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Abstract

In humans, food oral processing (FOP) is the first step in the digestive process. It prepares the food
for swallowing and to undergo the process of digestion. During chewing, the food is comminuted by
the combined action of chewing and saliva to form a bolus. The particle size of the bolus is reduced
due to the action of the tongue and the teeth, and the saliva is continuously produced by the salivary
glands to humidify and impregnate the food. Saliva lubricates the bolus and enables the cohesion
of particles to prepare for swallowing. During food oral processing, the compounds responsible for
food flavour and taste are released, leading to the perception of food organoleptic properties and
significantly contributing to the consumer’s acceptability of the product. Understanding this process
of food breakdown and bolus formation thus appears to be a way to revisit food functional properties.
However, this process is extremely complex, and as such, its description necessitates a combination of
many quantities from different disciplines, i.e., physics, chemistry, physiology, psychology, behavioural
science and food science. It depends, on one hand, on food properties and on the other hand, it
depends on oral physiology. However, large inter-individual variability is commonly observed, which
has important consequences on flavour release and perception. The challenge for the food industry is
to be able to develop food considering this large variability, and sensory and nutritional constraints.
This challenge is particularly relevant when specific populations (i.e., elderly, infants or obese subjects)
are considered.
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1 Food breakdown and bolus
formation in the mouth

1.1 Role of mastication

In humans, the mastication process involves
the coordinated activity of masticatory muscles
(masseter temporalis, lateral and medial ptery-

goids), jaw, lips, tongue and saliva. Food break-
down begins by the rhythmic movements of open-
ing and closing the mandible while the jaws and
tongue reposition the food between the teeth.
The tongue gathers the particles to form a bo-
lus, and then transports the bolus to the pos-
terior part of the oral cavity to initiate swallow-
ing. Salivation, which is mechanically stimulated
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by chewing and is physico-chemically stimulated
by the food components, enables lubrication of
the bolus, aggregation of particles and swallow-
ing (Salles et al., 2011).
Masticatory ability is closely related to the num-
ber of teeth, and a decrease in the ability to chew
occurs when less than 20 teeth are present. Func-
tional chewing difficulties particularly occur in
the elderly, with a decline in general health that
leads to tooth loss and hyposalivation, but age-
ing has little effect on chewing in older people
with proper oral health status. In the case of in-
fants, physiological changes allow them to move
progressively from sucking to chewing and thus
from liquid to solid foods. Infant masticatory ef-
ficiency is stimulated by exposure to more or less
complex food textures (Nicklaus, Demonteil, &
Tournier, 2015).
Chewing is mainly influenced by the composi-
tion of the food, its texture (Kohyama & Mioche,
2004) and the chewing parameters (Yven, Culi-
oli, & Mioche, 2005). Indeed, the food’s tex-
ture has a large influence on the chewing pro-
cess. In particular, the number of chewing cy-
cles preceding the first swallowing depends on
the texture of the food. A dry, hard food re-
quires many chewing cycles to be fragmented into
particles and impregnated by saliva before be-
ing swallowed (Prinz & Lucas, 1995). In fact,
to be swallowed, the food bolus must reach ad-
equate levels of comminution (particle size) and
of lubrication or moistening (Hutchings & Lill-
ford, 1988). For hard, brittle foods, such as
peanuts, almonds, carrots, it appears that the
particle sizes are similar among individuals, but
the duration of chewing sequences and the num-
ber of cycles vary (Mishellany, Woda, Labas, &
Peyron, 2006). In most studies, the breakdown
rate is determined by successive sieving bowls of
particles (van der Bilt & Fontijn-Tekamp, 2004).
However, for non-brittle foods, other bolus prop-
erties triggering swallowing have been evidenced.
In particular, food bolus consistency has been
highlighted as an important property to trigger
swallowing during cheese consumption (Yven et
al., 2012). In this case, it is likely that the con-
tinuous phase of the food bolus, resulting from a
mix between saliva and food, is as important as
particle size.

1.2 Role of salivation

Saliva is a biological fluid that bathes and mois-
turizes the oropharyngeal cavity. It is produced
by three pairs of major (parotid, sublingual and
submandibular) and minor (buccal, labial, lin-
gual, and palate) glands. A distinction is made
between saliva at rest, which corresponds to the
liquid produced without any stimulation (me-
chanical, chemical or trigeminal), and stimulated
saliva that results from a stimulation, more often
during the consumption of liquid or solid food
(Schipper, Silletti, & Vingerhoeds, 2007).
During the chewing process, stimulated saliva
contributes to the formation of a food bolus that
can be swallowed (Yven, Guessasma, Chaunier,
Della Valle, & Salles, 2010) and to the release of
active substances. Due to its moisturizing, lubri-
cation and hydrolytic capacities, saliva changes
the structure and mechanical and physical prop-
erties of the food bolus and thus the sensory
perception of texture and flavour (Yven et al.,
2005). Moreover, large inter-individual variabil-
ity was observed (Quintana et al., 2009; Feron
et al., 2014). Indeed, studies conducted on the
incorporation of saliva during chewing showed a
level of moistening of up to 80%, depending on
the matrices and subjects considered (Guichard
et al., 2008; Guinard, ZoumasMorse, Walchak, &
Simpson, 1997).

1.3 Particle size reduction and
swallowing event

At the end of the chewing sequence, a double
threshold - comminution and lubrication - needed
to trigger aspiration was proposed (Hutchings
& Lillford, 1988). These two parameters can
be connected to one dimension, represented by
the cohesion of the food bolus (Prinz & Lucas,
1995). During chewing and thus the production
of smaller and smaller particles, saliva gradually
reduces the space between particles and thus in-
creases the cohesive forces between them. For in-
stance, an analysis of fragments of different kinds
of cereal flakes (breakfast type) showed the im-
portance of the breaking behaviour of the prod-
uct on human mastication. The fragmentation
phase is quickly followed, in less than ten cy-
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cles of mastication, by a particle agglomeration
phase. The two phenomena are related to the
amplitude of the masticatory force and its change
during the chewing process (Yven et al., 2010).
The gradual disintegration of the food matrix in
the mouth during chewing leads to variations in
texture perception, which although they are spe-
cific to each type of food, they can change over
time, reflecting particle size reduction and the in-
creased cohesion of lubricated particles (Lenfant,
Loret, Pineau, Hartmann, & Martin, 2009). The
harder food is to swallow, the longer the time
that is needed for Food Oral Processing (FOP)
(Chen & Lolivret, 2011).
In conclusion, this part of in-mouth food break-
down and bolus formation can be likened to a
food process that leads a product far from what
is originally placed in the mouth. It will thus
impact the dynamics of the release of active sub-
stances and their functionalities (organoleptic,
nutritional, etc.) (Salles et al., 2011).

2 FOP, flavour release and
perception

2.1 Aroma

In the mouth, aroma release and perception are
strongly linked to oral parameters (chewing, sali-
vation, breathing, swallowing) (Rolls & Rolls,
1997). Furthermore, individual differences in the
profiles of chewing and swallowing explain inter-
individual differences in the retronasal release
of aroma compounds (Ruijschop, Burgering, Ja-
cobs, & Boelrijk, 2009).
In vivo, aromatic perception depends on the con-
centration of flavour in the nasopharynx, which
itself is affected by the rate of release of the food
aroma compounds in the oral cavity (van Ruth &
Roozen, 2000). The release of aroma compounds
in the mouth is affected by the composition of
the food matrix and the entire oral process (Fig-
ure 1). All phenomena that occur between food
intake and swallowing increase the surface area
available for exchange, dilution and partial dis-
solution in saliva, which may affect the release of
aroma compounds (Bakker et al., 1996).
For instance, in cheese and for one subject,
the time corresponding to the maximum re-

lease of aroma compounds, such as hexane-2-
one, hexane-2-ol and ethylhexanoate, are very
close, but large inter-individual differences re-
garding volatile release kinetic parameters have
been reported (Pionnier et al., 2004). These
differences are attributed to different oral phys-
iology characteristics and oral processing be-
haviours. In a study conducted on 43 subjects
consuming cheese products, a maximum concen-
tration and total amount of aroma released in the
mouth have been linked to the number of chew-
ing bursts, high masticatory activity, low salivary
flow and a low level of salivary α-amylase (due
to a retention effect by this protein in this case)
(Feron et al., 2014). These relationships are ex-
plained by a higher breakdown of the food, fol-
lowed by a higher spreadability of the food bolus
and a higher coating at the surface of the oral
cavity. The consequence is a higher transfer of
volatile compounds from the oral cavity to the
nasal cavity through the retronasal way. Similar
observations were reported for candies (Blissett,
Hort, & Taylor, 2006). On perception, the re-
lease rate of aroma compounds, rather than the
maximum concentration released in the mouth,
has shown an important determinant for the per-
ception of aroma (Mestres, Moran, Jordan, &
Buettner, 2005; Boland, Delahunty, & van Ruth,
2006). However, aroma perception was explained
by masticatory behaviour and saliva properties
and was less extensively related to aroma release
profiles (Feron & Guichard, 2014).
Inter-individual differences in swallowing have
also been reported (Guichard et al., 2008). These
differences have a significant effect on the re-
lease profile of flavour compounds measured in
nasal emanations (Buettner, 2002b). Thus, some
subjects will continuously release aroma com-
pounds as they chew food, other subjects will
release these compounds during chewing, with
interruptions during swallowing, while some will
release these compounds only after swallowing.
This phenomenon is explained by differences in
soft palate positioning, which allows opening and
closing the mouth and the retronasal control of
gas transfer (Mishellany-Dutour et al., 2012).
When moistening the bolus, various factors re-
lated to the composition of saliva will directly
impact both the quality and quantity of aroma
release. One can cite the work of Guinard and
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co-workers (Guinard, ZoumasMorse, & Walchak,
1997), Van Ruth and co-workers (van Ruth &
Roozen, 2000), Buettner (Buettner, 2002a; Buet-
tner, Beer, Hannig, Settles, & Schieberle, 2002)
and Pagès and co-workers (Pagès-Hélary, An-
driot, Guichard, & Canon, 2014) as examples, as
these authors have described the role of salivary
flow and composition on in-mouth retention and
the degradation of certain volatile compounds.
Some of the salivary compounds that seem to be
the most involved are mucins, certain enzymes
and small molecules, especially salts, and the pH.
For instance, the retention of aroma molecules
(ketones and esters) by mucin increases as a
function of the aliphatic chain length, suggesting
the involvement of hydrophobic effects for these
molecules (Pagès-Hélary et al., 2014). Salivary
esterases and dehydrogenases can lead to the re-
lease of alcohols from esters and to the oxidation
of alcohols to aldehydes, respectively (Ployon,
Morzel, & Canon, 2017). Ultimately, a high sali-
vary amount of salts increases aroma release in
the oral cavity due to the ”salting-out” effect,
which principally depends on the hydrophobic
properties of the volatile molecule (Salles et al.,
2011).
Furthermore, the action of salivary α-amylase
may induce a change in the viscosity of a so-
lution containing starch, thus having an impact
on the release of aroma compounds (Ferry, Hort,
Mitchell, Lagarrigue, & Pamies, 2004). Authors
have shown that action of the enzyme on two
solutions of the same viscosity but different lev-
els of starch resulted in a greater decrease in the
viscosity of the solution richer in starch, which
explains its more intense release of aroma com-
pounds. In both cases, increasing the amount
of α-amylase leads to a more rapid decrease of
viscosity. The effect of saliva on the release of
aroma compounds from bread was also shown in
in vitro systems mimicking chewing conditions
(Poette et al., 2010).
Finally, chewing behaviour and aroma release
varies depending on food properties. For in-
stance, interactions between the composition of
cheese matrices and chewing behaviour of indi-
viduals affects the release of aroma compounds
in the mouth (Figure 2). In particular, a reduc-
tion in fat content increases the release of aroma
compounds (Feron et al., 2014). This is due to

a greater masticatory work due to the increased
hardness of the matrices with less fat content,
which thus leads to a higher release rate from the
matrix. Moreover, the use of fat to decrease the
matrix melting point and a lower mixing speed
of ingredients during cheese preparation leads to
a less hard cheese. In this case, the expected
increase in the release of aroma compounds due
to the greater mobility of the compounds was
partially compensated by lower chewing activity.
Indeed, velum opening depends on chewing be-
haviour (frequency and amplitude). Thus, in this
case, the transfer of aroma compounds from the
oral cavity to the nasal cavity due to the velum
opening was higher for the hardest cheeses.

2.2 Taste

As for the volatile compounds, the release of
taste compounds in the mouth during consump-
tion of a food depends on its composition and
texture and on the oral physiology parameters of
individuals (Figure 1).
The temporal release profile of tasting com-
pounds is highly dependent on the nature of the
food matrix. For instance, the citric acid of an
orange will be released much more quickly in the
mouth than in a gelatin gel, but it will also de-
crease more rapidly after reaching its maximum
(Davidson, Linforth, Hollowood, & Taylor, 2000,
1998).
Similar observations have been reported for
cheeses of different textures. Although soft
cheese contains more salt than hard cheese, there
is a much greater maximum saltiness intensity for
salted hard cheese (Davidson et al., 2000, 1998).
This significant difference is due to the matrix
properties and chemical composition of cheeses
(Figure 2). Soft cheese requires low chewing ef-
fort and thus breaks easily in the mouth, unlike
the hard cheese, in which chewing requires more
mechanical energy, and therefore the cheese un-
dergoes a partial breakdown before swallowing.
This means that some of the salts are not re-
leased into the oral cavity for soft cheese, thus
explaining the much lower intensity than that ob-
served for hard cheese. The distribution of the
stimulus into the food matrix also plays a role in
the release kinetics. When the salt is localized
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Figure 1: Schematic representation of oral food breakdown, leading to the release and perception of
taste and aroma. During food oral processing (FOP), the food product is broken down in the mouth to
form a food bolus. The properties of the food bolus and its dynamics of evolution in the mouth depends
on the subject’s physiology and on the food’s properties. During FOP, aroma and taste compounds are
released in the oral and nasal cavity, where they reach the receptors and are perceived. All these events
contribute to acceptance or rejection of the food product by the consumer (adapted from Feron, Salles,
and Guichard (2013).

only on the surface of the food, it is detected
more quickly than if it is included in the matrix.
Furthermore, the nature of the matrix is also im-
portant. For dry products, for example, a phase
of hydration of the matrix by saliva is observed,
in which saliva plays a solvent role and allows the
compounds to come into contact with the recep-
tors.
For the same food matrix in one individual,
the release kinetics of a tasting compound are
similar and differ only by the concentration of
the compound in the matrix (Pionnier et al.,
2004). Moreover, food matrix composition also
plays a role in the release of tasting compounds
in the mouth, either directly through interac-

tions with the compounds of the matrix or indi-
rectly by changes in the textural properties of the
products, which induce a change in physiologi-
cal behaviours during mastication of the product
(Phan et al., 2008). In contrast, inter-individual
differences are very important and essentially de-
pend on the physiological characteristics of sub-
jects. These characteristics are critical to the re-
lease kinetics of the stimuli. In the case of masti-
cation of solid food, the release of sodium in the
mouth is positively correlated to the total chew-
ing duration, but it is negatively correlated with
salivary flow, chewing frequency, rate of swallow-
ing and masticatory efficiency. Flow and masti-
catory efficiency play a role in the speed of per-
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Figure 2: Influence of cheese matrix composition on texture, chewing behaviour and in-mouth release
of flavour compounds (adapted from Feron, Salles, and Guichard (2013). Increasing the matrix water
amount leads to two contradictory effects: (i) higher aroma and taste release, and (ii) decreased firmness,
lower chewing activity and thus lower aroma and taste release. This second effect is also observed when
the matrix fat content is increased. In contrast, increasing the matrix protein amount leads to higher
firmness, higher chewing activity and thus higher aroma and taste release during consumption.

ception and not the intensity of saltiness (Phan
et al., 2008).
If one focuses more on saliva and its composition,
saliva may, due to its moisturizing properties and
hydrolytic capacities, promote disintegration of
the matrix and thus the release of palatable ac-
tive substances. This is the case with the salivary
α-amylase that hydrolyses the starch contained
in food to release maltose, which has a sweet-
ening power of 0.33 (compared to sucrose). This
effect has also been particularly illustrated by the
work of Ferry and co-workers, (Ferry et al., 2006)
which showed a direct relationship between the
level of α-amylase activity in saliva and the salti-
ness of starchy matrices. In this case, amylase
has the effect of enhancing the disintegration of
the product, which releases sodium in the saliva
medium, and therefore enhances its perception.
Furthermore, saliva itself contains tasting com-
pounds at a more or less high concentration.
This is the case for certain amino acids and
certain peptides with specific organoleptic prop-
erties (bitter, sweet and umami), certain salts
(sodium, potassium and calcium), sugars (glu-
cose, fructose) and fatty acids. These compounds
constantly stimulate the taste receptors on the
tongue. Interestingly, the salivary concentrations
of some of these compounds largely cover the de-

tection limits observed in humans. This is the
case of sodium, calcium, and certain amino acids
(histidine and glutamate). It is therefore likely
that the sensory perception of these tasting sub-
stances, when they are added in the food, are de-
pendent on their salivary concentrations, which
are subject to high inter-individual variability.
For instance, salivary calcium and sodium lev-
els differed, respectively, from 22.6 to 1800 µg/ml
and 140 to 275 µg/ml in saliva, depending on the
subject. These differences may explain variabil-
ity in the perception and thus the acceptability
of some food products. For instance, it has been
shown that an individual with a high salivary
sodium concentration is less sensitive to saltiness
(Bartoshuk, 1978). It is likely that this individ-
ual will tend to favour higher sodium levels in
food that an individual with a very low salivary
sodium concentration. This is of course a hy-
pothesis that should be tested on a large number
of salivary compounds, particularly those related
to sweetness and fattiness.

2.3 Other food components

Beyond taste and aroma, other compounds may
directly impact the perception of the food with-
out having an ”a priori” flavour. This the case
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of CO2 perception in carbonated beverages. It
was long considered that the CO2 perception was
mainly due to physical phenomena linked to bub-
bles bursting in the mouth. However, studies
have shown that this feeling was under the con-
trol of an enzyme found in saliva, carbonic an-
hydrase VI (CAH VI) or gustin. This enzyme
catalyses the conversion of CO2 into carbonic
acid. With a turnover of 10−5 Mole per sec-
ond, this enzyme has one of the highest velocities
ever known, which makes it compatible with food
in the mouth for a very short time. This role
in CO2 trigeminal perception has been demon-
strated by Dessirier and co-workers (Dessirier,
Simons, Carstens, O’Mahony, & Carstens, 2000)
during psychophysical studies in humans using
an inhibitor of the enzyme.
Mouth perception of phenolic compounds, such
as tannins, is another known example of the
possible role of saliva in perception through the
sensation of astringency provided by these com-
pounds. Astringency is often described as a dry-
ing sensation in the mouth. It is generally ac-
cepted that this sensation results from the in-
teraction of certain proline-rich salivary proteins
(PRP) and phenolic compounds in food (de Wijk
& Prinz, 2005; Prinz & Lucas, 2000). These in-
teractions result in a decrease in the lubricating
properties of saliva, leading to this drying sensa-
tion.

3 Prospect

3.1 Linking dynamic of food bolus
formation and sensory
perception

To date, most of the published works that have
attempted to relay food bolus properties, aroma
and taste release and food sensory perception
have been focused on the bolus just before swal-
lowing. However, in-mouth food breakdown is a
dynamic process. Therefore, it is of a high in-
terest to evaluate how the food bolus changes
during FOP in a dynamic way and the conse-
quences on aroma and taste release and then
perception. Some methodologies exist to contin-
uously measure aroma release and flavour per-
ception during food consumption. Sensors can

be used to directly monitor taste release in the
mouth (Emorine et al., 2012). Aroma release
can also be measured continuously with spec-
troscopic measurements, such as APCI (Atmo-
spheric Pressure Chemical Ionization) (Le Quéré,
Gierczynski, Langlois, & Sémon, 2006) or PTR-
MS (Proton Transfer Reaction – Mass Spectrom-
etry) (Le Quéré & Guichard, 2011). For sensory
analysis, TI (Time Intensity) or TDS (Temporal
Dominance Sensations) are relevant methodolo-
gies (Labbe, Schlich, Pineau, Gilbert, & Martin,
2009). The most challenging aspect concerns the
food bolus. As far as we know, it is not possi-
ble to follow food bolus property changes in situ.
Moreover, evaluating food bolus rheological char-
acteristics requires methodological developments
with particular constraints (small samples, large
heterogeneity, large between subject variability,
etc.). These constraints lead to the fact that
(i) the bolus must be collected at different times
during the chewing sequence, (ii) we cannot use
a single method for characterization of the bo-
lus collected at different stages, and (iii) we need
to find a methodology that can cover the large
variability observed within the population. How-
ever, some very recent works showed clear rela-
tionships between bolus property changes, chew-
ing behaviours and sensory perception during the
consumption of sausages (de Lavergne, Derks,
Ketel, de Wijk, & Stieger, 2015). This inter-
esting study highlights an interest to conduct re-
search in the field.

3.2 Specific populations

Most of the studies described in the previous
chapters have been principally conducted on
young, healthy populations (typically from 18
years old to 60 years old). However, it is a big
challenge to characterize more specific popula-
tions, such as elderly people, infants or obese in-
dividuals.
To date, these populations have been poorly in-
vestigated, as they represent strong demographic
challenges. However, some oral characteristics
have been described in the literature for these
populations.
For instance, elderly saliva is characterized by
low flow and a high level of proteins, α-amylase
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and ions (Vandenberghe-Descamps et al., 2016;
Nagler & Hershkovich, 2005; Hershkovich & Na-
gler, 2004). In terms of dentition, elderly show
a low amount of functional units compared to
a younger population (Vandenberghe-Descamps
et al., 2016). These differences significantly im-
pact the capacity to chew and form a swallow-
able food bolus (Mioche, Bourdiol, Monier, Mar-
tin, & Cormier, 2004). In infants, the first
year of infancy corresponds to food oral expo-
sure and experiences. In parallel, infants de-
velop masticatory and digestion capacities with
the development of teeth and changes in saliva
properties (Nicklaus et al., 2015; Morzel et al.,
2012). However, in this population, a food bo-
lus is difficult to collect, though some recent in-
vestigation methodologies have been proposed
(Tournier, Rodrigues, Canon, Salles, & Feron,
2015). Thus, its rheological properties are diffi-
cult to evaluate.
Regarding in-mouth aroma and taste release
and their link with FOP, the literature is quite
scarce for infants and the elderly. However, it is
likely that the phenomena in these populations
will be different compared to other individuals.
One of the difficulties is to develop investigation
methodologies that are specific to these partic-
ular populations, especially infants. This issue
represents a real challenge for the scientific com-
munity working in the field.
Another population that should be of high inter-
est to investigate is overweight and obese indi-
viduals. This population represents a true de-
mographic challenge in terms of health issues.
Surprisingly, this population has been poorly in-
vestigated in relation to FOP, while some sci-
entific results led to the hypothesis that this
population has a particular FOP profile. For
instance, it has been shown that obese sub-
jects have lower salivary flow and altered oral
health (Modeer, Blomberg, Wondimu, Julihn,
& Marcus, 2010), particular salivary composi-
tions (Vors et al., 2015) and different chewing be-
haviours in comparison to a normal weight pop-
ulation (Godlewski et al., 2011). Moreover, in
vitro experiments conducted on obese subjects’
saliva showed a lower aroma release pattern com-
pared to saliva from normal-weight subjects (Pi-
ombino et al., 2014). Therefore, it is likely that
the in vivo processes of aroma and taste release

in the mouth and the nasal cavity are different
in this population.

4 Conclusion

This review aimed to show the important role of
chewing and salivation in in-mouth food break-
down and the release of flavour from the food
bolus, with particular attention to organoleptic
components. This review also tried to provide an
interesting perspective on the role and contribu-
tion of FOP in specific populations.
An important point in all studies on chewing and
salivation that have been conducted on a signif-
icant number of human subjects is the extreme
difference between inter-subject variability and
intra-subject variability. The links between this
large physiological variability and that of the dif-
ferent sensory phenotypes observed in the human
population are yet to be established. Moreover,
this point clearly raises the question of consid-
ering this variability in reverse engineering ap-
proaches aimed at rationally designing food for
the delivery of particular functionalities along
the gut. Only integrated and systemic scientific
approaches involving many different disciplines,
starting from the physico-chemistry of food to
physiology and genetics, will help prioritize dif-
ferent oral events and their effects and will then
establish the best strategies for improving the
food supply.
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