.25,47,48 A significant effect of addition of
iceberg lettuce on predicted lipid release in almonds was
found, but addition of chocolate to almonds did not influ-
ence predicted lipid release. The predicted lipid release in
almonds was calculated based on the corresponding mean
area of almond bolus particle in the current study. This
result demonstrates that the differences in almond bolus pro-
perties caused by the addition of iceberg lettuce to the
almonds were sufficiently larger to cause changes in pre-
dicted lipid release. This result may indicate that different
mechanical properties of the additional foods could change
the consumption context of almonds which could sub-
sequently influence on the oral processing behaviour, bolus
properties and nutrients bioaccessibility.52 Capuano et al.30

reported that incorporation of whole hazelnuts into bread
matrixes slightly increased the bolus particle size of hazel-
nuts. One study also reported that consuming almonds
together with water, sweet yoghurt and plain yoghurt signifi-
cantly reduced the chewing time, accelerated the eating rate
and generated more and larger almond bolus particles.7 In
our study, the addition of chocolate and iceberg lettuce
might play a similar role of impacting on the almonds,
though as discussed before, the different properties of the
additional foods led to the different breakdown behaviour
and potential bioaccessibility of the almond lipids.

The current study showed strong correlations between
eating rate and chewing time, mean area of almond bolus par-
ticles as well as the predicted lipid release in almonds. This is
in line with previous findings that a faster eating rate is associ-
ated with a shorter chewing time, larger bolus particle size,
smaller surface area and less nutrient bioaccessibility.32,53,54 It
is widely recognized that a lower eating rate contributes to
energy intake within a meal, post-meal satiety/fullness, and
relates to the metabolism of nutrients.53–55 In this study, since
eating rate largely depends on the mechanical properties of
the food matrix,23,53,55,56 the strong correlation of eating rate
and predicted lipid release in almonds suggests the possibility
to manipulate lipid digestibility in almonds by combining
almonds with different foods.

One of the limitations of the present study is that lipid bio-
availability has been estimated based on the assumption that
this would be proportional to the lipid fraction that is immedi-
ately available to lipase, i.e., the fraction that is released, which
is a relatively safe assumption for certain nuts like almonds. In
addition, the theoretical model is an easy tool to investigate
the research aim, and has been previously validated.12 We
acknowledge that the use of the average particle size instead of
the whole particle size distribution simplifies the complexity
of the problem. Further work should determine lipid digesti-
bility using an in vitro digestion model or explore whether the
small differences observed in this study may have any physio-
logical significance in vivo. Moreover, it is also worth noticing
that undigested lipids encapsulated by almond intact cells
could be further metabolized by the gut microbiota which is
known to produce certain beneficial metabolites.8,11,50

Microbial metabolism of lipids in the gut mostly produces bio-
active metabolites like conjugated linoleic acids (CLAs) or
other linoleic acid (LA) metabolites like hydroxy fatty acids
which may have physiological relevance in the large
intestine,9,57,58 whereas production of short-chain fatty acid
from lipids is uncertain and depending on of depletion other
more easily available sources of energy.59

5. Conclusions

This study aimed to investigate the effect of adding foods (cho-
colate and iceberg lettuce) to almonds on oral processing
behaviour, bolus properties and predicted lipid release. The
study showed the addition of chocolate and iceberg lettuce
had a significant effect on alteration of oral processing behav-
iour including reduction of chewing time and increase of
eating rate compared to samples with only almonds at a con-
stant bite size. Only the addition of iceberg lettuce showed a
significant and modest decrease of predicted lipid release in
almonds by 3–4% (in absolute terms) compared to other
samples. We conclude that combining almonds with other
foods such as chocolate and lettuce influences oral processing
behaviour and bolus properties and consequently predicted
lipid bioaccessibility of almonds. The study highlights that the
food matrix and consumption context of plant foods like nuts
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impacts oral behaviour and consequently bolus properties and
predicted lipid release. The findings of this study highlighted
the importance of evaluating the influence of consumption
context on oral processing behaviour and lipid bioaccessibility,
since individual foods are commonly consumed in conjunc-
tion with other foods as meals. Further studies should explore
how the presence of different foods in a meal effect in vivo
lipid digestion and utilization by modulating oral processing
behaviour.
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